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Abstract 

Self-assembly of organic molecules represents an efficient and convenient bottom-up 

approach for the structural functionalization of surfaces at the nanometer scale. The 

great potential of assembling supramolecular architectures from organic molecules lies 

in the vast choice of building blocks that are accessible. This allows to predefine and 

direct the molecular organization through the steric and electronic information stored 

in the molecules. A large variety of homotopic supramolecular structures can be 

achieved, however limited in complexity. The full realization of highly developed sur-

face architectures for designable chemical functions and physical properties may de-

pend critically on a higher level of complexity, which could be satisfied by utilizing a 

mixture of different molecular building blocks. 

Within this thesis, the self-organization of multi-component systems at well-defined 

metal surfaces is investigated by scanning tunneling microscopy. The mixtures consist 

of different representatives of linear polyaromatic ligands with carboxylate or pyridyl 

derived functional groups. The assembly is directed by hydrogen bonding, metal-

organic complex formation or a combination of both, i.e. a hierarchical interaction 

scheme. The aim of this thesis is threefold:  

First, the homotopic self-assembly of different pyridyl ligands is investigated as a 

basis for the multi-component systems. One-dimensional chains as well as two dimen-

sional (2D) networks can be formed by copper-pyridyl coordination motifs. The influ-

ence of the substrate on these structures will be discussed in detail. 

Moreover, the self-organization process of multi-components is investigated at the 

fundamental level. Since functional groups primarily discriminate the different mo-

lecular species during the assembly and with that assure a distinguished arrangement, 

selective bonding schemes are essential for the design of highly ordered supramolecu-

lar architectures. Two suitable selective coordination motifs are identified, an iron-

carboxylate and a copper-pyridyl complex node. In ligand mixtures, strong preference 

of one metal species is observed at surfaces, which would not be expected in solution. 
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In addition, redundant mixtures (i.e. ligands of different size but same functional 

group) serve as model systems to investigate the dynamic self-organization process of 

modular multicomponent systems, e.g. self-selection or error tolerance, directly with 

nanometer accuracy. Self-selection is observed if the molecular recognition is steered 

by a highly reversible coordination bond, while a more robust bonding fosters struc-

tural adaption and tolerance to the introduced error (i.e. redundant mixture). These ex-

periments underline the importance of reversibility of the interactions steering the self-

assembly process into highly ordered structures.  

Finally, the extended possibilities due to the multi-component approach for the con-

struction of advanced architectures and structural control are explored: Complex and 

sophisticated supramolecular networks can be directly synthesized out of simple mole-

cules at the surface. A hierarchical assembly is presented, where a coordination motif 

defines a primary unit, while hydrogen bonding steers the 2D organization. The secon-

dary level of interaction (hydrogen bonding) can be exclusively addressed, leading to 

distinct 2D arrangement of the undisturbed primary coordination units. A concept of 

structural control by rational design is presented, where geometric network parameters 

can be modified by the replacement of the appropriate molecular species. Due the 

multi-component nature of the systems, a finer tuning of the structure is enabled (inde-

pendent substitution of each component) compared to homotopic assemblies. More-

over, a continuation of the multi-component concept is demonstrated, where organiza-

tional control is imposed to a homotopic system by adding an additional molecular 

species. It is demonstrated that a long range order and thermal stability is imposed 

onto meta-stable Cu-pyridyl coordination chains by cooperative assembly with a car-

boxylate species. 

 

Keywords: molecular self-assembly, supramolecular architectures, multi-ligand 

systems, selective coordination, hierarchical bonding motif, self-selection, molecular 

recognition, scanning tunneling microscopy, ultra high vacuum 

 



 

Kurzfassung 

Selbstorganisation von organischen Molekülen ist eine effiziente und praktische Meth-

ode zur Strukturierung von Oberflächen im Nanometerbereich. Großes Potential dieses 

sogenannten Bottom-Up-Ansatzes liegt in der immensen Auswahl an molekularen 

Bausteinen, deren sterische und elektronische Eigenschaften die supramolekulare Ar-

chitektur definieren. Eine Vielzahl verschiedener Strukturen mit einzigartigen Eigen-

schaften kann bereits aus Systemen, mit nur einer Molekülart, hergestellt werden. Je-

doch kann ein höherer Grad an Komplexität notwendig sein, z.B. durch Verwendung 

von mehreren Molekülen, um hochentwickelte Oberflächenstrukturen mit den ge-

wünschten chemischen, physikalischen und strukturellen Eigenschaften zu verwirk-

lichen.  

In der vorliegenden Dissertation wurde die Selbstorganisation von Molekül-

gemischen auf atomar flachen Metalloberflächen mittels Rastertunnelmikroskopie 

untersucht. Es wurden Kombinationen von polyaromatischen Carbonsäuren und 

Pyridinliganden verwendet, deren Anordnung durch intermolekulare Wechselwirkun-

gen gesteuert werden, nämlich Wasserstoffbrückenbindungen, metallorganische Kom-

plex-Bildung oder eine Kombination aus beiden, was zu hierarchisch aufgebauten 

Bindungsmotiven führt. Diese Arbeit verfolgt drei grundlegende Absichten:  

Zunächst wurde die Selbstanordnung der Pyridinfamilie auf Oberflächen als Grund-

lage für die Multiligandensysteme untersucht. Durch Koordinationsbindungen mit 

Kupfer können sowohl eindimensionale Koordinationsketten als auch zweidimension-

ale (2D) Koordinationsnetzwerke geformt werden. Der Einfluss des Substrates auf die 

Strukturen wird anhand dieser Systeme diskutiert.  

Als weiteres wurde der Selbstorganisationsprozess von Mehr-Komponenten-

Systemen auf einer fundamentalen Basis erforscht. Selektive Bindungsmotive und 

molekulare Erkennung bilden die Grundlage für die Entstehung von hochgeordneten 

Strukturen aus molekularen Gemischen. Zwei selektive Bindungsmotive wurden iden-
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tifiziert, ein Eisen-Carboxylat und ein Kupfer-Pyridin Koordinations-Knotenpunkt. In 

Gemischen auf Metalloberflächen wurde eine starke Präferenz der funktionellen 

Gruppen für eine Metallart festgestellt, die so in Lösung nicht zu erwarten ist. Redun-

dante Gemische (Liganden von unterschiedlicher Größe, aber denselben funktionellen 

Gruppen) dienen als Modellsystem für die direkte Erforschung dynamischer Selbstor-

ganisationsprozesse von Multiligandensystemen, wie z.B. Selbstselektion oder Fehler-

toleranz. Selbstselektion kann dann beobachtet werden, wenn die molekulare Erken-

nung von leicht umkehrbaren Bindungen gesteuert wird, während robustere Bindungen 

zu Adaption und Toleranz des eingeführten Fehlers (redundante Liganden) führen.  

Schließlich werden die erweiterten Möglichkeiten durch die Verwendung von Mehr-

Komponenten-Systemen zur Konstruktion von Oberflächenarchitekturen und zur 

strukturellen Kontrolle demonstriert. Es wird gezeigt, dass komplexe supramolekulare 

Netzwerke direkt auf der Oberfläche aus einfachen Molekülen synthetisiert werden 

können. Eine hierarchische Verbindung wird präsentiert, in der Koordinationsbindun-

gen primäre Einheiten definieren, während Wasserstoffbrückenbindungen deren 2D 

Anordnung steuern. Die sekundären Wechselwirkungen (Wasserstoffbrückenbindun-

gen) können gezielt beeinflusst werden, was zu verschiedenen Anordnungen der 

Primär-Komplexe führt. Eine weitere Möglichkeit der strukturellen Kontrolle durch 

rationales Design wird betrachtet, indem eine Molekülart mit einem entsprechenden 

Molekül mit gleicher funktionaler Gruppe aber unterschiedlicher Länge ausgetauscht 

wird. Das Vorhandensein von mehreren Molekülarten erlaubt mehr Möglichkeiten bei 

der Modifikation der Netzwerkparameter durch Substitution. Außerdem wird gezeigt, 

dass ein Ein-Liganden-System durch Zugabe einer weiteren Molekülart  geordnet und 

stabilisiert werden kann ohne die interne Struktur zu verändern. 

 

Schlüsselbegriffe: Molekulare Selbstanordnung, Supramolekulare Architekturen, 

Multiliganden Systeme, Selektive Koordination, Hierarchische Bindungsmotive, 

Selbstselektion, Molekulare Erkennung, Rastertunnelmikroskopie, Ultrahochvakuum  
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Abbreviations 

STM scanning tunneling microscopy 

UHV ultra high vacuum condition 

MOCN metal-organic coordination network 

LDOS local density of states 

0D, 1D, 2D, 3D zero-, one-, two-, three-dimensional 

  

Molecular building blocks 

P1 1,4-bipyridyl-benzene 

P2 4,4´-bipyridyl-biphenyl 

PBP 4,4’-bis(4-pyridyl)(2,2’-bipyrimidine) 

C1 1,4-benzoic-dicarboxylic acid 

C1 1,4’-biphenyl-dicarboxylic acid 

C1 4,1’,4’,1’’-terphenyl-1,4’’-dicarboxylic 

acid 

PBC (2,2'-Bipyridine)-5,5'-dicarboxylic acid 

  

Here, multi-component systems means that more than one organic molecule is in-

volved and not one molecule plus a metal species. 
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1 Introduction 

 

The advancement in information technology, with its high pace and impact, is matched 

by no other technological progress in the last decades. The rapidly increasing informa-

tion processing speed and data storage capacity have been made possible by a steady 

miniaturization of the electronic components. Nowadays, semiconductor industry rou-

tinely integrates features with dimensions smaller than 100 nm into commercial de-

vices entering the nanotechnology regime. However, the down-sizing into the nanome-

ter range does not only result in denser packing and smaller devices, but new physical 

phenomena, like quantum mechanical effects, emerge due to the nanoscopic dimen-

sions of the objects. Such nanoscale size-effects, e.g. tunneling through thin gate insu-

lators, are often seen as obstacles for the further reduction of the component dimension 

in classical devices. However, with a detailed understanding at the atomic level, such 

phenomena might be utilized to develop completely novel concepts for new kind of 

devices.  

In order to gain such fundamental insight and control, the interdisciplinary research 

field of nanoscience is engaged with the investigation and manipulation of material 

with features smaller than 100 nm. The fruitful entanglement of biology, chemistry and 

physics is reflected in the variety of promising nanoobjects with unique properties, like 

carbon nanotubes, graphene, DNA, metal clusters and low-dimensional semiconductor 

structures, to name just a few examples. Even though Richard P. Feynman outlined 

already in 1959 in his lecture quite accurately the obstacles and opportunities for 

working at this small scale [1], the tools had yet to be developed. In the 1980´s, real-

space investigations at the atomic level became possible with the development of 

scanning probe techniques [2, 3]. Especially scanning tunneling microscopy (STM) 
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1  INTRODUCTION 
 

has been demonstrated as an efficient tool to access local physical properties with sub 

Angstrom resolution [4-9]. It even enables controlled manipulation of single atoms or 

molecules with high precision [10-14], but this process is very time consuming and 

laborious and not suitable for creating extended architectures. 

Top-down and bottom-up approach 

For mass production of complex nanostructures in commercial semiconductor devices, 

top-down methods (lithography) have been continuously improved to reduce feature 

sizes to 45nm as state of the art [15]. However it is still far from producing structures 

with only a few hundreds of atoms or less. The concept behind top-down methods is to 

start with a larger material block, where certain material is removed, e.g. by controlled 

etching, in order to pattern the object. Very sophisticated geometries can be formed, 

albeit cumbersome and in general not with atomic control. The alternative, the so 

called bottom-up method, is to start with small building blocks, atoms or molecules, 

which are joined into larger structures. In order to create extended structures, the as-

sembly process has to be heavily parallelized, namely by utilizing spontaneous self-

ordering mechanisms of the elementary units. This bottom-up strategy is also the rou-

tine in biological systems for the formation of complex structures showing very unique 

properties. 

Based on the same concept, supramolecular chemistry focuses on the formation of 

larger molecules out of elementary building blocks joined by non-covalent bonding, 

which needs to be selective and directional to assure highly ordered assemblies, e.g. 

hydrogen bonding, metal-organic coordination or van der Waals interactions. Inspired 

by biological processes, the success of supramolecular synthesis lies in the reversibil-

ity of the non-covalent nature of the inter-component bonding, with the appropriate 

balance between reversibility and stability of bonding strengths. More precisely, dur-

ing the spontaneous self-assembly process the reversibility of non-ideal bonds is es-

sential to enable efficient error correction of the system. However, once the optimal 

structural configuration is achieved, it is desired that the ensemble of bonding motifs 

posses cooperative stability and structural robustness. This reversibility means that the 

supramolecular assembly is intrinsically dynamic, which allows self-selection, recog-

nition and self-organization in the extremely complex assembly processes [16-19].  
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Considering the large variety of molecules which can be synthesized, a nearly 

unlimited pool of possible buildings blocks with preprogrammed functionality is ac-

cessible. Since these molecules can be prepared with excellent purity (i.e. all building 

blocks have the same atomic configuration), the resulting supramolecular structures 

can be achieved with highest precision, even with structural subunits being identical at 

the atomic level. In solution, three-dimensional supramolecular structures have been 

extensively studied and reveal unique customizable properties; e.g. nanopores in 

metal-organic frameworks (MOFs) have been demonstrated to have high potential for 

gas storage [20-22], separation [23-26] and catalysis [27, 28] applications.  

Supramolecular self-assembly at surfaces 

More recently this bottom-up method has been translated to the surface in order to 

functionalize and pattern substrates at the nanometer scale, either in a liquid environ-

ment or under ultra-high vacuum (UHV) conditions. Working at the solid-liquid inter-

face allows the use of any large pre-synthesized molecule that is soluble, while the 

standard vacuum evaporation techniques are limited to molecules, which can be sub-

limated in UHV (see section  2.3). An UHV environment offers an exceptional level of 

control in the experiment [29]: An atomically flat, well-defined single-crystal surface 

can be prepared, on which the molecular and atomic elementary-units can be vapor 

deposited with highest purity (without solvents) and good control over stoichiometry 

and surface coverage. In addition, the substrate support itself enables the study of su-

pramolecular systems with the high spatial resolution of surface analysis tools, such as 

scanning probe microscopy, making it an ideal model system to study. 

In contrast to three-dimensional (3D) solution chemistry, the presence of a substrate 

imposes well-defined singularities: The freedom of molecular movement is strictly 

confined to two-dimensions (2D), molecular conformational freedom and su-

pramolecular coordination algorithms are changed in comparison to bulk material, and 

the interaction of the evolving supramolecular structure with the underlying metallic 

surface imposes electronic screening. Moreover, the interplay of adsorbate-substrate 

and inter-molecular interactions has to be considered for the resulting supramolecular 

architectures. Therefore it is difficult to directly translate supramolecular concepts de-

rived from solution based systems to substrate supported assemblies [30]. 
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An extensive structural and functional variety in substrate supported molecular as-

semblies has been demonstrated, represented by 0D clusters [31-33], 1D rows [31, 32, 

34-38] and 2D networks [39-45]. These supramolecular architectures comprise a large 

diversity in non-covalent bonding interactions (e.g. van der Waals forces, hydrogen 

bonding, metal-organic coordination and π-π interaction), which are individually rela-

tively weak but due to the cooperative effect of multiple bonds often exhibit thermal 

stability. Self-assembled systems based on weak interactions comprise a very high 

flexibility and adaption to external parameters, e.g. templating effects of the surface or 

presence of guest molecules. [31, 32, 37, 46-48]  

Supramolecular architectures offer an efficient approach for the nanoscale control of 

complex matter with high precision and unique characteristics. Nanocavities in porous 

networks provide functional spaces for accommodation and isolation of guest mole-

cules [39, 49], molecular recognition [50] and can serve as a template for guided for-

mation of patterned self-assembled monolayers [51] or for growth in the third dimen-

sion [52]. In the case of coordination networks, highly periodic arrays of isolated metal 

ions with low coordination numbers are created (spaced at well defined distances by 

linker molecules), offering a unique model system, e.g. for magnetic or catalytic inves-

tigations. Potential application can be envisioned in many fields, like heterogeneous 

catalysis, data storage or sensor applications [50, 53].   

Motivation of this work 

A detailed understanding of the self-organization process at surfaces and well-defined 

and predictable driving forces for the formation of highly regular supramolecular net-

works are a prerequisite for the rational design of sophisticated architectures with tai-

lored properties. The architectural framework derived from homotopic supramolecular 

systems contains a large variety of molecular structures, inter-molecular bonding mo-

tifs and means of structural control.  

Supramolecular structures accessible by single molecule systems are limited in their 

complexity. This is amplified by the fact that UHV vapor deposition is restricted to 

smaller molecules with a relative low molecular weight, narrowing the complexity of 

the elementary building blocks. Also structural control in such systems is limited. For 

example, it has been shown that the periodicity in molecular networks can be tailored 
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in a rational way by choice of the building blocks [43, 45], however a fine tuning, e.g. 

modifying only parts of the original networks is not possible, as the complete system 

has to be modified if only one molecule species is utilized. A multi-component ap-

proach will increase the range of accessible molecular structures and will allow a 

higher level in controlling and tuning supramolecular assemblies. In this thesis, this 

potential of multi-ligand systems will be explored but also fundamental problems ad-

dressed, which are directly related to the multi-component nature of these systems. In 

order to achieve controlled self-assembly in multi-ligands systems, selective inter-

molecular interactions steering the organization process are essential. In addition, a 

detailed understanding at the fundamental level of the multi-component self-assembly 

process and a basic investigation of the interplay between different molecular species 

and chemical functionalities, will contribute to the understanding of multi-component 

systems at surfaces. Even though the majority of reported supramolecular systems are 

homoligand assemblies, there are several reports about multi-component systems, 

mostly based on hydrogen bonding or van der Waals forces [39, 54-64]. However, 

multi-ligand self-organization involving stronger coordination interactions has been 

neglected.  

The aim of this study is to contribute to the development of controlled self-

assembly of multi-ligand systems, to investigate how such complex systems could be 

used to improve the means of supramolecular architecture and to investigate the multi-

component organization process at the fundamental level. Small linear polyaromatic 

molecules with few, well-defined interaction sites (carboxylate or pyridyl functional-

ities) serve here as a model system in order to investigate several fundamental aspects 

to multi-component self-assembly processes, such as (i) metal-selective coordination 

interactions of different functional groups, (ii) self-organization steered by hierarchical 

bonding motifs, (iii) structural control through cooperative assembly with an addi-

tional molecular species, (iv) potential for tailoring geometric parameters of su-

pramolecular structures, and (v) self-selection, self-recognition and error correction in 

ligand mixtures. The driving forces utilized to guide the self-assembly, are hydrogen 

bonding interactions as well as metal-organic complex formation, with a strong focus 

on the latter.  
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Organization of the thesis 

Each chapter is organized and written with the intention that it can be read as an inde-

pendent section. If knowledge from other chapters is required that part will be refer-

enced at the appropriate position. However, to avoid redundancy, the experimental set-

up and the standard sample preparation are described in chapter  2 and will not be re-

peated in each chapter. The chemical structure of all molecular building blocks is de-

picted in section  2.4. They are classified by their functional groups (carboxylate or 

pyridyl moieties) as these mainly define the interaction of the molecules during the 

self-organization process. Therefore, to provide a better recognition pattern, carboxy-

lates are highlighted red and pyridyls blue. The homoligand assembly of the carboxy-

late species has been thoroughly investigated recently and a short literature review is 

presented in section  2.4. 

In Chapter 3, the self-organization of certain pyridyl-homoligand systems is investi-

gated, especially in the presence of Cu atoms. Such homotopic pyridyl assemblies 

have not been studied before on surfaces. The templating effect of the substrate on 

these supramolecular architectures is addressed in detail. Together with the profound 

knowledge about homotopic carboxylate architectures from earlier reports [42, 45, 65-

67], these experiments lay the foundation for the investigation of the self-assembly of 

carboxylate and pyridyl ligand-mixtures.  

In Chapter 4, the selectivity of the functional groups towards different metal coordi-

nation centers is investigated on Cu(100) surfaces as groundwork for the construction 

of complex self-assembled systems. In a mixture of two ligands and two metal centers, 

two complementary selective bonding motifs are identified: pyridyl derived function-

alities show a clear preference for Cu coordination and the carboxylates for Fe coordi-

nation. These selective bonding schemes are utilized to design a supramolecular archi-

tecture with a hierarchical bonding motif. It will be demonstrated that the weaker level 

of interaction can be separately manipulated.  

In chapter 5, the possibilities of structural control of a homoligand system by coop-

erative assembly with an additional molecular species are discussed. It will be demon-

strated that meta-stable Cu-pyridyl coordination chains can be stabilized and ordered 

by adding a carboxylate species. In a second example, the addition of a carboxylate 
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molecule results in a structural transformation from a 2D homotopic coordination 

phase into linear coordination row arrangement of the pyridyl-ligand. 

In chapter  6, an open porous heteroligand MOCN is presented, where the sides of 

the rectangular cavities are defined by different molecular species. As a consequence 

of the multi-component approach, the size and aspect ratio can be tuned. Redundant 

ensembles of these complementary components are utilized in order to investigate fun-

damental properties of self-assembly processes, such as molecular self-recognition, 

self-selection, and error-correction. 





 

2 Experimental Details 

2.1 Experimental set-up  

All experimental procedures, sample cleaning, deposition of molecules and metals 

and analysis have been done in situ under ultra-high vacuum (UHV) conditions. 

Beside a few exceptions (noted in the text), all experiments were performed in a 

home-built variable temperature scanning tunneling microscope (STM) UHV 

chamber described here in detail (see Figure  2.1). 

 

Figure  2.1. Schematic drawing of the UHV setup utilized in this thesis. Figure 

adapted from [65] 
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2  EXPERIMENTAL DETAILS 

The UHV chamber is provided with the following standard UHV equipment: (1) 

An ion gun (ISIS 3000, PSP Vacuum Technology) for sputter cleaning of the sub-

strate surfaces (see section  2.3), (2) a quadrupole mass spectrometer for monitoring 

residual gases, (3) leak valves for high precision dosing of gases (e.g. Argon gas for 

sputtering) and (4) gate valves for attaching molecule or metal sources (see section 

 2.4), which can be exchanged at these sites without breaking the vacuum in the 

main chamber. A molecular turbo pump (pumping speed, ~300 l/s) allows to reach a 

base pressure of 3·10-10 mbar. During STM measurements, the turbo pump is shut in 

order to avoid mechanical noise and a non-mechanical pump, an ion pump, keeps 

the base pressure below 1·10-9 mbar. The hut shaped sample is integrated rigidly 

into the sample holder attached to a manipulator (see Figure  2.2), which allows 

transferring the sample between the different preparation and the scanning posi-

tions. The sample can be heated above 800 K by electron bombardment from a 

tungsten filament close to the back side of the sample.  

Supporting experiments have been performed in a very similar UHV setup, 

where however STM analysis was performed at 5K instead of room temperature by 

Steven L. Tait. These experiments will be mentioned in the text. 

 

 

Figure  2.2. Schematic drawing of the sample holder. Figure adapted from [68] 
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2  EXPERIMENTAL DETAILS 

2.2 Scanning tunneling microscopy 

As a consequence of its high spatial resolution, down to the sub-Angstrom regime, 

scanning tunneling microscopy (STM) is used in this study to characterize the su-

pramolecular assemblies. The principle idea of STM is to bring a sharp metallic tip 

in close proximity to a conducting surface that has to be investigated (see Figure 

 2.3). This gap d between tip and sample has to be small enough, i.e. 5-10 Å, to al-

low quantum tunneling between both electrodes, when a bias is applied. For re-

cording topographic representations of the surface, the tunneling current is used as a 

feedback for the tip-sample distance, while tip scans along the surface. The position 

of the tip can be precisely steered by piezo electric drivers in x-,y- and z direction. 

In this UHV set-up, during STM measurements, the sample holder can be mechani-

cally detached from the manipulator (only a flexible Cu braid connection remains 

for thermal coupling) and placed down on a Viton damped copper stack (see Figure 

 2.2). For additional damping, the whole UHV chamber is suspended on springs at-

tached to the ceiling. The STM, a home-built beetle type STM [69], is placed with 

its three outer piezo legs on the molybdenum ramp around the sample. Applying 

proper voltage pulses, enables a controlled slip-stick motion of the scanning head 

down the ramps until the scanning tip gets into the tunneling range. An additional 

inner piezo controls the scanning motion of the tip. 

In classical terms, the transition between tip and surface across the vacuum gap is 

forbidden, however, due to the wave nature of electrons, the amplitude of the elec-

tron wave function decays exponentially into the vacuum and there is a certain 

probability that the electron can penetrate this potential energy barrier (vacuum gap 

d). The transmission probability of tunneling though a potential barrier VB of an 

electron (energy E, mass me), which is reflected in the tunneling current It, decays 

exponentially with the barrier width d [70]:  

222 /)(2)1( EVmkwitheI Be
kd

t     

Since the tunneling probability depends exponentially on the gap d, the tunneling 

current is very sensitive to small changes in the distance and therefore offers an 

ideal vertical feedback mechanism and a high vertical resolution of about a picome-

ter. Typically, 2k ~ 2 Å-1, which means that the tunneling current changes by an or-
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Figure  2.3 Schematic representation of a scanning tunneling microscope.  

der of magnitude for every 1Å displacement of d, explaining the high accuracy. In 

addition, the exponential behavior means that the tunneling mainly occurs between 

the last atom at the tip apex (which therefore can in general considered to be atomi-

cally sharp) and the surface area directly below, which allows high lateral (atomic) 

resolution. In the lateral x-y plane, periodic arrangements, e.g. lattice constant of the 

substrate or periodicity of supramolecular networks, can be determined with sub 

Angstrom resolution, while the measurement of single objects is dominated by the 

tip convolution effect, degrading the sensitivity. Even with an atomically sharp tip, a 

single adsorbed atom appears to have a size of several Angstrom.  

In this work all STM images are recorded in the constant current mode. That 

means that while the tip scans across the x-y plan of the surface, the tunneling cur-

rent is kept constant during scanning by adjusting the tip-sample distance via piezo 

control. The vertical displacement of the tip in respect to the x-y position gives the 

STM topograph. In our experiments, typical scanning conditions are U=0.5 V and 

I=0.1 nA. 

Based on first order perturbation theory with several simplification assumptions 

Tersoff and Hamann introduced an approximation for the tunneling current [70-72]: 

)2(,)(),,()(
0

2   
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)()/( 2
tse WWmk  where U is the applied bias, , Ws and Wt the work function 

of the sample and the tip, e the elementary charge, ρs and ρt the local density of 

states (LDOS) of the sample and the tip. This equation is composed of two parts: 

the “topography” information, i.e. the prefactor describing the exponential d-

dependence of the tunneling current, and the integral factor describing the contribu-

tion from the local density of states of the sample and the tip on the tunneling cur-

rent. Thus scanning tunneling microscopy depicts an “apparent height” topography 

representing convoluted information of the real surface contour and the electronic 

configuration of the sample and tip system. This is exemplified by atomic oxygen 

adsorbed on top of a metal surface, which are found as depressions in the STM im-

age [73], looking like holes in the substrate. In this case, the STM image does not 

represent a real topograph of the sample. Even though internal structure can be ob-

served in STM patterns of complex molecules, such details do not necessarily match 

the actual atomic positions, but it is expected that these features correspond to mo-

lecular orbitals which are accessible, i.e. close to the Fermi energy, especially the 

highest occupied (HOMO) and the lowest unoccupied molecular orbital (LUMO).  

As long as these issues are regarded, scanning tunneling microscopy is a valuable 

tool for the characterization of supramolecular assemblies, offering fast and high 

precision real space information of the structure. 

2.3 Sample preparation 

As substrates in this study, single crystals of noble metals are utilized. Such samples 

can be prepared routinely with standard UHV techniques to achieve an atomically 

flat, clean surface. In addition, these substrates exhibit relatively low interaction 

with the adsorbates but allow good conditions for scanning tunneling microscopy 

investigations of the molecular assemblies. Due to their well balanced properties 

noble metals are the optimal choice as a model system over other metals, semicon-

ductor or insulating substrates. Here, copper and silver crystals (MaTek GmbH, ori-

entational misfit < 0.1°) are used, which form a face-centered cubic (fcc) structure. 

In this thesis, supramolecular architectures are mainly investigated on Cu(100) sur- 
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Figure  2.4. Schematic representations of the Cu(100), Ag(100) and Ag(111) 

surfaces utilized in this study. 

faces, beside section  3.2, where also silver surfaces are used. Cu(100) and Ag(100) 

surfaces have a square symmetry and Ag(111) a hexagonal symmetry as displayed 

in Figure  2.4.  

The samples were cleaned in-situ in the vacuum chamber by repeated cycles of 

Ar+ sputtering and annealing at 800K. The Ar+ beam, was set to an ion energy of 

500eV and an incidence angle of 45°. A sputtering cycle typically lasted 20 min 

with an ion current of about 1 μA detected on the sample. The last annealing cycle 

was reduced to 750 K in order to decrease impurities at the surface. 

Deposition of building blocks 

The organic molecules as well as iron atoms were deposited onto the sample in-situ 

in the vacuum chamber. If not noted otherwise, the substrate was held at room tem-

perature during deposition. All molecules used in this study are in the solid phase at 

room temperature with a low vapor pressure. The standard procedure to deposit 

molecules in UHV is sublimation from a Knudsen type cell, i.e. the molecules are 

uniformly heated in an inert (here, quartz) crucible with only a small opening, 

where a molecular beam with constant flux is released. There is an intrinsic limita-

tion of this method to moieties with low molecular weight. As the molecules be-

come too large thermal sublimation is hindered, since the vapor pressure becomes 

extremely low and such molecules decompose before being sublimed. All molecules 

were thoroughly degassed before use. The deposition time was controlled by a shut-

ter, which blocks the direct path of the beam, when it is in the closed position. 

Deposition rates in the order of 0.1 - 0.5 monolayer per minute were used.  
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The iron atoms were deposited by using a commercial e-beam evaporator 

(EFM3, Omicron). As an intrinsic property of the Cu(100) substrate, at room tem-

perature, detached Cu atoms (adatoms) are present at the surface. This implies, that 

in all experiments on Cu(100) surfaces described in this thesis, a sufficient pool of 

Cu adatoms is available as coordination centers [74, 75]. This point will be dis-

cussed further in section  3.1.   

In general, the samples were prepared freshly each day and scanned directly after 

preparation to avoid accumulation of impurities over time. 

2.4 Elementary building blocks 

In this study, different families of organic molecules with linear aromatic backbones 

are investigated. The molecules are equipped with two types of functional groups 

for intermolecular interaction of the self-assembled structures – carboxyl moieties 

(a carbon attached to an oxygen atom via a double bond and a hydroxyl group by a 

single bond) and/or pyridine derivatives (phenol ring derivations, where a carbon 

atom are substituted by a nitrogen atom). The following ligands are utilized in this 

work (see Figure  2.5):   

Two linear polyaromatic ligands with pyridyl end groups (P1=1,4-bipyridyl-

benzene and P2=4,4´-bipyridyl-biphenyl) and three ligands with carboxylic acid 

termination (C1=1,4-benzoic-dicarboxylic acid, C2=1,4’-biphenyl-dicarboxylic 

acid and C3=4,1’,4’,1’’-terphenyl-1,4’’-dicarboxylic acid) of different length 

(modular extensions in steps of a phenyl group). In addition, two molecules with a 

modified aromatic backbone are investigated: a pyridyl terminated ligand with a 

bipyrimidine side-group (PBP=4,4’-bis(4-pyridyl)(2,2’-bipyrimidine)) and a “hy-

brid” molecule with carboxylic acid end groups and a bipyridine sidegroup 

(BPC=(2,2'-Bipyridine)-5,5'-dicarboxylic acid).  

The interaction of aromatic molecule adsorbates with metal substrates is primar-

ily expected to be between the molecule π-system and the substrate d-electrons, 

causing the molecule backbone rings to be approximately parallel to the surface 

plane and the molecule center to be close to the substrate to maximize dispersion 

forces [76]. 
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Figure  2.5. Elementary building units utilized in this study. 

In order to provide a better recognition pattern in this work, schematic represen-

tations of the carboxylic molecules are sometimes highlighted red and the pyridyl 

ligands blue. The organic molecules were either purchased (C1(purity>99%), 

C2(purity=97%), BPC(purity=97%)) or synthesized by the group of Mario Ruben 

according to the following procedures C3 [49], P1 [77], P2 [78] and PBP [79]. The 

sublimation temperatures utilized are the following: TP1=395K, TP2= 445K, 

TC1=445K, TC2=490K, TC3=530K, TPBP=465K, TBPC=520K. As coordination cen-

ters, two representatives of the transition metals, iron (Fe) and copper (Cu), are in-

vestigated. 

Previous studies of the utilized molecules 

The homotopic self-assembly of the carboxylic acid terminated family (C1-3) has 

been investigated thoroughly on Cu(100): Deposition of the molecules onto 

Cu(100) and subsequent annealing of the sample to 400K results in full deprotona-

tion ( i.e. the removal of hydrogen cations) of the carboxylic acid (—COOH) moie-

ties into carboxylate groups (  —COO-) [67], which is catalyzed by the Cu adatoms 

from the substrate [74]. Even in the presence of these adatoms, the carboxylate 

molecules do not coordinate with Cu, but arrange in hydrogen bonded supramolecu-

lar networks [65-67]. However, codeposition of iron atoms results in open cavity 

MOCNs, where the carboxylate molecules coordinate to iron dimer centers [45, 65]. 
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In the case of C1, a variety of additional phases can be formed (depending on the 

Fe:C1 ratio), with coordination of the carboxylate groups to single iron centers or 

iron dimers [42, 49].  

The homoligand self-organization of BPC has been investigated recently on 

Cu(100) [80]. BPC also deprotonates upon annealing and forms hydrogen bonded 

networks similar to C2. Deposition of iron results in a few small domains of 

MOCNs similar to the ones of C2. At higher Fe coverage and higher annealing, an 

erecting of the molecules is observed, forming a new rhomboid phase. 





 

3 Homotopic Supramolecular Structures 

by Ligands with Pyridyl Functionalities 

As a first series of experiments and as a preparatory work for the heteroligand systems, 

the homotopic self-assembly of the bipyridines P1 (=1,4-bipyridyl-benzene) and P2 

(=4,4´-bipyridyl-biphenyl) and the novel bipyrimidine PBP (=4,4’-bis(4-pyridyl)(2,2’-

bipyrimidine)) ligands at the surface is investigated. Molecular models are depicted in 

Figure  2.5. P1 and P2 belong to the large family of aromatic nitrogen heterocycles, 

which have been demonstrated to be effective ligands for transition metal coordination 

in bulk supramolecular chemistry [77, 78, 81-83]. There, it was shown that both 

ligands form an open square-grid 2D coordination polymer with Ni(NO3)2 [78] and that 

P2 yields three types of different polymers (2D square-grid, double linear chain, and 

linear chain) with Cd(NO3)2 in a single crystal [82]. PBP has not been investigated 

before and was the first time synthesized for this study.  

A special focus of this chapter lies in the templating effect of surfaces on su-

pramolecular architectures. The competition between intra-network forces (e.g. mole-

cule–molecule and molecule–metal interactions) and network–substrate interactions 

(e.g. molecule–substrate and metal–substrate interactions) is a critical issue in the for-

mation of these two-dimensional networks [84]. Depending on the relative strength of 

these interactions, effective self-assembly of coordination architectures can either be 

severely hindered or structurally guided. 

In the limit of the strong adsorbate–substrate interaction, the resulting nanostructure 

is completely determined by templating of the substrate and can change dramatically 

when the same molecular components assemble on a different substrate or when mole-

cules with the same interaction sites, but of different sizes assemble on an identical 

substrate. In the opposite limit of strong inter-adsorbate interaction compared to adsor-
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bate–substrate interaction, the resulting structure is determined by interactions between 

adsorbates.  However, the substrate interaction may still lead to specific growth direc-

tions on the surface and some distortion of the network structure. 

The relative influence of these two forces can be investigated by studying su-

pramolecular networks on surfaces with modified periodicity, geometry or the chemis-

try (as will be discussed for the PBP system in section  3.2). Another approach is to 

change the length of the molecule itself and by that affecting the commensurability of 

the resulting supramolecular structure with the surface (as for the P1, P2 family in sec-

tion  3.1).  

3.1 1D pyridyl-Cu coordination chains 

There have been several previous studies showing 1D molecule chains on metal sur-

faces stabilized by hydrogen bonding or electrostatic interactions [34, 61, 85-89]. In 

those cases, the intermolecular interaction was typically established via rather weak 

hydrogen bonds involving aromatic C-H groups as donors. Stronger metal-organic 

ligand coordination bonds have been used to stabilize molecular chains, but there the 

1D molecule growth was guided by the Cu(110) surface anisotropy [37]. In this sec-

tion, 1D nanostructures by P1 and P2 on Cu(100) are presented. The coordination 

chains are stabilized by 2-fold linear coordination bonding with the inherent Cu ada-

tom population on the Cu(100) surface at room temperature. P1 forms long chains 

with segment spacing high commensurate with the substrate periodicity, while P2 only 

results in very short chains, as the periodicity of the segments and substrate do not 

match well. The relative stabilities of these structures illustrate the interplay between 

the chain bonding motif and substrate commensurability, exhibiting critical issues for 

the design of supramolecular structures at surfaces.  

Self-assembly of 1,4-bipyridyl-benzene (P1) 

Upon deposition at room temperature, it is observed that the molecules of P1 self-

assemble into one-dimensional chains, as shown in Figure  3.1. These chains are de-

termined to be stabilized by metal-organic coordination interactions based on several 
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observations. Due to the presence of electron lone pairs at the terminal nitrogen groups 

of P1, an end-to-end molecule interaction would be repulsive. Cu adatoms, available 

by evaporation from the step edges at room temperature on Cu(100) [74, 75], can co-

ordinate the pyridyl end groups of the adjacent molecules to stabilize the chain struc-

ture. The chains exhibit a segment length that is considerably longer than the size of 

the molecule, as illustrated by the superimposed molecular model (drawn to the scale 

of the STM data) in Figure  3.1 (a). The chain segment length is measured in the STM 

to be 15.1 ± 0.1 Å and the molecule length is only 11.3 Å, allowing a pyridyl—Cu—

pyridyl coordination. (STM measurements of chain segment lengths are given as an 

average ± 1 standard deviation of many chain measurements from different STM mi-

crographs.) This scenario is also supported by the observation that in the absence of 

Cu adatoms [e.g., on a Ag-(111) substrate] such chains do not exist. The estimated 

Cu—N bond length is 1.9 Å, which is in good agreement with similar bond lengths in 

three-dimensional (3D) coordination compounds, as discussed below. The Cu centers 

are not resolved in this STM measurement presumably due to the electronic effect 

which was reported before [37]. In bulk coordination chemistry, Cu(I) ions coordi-

nated exclusively to pyridine ligand groups prefer a quasi-tetrahedral configuration 

while Cu(II) leads mainly to Jahn-Teller distorted square-pyramidal, or sometimes 

pseudo-octahedral, coordination motifs [90-93]. Linear coordination of pyridine 

ligands around a Cu dimer has been observed in solution, but with the Cu ions bearing 

additional ligands equatorially [94]. In general, 2-fold coordinated Cu(I) complexes 

are not unknown, but with relatively low stability compared to higher coordination 

numbers [95]. However on a surface a 2-fold linear coordination is not unexpected, 

since it was shown previously in the case of the coordination of iron and copper cen-

ters with carboxylates that the presence of the substrate plays in favor of lowered co-

ordination numbers [33, 42]. Those experimental studies are also supported by ab ini-

tio DFT calculations [96].  

The 2-fold coordination can primarily be attributed to the steric influence of the 

substrate. As with most aromatic compounds adsorbed on metal surfaces [33, 85], the 

molecule P1 is expected to adsorb on the Cu(100) surface with its backbone approxi-

mately parallel to the substrate. With the molecule confined to a 2D planar geometry, 

the coordination options are limited. At higher coordination numbers, the ligand-metal 
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Figure  3.1. STM images of P1 adsorbed on Cu(100) and imaged by STM at 300 

K: (a) detail of P1-Cu chains with a structural model illustrating N—Cu—N coor-

dination bonding (Cu centers red with white highlight) and (b) overview of P1-Cu 

chains attached to the lower side of the terrace step or running parallel on the upper 

side of the step. The black arrow in (b) indicates a short chain segment running in 

the [100] direction, as discussed in text. 

bond length would be too large (>3 Å) due to repulsive interactions between the mole-

cule backbones, especially the α-protons, of the involved ligands. Only a 2-fold coor-

dination is feasible due to this steric crowding of the ligands being fixed in a plane. 

However, the availability of the underlying substrate atoms to interact electronically 

with the coordinated Cu center can also serve to satisfy the coordination of the metal 

center [96]. This can contribute to charge balancing by screening effects and lead to 

image charges in the substrate. In our study, we do not have a direct measure of the 

ionization state of the Cu center, but whatever charge state is necessary can be bal-

anced by the infinite charge reservoir of the substrate.  
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Figure  3.2. STM topographs (at common scale: 78 nm x 49 nm) recorded at room 

temperature of the same area of a Cu(100) surface in a sequence of 5 min. The 

morphological evolution of the coordination chains, dissolution of existing chains 

and formation of new ones, is observed in the time range of several minutes. Blue 

arrows mark coordination rows that dissolve during this sequence and green arrows 

newly formed chains. 
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The chains are oriented in the [110] or [1 -1 0] direction of the Cu substrate. This 

orientation apparently allows for a preferred adsorption geometry for the bipyridine-

Cu chain complex. The molecule axis is oriented parallel to the chain direction. There 

are also a small number of molecules in short chains (typically only 2-3 molecules 

long) which are oriented in the [100] direction (e.g., the short segment marked by the 

black arrow in Figure  3.1(b)). These are exclusively observed when both ends termi-

nate at junctions with chains in the [110] direction.  

The 1D coordination chains in the [110] direction very clearly exhibit the reversibil-

ity of the N—Cu—N complexation. This reversibility is a critical ingredient for suc-

cessful self-assembly [97] as it allows for growth of uniform structural domains as 

well as error correction within the assembly. The reversibility of the binding of these 

chains at room temperature is manifested in our experiments as constant morphologi-

cal evolution of the chains with time. In time sequences of STM images, separated by 

about 5 minutes, we observe the dissolution of some chains and growth of others as 

well as nucleation of completely new chains (see Figure  3.2). Apparently, the 2-fold 

Cu—pyridyl coordination leads only to meta-stable coordination chains at room tem-

perature. There appears to be a 2D quasi-equilibrium on the surface between the 1D 

condensed phase of the molecules and a 2D mobile molecule phase. This allows 

poorly formed chains ([100] direction, missing Cu centers, etc.) or poorly positioned 

chains (too close to neighbor chains, intersection with perpendicular chains, etc.) to 

dissolve and their constituents to participate in the growth of a more energetically fa-

vorable chain. This also allows for regions of parallel chains to evolve on the surface, 

vide infra, rather than a random distribution of chain orientations. The many chains 

growing parallel to one another, even away from the step edges, is a strong indication 

of the reversibility of the Cu-pyridyl coordination complexes which allows the chains 

to grow and orient themselves in the most energetically favorable configuration. The 

apparent ‘noise’ in the room temperature STM data is primarily attributed to mobile 

admolecules interacting briefly and randomly with the scanning tip. This gives rise to 

bright streaks along the fast scan direction of the images as well as brief spikes in the 

tunneling current, imaged as small spots in the STM data. 
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Self-Assembly of 4,4´-bipyridyl-biphenyl (P2) 

Moreover, the self-organized structure of molecule P2 on the Cu(100) surface at room 

temperature is studied (Figure  3.3 (a)). This molecule is similar to molecule P1 except 

that the backbone of the molecule is lengthened by one phenyl ring (see Figure  2.5), 

but the interaction sites of these two molecules are identical. If one would consider the 

coordination bonding of these molecules to Cu centers in the absence of the atomic 

substrate lattice (i.e., no adsorbate-substrate potential corrugation parallel to surface), 

the bonding geometry and coordination of each of the molecules to Cu must be identi-

cal. It is therefore interesting to note that while molecule P2 also condenses on the 

Cu(100) substrate in 1D structures, the growth mode, especially the stability of the 

structure, is significantly different from the shorter molecule P1. The STM image at 

room temperature in Figure  3.3 (a) is very noisy due to mobile molecules moving un-

der the scanning tip, indicating that many molecules are mobile on the terraces rather 

than condensing into the P2-Cu chains at this temperature. 

Compared with P1, the coordination chains of the longer molecule P2 show a pref-

erence for much shorter chain growth, but they still prefer nucleation at the lower side 

of the Cu step edges. Generally, they populate the step edges at a much higher density 

than molecule P1. We see in Figure  3.3 (a) that the lower sides of the Cu atomic step 

edges are almost completely saturated with molecules of P2, but the chains originating 

from the step edges do not show significant growth. This is a sharp contrast to the 

growth of the long, parallel chains of P1-Cu. Apparently the stability of P2 in the 1D 

chains is lower than that of P1, producing a larger population of P2 attached to the step 

edges or mobile in a 2D gas phase. Along the upper side of the step edge there are 

molecule chains running parallel to the step edge. These chains are typically short, on 

the order of 3-5 molecules long. There is not a continuous chain along the upper side 

of the step edge but rather a series of chain fragments with small offsets from one an-

other. This appears to be due to the molecules adsorbing along the [110] direction of 

the Cu substrate, even though the mean direction of this step edge deviates slightly 

from the low-energy [110] direction. It is also noteworthy that the density of the chains 

is significantly higher at the lower side of the terrace step edge compared to the upper 

side. This again indicates that the step edge atoms are good coordination sites for the 

nucleation and growth of the chains.  
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Figure  3.3. STM images of P2 assembled at the Cu(100) surface at 300 K and 

measured by STM at (a) 300 K and (b) 5 K. (a) Lower step edges saturated with 

short chain structures. Image noise due to mobile molecules moving under the 

STM tip. (b) Lower side of steps saturated with molecules (A). Two 1D chain 

structures: (B) majority structure stabilized by Cu—N coordination bonding and 

(C) stabilized by C-H···N hydrogen bonding. (C) is oriented at 45° to B and has a 

shorter segment length. 

In order to reveal the stable assembly of molecule P2, low temperature STM meas-

urements were performed (by Steven L. Tait). The molecules were evaporated onto the 

Cu(100) surface at room temperature and then cooled to 5 K for STM imaging (Figure 

 3.3 (b)). As the temperature of the sample is cooled from room temperature, adsorbate 

mobility becomes essentially zero allowing us to visualize the condensed states of the 

molecules clearly. Three general structures into which the molecules of P2 have con-

densed are observed on the Cu(100) surface and labeled in Figure  3.3 (b). The terrace 

steps are decorated with a very high density of molecules or short molecular chains 

(typically only 1-5 molecules) leading to a complete saturation of the lower side of the 
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step edges, nearly identical to the step edge decoration at room temperature (ellipse ‘A’ 

in Figure  3.3 (b)). 

On the terraces of the substrate two types of molecular chains can be observed, 

which can be distinguished by their orientation relative to the substrate as well as by 

the chain segment length, measured by STM.  

The predominant chains exhibit a segment length of 19.5 ± 0.2 Å and are oriented 

along the [110] direction (labeled ‘B’ in Figure  3.3 (b)). These seem to be a longer ver-

sion of the P2-Cu chains observed at room temperature. These chains are also similar 

in substrate orientation and in their growth into the terraces to the chains formed by the 

molecule P1 at room temperature, except that many of these chains are not attached to 

the step edges but have nucleated in the centers of the terraces. Also, the chains of the 

molecule P2 have a shorter average length and a broader distribution of chain lengths.  

The other type of chain, occurring much less frequently (accounting for <2 % of the 

molecules), has a significantly shorter chain segment distance of 15.9 ± 0.1 Å (labeled 

‘C’ in Figure  3.3 (b)). These are oriented in the [100] direction (i.e., at 45° to the [110] 

terrace step edges). The chain segment length compared to the molecule length of 15.5 

Å indicates that there is not sufficient space within these chains for the molecules to be 

stabilized by Cu-coordinated bonding. Therefore it is proposed that these chains are 

stabilized by intermolecular hydrogen bonding interactions of the R-C-H proton of the 

pyridyl ring to the lone pair of a nitrogen of a neighboring molecule with the molecule 

axis rotated slightly from the chain direction. The shorter chains of P1 that orient in 

the [100] direction are stabilized by the same type of hydrogen bonds (see Figure  3.1 

(b), black arrow). A hydrogen bonding motif such as this is generally considered quite 

weak in bulk structures [98], but in the present near-surface conditions templating of 

the substrate might stabilize such less favored bonds. The 45° chains account for only 

a small fraction of the molecules of P2 in chains at low temperature and most likely 

represent those molecules left without a metal coordination center as the Cu adatom 

population on the surface decreases with decreasing temperature. 
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Discussion and molecular model 

The difference in the stability of the related Cu-pyridyl coordination chain species for 

the molecules P1 and P2 warrants further discussion of the commensurability of these 

structures with the Cu(100) surface. For the coordination chains of molecule P1, the 

STM results show that the molecules are perpendicular to the step edges. Each chain 

segment in the P1-Cu chains is measured to be 15.1 ± 0.1 Å long, corresponding to 6 

times the Cu nearest neighbor distance (a = 2.55 Å = 3.61 Å/√2, Cu lattice constant). 

This epitaxial agreement allows each Cu center in the chain to reside in the same ad-

sorption geometry, most likely in the 4-fold hollow sites (energetically favored adsorp-

tion site for Cu adatoms). The chain can nucleate at a Cu center in a step edge, and 

then growth proceeds with each molecule coordinated to a Cu center at each of its ends 

and the Cu centers each resting in hollow sites on the surface, as illustrated in Figure 

 3.4 (a). The Cu centers are separated along the [110] direction by six nearest neighbor 

distances a, or 15.3 Å. That is, every sixth hollow site along the [110] direction is oc-

cupied by a Cu center, and the intervening spaces are filled by the molecules of P1. 

 

 

Figure  3.4. Models of 1D chain growth of (a) P1 and (b) P2 on Cu(100). Cu atoms 

in the upper layer (step edge or adatoms) are darker in color compared to those in 

the lower substrate layer. (a) Model for P1-Cu coordination chains of periodicity 6 

Cu nearest neighbor distances, a (6a = 15.3 Å). (b) Models for P2-Cu coordination 

chains. Chains i and ii have periodicities of 7a and 8a, neither of which provide a 

suitable model. Chain iii agrees best with the STM results. Every third Cu atom 

along the chain is in a 4-fold hollow site, and the chain periodicity is 7⅔ d (19.6 

Å). 

32 



3  HOMOTOPIC SELF-ASSEMBLY OF PYRIDYL LIGANDS 

This model allows a Cu—N coordination bonding distance of 2.0 Å, consistent with 

expected values. In 3D (solution-based) coordination chemistry, Cu(I) ions tetrahe-

drally coordinated to pyridyl groups show average Cu—N bond distances in the range 

1.9-2.2 Å [90, 91, 93]. Dicopper(II) ions axially coordinated to pyridyl groups and 

equatorially coordinated to carboxylate groups (octahedral geometry) exhibit Cu—N 

bond distances of ~2.2 Å[99, 100]. A similar model for the 1D chain structure of the 

molecule P2 is also considered. As noted above, the bonding geometry and interaction 

potential for this molecule with Cu coordination centers (without surface) should be 

identical to that of the shorter molecule. The difference in the growth of these mole-

cules must therefore be due to the change in the commensurability of the coordination 

bonded chain structure with the substrate. While the P1-Cu chain structure allows that 

the Cu centers sit in every sixth hollow site which allows for a stable Cu—N bond 

length of 2.0 Å, the chains involving molecule P2 do not permit all of the Cu centers 

to reside in identical, favored adsorption sites, due to the mismatch of the molecule 

length and the substrate lattice. For example, we consider a structure similar to the P1-

Cu chains for the P2-Cu chains with the Cu centers in every seventh or every eighth 

hollow site along the [110] direction (see Figure  3.4 (b), chains i and ii, respectively). 

These give chain segment lengths of 17.9 and 20.4 Å and Cu—N bond distances of 1.2 

and 2.5 Å. The shorter configuration would not allow for a stable coordination bond-

ing as the interaction would be strongly repulsive. The longer configuration is more 

acceptable, but the Cu—pyridyl interaction would be weak at such a long bond dis-

tance. 

From our STM data, we measure a chain segment length of 19.5 ± 0.2 Å in the cop-

per coordination chains of P2. This distance agrees best with a high-order commensu-

rate structure [101], illustrated in chain iii of Figure  3.4 (b). We consider every third 

Cu center along the chain to be residing in a 4-fold hollow site, and the other Cu cen-

ters to be sitting slightly away from 2-fold bridge sites. That is, the Cu centers occupy 

every 23rd hollow site along the [110] direction and in between are two Cu centers, 

each sitting at a position between a bridge site and a hollow site, to form this high-

order commensurate structure. The Cu-Cu distance along the chain is then 19.6 Å, and 

the Cu-N bond distance is 2.2 Å. This chain segment length corresponds almost ex-

actly with the measured distance in the STM, indicating that the energy cost of per-

turbing the Cu centers from their most favorable adsorption sites is compensated by a 
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more favorable coordination bond geometry. However, the overall stability of this 

chain structure is reduced compared to the regular commensurate P1-Cu chain struc-

ture. 

The commensurability difference in the model (= difference in stability) is reflected 

in the STM observations by the different stability (length) of the P1 and P2 chains at 

room temperature. It can be concluded that the commensurability of the chain structure 

with the substrate has an influence on the stability of the structure. This highlights the 

importance of considering the substrate interaction for the design and construction of 

nanometer-scale molecular systems, with relative weak intermolecular interactions. 

Beside the fact that higher coordination numbers are in general favored, the lower co-

operative stabilization in 1D structures compared to 2D networks, might explain the 

meta-stable structure. 

3.2 2D bipyrimidine coordination networks 

In order to achieve a desirable thermally stable supramolecular architecture based on 

Cu—N interaction, a novel molecule, PBP [=4,4’-bis(4-pyridyl)(2,2’-bipyrimidine); 

for molecular model see Figure  2.5], which represents a modification of P2, was syn-

thesized. It has the same pyridyl termination, however the aromatic backbone is modi-

fied with a bipyrimidine moiety, i.e. there are 2 nitrogen atoms in the middle of each 

side of the molecule, serving as additional potential interaction sites for bidentate co-

ordination interaction. The strategy behind that is on the one hand to increase the num-

ber of coordination partners of the metal center (however still using the Cu—N coor-

dination motif) as a coordination number of two is in general not favorable [95]. On 

the other hand, this approach also increases the overall number of coordination sites 

per molecule. This should contribute to the stability of the resulting coordination struc-

ture. More precisely, this leads to a novel trigonal planar Cu—N coordination geome-

try. 

In the case of strong inter-adsorbate interaction compared to adsorbate–substrate in-

teraction, the resulting structure is determined by interactions between adsorbates 

[102]. However, the substrate interaction may still lead to specific growth directions 

on the surface and some distortion of the network structure. For example, Stepanow et 
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al. [45] studied three dicarboxylic acid molecules coordinated with Fe at a Cu(100) 

surface. They found similar 2D coordination structures for each molecule, which dif-

fered in length from 7 to 16 Å. Templating effects from the substrate were determined 

to play a significant role in the final 2D supramolecular structures of those systems. 

Surface studies of a series of NC-(phenyl)x-CN molecules (x=3–5) [43, 103] found 

three-fold coordination of the ligand cyano groups at Co centers, which resulted in 

honeycomb structures at the Ag(111) surface at low temperatures. These examples 

have addressed issues related to the commensurability of surface structures with sub-

strate lattices by studying coordination systems of similar structure based on molecules 

of different size on an identical substrate. 

In this work, one MOCN is studied on three different surfaces. It is demonstrated 

that by selecting a sufficiently strong metal-organic coordination motif (a 3-fold Cu—

N coordination), a robust two-dimensional nano-architecture can be assembled with a 

nearly identical structure on Cu(100), Ag(100), and Ag(111) substrates, which differ 

significantly in surface symmetry and lattice constant. Commensurability differences 

with the substrate can be compensated through a slight distortion of coordination con-

figuration. 

Hydrogen bonded molecular phase 

Upon adsorption at room temperature on Ag(111) or Ag(100), the PBP molecule self-

organizes into a dense row structure (Figure  3.5 (a) and (c), respectively; STM topog-

raphs recorded at room  temperature by S.L.Tait), even for sub-monolayer coverages. 

The rows pack closely together on the substrate and seem to be stabilized by an inter-

molecular electrostatic or hydrogen bonding-like interaction of the type C-H···N [102, 

104, 105], as illustrated in the suggested model drawn in Figure  3.5 (b). On the 

Ag(111) substrate, high-resolution STM images clearly resolve the individual mole-

cules in this dense structure. The separation between the parallel rows of alternating 

molecule orientation is 13.4 Å (---- Figure  3.5 (b)) and the spacing of the molecules 

along the row in the direction of the row is 8.0 Å. The molecule axis is rotated 50° 

from the chain direction. Alternating rows are related by a reflection and a 180° phase 

translation along the row direction, which allows for hydrogen bonding at the pyridyl 

head group of each molecule to the side of the pyridyl ring of a molecule in a  
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Figure  3.5. PBP on (a) Ag(111) and (c) Ag(100) forming close-packed rows. A 

model of the molecular packing on Ag(111) is shown in (b) with (----) to guide the 

eye along the molecular rows and yellow highlighting in lower left to indicate po-

tential hydrogen-bonding. STM images are (a) 18.0 nm x18.0 nm and (c) 17.4 nm x 

17.4 nm. 

neighboring row. The orientation of the ribbons is observed in 60° separations, indicat-

ing alignment along the low-symmetry directions of the 2D C3-symmetric Ag(111) 

surface. A very similar structure is observed on the Ag(100) substrate (with domain 

rotations of 90° on that C4-symmetric substrate), with the alternating 1D molecule rib-

bons separated by 14.0 Å (Figure  3.5 (c)). 

Two-dimensional Cu—N coordination phase 

Addition of Cu atoms to the PBP molecules at either of the silver surfaces allows the 

formation of an open network lattice as shown in the STM topographs (recorded by 

S.L.Tait) in Figure  3.6 (a) and (b) for Ag(100) and Ag(111), respectively. The sample 

was held at room temperature while Cu atoms were evaporated onto the surface which 

already had a sub-monolayer PBP coverage and then the sample was annealed at 400 

K for several minutes. The 2D metal-organic coordination produces an open two-

dimensional network structure (see Figure  3.6 (a)). The molecules form a brick-wall-

like pattern with each molecule having a Cu atom at each of the side coordination lo-
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cations located near the molecule center (see Figure  3.6 (d)). Two additional Cu atoms 

coordinate at the pyridyl end groups of the molecule. This leads to a 2D coordination 

structure where each Cu atom is coordinated by three N atoms from two different 

bipyrimidine molecules and each molecule is coordinated to four Cu atoms—two in a 

bidentate bonding at the molecule equator and two at the molecule ends. Two-

dimensional Cu—N coordination at surfaces has been reported recently in a similar 

trigonal-planar geometries [106] and in other geometries and coordination numbers 

[107, 108]. The unit cell is drawn as a green parallelogram in Figure  3.6, with one lat-

tice vector aligned with the axis of one of the two PBP molecules in each unit cell. In  

 

 

Figure  3.6. STM images of PBP—Cu two-dimensional coordination networks 

formed at the (a) Ag (100), (b) Ag (111) and (c) Cu (100) surfaces. A molecular 

model of the coordination structure is shown in (d). The structural unit cell is high-

lighted by a green parallelogram in each panel and is defined in Table  3.1. The 

STM images are (a) 15.0 nm x 16.0 nm, b) 10.8 nm x10.1 nm, and c) 5.2 nm x 6.3 

nm in size. 
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the absence of Cu atoms on the Ag substrates, the molecules pack into dense islands 

through hydrogen bonding, which are stable at room temperature (as seen in Figure 

 3.5). Upon addition of Cu atoms on the Ag substrates, the open network structure 

(Figure  3.6 (a) and (b)) forms immediately. It is clear that the presence of Cu is neces-

sary for this transition to occur. These experiments provide evidence for Cu—N coor-

dination in this structure.  

Evaporation of the molecule onto the Cu(100) substrate allows for the same open 

lattice network structure to form (Figure  3.6 (c)). In this case, evaporation of Cu to the 

surface is not necessary, as sufficient Cu adatoms are available by 2D evaporation 

from the substrate step edges to engage with the PBP molecules in 2D supramolecular 

coordination. Coordination islands of limited size (~5–8 nm) are already formed at 

room temperature. Annealing to higher temperature gives progressively larger do-

mains: after annealing at 400 K, the domains are approximately 15 nm in size, and af-

ter annealing at 475 K the network domain size is comparable to the size of the atomic 

terraces on the Cu(100) surface (more than 100 nm wide). By the annealing treatment, 

N—Cu coordination bonds have to be broken in order to allow the rearrangement of 

the PBP molecules. The growth of the network domains can be attributed to thermally 

activated diffusion, showing that the PBP-Cu complex formation is reversible. 

In Table  3.1 the lattice spacing for the three substrates are listed, as well as the re-

lated unit cell vectors for the PBP—Cu network overlayer. The structures have been 

inferred from STM determination of the island rotation and measurement of the peri-

odic spacing in the networks. In the case of the Ag(100) and Ag(111), the observed 

spacing is very close (within statistical deviation) to a commensurate surface growth, 

which is the structure described in Table  3.1 and Figure  3.7. Commensurate growth is 

consistent with the large domain formation and absence of strain boundaries in the 

networks. On the Ag(100) surface, the molecule axis is oriented in the [010] direction. 

We also note that there is a close match between the hollow site separation (4.09 Å) 

along this direction and the distance between the centers of the aromatic pyridine rings 

of the molecule (4.16–4.20 Å). The network is perfectly square with no distortion. 

Only one network domain orientation is observed, consistent with the symmetry of the 

substrate. 
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Molecule axis direction (b1) Substrate Nearest neighbor 

distance 

Supramolecular network 

basis vectors 
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[0 1 -1],  

[1 0 -1],  

or [1 -1 0] 

Ag(111) 2.89Å  

Cu(100) 2.55 Å b1=23.0 Å ±~10°, ±~30°  

from [010] or [001] b2=16.2 Å      b1  b2=41° 

Table  3.1. Substrate lattice constant for the three single crystal metal substrates 

used in this study and the basis vectors for the PBP-Cu coordination network on 

each substrate. Unit cell basis vectors, b1 and b2, are sketched in Figure  3.7 and 

were chosen so that b1 is parallel to the axis of one of the two PBP molecules per 

unit cell. The orientations of b1 with respect to the substrate are listed in the last 

column. 

In the case of Ag (111) a nearly square lattice is observed, in spite of the C3 symme-

try of the substrate (Figure  3.6 (b), Figure  3.7 (b)). Measurement of many STM micro-

graphs indicates that actually this is a slightly rectangular lattice with pore side lengths 

of 12.4 ± 0.2 Å and 12.7 ± 0.1 Å as measured by STM (average values of measure-

ments over large network domains from many STM images). The coordination struc-

ture has been stretched slightly and the spacing value matches very well to integral 

multiples of the substrate atomic rows in the [0 1 -1] direction and to a 2x high-

commensurate structure in the [-2 1 1] direction. The coordination structure is there-

fore strained, but still robust enough to maintain the same general coordination scheme 

and to produce a coordination architecture with long-range order at the substrate. 

Three different orientations of the network are observed in the STM results, consistent 

with the symmetry of the substrate. 

The network structure on the Cu (100) surface is nearly perfectly square. There is a 

small (~4°) shear distortion from a perfectly square lattice in order to accommodate 

agreement to the substrate structure and dimensions. Eight rotational domains of the 

structure are observed by STM which are separated by ±10° or ±30° from the low 

symmetry [010] and [001] directions. The many domain orientations and lattice distor-

tion indicate that there is not a simple match of the network structure along the low 

symmetry directions of the surface. 
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Figure  3.7. Schematic model of PBP—Cu coordination network structures on (a) 

Ag(100) and (b) Ag(111), inferred from STM measurements. Network orientation 

and periodic spacings determined from STM data are in close agreement to these 

models, which allow for structures commensurate with the substrate. Basis vectors 

of the unit cell of the substrate (red) and network (green) are related by the matri-

ces given in Table  3.1. 

A nearly identical metal-organic coordination structure is produced on the three 

substrates with different lattice constant and surface symmetry. This indicates clearly 

that in this 2D coordination system, stabilized by a three-fold trigonal planar coordina-

tion scheme, the inter-molecular interactions are sufficiently strong to compete with 

substrate interactions. In addition, the three-fold coordination also shows flexibility, 

that is, it can tolerate a slightly distortion in bond length and angle to cope with the 

substrate commensurability. 

This supramolecular assembly represents a metal-organic coordination system with 

sufficient intra-network interaction to overcome differences in substrate structure and 

symmetry. By using three-fold N—Cu coordination interactions, an isostructural open 
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square network structure is stabilized at three different substrates. The fine details of 

the structure adapt appropriately to maintain the same coordination geometry and gen-

eral network structure on Cu(100), Ag(100) and Ag(111). 

3.3 Summary and Comparison of 1D chains and 2D network 

coordination structures 

Both types of coordination structures, the one-dimensional P1-Cu and P2-Cu chains 

and the two-dimensional PBP-Cu network, offer a very convenient approach to metal-

organic architectures. While the molecular building blocks are vapor deposited, the 

metal coordination centers are provided from the available adatoms pool inherent to 

the copper surface at room temperature. Since there is no need to deposit the Cu atoms 

actively, the preparation process is significantly simplified.  

The P1 and P2 coordination chains are stabilized by a two-fold linear N—Cu—N, 

which is reversible at room temperature. This leads to a constant dissolution of the 1D 

structures and the formation of new coordination chains. In the case of P2 longer 

chains are only observed at cryogenic temperature. The difference in the bonding sta-

bility is strongly reflected in the effect of the substrate on the coordination structures. 

Comparing the P1-Cu and the P2-Cu system, which have the same N—Cu—N bond-

ing motif, the difference in growth and stability has to be attributed to the different 

commensurability with the substrate. By enlargement of the molecular backbone of P2 

by one phenyl ring compared to P1, a mismatch of the Cu—bipyridine—Cu segment 

spacing with the periodicity of the substrate is created. The coordination interaction is 

too weak to compensate for a less-than-ideal commensurability situation and so the 

thermal excitations at room temperature are able to destabilize the coordination archi-

tectures. 

By inclusion of the bipyrimidine moiety in the central part of the molecule (modifi-

cation of P2 to PBP), the self-organization of PBP is driven into a two-dimensional 

growth. The Cu—N coordination number is increased from two to three, as well as the 

total number of coordination sites, stabilizing a coordination structure independent of 

the substrate.  
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The strong but flexible coordination interactions allow small modifications of the 

network structure to adapt to the substrate rather than instability of the network or a 

transition to a different structure or ordering. Even though the PBP network is ther-

mally stable at room temperature, reversibility of the three-fold N—Cu coordination 

can be activated at higher temperatures. As a result of sample annealing (> 400K), the 

coordination networks are reshaped and domain sizes significantly increased. Reversi-

bility of the bonding interactions is essential for error correction during the spontane-

ous self-assembly process and with that a key issue for the formation of low defect 

supramolecular architectures. 

These two systems, the linear bipyridine-Cu chains and the 2D PBP-Cu network are 

suitable systems to display the two limits in the competition between intra-network 

forces and network–substrate interactions. The stability in the first case depends criti-

cally on commensurability with the substrate (ideal network-substrate interaction), 

while in the latter case the strong inter-adsorbate interaction stabilizes the same net-

work motif on all substrates with only minor structure distortion of the networks due to 

the different surfaces. 

 



 

4 Selective interactions of multiple func-

tional groups 

For full realization of highly developed surface architectures for designable chemical 

functions and physical properties, a higher level of complexity in supramolecular 

structures may be critical. Self-assembly of multi-ligand mixtures offers a promising 

route to achieve such sophisticated architectures with unique characteristics. The struc-

ture of the supramolecular system relies on the electronic and steric characteristics 

built into the elementary molecular units as well as on the properties of intermolecular 

bonding (e.g. hydrogen bonds, van der Waals forces and coordination bonds). As the 

complexity of a supramolecular system at surfaces increases, the controlled self-

assembly of ordered structures will become more difficult. Therefore, in order to as-

sure highly regular supramolecular architectures, the spontaneous molecular organiza-

tion needs to be steered by well-defined, directional and selective bonding interactions. 

It is essential for the rational design of advanced supramolecular structures to have a 

choice of different functional groups with well understood and predictable properties. 

Only with high selectivity of the functionalities directing the organization, the com-

plexity of the multi-component system can be directly transferred into sophisticated 

architectures. 

In this chapter, such selective behavior of two coordination motifs is demonstrated. 

The interaction characteristics of two different functional groups, pyridyl derived 

moieties and carboxylate groups, in the presence of Cu and Fe, steering the substrate 

supported molecular organization, is investigated. This provides a model system to 

demonstrate the potential of chemical selectivity in surface supported multi-ligand 

MOCN systems 
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In the first part (section  4.1 and  4.2), the selectivity of these two families will be 

discussed on the basis of the self assembly of a mixture of PBP (=4,4’-bis(4-

pyridyl)(2,2’-bipyrimidine), see Figure  2.5) and C2 (=1,4’-biphenyl-dicarboxylic acid, 

see Figure  2.5) in the presence of copper and iron atoms. A clear selectivity is ob-

served. The carboxylate groups coordinate solely with iron while the pyridyl entities 

coordinate with Cu. It is not only a preference of one metal center over the other, but 

exclusive selectivity is displayed by the system. 

In the second part (section  4.3), a hierarchical supramolecular system is presented, 

which was designed based on these selective functionalities. A ligand mixture with 

carboxylate and pyridyl groups is codeposited on Cu(100). Primary pyridyl-Cu coor-

dination units are formed with uncoordinated carboxylate moieties for arrangement of 

the coordination unit via hydrogen bonding. As a consequence of the hierarchy in this 

system, the secondary interaction can be influenced by changing external parameters, 

leaving the primary unit undisturbed. 

4.1 Selectivity in metal-ligand coordination 

In the presence of multiple coordination alternatives, one coordination partner will be 

preferred over the others, expressed by different formation constants of the complexes. 

Often, it is just a different factor in the reaction rate, but mostly both systems are pos-

sible. A selective behavior can be designed, e.g. in certain preorganized ligands, where 

a rigid predefined arrangement of the ligand’s coordination sites leads to a size-related 

change in the formation constant for a variety of metal ions [109]. There are some sys-

tems, especially complex biological systems, like proteins with very specialized tasks, 

where exclusive bonding of only one kind of partner is essential. For example CueR, a 

copper efflux regulator studied in E.coli, very selectively binds +1 coinage metals 

(Cu(I), Ag(I) and Au(I)), but not others like zinc and mercury [110]. Here the selectiv-

ity is attributed to a variety of factors. The binding site in the protein is a 2-fold sul-

fur—metal—sulfur coordination site, unreachable for additional coordination partners 

like solvents, as the site is protected by the “shell” of the protein [110]. This “locked” 

low coordination number is, in general, very unusual, but it has to be noted that +1 

coinage metal ions as well as mercury are known to form complexes with coordination 
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number of 2, which are however expected to be less stable than higher coordination 

numbers [95]. Another discriminating factor is that charge neutrality can be reached 

for +1 but not for +2 metal ions [110]. Lehn and coworkers showed that coordination 

number and geometry are very important. In the presence of different coordination 

alternatives, Cu(I) ions prefer a 4-fold, Cu(II) a 5-fold and Fe(II) a 6-fold coordination 

geometry with N atoms from pyridyl groups [111, 112].  

4.2 Selective coordination motifs 

In this work, the self-organization of highly ordered coordination structures from a 

mixture of two ligands and two metal centers on a surface is studied. We have ob-

served excellent selectivity in this system resulting in two distinct structures, which 

completely segregate on the surface from their initial mixed phase. In this work the 

molecular components PBP (=4,4’-bis(4-pyridyl)(2,2’-bipyrimidine)) and C2 (=1,4’-

biphenyl-dicarboxylic acid, for schematic representation of the molecules see Figure 

 2.5) were mixed with Fe and Cu on a Cu(100) surface. Starting from a random mix-

ture, the ligands and metals separate as they approach thermodynamic equilibrium, 

leading to PBP-Cu networks and supramolecular C2-Fe architectures.  

In terms of coordination nodes, selective Cu-pyridyl and Fe-carboxylate bonding 

are driving the separation process. The first bonding motif is a three-fold Cu—N com-

plex, where two nitrogen atoms from the bipyrimidine backbone of one PBP molecule 

and one nitrogen atom from the terminal pyridyl group of another PBP ligand coordi-

nate in a trigonal geometry with a Cu center, as depicted in Figure  4.1 (c). This coordi-

nation motif is discussed in more detail in section  3.2. The latter, the Fe2(carboxylate)4 

complex, has been observed for various bis-carboxylate ligands [42, 45, 49]. An iron 

dimer represents the coordination center, where two carboxylate moieties attach at the 

broad side of the dimer, to each iron atom with a monodentate Fe—O bond. Two other 

carboxylate ligands bind at the axial position to the dimer. Depending on the distinct 

molecular species, these axial ligands bind in either a monodentate [42, 113] or a bi-

dentate coordination with iron [45], as depicted in Figure  4.1 (b). 

The pyridyl ligand PBP and the carboxylic acid C2 are evaporated in approximately 

a 1:1 number ratio onto a Cu(100) substrate at room temperature. As an intrinsic prop-
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erty of the surface, there are enough copper adatoms present to create coordination 

structures with large coverage of the surface (see sections  3.1 and  3.2). Subsequently, 

iron is deposited onto the hot substrate kept at 450 K. As shown in section  3.2, an an-

nealing of 450 K is high enough to allow reversibility of the N—Cu coordination motif 

and therefore preexisting networks will be dissolved. Thus a random distribution of the 

building blocks, PBP, C2 and Cu is assured upon deposition of Fe. Figure  4.1 (a) dis-

plays a high-resolution STM topograph of the resulting supramolecular organization 

after cooling to room temperature. Two types of coordination networks can be distin-

guished in this system: On the one hand, the carboxylate ligand C2 forms a complex 

with Fe (marked by white arrow) as depicted in Figure  4.1 (b). Prior work has demon-

strated that such an annealing treatment efficiently deprotonates the carboxylic func-

tional groups of the C2 ligand to carboxylate groups [67, 74] (see also section 2.4). 

This C2-Fe MOCN has been investigated in detail recently and was reported by S. Ste-

panow et al. [45] Even though the coordination nodes, with four carboxylate moieties 

attaching to an iron dimer is well defined there are some structural alternatives for the 

axial monodentate ligands to attach, leading to different phases with some irregulari-

ties. (see upper right part of  Figure  4.1 (a)) [45]. On the other hand, the bipyridine 

molecule PBP coordinates with Cu adatoms, forming very regular network, stabilized 

by a three-fold N—Cu coordination (see section  3.2), with larger domains sizes than 

the C2-Fe system. In terms of coordination nodes, four carboxylate groups coordinate 

to an iron dimer, while a single Cu atom forms a three-fold coordination with a 

bipyrimidine moiety and a pyridyl group.  

Control experiments 

Since the STM measurements do not deliver chemical information of the adsorbates, 

but reveal a topographic representation of the supramolecular architecture (see section 

 2.2), adsorbates can not directly by identified by STM. Here, in principal, the PBP 

ligand could form the same network with Fe and Cu and the carboxylate C2 with Fe 

and Cu respectively, which would not be distinguishable by STM. Therefore, that 

statement of selectivity is supported by considering two control experiments: (1) mix-

tures of C2 and Cu atoms and (2) mixtures of PBP and Fe atoms. 
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Figure  4.1. (a) STM image, recorded at room temperature, of the self-assembly of 

PBP, C2, Fe and Cu, starting from a random distribution of the building blocks. 

Two types of network are formed. Iron selectively coordinates with C2 (marked by 

white arrows, corresponding model in (b) [66]) and Cu selectively coordinates with 

PBP (marked by blue arrow, corresponding model in (c)). Fe green, Cu yellow, N 

blue, O red. 

The first of these, the self-organization of the carboxylate C2 on Cu(100) has been 

investigated thoroughly by S. Stepanow et al. [66] (in the absence of Fe atoms!). Even 

though Cu adatoms are present, C2 organizes in a supramolecular network stabilize 

purely by hydrogen bonding interactions as depicted in the STM image in Figure  4.2 

(a) overlaid by a structural model presented [66]. Bonding interactions of the carboxy-

late moieties were not observed. This assembly is in strong contrast to the C2-Fe 

MOCN, where an open cavity structure with iron dimer coordination nodes is formed. 
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On the Cu(100) surface, a hydrogen bonding motif is preferred by the C2 carboxylate 

molecule over coordination with Cu atoms. However, for another carboxylates (trime-

sic acid) stable complexes with copper are observed under certain conditions, e.g. a 

templating effect of the substrate (which disfavors an efficient hydrogen bonding 

scheme) [37] or in a combination with additional multiple hydrogen bonds [75]. 

The second control experiment named above, the self-assembly of PBP and Fe on 

Ag(100) is investigated (in the absence of Cu atoms!). The sample is prepared under 

similar condition as the mixture reported earlier, but STM measurements were per-

formed by S. L. Tait at low temperatures (~ 5K) as displayed in Figure  4.2 (b). (The 

lower temperature will give additional stability to assemblies and will not destroy 

structures formed at room temperature, therefore the temperature difference during 

STM measurements is not considered as critical for the conclusions made here). Two 

kinds of structures are observed. The blue arrow (in Figure  4.2 (b)) marks an extended 

hydrogen bonded phase, which PBP forms on Ag(100) without Cu or Fe atoms present 

(see section  3.2.). There are also irregular agglomerations of clusters (black arrow in 

Figure  4.2 (b)), which can be attributed to the presence of iron. An inner structure with 

molecular details can not be resolved in the STM data. Additional experiments were 

performed (not displayed here), where the amount of iron on the surface is doubled, 

which results in the loss of the hydrogen bonded molecular phase and only unordered 

cluster arrays are observed. This is in strong contrast to the codeposition of Cu with 

PBP on Ag(100), where the same PBP-Cu structure, like the one on Cu(100) is formed 

(see section  3.2.). Since the hydrogen bonded phase is lost, it is very likely that the 

PBP molecule interacts somehow with Fe clusters. However, an ordered coordination 

phase with single Fe atoms as coordination centers is not observed. For the combina-

tion of the bipyridine P1 together with Fe on Cu(100), an ordered coordination struc-

ture with single metal centers has not been observed, but further control experiments 

are needed. However, attachment of the bipyridine ligands to iron clusters is clearly 

observed.  

It can be concluded that Cu centers in the PBP coordination network are not ex-

changeable with Fe and the Fe metal centers in C2 coordination networks not with Cu, 

respectively.  
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Influence of 2D restriction 

A mixed network phase, i.e. including more than two of the 4 primary units (C2, PBP, 

Fe and Cu) is not observed at the surface. The interactions are very selective and both 

the ligands as well as the metal centers are separated into two different MOCNs. This 

behavior can not only be explained by the different chemistry of the functional groups 

itself, but also steric effects of the surface, which limit the supramolecular architec-

tures to 2D, have to be taken into account.  

 

 

Figure  4.2. (a) STM image (9,5 nm x 5.0 nm) of the self-assembled phase of C2 

on Cu(100), with a molecular model overlay [66]. The network is purely stabilized 

by hydrogen bonding. The carboxylate moieties do not interact with Cu adatoms. 

(b) STM topograph (49 nm x 27,5nm) of the self assembly after deposition of PBP 

and Fe on Ag(100). A hydrogen bonded molecular phase (blue arrow) is coexisting 

with unordered cluster agglomeration (black arrow). 
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In solution, where a 3D growth is not hindered, there are a variety of experiments ex-

hibiting flexibility of the functional groups in terms of coordination partners. PBP has 

not been synthesized before and there are also only a limited number of experiments 

found for C2. However, there are various experiments known from solution chemistry, 

with similar molecular matrix (small molecule, aromatic backbone) for each function-

ality (carboxylate and pyrimidine moieties), or a combination of both: 

(1) The carboxylate C1 forms metal-organic frameworks, with iron [114, 115] but 

also with copper [116-118]. In these cases the number of coordination partners is filled 

by interactions with additional ligands, like oxygen atoms or solvents. The coordina-

tion node for Fe and Cu, as well as the complete supramolecular arrangement is differ-

ent in both cases, which is no problem due to the higher degree of flexibility in the 3D 

growth. In addition there are also other examples of carboxylates forming a complex 

with both, Cu [116-120] and Fe [115, 121, 122]. In some cases there are even coordi-

nation nodes reported of Cu [119] and Fe [121, 123], respectively, with carboxylate 

groups but without additional ligands involved. It has to be noted that the very same 

carboxylate species C1 forms self-assembled networks at the Cu(100) surface, which 

are stabilized by hydrogen bonding interaction and not coordination, even though Cu 

adatoms are present under the experimental conditions [67].  

 (2) A bipyrimidine ligand (2,2’-Bipyrimidine) forms coordination nodes via the ni-

trogen atoms in the functional groups with iron [124, 125] as well as copper [126]. 

There are variations of this molecule, but the same bipyrimidine group forming a com-

plex with Cu [127]. If the assembly would be restricted to two dimensions, steric re-

pulsion by the first molecule would hinder a second one to attach, as the bidentate co-

ordination site is somehow embedded in the molecular backbone, while the hydrogen 

atoms stick out. However in three dimensions the ligands have full flexibility to ar-

range around the metal center minimizing steric hindrance.  

 (3) There is also a variety of examples, where Fe is coordinated with carboxylate 

groups and N atoms in pyridyl groups and similar moieties at the same time [128, 

129].  

These examples demonstrate that exclusively selective coordination is not simply an 

intrinsic property of the chemistry of the interaction sites of the ligand and the metal 

centers. If the interaction sites of the ligands have the freedom to arrange completely 

unhindered in 3D around the metal centers, in an arbitrary number, coordination in 
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each combination should be possible. Thus the selectivity that we observe is largely 

due to the steric limitations imposed by the surface. This highlights again the impor-

tance of supramolecular assembly studies at surfaces and also may lead to important 

technological impacts in these systems that can not be conceived based only on 3D 

coordination chemistry.  

Conclusion 

In the beginning of this chapter (see section  4.1), a few examples have been discussed, 

where selectivity is observed in preorganized molecules or proteins. In the first case a 

very rigid ligand system is designed, in the latter the protein forms a protective steric 

shell around the coordination site, limiting the flexibility and number of coordination 

partners. Here, the experimental set-up can be seen as playing a similar role. The sur-

face limits conformational freedom of the adsorbed molecules and restricts its move-

ment and organization strictly to 2D. This is due to our use of aromatic molecules, 

which have the tendency to adsorb flat on the surface [76] (see also section  2.4). In 

addition, the UHV condition of the experiment and the solvent free evaporation of the 

building blocks hinder the presence of additional small molecules, which might work 

as potential ligands.  

All in all, the surface supported complex formation might display a novel approach 

to enable selectivity coordination interactions. For the controlled organization of 

multi-component systems into highly-ordered sophisticated architectures it is essential 

to have such a pool of different functionalities for selective interactions between the 

elementary building blocks. As the control experiments on Ag(100) suggest, this com-

plementary selective coordination scheme can potentially transferred to other metal 

surfaces.  

4.3 Template read-out in hierarchical supramolecular struc-

tures 

In this section, a supramolecular system is presented, exhibiting two levels of bonding 

interactions, i.e. coordination and hydrogen bonding, designed on the basis of the se-
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lectivity of carboxylate and pyridyl moieties discussed in the previous section  4.2. 

Primary dumbbell shaped supramolecules are generated through coordination interac-

tions, which self assemble into supramolecular arrays through multiple hydrogen 

bonding. As the consequence of the hierarchical bonding motif, the organization of the 

supramolecular arrays (steered by hydrogen bonds) can be controlled by the underly-

ing surface structure or by addition of guest molecules (see Figure  4.3), while the 

dumbbell units itself (stabilized by coordination) are undisturbed. 

More precisely, a ligand mixture of BPC (=1,4-bipyridyl-benzene, see Figure  2.5) 

and P1 (=1,4-bipyridyl-benzene) is codeposited on Cu(100). The free copper adatoms 

present at the surface are coordinated heteroleptically by the nitrogen donor atoms of 

the pyridine and the bipyridine coordination sites of P1 and BPC (see section  3.2). 

Three-dentate coordination of one molecule of P1 and two molecules of BPC results 

in a binuclear dumbbell-shaped Cu2(P1)(BPC)2 complex (see Figure  4.3). At appropri-

ate molecular ratio almost all of the co-deposited organic molecules form dumbbell-

shaped complexes. Under the experimental conditions the carboxylic acid functions of 

BPC are considered to be deprotonated. (Prior work has demonstrated that such an 

annealing treatment efficiently deprotonates carboxylic functional groups on Cu(100) 

to carboxylate groups [80], see also section 2.4). The resulting carboxylates, shown as  

 

 

Figure  4.3. Molecular representation of the primary coordination dumbbell (upper 

part) and its template-directed 2D arrangement (lower part). 
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red tips in Scheme 1, can act as effective hydrogen-bonding acceptors (no iron coordi-

nation centers present). Due to their branched shape and multiple hydrogen bonding 

sites, the dumbbell Cu2(P1)(BPC)2 complexes form various supramolecular organiza-

tions. 

Figure  4.4 (a) shows an STM topograph of the supramolecular arrays formed on the 

flat, defect-free terraces of the Cu(100) surface. One can identify two types of rod-

shaped objects, long and dim or short and bright. The size of these objects indicates 

that they are single molecules P1 and BPC, respectively. Another evidence that the 

longer, dimmer objects are molecules of P1 is that in Figure  4.4 (a) one can see occa-

sionally linear chain-like organizations, which are already known from previous stud-

ies (see section  3.1) to consist of Cu coordinated bipyridine molecules of P1. The dot-

ted ellipse in Figure  4.4 (a) marks a dumbbell-shaped unit consisting of one molecule 

of P1 and two molecules of BPC—the Cu2(P1)(BPC)2 complex. Predominantly, the 

dumbbell complexes assemble in closely-packed arrays resembling a brick-wall pat-

tern (schematic model in Figure  4.4 (a)). Detailed data analysis reveals that the arrays 

are not a perfect brick-wall structure since adjacent dumbbells within one row are 

separated by either a wider or a narrower gap, as pointed by the thick and thin arrows 

in Figure  4.4 (a) and (b), respectively.  

Figure  4.4 (b) is a molecular structural model of the brick-wall organization, in 

which all coordinated Cu centers as well as both aromatic rings of BPC and the central 

aromatic ring of P1 sit at the four-fold hollow sites of the substrate, i.e. an energeti-

cally optimized adsorption configuration. This model explains the observation of the 

two gap widths: there are two possible adsorption sites of identical registration with 

respect to the substrate for a dumbbell complex, which results in the wide/narrow gap 

scheme. The dumbbells are interconnected through multiple hydrogen bonds as shown 

in Figure  4.4 (c). Structurally possible hydrogen bonds are indicated by dotted lines. 

All carboxylate oxygen atoms act as strong hydrogen bonding acceptors for aromatic 

C–H protons, either in a near 180° O…H–C straight single binding or in a bifurcated 

binding. In total, each dumbbell complex can interact to its neighbors through eight 

single H-bonds and eight bifurcated H-bonds. The O–H distance of the single H-bonds 

is 2.1 Å, whereas the bifurcated H-bonds have an O–H distance of 2.5 to 2.8 Å, both 

falling into the range of typical hydrogen bonds at surfaces [50].  
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Figure  4.4. (a) STM topograph (33 x 14 nm) showing the supramolecular organi-

zation of the dumbbells at a flat surface area, where the dotted ellipse highlights an 

isolated dumbbell, blue dumbbells illustrate the brick-wall pattern, the thick (thin) 

arrow marks the wide (narrow) gap. (b) Molecular structural model of the brick-

wall phase with respect to the substrate lattice, where the two arrows point the two 

gaps of different width. (c) Enlarged view of the rectangular area of (b), the possi-

ble hydrogen bonds shown by dotted lines. Carbon in grey, oxygen in red, hydro-

gen in white, nitrogen in blue and Cu in orange. 

At a single crystal surface monoatomic high steps are frequently encountered. These 

step ‘‘defects’’ can have a significant effect on the epitaxial growth of inorganic or or-

ganic thin films [130, 131]. Figure  4.5 (a) shows that at the step edges the dumbbells 

organize in a 1D ladder-like structure. Figure  4.5 (b) illustrates a structural model of 

the ladder-like phase, in which one out of four carboxylate oxygen atoms is obviously 

prevented from hydrogen bonding interactions. Each dumbbell complex connects to its 

neighbors through eight single H-bonds and four bifurcated H-bonds, as shown in 

Figure  4.5 (c). From the energy point of view the ladder-like structure would be less 

stable than the brick-wall phase if the substrate influence were excluded. Therefore the 
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formation of the ladder structure indicates that the step edges act as a template in the 

self-assembly process, i.e. they re-direct the supramolecular organization. The role of 

steps is apparent: first, a step forbids the extension of dumbbells towards the down-

step side; secondly, as shown in Figure  4.5 (b), the straight step edge prompts a linear 

organization of the dumbbells due to preferred adsorption; thirdly, steps offer nuclea-

tion sites to initiate the aggregation of the dumbbell complexes. Overall, the steric con-

finement offered by the steps is significant enough to alter the energy landscape 

shaped by the hydrogen bonding. 

 

 

Figure  4.5. (a) STM topograph (44 x 22 nm) showing the supramolecular organization of 

the dumbbells at step edges, blue dumbbells illustrate the ladder structure. (b) Molecular 

structural model of the ladder phase with respect to the substrate lattice, color change of 

the substrate showing the step. (c) Enlarged view of the rectangular area of (b), the possi-

ble hydrogen bonds shown by dotted lines. Carbon in grey, oxygen in red, hydrogen in 

white, nitrogen in blue and Cu in orange. 
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Also guest molecules can reorganize the supramolecular structure of the surface-

confined monolayer of dumbbell-like Cu2(P1)(BPC)2 complexes. Figure  4.6 (a) shows 

the supramolecular organization obtained after deposition of an excess amount of 

molecule BPC at the surface. The overlaid schematic model shows the basic structural 

motif of this new phase: four dumbbell complexes now enclose a non-coordinated 

molecule of BPC. In addition, cavities which are not occupied by the molecules of 

BPC can be detected (Figure  4.6 (a)). Such structure can be also considered as a 2D 

supramolecular host–guest structure, whereby the dumbbell complexes network com-

prises a host and the additional molecules BPC the guests. Figure  4.6 (b) shows the 

structural model with respect to the Cu-substrate and Figure  4.6 (c) the tentative hy- 

 

 

Figure  4.6. (a) STM topograph (30 x 12 nm) showing the supramolecular organization of 

the dumbbells with the additional molecules of BPC, blue dumbbells and a green rod il-

lustrate the host and the guest, respectively. (b) Molecular structural model of the host–

guest structure with respect to the substrate lattice, the shaded polygon showing the ab-

sence of guest species. (c) Enlarged view of the rectangular area of (b), the possible hy-

drogen bonds shown by dotted lines. Carbon in grey, oxygen in red, hydrogen in white, 

nitrogen in blue and Cu in orange. 
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drogen bonds. Besides carboxylate oxygen atoms of the dumbbells, the carboxylate 

oxygen atoms of the enclosed molecule BPC are also involved in hydrogen bonding 

(an alternative to the bonding model shown in Figure  4.6 (c) could consist of a zwit-

terionic form of BPC interacting via two N–H…O to neighboring molecules of P1), 

resulting in total in 18 H-bonds for each dumbbell, whereas the number of H-bonds for 

each dumbbell is reduced to 12 within the empty cavities (shaded area in Figure  4.6 

(b)). Only the inclusion of excess guest molecules gives access to the cavity structure 

which becomes energetically more favored than the brick-wall structure. Thus, the ad-

dition of excess molecules of BPC changes the nature of the supramolecular assembly. 

In summary all three structures comprise supramolecular arrays generated by asso-

ciating dumbbell Cu2(P1)(BPC)2 complexes through multiple hydrogen bonds. The 

external parameters—substrate morphology and guest addition—do not alter the for-

mation of the coordination dumbbells but the organization of supramolecular arrays. It 

is evident that these external parameters are only effective to change the energy land-

scape of the hydrogen-bond determined assembly of the supramolecular arrays but not 

the coordination assembly of the dumbbells. These results exemplify that the subtle 

change of binding energy induced by the substrate parameters is decisive for surface-

confined supramolecular organizations. It is demonstrated that utilizing a hierarchical 

bonding motif allows addressing selectively a secondary bonding level, while the pri-

mary interaction is undisturbed and by that enables an additional level of control in 

supramolecular assemblies. 





 

5 Structural control through cooperative 

assembly 

Thermal stability is a critical issue of supramolecular structures. Some low-

dimensional coordination structures, like the 1D chains discussed in section  3.1, ex-

hibit a low stability at room temperature. As a general geometric characteristic of the 

low dimensionality, such complexes can be expected to have low coordination num-

bers as well as fewer coordination sites. Either is unfavorable for the overall stability. 

In those 1D pyridyl-copper chains for example, each molecule is stabilized by two lin-

ear N—Cu—N coordination bonds. As incommensurability comes along, like in the 

case of the P2-Cu chains (P2=4,4´-bipyridyl-biphenyl, see Figure  2.5), the thermal 

stability becomes very weak. 

In section  3.2, a modification of P2, the placement of a bipyrimidine moiety (addi-

tional interactions sites) in the backbone center of the molecule is discussed. The novel 

molecule PBP (=4,4’-bis(4-pyridyl)(2,2’-bipyrimidine), see Figure  2.5) assembles in 

thermally stable coordination structures, A very robust 2D MOCN is achieved, based 

on similar N—Cu bonds, but increased coordination number (3-fold) and quantity of 

coordination sites (four instead of two). However, the network is based on a new syn-

thesized ligand and the original 1D character is not conserved in the assembly. 

In this chapter, an alternative strategy for stabilization is presented, where a secon-

dary interaction is introduced to the system, which is weaker than the primary one, but 

strong enough to increase stability significantly. There is a similar concept known in 

solution coordination chemistry (3D assembly), using a hydrogen bonding motif, 

which works as a “supramolecular glue”, interconnecting the low-dimensional (i.e. 1D 

and 2D) coordination  architectures [132]. 
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Here, the hydrogen bonding motif is not incorporated in the original structure, but 

another ligand is coevaporated, providing the additional hydrogen bonds to the system 

and therefore synthetic alteration of the initial ligand is not required. 

In the first part of the chapter, the co-deposition of an additional molecular species 

leads to stabilization and ordering by cooperative assembles with the 1D Cu-bipyridine 

rows. Since selective bonding interactions are utilized, the added species interacts 

solely by hydrogen bonding and leaves the inner structure of the 1D coordination 

chains undisturbed. In addition, geometric network parameters can be tuned by modu-

lar replacement of the building blocks. 

In the second part, the cooperative assembly approach is investigated for the PBP 

ligand that forms already stable homotopic 2D coordination networks. Upon deposi-

tion of an additional molecular species, the 2D coordination motif is transferred into a 

1D coordination architecture bridged by the added ligand. 

5.1 Stabilization and ordering of 1D coordination chains 

One-dimensional metal-organic coordination chains can be created by self-

organization of bipyridine ligands P1 (=1,4-bipyridyl-benzene, see Figure  2.5) or P2 at 

surfaces as described in section  3.1. However, these chains exhibit thermal instability 

at room temperature and they are distributed randomly on the surface, that is, with ir-

regular interchain distances and random chain length. Only at high surface coverage is 

there a regular interchain spacing, apparently owing to a substrate-mediated repulsive 

interaction.  

Although some supramolecular 1D systems have a regular arrangement because of 

substrate mediation [38, 47], these Cu-pyridyl chains, as well as other 1D su-

pramolecular systems, do not exhibit regular interchain distances or chain lengths and 

have limited stability at room temperature [85, 133, 134]. It is desirable to gain better 

control, that is, rational design, of supramolecular systems for bottom-up patterning of 

surfaces, especially long range order in such 1D systems; the objective is to improve 

both the room-temperature stability of the coordination chains, as well as the regularity 

of chain length and interchain spacing. One way of improving the ordering of 1D su-

pramolecular chains on a surface is to first pattern the surface chemically with 1D ani-
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sotropy [135, 136]. Another possible route, which does not require a specific surface-

modification step, is to design the molecular system with different level of interac-

tions, a hierarchical bonding motif [137]. Somewhat weaker interactions (like hydro-

gen bonding) are introduced to the system for stabilization, but which small influence 

on the primary structure.  

More precisely, in this study, 1D P1—Cu coordination chains are ordered and stabi-

lized by cooperative assembly with the carboxylate species C1 (=1,4-benzoic-

dicarboxylic acid, see Figure  2.5). Due to the selective nature of the utilized function-

alities, the N—Cu coordination bond is not disturbed by the carboxylate, i.e. the inter-

nal structure of the 1D chains is preserved. In addition, geometric network parameters 

can be tuned by modular replacement of the involved molecular species, e.g. substitu-

tion of P1 with P2 or C1 with C2 (=1,4’-biphenyl-dicarboxylic acid, see Figure  2.5), 

respectively. In these experiments, the bipyridine species was deposited first, then the 

carboxylic acid and finally, the sample was annealed between 410K and 450K for 10 

min to allow efficient mixing and to assure full deprotonation of the carboxylic acid 

(see section  2.4). 

Stabilization and ordering through cocrystallization 

Deposition of both C1 and P1 onto the surface results in a highly-ordered su-

pramolecular structure, as shown in Figure  5.1. The left side of Figure  5.1 (a) shows 

the pyridyl species P1 in 1D coordination chains along the [011] substrate direction. 

They are interconnected by a hydrogen-bonding type interaction (dashed lines in 

Figure  5.1 (b)) with the carboxylate molecules C1, resulting in a thermally robust ar-

chitecture. The high degree of ordering over large areas is shown in Figure  5.4, the 

STM topograph of a typical P1/C1 assembly. Based on this image and many other 

STM images, we find the P1/C1 system to have typical domain sizes in the range 50-

80 nm, usually limited by the size of the substrate terraces. Morphological changes in 

the supramolecular structures, that is, changes in domain edges indicating attach-

ment/detachment of molecules, are not observed by STM sequences on the time-scale 

of one hour, in spite of the low Cu coordination number of two. That stability is in 

sharp contrast to the copper–bipyridine chains alone (i.e., without C1), which varied 

significantly on a time-scale of minutes at room temperature, owing to the reversibility 
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of coordination and the coexistence of the 1D-coordination chain phase with a 2D lat-

tice gas of molecules on Cu(100) (see section  3.1). A tentative molecular model of the 

cooperative assembly phase is displayed in Figure  5.1 (b) and will be described in 

more detail later in this chapter.  

 

 

Figure  5.1. a) High-resolution STM topograph (140 Å x 63 Å) of the self-

organized P1/C1 cocrystallization phase (left side) with the homotopic C1 network 

adjacent (right side). b) Molecular structural model of the copper-coordinated 

bipyridine rows bridged by bis(carboxylate) molecules through hydrogen bonding 

(dashed lines). c) Schematic model of the hydrogen bonded C1 network. See text 

for details. Cu yellow, N blue, O red [42]. 
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Although the cooperative assembly with the carboxylate molecule C1 (Figure  5.1) 

stabilizes the pyridyl rows, it does not disrupt its internal structure. That is, the struc-

ture of the Cu—P1 coordination chains in the P1/C1 mixture is identical to that with-

out ligand C1 described in section  3.1; the orientation on the substrate as well as the 

segment periodicity x =[(15.2 ± 0.2) Å] (measured by STM) along the chains are iden-

tical with the spacing and orientation for the pure Cu-coordinated bipyridine chain 

phase. The bipyridine chains are bridged by two C1 molecules per P1 ligand, which 

determine the regular interchain distance y =[(15.2 ± 0.2) Å] (measured by STM). 

Both the segment spacing along the rows and the distance between neighboring chains 

are six-times the surface lattice constant d =2.55 Å of Cu(100) (see Figure  5.1 (b)). A 

well defined offset of the coordination centers of neighboring chains is observed, 

which is an integer multiple d. A 180° phase shift (3d offset) is most commonly ob-

served, while shifts of 1d and 2d are also frequently seen, but exact registry (zero off-

set) of neighboring chains is not found. On the right side of Figure  5.1 (a), a homo-

topic network of C1 (next to the P1/C1 mixture) forms, owing to an excess of C1 in 

this experiment. In both the homotopic network and the bridged chain assembly, C1 

molecules pack along the [011] direction of the substrate with an intermolecular dis-

tance of 3d. Both species of molecule keep the same periodicity and orientation rela-

tive to the substrate as in their homotopic supramolecular networks. 

As a consequence of these similarities, a tentative molecular model for the P1/C1 

mixed phase is drawn, considering the models for the homotopic phases of P1 and C1. 

For better comparison, all these models are displayed in Figure  5.3 side by side. The 

P1 homotopic self-assembly is described in detail section  3.1. The 1D bipyridine struc-

ture in the pure P1 and the P1/C1 phase have the same segment spacing, much larger 

than the size of the P1 molecule, which can be explained by a N—Cu—N coordination 

bonds between molecules along the row. Considering the length of 11.3 Å of P1, this 

allows approximately 2 Å for each coordination bond length which is typical for such 

kind of interactions [35]. Deprotonated C1 molecules on their own self-organize into a 

(3x3) unit cell with respect to the Cu(100) substrate (Figure  5.3 (c)), with the molecule 

axis rotated 45° to the [011] direction, which allows two H-bonds with each neighbor-

ing carboxylate and with that a stable growth in all directions [42].  
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Figure  5.2. STM overview (650 Å  x 400 Å) displaying extended and highly or-

dered domains of thermally stable P1/C1 mixed phase. Two rotational domains 

(90° separation based on substrate symmetry) are seen here separated by a single 

atomic step in the Cu(100) substrate. 

Molecular model 

In the mixed phase, the C1 molecules exhibit a distance of 3d to adjacent carboxylates 

(green arrow) just as well as to the neighboring bipyridine molecules (red arrows), as 

drawn in the model in Figure  5.3 (b). Also in the pure phase, the C1 molecules have a 

distance of 3d to their direct neighbors (red and green arrows in Figure  5.3 (c)).  

In the model of the mixed P1/C1 phase in Figure  5.3 (b), the main symmetry axis of 

C1 is tilted by 45° in respect to the [011] direction of the substrate to allow the forma-

tion of hydrogen-bonds to its carboxylate and bipyridine neighbors, stabilizing the as-

sembly in all directions. The number of hydrogen bonds stabilizing each carboxylate 

molecule is maximized; 6 H-bonds are formed (4 as a donor and 2 as an acceptor). The 

hydrogen bonding along the C1 rows is identical to that in the pure C1 phase with the 

45° orientation and the bonding to the P1 rows does not significantly improve at other 

rotation angles. The bond length of both the C1—C1 and C1—P1 hydrogen bonds is 

approximately 2.3 Å. Bonding of the carboxylate groups in C1 directly to the Cu cen  
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Figure  5.3. (b) Molecular scheme displaying an empirical model of the P1/C1 as-

sembly overlaid on Cu(100) substrate. It represents a co-crystallization of the 

phases formed by each of its constituents alone, P1 (a) and C1 (c), where the mo-

lecular models are known from section  3.1 and reference [42], respectively. 

ters is not expected since the bond length would be very large (>3 Å) compared to 

typical coordination-type bonding. The mixed phase can be best modeled as an alter-

nating stacking of P1 and C1 rows keeping their homotopic character (indicated by the 

black arrows). Thus, the P1/C1 architecture represents a cocrystallization of the coor-

dination-stabilized phase of P1 and the hydrogen-bonding phase of C1, which is ap-

parently commensurate with the substrate. In contrast to the recent report of cocrystal-

lization in purely hydrogen-bonded molecular assemblies at surfaces [61], the system 

reported herein relies on hierarchical organization which utilizes coordination bonding 

along the 1D chains and hydrogen bonds between the chains. 

5.2 Tailoring geometric network parameters 

Highly regular rows of 1D-coordinated bipyridines can be assembled using the multi-

component approach, with a well-defined spacing in extended domains and thermal 

stability at room temperature. The cooperative assembly builds up on two distinct lev-

els of interaction leading to structural hierarchy in the system. The 1D character of the 

assembly is defined by the copper–pyridyl coordination scheme while the thermal sta-

bility and ordering of the rows is determined by the carboxylate hydrogen-bonding 

motif. Owing to the selective nature of the bonding interactions, the geometric parame- 
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Figure  5.4. STM topographs (250 Å  x 100 Å) of the hierarchical assembly of (a) 

P2/C1 and (b) P1/C2 (with missing C2 defect circled). These mixtures demon-

strate the possibility of tuning the geometric parameters x and y (see Figure  5.1(b)) 

independently by modular replacement of the molecular building blocks. 

ters x and y (Figure  5.1 (b)) can be tailored independently by variation of the backbone 

size of the appropriate molecular species. This concept is tested experimentally by re-

placing the bipyridine or the carboxylic acid with a molecule incorporating the same 

functional group, but a different backbone length (P2 and C2, in both cases an addi-

tional phenyl ring is inserted, see Figure  2.5).  

Figure  5.4 (a) shows the STM topograph of the assembly of a mixture of P2/C1 and 

Figure  5.4 (b) the assembly of P1/C2. In both cases, the self-organization of the mole-

cules results in highly ordered structures, which are thermally stable at room tempera-

ture and form large, uniform domains (see Figure  5.5). Extended Cu–P2 coordination 

chains do not form at room temperature, so the room-temperature stability gained here 

by the addition of the C1 ligand is especially significant. As for the P1/C1 mixture, the 

pyridyl ligands form 1D copper-coordinated chains along the [011] direction of the 

substrate, which are interconnected by the carboxylate species. Compared to the 

P1/C1 mixture described above, the P2/C1 mixture exhibits a longer segment spacing 

along the copper–pyridyl coordination rows (x’=19.6 Å), which matches the segment  

66 



 5  STRUCTURAL CONTROL THROUGH COOPERATIVE ASSEMBLY 

 

Figure  5.5. STM overview (1500 Å x 1000 Å) of self-organization of monolayer 

mixture of P2 and C1. Long and highly regular bipyridine rows (up to 100 nm) are 

formed, limited only by the substrate terrace size. 

spacing for the Cu–P2 chains reported in section  3.1. Although this chain segment 

spacing is not commensurate to the substrate lattice the stability of the system is main-

tained by the interactions with the C1 ligand. In the P1/C2 case, the longer carboxylic 

acid results in a larger separation between neighboring bipyridine chains (y’=20.4 Å). 

The distance y’ matches exactly the spacing in the pure C2 network phase for bridging 

carboxylate molecules [66] and suggests commensurability with the substrate (8d 

=20.4 Å). Remarkably, in all cases, the initial homotopic 1D coordination structure is 

preserved in the mixed phases, which can be attributed to selective bonding motifs not 

interfering with each other. 

5.3 Controlled transformation from a 2D to a 1D coordination 

architecture 

As the previous section  5.1 demonstrated, cooperative assembly offers the possibility 

for structural control and allows forming complex supramolecular structures. While 

the stability is drastically increased, the 1D coordination structure is undisturbed, as a 
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result of the selective bonding motifs utilized. A very interesting variation of this strat-

egy of cooperative assembly is to apply it to a system that exhibits a thermally stable 

homotopic coordination network. In this chapter, it will be demonstrated that by the 

addition of a second ligand (C1) to a robust system (PBP-Cu), a transformation from 

two-dimensional to one-dimensional organization in a surface-supported supramolecu-

lar assembly is triggered. Whereas prior examples of cocrystallization (section  5.1 and 

reference [61]) improved stability and order, the mixed molecular phase reported here 

is particularly interesting since it is preferred to the homotopic alternatives which are 

individually very stable at room temperature. 

As discussed in detail in section  3.2, on Cu(100) PBP forms very robust 2D su-

pramolecular coordination structure with Cu adatoms from the substrate. The carboxy-

late species C1 self assembles into a 2D hydrogen bonded network on Cu(100), in 

general not interacting with Cu adatoms of the substrate (see section  2.4). Here, PBP 

and C1 are sequentially evaporated onto a Cu(100) surface, which is subsequently an-

nealed to 400 K. Under this condition, reversibility of the PBP-Cu coordination is 

given, allowing efficient mixing (see section  3.2). 

Figure  5.6 (a), a STM topograph overview recorded at room temperature, shows 

that the codeposition of PBP and C1 onto Cu(100) results in highly ordered and ex-

tended domains of a mixed phase of both molecules. The yield of this structure is 

quantitative, i.e., limited by the smaller of the surface coverage of PBP or C1. Ex-

periments were also performed with either an excess of PBP or of C1: the mixed 

phase in Figure  5.6 is again found in quantitative yields and the excess molecule forms 

separate homoligand domains. In the mixed phase structure of Figure  5.6, the PBP 

ligands form parallel 1D rows, which are interconnected by the shorter C1 molecules, 

fixing the well-defined separation of the pyridyl rows to 15.8Å ± 0.1Å (measured by 

STM). Four rotational domain orientations are observed by STM, where the coordina-

tion chain direction (indicated by dashed lines in Figure 2a) is ± 23° from the [011] or 

[0 -1 1] principle directions of the substrate (arrows in Figure  5.6 (a)). 

The close-up in the inset of Figure  5.6 (a), shows that these rows consist of individ-

ual PBP molecules lined up with a segment spacing of 19.5 Å ± 0.1 Å. Considering 

the length of the PBP “building blocks” 15.4 Å, the gap between pyridyl moieties of 

adjacent PBP molecules facing each other, can be determined as 4.1 Å, which is too 
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Figure  5.6 (a) STM topograph (48.5nm x 35.0nm) of the hybrid phase of PBP and 

C1 on Cu(100) with different possible domain orientation, indicated by white 

dashed lines. The PBP molecules are forming linear Cu-pyridyl coordination 

chains, interconnected by C1 molecules. Inset STM close-up (5.0nm x 5.8nm) (b) 

Tentative molecular model of the PBP/C1 mixed phase. The upper part reflects the 

information deduced directly from the STM data, where the red ovals represent C1 

molecules. In the lower part, tentative Cu centers in the proximity of the 

bipyrimidine side groups and the possible configuration of the C1 molecules are 

added to model the most likely supramolecular arrangement. Cu yellow, N blue, O 

red. 
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large for direct stable interaction. However, this distance is in very good agreement 

with the linear N—Cu—N coordination node stabilizing similar 1D bipyridine rows 

(see section  3.1). In addition, in the STM data, bright round protrusions can be ob-

served in the intersection of neighboring PBP molecules along these rows displaying 

the position of Cu coordination centers.  

Neighboring bipyrimidine chains are bridged by three C1 molecules per PBP 

ligand, i.e. in a segment of 19.5 Å. Notably, the spacing between adjacent C1 mole-

cules is significantly compressed compared to their homotopic hydrogen bonded phase 

(three C1 molecules in a segment of 23.0 Å in Cu(100)-(3x3)-C1 structure [67]). 

Along with that compression, we observe that the distance between neighboring Cu-

PBP rows (15.8 Å) is larger than observed for the Cu-P1 and Cu-P2 chains intercon-

nected by C1 (15.3 Å, in section  5.1), where C1 interacted purely via hydrogen bonds. 

Another notable structural difference is the orientation of the coordination chains along 

the [0 5 -2] direction of the surface here rather than the low index directions as found 

in the prior study. The compression along the C1 rows, broadening between the rows, 

and reorientation compared to the previous work with bipyridyl-biphenyl ligands (P1 

and P2, see section  5.1) indicate a different bonding geometry, due to the presence of 

the bipyrimidine backbone here. 

Molecular Model 

A molecular model of the assembly superimposed on a Cu(100) substrate is shown in 

Figure  5.6 (b). As deduced from the STM data, the bipyrimidine chains are turned by 

23° in respect to the [011] direction of the substrate (running in [0 5 -2] direction, indi-

cated by dashed lines in Figure  5.6 (a)), which allows commensurability of the seg-

ments with the substrate, i.e. the Cu centers and the bipyrimidine molecules are always 

in the same position relative to the substrate. Considering the spacing between 

neighboring chains, their lateral displacement d = 4.2 Å ± 0.5 Å (measured by STM, 

see Figure  5.6 (b)) and the substrate geometry suggests that this is not only the case 

along the coordination chains, but that all PBP molecules and Cu centers, in the same 

domain, have identical position relative to the substrate, as depicted in the model. A 

very good commensurability of various network parameters with the substrate is 
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achieved in this orientation (as discussed in the paragraph above), compensating for 

the compression of the integrated C1 rows compared to their homotopic arrangement. 

The relative position of the Cu centers and ligands with respect to the substrate at-

oms cannot be determined unambiguously from the STM data, since atomic resolution 

of  the network and the substrate at the same time was not be achieved. The red ovals 

in the upper part of Figure  5.6 (b), depict the position of the bridging C1 molecules, as 

determined from the STM data, but the exact orientation of the individual C1 mole-

cules at these positions is not clear.   

In the bottom part of the figure we depict the C1 more explicitly in order to provide 

a speculative model, in our view the most likely, for the C1 bonding and orientation. In 

two out of three C1 positions, one carboxylate group faces a bipyrimidine group of the 

pyridyl chain (indicated by red lightning bolt), which would be repulsive in the case of 

direct bonding due to the negative charge density on each of the functional groups. In 

the homoligand phase of PBP, these bipyrimidine side groups are attractive for chelate 

coordination of Cu atoms, while a second PBP molecule attaches perpendicular via a 

pyridyl group forming a three fold N—Cu coordination (see section  3.2).  

In the tentative part of the molecular model (lower part of Figure  5.6 (b)) it is pro-

posed that a Cu atom is coordinated similarly in the bipyrimidine side group in the 

PBP/C1 mixed phase, allowing a C1 ligand to attach by chelation. Even though, the 

homotopic assembly of C1 prefers a hydrogen bonded phase over a Cu coordinated 

network on Cu(100) [67], under certain conditions, like templating effect of the sub-

strate, stable coordination interactions of carboxylate groups with Cu adatoms is ob-

served [37]. This C1 molecule could interact with an adjacent bipyrimidine chain via 

hydrogen bonding (indicated by dashed green line), bridging both rows. Interestingly, 

with the [0 5 -2] structure orientation, these Cu atoms could all sit in energetic favor-

able hollow sites of the Cu(100) surface. This might explain why the orientation is ro-

tated by 23° compared to the P1/C1, P2/C1 or the P1/C2 mixed phase (section  5.1). 

In this model (lower part of Figure  5.6 (b)), the coordination bonds are all set to 2.0 

Å, while the hydrogen bonds are between 2.0 Å and 2.5 Å, which consistent with re-

ported values for studies at surfaces[66, 138-140] and in solution[141]. While two C1 

molecules are interacting with the Cu centers at the sides of the bipyrimidine back-

bones of PBP, the third C1 molecule, which appears tilted in the STM data compared 

to the others, seems to be solely interacting via hydrogen bonds, stabilizing the pyridyl 
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chains as well as the two C1 neighbors. In this configuration the third C1 molecule 

maximizes its hydrogen bonds, while the distances to the Cu centers inside the pyridyl 

rows are too large to form coordination bonds in any possible orientation.  

Although the exact orientation of the C1 molecules is not unambiguously deter-

mined from the data, the model described above is the most likely scenario. This work 

demonstrates that by codeposition, the C1 molecules “passivate” the side-groups of the 

PBP ligands and prevent the growth of a 2D homotopic coordination network of the 

PBP ligand. The C1 drives the PBP into parallel 1D coordination chains, which are 

regularly arranged with a well defined separation determined by the bridging C1 

molecules.  

5.4 Summary and comparison 

In this chapter, the possibilities of enabling access to a greater level of structural and 

functional complexity, which is gained by adding a second molecular species, is ex-

plored.  

In the first case, meta-stable 1D bipyridine-Cu coordination structures (P1-Cu or 

P2-Cu), the high reversibility of the N—Cu—N coordination bond is counteracted by 

interconnecting the chains with carboxylate molecules. In addition to improving ther-

mal stability, a higher order is introduced to the system, i.e. the bipyridine rows are 

arranged with a constant distance between each row. This interchain-spacing is defined 

by the bridging carboxylate species and therefore can be tailored by changing the 

backbone length of the carboxylate molecule. In all cases, the internal structure of the 

original bipyridine chains is preserved. 

In the second case, a very robust 2D coordination network (PBP-Cu) is chosen as 

starting system. The PBP ligand is a modification of P2, where the backbone center is 

functionalized with a bipyrimidine moiety in order to increase the number of coordina-

tion partners and with that the stability. By codeposition of C1 to the PBP-Cu system, 

the carboxylate species C1 “deactivates” the functionalized bipyrimidine side-groups 

of the PBP ligand and prevents the growth of a 2D homotopic coordination network. 

In fact, C1 drives the PBP into parallel 1D coordination chains, which are very regu-

larly separated and very similar to the mixed phase P2/C1 (i.e. pyridyl ligand without 

72 



 5  STRUCTURAL CONTROL THROUGH COOPERATIVE ASSEMBLY 

73 

bipyrimidine backbone). The slight differences in geometric parameters and orienta-

tion relative to the substrate can be attributed to a different bonding motif of the car-

boxylate molecules, due to the presence of the bipyrimidine group. In the suggested 

model for the assembly, two C1 molecules are proposed to interact via coordination to 

a Cu atom, though this is in contrast to the observed selective coordination of C1 in 

section  4.2. However, for other carboxylates (trimesic acid), stable complexes with 

copper are observed under certain conditions, e.g. a templating effect of the substrate 

[37] or in a combination with multiple hydrogen bonds [75]. Here, the presence of 

bipyrimidine hinders hydrogen bonding of C1 to the central backbone of PBP. On the 

other hand it provides an efficient bidentate coordination site for Cu adatoms, where 

one terminal carboxylate group of the C1 molecule can attach via coordination, while 

the other can form hydrogen bonds with another PBP molecule. 

Even though the homoligand starting systems are very different, 1D chains (P1-Cu 

and P2-Cu) and a 2D network (PBP-Cu), respectively, the resulting mixed phases are 

very similar (as a consequence of the “passivation” of the PBP side-groups through 

C1). All in all, cooperative assembly proves to be a valuable tool for structural control 

of supramolecular architectures and increasing stability of some assemblies. 





 

6 Coordination networks with rectangular 

cavities 

An obstacle in the rational design of homoligand systems is the limited structural and 

functional scalability of supramolecular architectures. For example, iron with a mem-

ber of the bis-carboxylic acid family, i.e. C1 (=1,4-benzoic-dicarboxylic acid), C2 

(=1,4’-biphenyl-dicarboxylic acid) and C3 (=4,1’,4’,1’’-terphenyl-1,4’’-dicarboxylic 

acid), for schematic representation see section  2.4, creates a MOCN at the Cu(100) 

with open pore cavities, where the sizes of the cavities can be changed by choosing the 

length of the carboxylic ligand [45]. However, the shape of the pore is restricted to a 

square like geometry, since all edges are made up by the same ligand. This drawback 

can be overcome by increasing the complexity in the system. 

A multicomponent approach is investigated in the first part of this chapter, to im-

prove the possibilities of tailoring functional cavity sites in MOCN. Two types of func-

tional groups (carboxylate and pyridyl moieties) are utilized steering the multiple 

ligand system into highly regular coordination networks. All coordination nodes are 

identical, consisting of both functionalities and iron. The size and aspect ratio of the 

cavities can be varied in a controlled way by modular replacement.  

In the second part, the complexity of this very system is increased further by using 

redundant ligand mixtures. By that, an “error” is introduced to the system in order to 

investigate the “reaction”, allowing studying directly fundamental properties of self-

organization processes, like self-recognition, self selection and error tolerance. These 

mechanisms play an essential role in the self-organization beyond model systems, 

where the presence of alternative bonding partners is the general case and not the ex-

ception. For example in biological systems, where the right molecular species has to 

chosen over a variety of options. 
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6.1 Multi-component metal-organic coordination networks 

with tunable cavity size 

Polyaromatic bis-carboxylic acids (e.g., C1, C2 and C3) form, in combination with Fe 

centers on Cu(100) surfaces, extended domains of homoligand coordination networks 

[45, 49]. Four carboxylate moieties coordinate to an iron dimer, creating an orthogonal 

coordination node, which is the building motif for an open pore MOCN with square 

like cavities. It was shown recently that a ligand containing a carboxylic group at one 

end and a pyridine group at the opposite end coordinates to a Fe dimer through bridg-

ing μ2-carboxylates and axial pyridyls, leading to coordination centers of 

[(Fe2)(carboxylate)2/2(pyridyl)2/2]n stoichiometry [142], as illustrated in Figure  6.1 (left 

side). The fact that the pyridyl groups are selectively bonded axially by the iron dimer 

and the carboxylate moieties at the broad side, is an attractive basis for the design of a 

sophisticated supramolecular architecture. By splitting up the two functionalities into 

two different molecular building blocks, i.e. one molecule with pyridyl termination 

and one with carboxylate, a combined structure is expected (see Figure  6.1 (right 

side)), where the bipyridines are arranged in one direction and the bis-carboxylates 

perpendicular to it. As a consequence of the multi-component approach, the aspect 

ratio of the open pore network structure can be tuned, i.e. both side can be addressed 

independently, simply be choosing the appropriate molecular building blocks of the 

right size. In this work, two linear polyaromatic ligand families, either with pyridyl 

termination (P1=1,4-bipyridyl-benzene and P2=4,4´-bipyridyl-biphenyl) or carboxy-

late end groups (C1-3) are utilized. This multi-component concept is investigated by 

studying the self-assembly of the six possible binary heteroligand combinations (i.e., 

one ligand each from families P and C) together with iron. (The phrase “binary mix-

ture” refers to a mixture of two ligand species with Fe atoms, not only one ligand plus 

Fe.)  

In the first experiment, the bipyridine P1 and the bis-carboxylic acid C1 are 

coevaporated with Fe onto a Cu(100) surface with the appropriate absolute quantities 

and ratios (1:1:2) of the components. The deposition is followed by annealing of the 

sample to 450K. Prior work has demonstrated that such an annealing treatment effi-

ciently deprotonates the carboxylic functional groups of the ligand family C1-3 to car-

boxylate groups [67] (see also section 2.4). The P1/C1/Fe mixture self-assembles into  
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Figure  6.1. Scheme of metal organic coordination networks based on a directional 

selective iron dimer (purple) coordination node [(Fe2)(pyridyl)2/2(carboxylate)2/2]. 

The left side represents the homoligand approach, i.e. pyridyl (blue) and carboxy-

late (red) moieties are incorporated in one molecule, producing a square framework 

with one degree of freedom, which was reported recently [142]. The right side de-

picts the idea to split the pyridyl/carboxylate functionalities up onto two different 

molecular species. As a consequence, the parameters a and b of the resulting open 

network structure can be tuned by replacement of the appropriate molecular build-

ing blocks. 

a supramolecular architecture with rectangular shaped cavities, as displayed in the 

STM topograph in Figure  6.2. Extended domains are observed, with an average of 

about 40 cavities per network. There are two perpendicular domain orientations, along 

the [001] and [010], which are equivalent directions relative to the substrate, consider-

ing the square symmetry of the Cu(100) surface (see Figure  2.4). The inset of Figure 

 6.2, a close-up of the network structure shows clearly the rectangular symmetry with a 

structure periodicity of 1.1 nm x 1.8 nm (a x b in Figure  6.1), which corresponds to an 

aspect ratio of 3:5. Considering the size, the molecular building blocks in the vertical 

direction can be identified as the longer P1 (1.1 nm) molecules while the smaller ones 

connecting horizontal to the cross like junction, are the smaller C1 carboxylate (0.7 

nm).  

Based on the [(Fe2)(pyridyl)2/2(carboxylate)2/2] coordination node, a tentative mo-

lecular model is presented in Figure  6.3.  The periodicity of the unit cell and the orien- 
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Figure  6.2. STM topograph of the self assembled structure of C1, P1 and Fe. A su-

pramolecular architecture with rectangular cavities is formed. Two different do-

main orientations are observed, owing to the square symmetry of the substrate. Dis-

tortion in the overview image is due to thermal drift during the measurement. 

tation suggest a commensurate arrangement. For the iron dimer, both atoms can sit in 

favorable hollow site, similar to the Fe dimer coordination node reported for C1 [42, 

96]. However, in that model the Fe atoms are sitting in two hollow sites along the 

[011] direction, with one empty hollow site in between. Here, the Fe atoms are placed 

in adjacent hollow sites along the [001] direction of the Cu(100) surface. The carboxy-

late moieties attaches to each iron atom with one of their oxygen atoms, while the 

pyridyl groups attach via the nitrogen atom in an axial way. Coordination distances in 

this model are set to about 2.0 Å, which agrees with the general values for coordina-

tion bond lengths. All in all, it represents the coordination geometry, suggested from 

the homoligand system displayed in Figure  6.1. A favored growth direction along the 

C1 axis is observed, indicating a stronger bonding of the carboxylate molecules. 

Analysis on a large number on different networks reveals that there are in average 1.4 

times more coordination nodes in the carboxylate direction than the pyridyl direction.  

In a next step of the experiment, the self assembly of each of the possible binary 

heteroligand combinations is studied. A graphical table with STM images of the as-

semblies is displayed in Figure  6.4. The codeposition of any of the binary combina- 
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Figure  6.3. Tentative molecular model of the [(Fe2)(C1)2/2(P1)2/2] supramolecular 

network structure, superimposed on a corresponding STM image at the appropriate 

scale. Fe purple, N blue, O red. 

tions with iron atoms can yield highly ordered, extended coordination networks 

(Figure  6.4). The internal dimensions of the rectangular compartments can be varied in 

a modular way through the backbone length of the selected molecular ligands leading 

to open cavity areas ranging with these molecules from 1.9 nm2 to 4.2 nm2 (Figure 

 6.4).  

Despite the possibility to form homotopic carboxylate-Fe coordination, the prefer-

ence of the heterotopic coordination mode over homotopic or alternative structures 

demonstrates the robustness of the [(Fe2)(P…)2/2(C…)2/2]n coordination motif. In addi-

tion, its stability is underlined by the fact that the designed architecture is formed for 

all heteroligand assemblies, even though commensurability of the networks with the 

substrate can only be modeled (by geometric consideration) for the P1/C1/Fe combi-

nation. However, some distortion from the ideal geometry in sections of networks is 

observed for incommensurate combinations. The ligands follow the principle of 

‘‘maximal site occupancy’’ by realizing metal coordination at all available sites [17, 

143]; however, this is not fully achieved by the iron centers, because apical coordina- 
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Figure  6.4. Steering the size and aspect ratio of rectangular molecular-scale com-

partments via the backbone length of the ligands in self-assembled iron coordina-

tion networks. STM images show six possible binary combinations 

[(Fe2)(P…)2/2(C…)2/2]n of bipyridine (ligands P1 and P2) and bis-carboxylic acid 

(ligands C1, C2, and C3) ligands. All images are 9.4 x 6.0 nm. Structure periodic-

ity is 1.1 x 1.8 nm (a), 1.5 x 1.8 nm (b), 1.8 x 1.8 nm (c), 1.1 x 2.3 nm (d), 1.5 x 

2.3 nm (e), and 1.8 x 2.3 nm ( f ). 

tion is obviously impossible due to the specific steric demands at the surface [144, 

145]. 

With all six possible binary ligand combinations probed here, open pore su-

pramolecular networks with rectangular cavities are achieved. This test series demon-

strates that with this multi-component approach, aspect ratio and size of functional 

cavity sites can be modified comfortably by choosing the appropriate backbone size of 

the ligands. Such networks hold great promises to be used as a template at the nano-

scale, e.g. for selective adsorption of guest molecules, since they can be tailored for the 

needs of a specific guest species. 

6.2 Self-recognition and self-selection in redundant ligand 

mixtures 

Molecular level insight by scanning probe techniques has provided structural details of 

self assembled supramolecular system. Here, complex multicomponent systems are 
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explored at that level to illustrate critical assembly requirements for these systems and 

(bio-)molecular systems in general.  

The formation of ‘‘instructed’’ mixtures allows multiple and parallel processing 

(e.g., self-recognition and self-selection) of the structural and electronic information 

stored in the ensemble of components (ligands, metal centers, coordination algorithms, 

etc.) [17, 18, 143]. Processes of modular self-assembly, dynamic self-organization, and 

self-selection are of fundamental importance for the assembly of all supramolecular 

systems, but molecular-level information is not generally accessible. Using STM (en-

abled by the “surface support”), these issues are addressed by studying a more com-

plex variant of the complementary mixtures reported in section  6.1. The robust self-

assembly of the 2D supramolecular C1/P1/Fe system sets the stage for the investiga-

tion of dynamic aspects of the system. By utilizing redundant mixtures, i.e. ternary 

combinations, where more than one ligand species of a certain functionality is present, 

an obstacle for the self-organization introduced to the system. The response of the sys-

tem is investigated with nanometer accuracy, providing evidence for cooperativity, 

self-recognition, and self-selection. 

The ternary combination of one bipyridine ligand P2 and two bis-carboxylic acid 

ligands C1 and C2 is codeposited with iron centers on the Cu(100) surface (≈4:2:1:1 

number ratio of Fe/P2/C1/C2). The mixture leads to small domains of distorted net-

work arrangement, indicating a low level of structural accomplishment, even after 

thermal annealing at 450 K (Figure  6.5  (b)). A closer inspection of the STM data re-

veals that the bis-carboxylates C1 and C2 are strictly linked within horizontal rows 

(red bars), whereas the columns are exclusively formed by the bipyridine ligand P2 

(blue bars). The linear sequence of the bis-carboxylates C1 and C2 is randomly dis-

tributed within each row and uncorrelated to the succession of molecules in the 

neighboring rows. Structural adaptation to this random sequence is accomplished by 

the bipyridine ligands P2 through significant deviations in the pyridine–Fe-dimer an-

gle, as shown in Figure  6.5 (c) (θ falls in a range of ±15°). Obviously, the multicom-

ponent mixture Fe/P2/C1/C2 is hindered from reaching the thermodynamically fa-

vored structural phase, i.e., regular arrays of rectangular compartments Fe/P2/C1 and 

Fe/P2/C2. 

The meta-stable structure can be understood by considering the local adaptivity of 

the coordination schemes. Among the ligands coordinated to the Fe dimer node 
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(Figure  6.5 (c)), the negatively charged bridging η2 bis-carboxylates can be considered 

as the less labile ligands in comparison with the (only) monodentately bound, neutral 

bipyridine ligands. Although small rotation of the bridging η2 bis-carboxylate–Fe 

dimer coordination would have a significant energy cost due to the weakening or even 

loss of one of the C–O—Fe coordination bonds [each ≈1.2 eV in vacuum (S. Fabris, 

personal communication: Bonding energies given represent a first approximation 

based on calculations for carboxylate–Fe and pyridyl–Fe confined to a 2D plane in a 

 

 

Figure  6.5. Distorted rectangular coordination network exhibiting structural error 

tolerance. (a) The ternary ligand combination P2/C1/C2 was codeposited with Fe 

on a Cu(100) surface. (b) STM image showing the structural disorder within the 

2D coordination network. Image size is 6.9 x 9.6 nm. (c) Schematic representation 

of the local coordination structure at the nodes of the network, illustrating a distor-

tion of the pyridyl–Fe bond angle to accommodate the random packing of ligands 

C1 and C2. (c and d) This bond distortion (c) is favored compared with breaking 

the double C–O—Fe bond (d), which would be necessary for self-selection and or-

dering of ligands C1 and C2 (blue, bipyridine ligand P2; red, bis-carboxylates C1 

or C2; dashed lines to indicate tilting of ligand 1b by angle θ from perpendicular 

structure). 
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vacuum (substrate influence neglected)] (see Figure  6.6 (d)), the monodentate 

bipyridyl–Fe coordination [≈1.3 eV in vacuum (S. Fabris, personal communication)] is 

relatively flexible in that such a significant energy cost for changing its angle (as in 

Figure  6.5 (c)) is not expected (probably a small fraction of the bond energy). How-

ever, sufficient binding lability is necessary in both cases to allow reversibility of the 

coordination bond formation, a basic requirement for self-recognition directed self-

assembly, giving the systems the ability to undergo error correction and self-repair. As 

the sample cools down from the 450 K annealing temperature to room temperature, 

random distributions of ligands C1 and C2 are frozen in the bis-carboxylate–Fe rows 

when the reversibility of the carboxylate–Fe bonds is suppressed, whereas the more 

labile monodentate pyridine–Fe bond adapts to (i.e., energetically accommodates) the 

given sequence of C1/C2 by tilting the bipyridine–Fe-dimer angle θ, leading to dis-

torted rectangular compartments. Bending of the pyridyl–Fe bond (Figure  6.5 (c)), al-

lowing an irregular structure, is favorable to rearrangement of the carboxylate ligands, 

which would require breaking the double C–O—Fe coordination bonds (Figure  6.5 

(d)). Because those already formed bis-carboxylate–Fe rows of C1/C2 cannot be cor-

rected by the pyridine–Fe bonds, the Fe/P1/C1/C2 mixture does not achieve the neces-

sary self-selection of ligands C1 and C2. 

Significantly improved error correction in the supramolecular Fe/P…/C… system is 

achieved by reversing the principle selection control; i.e., the combination of compo-

nents was changed to consist of two of the more labile bipyridine ligands P1 and P2 

with only one bis-carboxylic acid ligand C1. The Fe/P1/P2/C1 mixture self-assembles 

into a supramolecular array of well ordered, rectangular compartments (Figure  6.6 

(b)). A closer view reveals local spatial segregation into subdomains of the two distinc-

tive heteroligand (P1 x C1 and P2 x C1) architectures as highlighted by the green and 

red rectangular frames, respectively. These subdomains within the 2D network can be 

considered as quasi-1D ‘‘ladder’’ rows, within which the two ‘‘side posts’’ consist of 

rows of carboxylate(C1)–Fe chains (horizontal in Figure  6.6 (b)) bridged with bipyri-

dine ligand ‘‘rungs’’ of uniform size (either P1 or P2 in a given domain) at the Fe 

dimer nodes. The preferential binding of bipyridine ligands of uniform length within a 

ladder row indicates that the self-assembly of the mixture must involve both self-

selection and self-recognition. With this mixture composition, the critical error correc-

tion process relies on the reversible coordination of the more labile bipyridine ligands 
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Figure  6.6. Highly ordered coordination networks generated by efficient ligand 

self-selection. (a) The ternary ligand combination P1/P2/C1 was codeposited with 

Fe on a Cu(100) surface. (b) STM image showing the local segregation of the mix-

ture into highly ordered subdomains containing ligand P1 (green box) or P2 (red 

box). Additionally, several defects exhibiting coordination of neighboring bipyri-

dine ligands of different lengths are highlighted (white boxes). Image size is 22 x 

14 nm. (c) Schematic diagram of the reversible pyridyl–Fe bonding, the basis for 

active error correction by self-selection of ligands P1 and P2 into highly ordered 

subdomains. (d) Random packing would require breaking of one of the C–O—Fe 

bonds and distortion of the other bond. 

P1 and P2 (Figure  6.6 (c)). The release of the pyridyl—Fe coordination in the case of 

negative self-recognition is favored compared with a distortion of the carboxylic—Fe 

dimer interaction (Figure  6.6 (d)). Thus, the read out in the self-assembly process oc-

curs with higher degree of self-recognition, triggers spontaneous self-selection, and 

drives the self-assembly into locally segregated subdomains. This structural outcome 

of the assembly demonstrates that the self-selection is sufficiently strong to segregate 

ligands P1 and P2, rather than form domains of higher entropy configurations with 

randomly distorted structures of Fe/P1/P2/C1 (Figure  6.6 (d)). The efficient error cor-

rection of this structure is in sharp contrast to the previous mixture (Figure  6.5), where 
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the flexibility in assembly provides error tolerance leading to diminished structural 

order. Besides defects due to the incomplete coverage of the surface (e.g., empty re-

gions and linear bipyridine chains [35]) and network domain boundaries (vertical near 

the right edge of Figure  6.6 (b)), the presence of short bipyridine ligand P1 next to 

long bipyridine ligand P2 within a network domain is only rarely observed in the 

Fe/P1/P2/C1 mixture (white frames in Figure  6.6 (b)). Because this coordination usu-

ally leads to singly bonded ligand species of bipyridines, the detachment of the mis-

matched ligand and subsequent replacement with a new ligand of correct length should 

be favored. If a bipyridine molecule has achieved a two-end bonding, the growth of the 

architecture will be stabilized by the gain of cooperativity, i.e., by the attachment of a 

larger number of ligands of the same length. In this sense, Figure  6.6 can be inter-

preted as a ‘‘snap-shot’’ of an instructed mixture, which has already achieved segrega-

tion into small subdomains with a high level of internal organization and efficient local 

discrimination. The segregation is finally driven by the cooperativity of a coupled self-

recognition/self-assembly process featuring efficient error-correction mechanisms. 

These investigations have demonstrated how error correction is improved by selec-

tion of components that provide (i) efficient reversibility of the Fe coordination bonds 

(pyridine–Fe versus carboxylate–Fe) and (ii) cooperative binding of the ligand compo-

nents. Due to the restricted mobility of components at surfaces, efficient error-

correction mechanisms, such as self-recognition and cooperatively amplified self-

assembly, become of prime importance to achieve self-selection of the components. 

Surface-based studies allow (via STM) a unique ‘‘snap-shot’’ view on the evolution of 

multicomponent assemblies and can show with unprecedented resolution how su-

pramolecular systems achieve high degrees of order, integration, and complexity by 

efficient self-selection. The multicomponent supramolecular self-assembly processes 

at surfaces can be considered as the 2D equivalent of the self-recognition of double 

helicate structures and other self-assembled molecular structures [19, 146-148]. The 

surface-assisted 2D self-assembly process is governed by similar thermodynamic rules 

and structural factors (e.g., interplay between read-out instruction of binding, confor-

mational matching, and maximal occupation) as found in 3D supramolecular systems. 

In a broader perspective, insights into the formation of biologically active 3D com-

partments, representing the stage for the development of life at the organic/inorganic 

interface [149], can be obtained by such model studies of dynamic assembly, self-
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recognition, and self-selection. The unprecedented insight into the dynamics of model 

heteroassembly processes at the single-molecule level demonstrate critical assembly 

requirements for natural biological self-organization [149, 150]. 



 

87 

7 Summary and Conclusion 

Within this thesis, the controlled self-assembly of multiple ligands into sophisticated 

supramolecular coordination architectures has been explored on Cu(100) surfaces. 

This study has been motivated by the fact that the self-organization of multiple mo-

lecular species, especially involving coordination interaction, allows greater complex-

ity and potentially greater functionality than homotopic systems reported previously. 

Therefore some concepts have been exemplified to contribute to the development of 

controlled multi-component assembly and to demonstrate that utilizing a higher level 

of complexity (multiple ligands) does not only imply that the system gets more com-

plicated, but enables access to advanced structures and organizational control. These 

strategies expand the toolkit of rational 2D supramolecular assembly and will contrib-

ute to achieve a further level of control in the design of 2D-MOCN systems. The key 

scientific results of this work can be condensed as (a) identification of selective coor-

dination motifs in surface supported multi-component self-assembly, (b) the controlled 

synthesis at the surface of complex structures out of several simple molecules, (c) sys-

tematic structural control of supramolecular networks and (d) direct investigation of 

fundamental aspects in multi-component self-assembly processes.  

(a) Selective coordination motifs 

In order that the increase of complexity can be transferred into a higher level of func-

tionality of a supramolecular system, selective interaction sites are essential to chemi-

cally discriminate the different molecular building blocks during the self-assembly 

process. Here, two selective coordination motifs for surface supported supramolecular 

chemistry are identified, namely a three-fold Cu—pyridyl and a Fe dimer—
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carboxylate bonding scheme, where the metal centers are not inter-exchangeable (see 

section  4.2). That means, in the absence of the preferred metal center, ordered MOCNs 

are not formed with the other metal species, but intermolecular hydrogen bonding is 

preferred. From a random distributed mixture of four components, i.e. the 

bipyrimidine ligand PBP, the carboxylate species C2, iron and copper, two separated 

coordination networks are formed, namely a Fe-C2 and Cu-PBP by the above men-

tioned coordination schemes. Even though most experiments are conducted on 

Cu(100), some additional experiments on other surfaces allowed that the same selec-

tivity of the bonding scheme. It has to be noted that in solution such an exclusive co-

ordination interaction is often associated with larger molecules providing a rigid coor-

dination site and is not alone an intrinsic property of the chemistry of these metal 

centers and the interaction sites of these ligands. Here, it is expected that the geometri-

cal restriction imposed by the substrate, which hinders the coordination partners to 

arrange arbitrarily in 3D, triggers the selectivity.  

Thus surface supported supramolecular chemistry might represent a novel approach 

for enabling selective complexation. However, for a detailed understanding, further 

experimental studies and theoretical support are needed and these investigations might 

even contribute as a model system for biological systems, where selective interaction 

and recognition of different metal species is pivotal. But for sure, such selective bond-

ing motifs will expand the possibilities of rational design of functional supramolecular 

architecture, as they allow a complex but predictive interaction scheme.  

(b) Complex systems synthesized at surfaces 

Based on this selective coordination scheme, sophisticated architectures can be di-

rectly constructed at the surface by self-organization out of simple elementary building 

blocks. A concrete example is presented here, where this concept is implemented in 

order to create a supramolecular structure (a Cu2(P1)(BPC)2 complex) with a hierar-

chical bonding motif, i.e. Cu—pyridyl coordination bonds and hydrogen bonds by the 

carboxylate groups. The advantage of using a hierarchical scheme is that the hydrogen 

bond interaction can be selectively manipulated, while the robust coordination unit is 

undisturbed. The utilization of the pyridyl—Cu coordination motif is very attractive on 

copper surfaces. The metal centers for coordination structures based on this bonding 
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scheme, are available from the adatom pool intrinsic to the Cu(100) surface, which 

therefore reduces the complexity of preparation. 

Since large molecules can not be sublimed in UHV, this concept offers a suitable al-

ternative to create supramolecular architectures composed of complex units. These 

entities are synthesized directly at the surface out of simple preprogrammed building 

blocks. Primary units can be predefined through a strong interaction, while being 

flexible in its arrangement, which can be directly addressed by subtle changes in the 

energetic landscape, e.g. templating effects of the substrate.  

(c) Structural control in supramolecular complexes 

Two different kinds of organizational control have been presented in this thesis. On the 

one hand, adding a carboxylate species (C1) to homotopic pyridyl systems (discussed 

in chapter  3) allows to manipulate directly those structures. In the case of the 

bipyrimidine PBP, the addition of a carboxylate molecule results in a structural trans-

formation of a bipyrimidine system, from its 2D homotopic coordination phase into 

linear coordination row arrangement of the bipyrimidine ligand. On the other hand, the 

meta-stable P1-Cu, or P2-Cu coordination chains can be stabilized and ordered 

through cooperative assembly with the carboxylate molecules, which provide hydro-

gen bonds to the system by bridging adjacent rows. The internal structure of the coor-

dination chains is undisturbed and the 1D character of the assembly is preserved. Simi-

lar experiments on related systems [61] imply that this concept could potentially be 

transferred to various other low-dimensional coordination structures with selective 

interactions.  

On the other hand, the periodicity in a supramolecular network can be varied in a 

modular way by enlargement of its molecular building blocks [43, 45]. It can be ex-

pected, that a finer tuning is accessible in molecular structures composed of multiple 

ligands with selective interaction, as a very as a consequence of the multi-component 

nature. Here, it is demonstrated that geometric parameters of the joint P1/C1 assembly 

(see section  5.1) can be tailored independently by substitution of the appropriate mo-

lecular species. Moreover, an open porous coordination network is presented, where a 

linear bipyridine defines one side of the rectangular cavity and a linear bis-carboxylate 

ligand the other. This MOCN is stabilized by a cross-like coordination node, with an 
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iron dimer in the center which selectively binds carboxylate groups at the broad side of 

the dimer and pyridyl groups at the axis. By substitution of the appropriate molecular 

species, the size and aspect ratio of the cavities can be tailored, e.g. for fitting to the 

needs of guest molecules. As a future step, the chemical surrounding of the functional 

cavity sites could be adjusted by modification of the chemical composition of the mo-

lecular backbones, which potentially enhances the selectivity in guest adsorption (mo-

lecular recognition).  

 (d) Self-selection and error tolerance in multi-ligand assemblies 

Based on this iron dimer coordination scheme, it is demonstrated that highly ordered 

supramolecular arrays can be produced from redundant ligand mixtures (two ligands 

from the bipyridine family and one from the carboxylate family) by molecular self-

recognition and -selection, enabled by efficient error correction and cooperativity. The 

possibility of the complementary mixture to form controlled arrays of different com-

partment sizes lends itself as an ideal candidate for a dynamic combinatorial library, 

since small energetic differences, e.g. the attractive interaction with a guest molecule, 

might actively “choose” one combination out of the library. In addition this effect 

would be amplified during the self-assembly process as the growth of new cavities is 

determined by adjacent cavities already existing. 

The importance of reversibility in the steering interaction (bonding forces) for con-

trolled self-organization can be directly probed by transferring the selection control to 

the stronger and less flexible carboxylate—Fe motif. This results in failed self-

selection due to error tolerance in this ligand mixture (one ligand from the bipyridine 

family and two from the carboxylate family), leading to a disordered structure. These 

experiments allow to observe directly fundamental aspects of multi-component self-

assembly with the high spatial resolution of STM and highlight the importance of re-

versibility in the bonding interaction for efficient error correction. 
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