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Introduction 
 

 

"There is Plenty of Room at the Bottom" 
 

Richard P. Feynman (Nobel Prize, 1965) 

Famous talk in 1959 at the California Institute  of Technology 

Birth of Nanotechnology on an ideological level 

 

 

 

1.1 Nanotechnology - a key technology 

The past decade has seen great interest in developing technologies which are based on 

the unique behaviour of nanometer scaled structures, devices and systems. This process 

led to the rapidly expanding and highly diverse field of Nanotechnology which is 

regarded as the key technology of the 21st century.1 The prefix nano- (Greek: nãnnos = 

dwarf) has gained already outstanding importance, similar to micro- in the 1970’s and 

1980’s (e.g. Microsoft, AMD - Advanced Micro Devices) and e- in the 1990’s (e. g. e-

mail, e-banking). Between 1997 and 2003, world-wide government investment in the 

field rose from $430 million2 to just under $3 billion a year,3 and the global impact of 

Nanotechnology-related products is predicted to exceed $1000 billion by 2015.4,5 

Industry leaders expect that improvements in materials performance and changes of 

manufacturing paradigms will lead to several industrial revolutions in the 21st century.6 

The total societal impact of Nanotechnology is expected to be greater than the combined 

influences of the silicon integrated circuit, medical imaging, computer-aided engineering, 

and man-made polymers have had in the 20th century. Nanotechnology has the potential 

to change the nature of almost every human-made object, by making products lighter, 

stronger, cleaner, less expensive and more precise.4,6 
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1.1.1 Background and milestones of Nanotechnology 

Nanoscience is a convergence of different scientific disciplines such as physics, 

chemistry, materials science and biology,7 which deals with manipulation and 

characterisation of matter on length scales between the molecular and the micron size. In 

turn, Nanotechnology is an emerging engineering discipline that applies methods from 

nanoscience to construct and use functional materials, devices and systems on the 

nanometer length scale (mainly smaller than 100 nm in at least one dimension).6 Often, 

Nanotechnology is used as a general term that describes any science and technology 

where structures on the nanometer scale play a critical role. 

The following examples give an idea regarding the dimension of nanometer sized 

objects: If a C60 fullerene (diameter: 1 nm) was expanded to the size of a soccer ball 

(diameter: 0.22 m), the extent of expansion would correspond to the same soccer ball 

becoming larger than the size of the Earth (diameter 12,756 km)! 

 

                
  Buckminster Fullerene                      Soccer ball                                            Earth 

 

Nano-sized particles have been in use for thousands of years in pottery. The oldest 

known object is the Lycurgus chalice (late 4th century A.D.) which consists of glass that 

appears green in reflected light, but red when light is shone directly through it. This 

unusual optical effect is caused by 70 nm sized silver/gold particles within the glass.8 

In 1857, Michael Faraday discovered colloid gold as a suspension of gold nanoparticles 

which was transparent or differently coloured, depending on the lightning conditions.9 

Half a century later, Albert Einstein provided a thoroughly quantitative theory for the 

state of colloid dispersions (1905).10 Langmuir established the existence of monolayers 

(layers of atoms or molecules one atom thick) with peculiar two-dimensional qualities 

(Nobel Prize, 1932).11 
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The Lycurgus chalice 

 

The birth of Nanotechnology on an ideological level can be ascribed to Richard P. 

Feynman (Nobel Prize, 1965) who gave the famous lecture in 1959 (There’s Plenty of 

Room at the Bottom) about the first vision of the possibilities of science and technology 

at the nanoscale and the idea of data storage on an atomic scale.12 The term 

‘Nanotechnology’ itself was introduced in 1974 by Norio Taniguchi.13 Many “old” 

technologies were already critically dependant on processes that take place on the 

nanometer scale (e.g. photography, catalysis). However, it was not until the 1980’s that 

the development of instruments such as scanning tunnelling,14 atomic force,15 and near 

field16,17 microscopes enabled nanometer resolution. This was the beginning of 

nanostructural measurements and thus the real exploitation of the Nano-World. 

 

1.1.2 Nanotechnology - one word, many technologies 

Nanoscience has obviously reached a point on which the borders between different 

disciplines disappear. At the nanoscale, materials begin to exhibit unique properties 

substantially different from those displayed by either atoms or bulk materials.18 The 

resultant physical, chemical and biological behaviour is often not predictable and 

depends particularly on the particle size, shape and arrangement.19 By patterning matter 

on the nanometer length scale, for example, it is possible to vary fundamental properties 

of materials (e.g. melting temperature, magnetisation, charge capacity) without changing 

the chemical composition. Important changes in material performance are caused by the 

emergence of physical phenomena such as quantum mechanics, strong surface forces or 

Brownian motion – the phenomena that are less obvious for larger objects.20 

Researching, developing and utilizing such properties is at the heart of the new 

technology.  



Chapter 1 

4 

Although many technologies are still in the pre-commercialisation stage, 

Nanotechnology represents a revolutionary super-field whose concepts are so broad and 

pervasive, that they will influence every area of technology and science, in ways that are 

truly unpredictable. The so-called ‘convergent’ Nanotechnology covers many different 

engineering areas such as mechanic and (opto-)electronic engineering, precision optics, 

environmental technology, biotechnology, biomedical engineering, pharmaceutical 

production, medical diagnostics, drug delivery, textiles, catalysis, materials science, 

coatings, and various future fields that we can not yet anticipate.21,22 

Nanomaterials 

Advantages of nanosized manufactural products are, for example, higher durability at 

lower weight compared to conventional materials. Carbon nanotubes (CNT’s) are about 

100 times stronger (stress resistant) than steel at one-sixth the weight.23,24,25 Furthermore, 

CNTs can exhibit metallic, semiconducting26,27 or intrinsic superconducting properties28 

and thus are the top candidate to replace silicon in future chip devices. Besides, 

nanostructured ceramics and metals have already greatly improved both ductility and 

strength.29 Other interesting nano-materials are precise organic as well as hybrid organic-

inorganic nanoarchitectures. Dendritic polymers, for example, are prominent candidates 

for nanoscale catalysts,30,31 novel lithographic materials32 or targeted drug delivery 

systems.33 Furthermore, pigments are one of the most important nanotechnological 

products that are employed for example in sunscreens (65 nm particles of titanium oxide) 

for the absorption of UV light. Other commercial products are stain-repellent coatings for 

clothing.21 

 

              
Carbon nanotubes / commercial water-repellent coating 
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In general, the ability to synthesize nanoscale building blocks with precisely controlled 

size and composition and then assemble them into larger structures with unique 

properties and functions will further revolutionize the domain of materials 

manufacturing. 

 

Electronics 

The electronics and information technology industries are prominent drivers for 

Nanotechnology.20 Over the last several decades, advances in the so-called Top-Down 

approaches, involving patterning by photolithography, electron beam lithography and 

soft lithography,34,35 have led to a revolution in microelectronics. The continuous 

miniaturisation progress enabled the development of electronic devices with higher 

densities and operating speed. 

As conventional lithography starts to reach its limits, Bottom-Up nano-patterning of 

surfaces has gained a growing momentum. A major challenge to the development of 

nanoelectronics (and nanomagnetics) remains the simultaneous, parallel fabrication of a 

large amount of nanodevices under precisely controlled and reproducible conditions. 

Scanning probe microscopy is a powerful tool for atom-by-atom engineering. However, 

the building rate is rather slow, even when using arrays of synchronised scanning tips. 

Today’s “best guess” is an alternative manufacturing which uses designed and controlled 

self-organisation of molecular building blocks into stable and structurally well-defined 

aggregates, as can be found in biological systems. One of the great challenges herein will 

be to integrate nanodevices with microelectronics-based technology in order to 

communicate with the real world. An ultimate solution is the combination of lithographic 

techniques with self-assembled nanostructures.36,37,38 

Other important themes are new devices for energy generation, which is already realised 

in innovative solar cells on the basis of conducting polymers and nano-based particles, or 

novel batteries for energy storage and electronic devices with lower energy consumption. 

Furthermore, nanomaterials are interesting for various opto-electronic applications, due 

to the fact that the interaction wavelength scales of various external wave phenomena 

become comparable to the material entity size. Major emphasis is being put on quantum 

dots, which are semiconductor particles that have dimensions of a few nanometers such 

that their electronic and optical properties depend mainly on their size. Quantum dots 

have already found application in size-tuneable ‘labels’ for biological molecules and are 

expected to form the basis of new light sources and electronic computers.21 
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Biotechnology 

Biology can provide lessons for Nanotechnology concerning molecular motors, selective 

valves, pores or pumps that transport molecules against concentration gradients. Some 

enzymes, for example, convert chemical energy into mechanical force, or vice versa. 

Chloroplasts harvest the energy of light and convert it into chemical energy.20  

Further important themes are biocompatible materials, advanced drug targeting/delivery 

systems, and specifically functioned nanoparticles for biosensors or medical diagnostics. 

A physically based instrument for directly reading the sequence of a strand of DNA 

would be very valuable, and is likely to be one of the outcomes of nanotechnology as 

applied to biology.20 Recently, gold-coated nanoshells were successfully employed to 

destroy cancer tumours in mice.39 Further aims are the exploiting of trans-membrane 

functions or filter systems for nano-scale objects as can be found in biological systems. 

Biological components could themselves be incorporated into man-made nanoscale 

structures and devices, an approach referred to as bionanotechnology. Furthermore, the 

epitome of Bottom-Up processing technologies is provided by biology.20 

 

Surfaces 

Surfaces are everything we see and are where many properties of materials are 

determined. In the 1970s and early 80s, surface science was mainly focussed on studying 

the surface chemistry of metals and metal oxides.40 One of the primary applications of 

metals in chemistry is their use as heterogeneous catalysts whose activity is surface 

dependent.41 Due to their vastly increased surface area over macro-scale materials, nano-

sized metals and metal oxides can be ultra-high activity catalysts.21 

However, most of the surfaces of organic materials are usually disordered. A key issue 

was to develop systems in which one could study the chemistry of organic surfaces.40 

Self-organisation processes of single molecules typically provide dynamic and reversible 

synthetic pathways that lead to well ordered and thermodynamically stable super-

structures.42 2D self-assembly allows an area of a plane surface to be covered with self-

assembled monolayers (SAMs) that provide typically high order and regularity and thus 

afford studies, physical chemistry and real exploitation of organic surface structures. The 

information that determines the resultant structures is encoded in the molecules 

themselves. Thus, chemical modification is a tool to design functional surfaces at the 

molecular scale.40 SAMs are, for example, promising candidates for a new generation of 

chemical and biological sensors.43,44 
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Furthermore, ultra-thin or nanostructured films can provide scratch-resistant, low-friction 

or optical high-performance coatings.21 One of the greatest challenges is coated windows 

with water resisting and self-cleaning properties.45 In nature, this so-called Lotus-effect 

(discovered by Barthlott and Neinhuis, University of Bonn) is based on the combination 

of microstructures that repel water and nanostructures, which consist of waxy materials 

that are badly wettable:46  

 

    
   

Lotus flower (Nelumbo nucifera) and SEM (scanning electron microscopy) image of the surface 
of a lotus leaf.46 

 

 

 

 

1.2 Trend in catalysis 

Catalysis is one of the central and still advancing key-technologies of the last decades, 

linked to a great innovative potential. The products obtained by catalytic processes are 

indispensable in life as we know it. The ever-increasing yield of fuel from a barrel of 

crude oil, the continuing increase of the quality of polymer materials, or the steadily 

decreasing production costs of bulk and fine chemicals, can be mainly ascribed to 

improvements in industrial catalytic systems.47 

Heterogeneous catalysis remains as a central issue to improve reaction rates, conversion 

and selectivity in technical production of main- and intermediate chemicals. Advances 

such as increased active metal surfaces and reduced material costs were achieved by 

supported metal particles on cheap carrier materials. Besides, highly porous materials 

(e.g. zeolites) offer high surface areas and thus are of great technological interest in 

catalysis.  
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Advantages of heterogeneous catalysts are high separation (e.g. by filtration) and recycle 

capability as well as the tolerance for high pressures or temperatures and the fact that 

reactions can be often performed without solvents. However, catalysis takes place 

primarily at so-called active sites, which are not uniformly exposed on the surface of a 

heterogeneous catalyst, but consist often of steps or kinks. Different types of active sites 

may serve each an undesired unique function in the catalytic process. Consequently, such 

catalyst surfaces often exhibit a low selectivity as well as a low effective catalyst 

concentration.41 

Homogeneous catalysis on the basis of defined single site catalysts (transition metal 

complexes) provides an excellent choice where highly specific reactions are desired. The 

key for the control of catalyst selectivity and activity is the exploitation of different metal 

oxidation states and the chemical fine-tuning of active sites by ligand design. Further 

advantages are a much greater effective concentration of catalyst (and thus optimal 

utilization of metal), kinetic rather than mass transfer control of reaction rates, and the 

fact that there is no localized overheating due to easy heat dissipation. In contrast, costs, 

catalyst removal and reuse are often cited as major drawbacks.48 

Immobilised Catalysts: Despite advances in the two classical fields of catalysis, there is 

a clear trend to unified catalysts which exhibit even more advantageous or novel 

properties. Major emphasis is being put in the practice of surface derivatisation by 

chemically immobilising (heterogenising) transition metal complexes on suitable carrier 

materials. This is a universally recognised way of combining the best features of 

homogeneous (and enzyme) catalysts on the one hand, and heterogeneous on the other, 

so that resultant surface complexes rival or surpass the performance of analogous 

heterogeneous and homogeneous catalysts respectively. Advantageous features of such 

immobilised catalysts are high selectivities and activities as well as easy product 

purification and cost-effective catalyst recovery.41 
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1.3 Motivation and aim of the thesis 

Prior to this work, fundamental investigations in the Fischer-Tropsch (FT) catalysis have 

been performed in our group.∗ The FT synthesis is an industrially important process in 

which syn-gas (CO/H2) is converted into a mixture of short hydrocarbons (alkanes and α-

olefins). Despite the industrial successes of the FT reaction since its discovery nearly 80 

years ago,49,50 the process is still not fully understood and its lack of selectivity continues 

to be a drawback. Although there is general agreement that the reaction is the result of 

the stepwise polymerisation of methylene groups,51 how this polymerisation takes place 

is unknown and a number of mechanisms have been proposed.48,52,53 One central and still 

open question is: 

 

 

 

 

 

 

In order to answer this question, investigations in our group have focussed on FT-

synthesis on different length scales, using micro- and nano-sized metal particles and 

clusters.54 One approach herein was based on the exploitation of defined multinuclear 

transition metal complexes of Schiff-base macrocycles. These materials offer the chance 

to vary the numbers and relative distances of individual metal centres (two or more) by 

ligand design.55 A drawback was the fact that macrocyclic transition metal complexes 

typically have poor solubilities in most common solvents, a fact which restricts their 

usability as homogeneous catalysts. 

The new idea was to immobilise such highly defined metal complexes on surfaces. 

However, our basic aim was not to chemically heterogenise metal complexes on porous 

carrier materials, as is the common practice. The intention was to generate novel types of 

exposed catalyst surfaces that offer a high density of highly defined active sites at 

variable distances. The need of a fundamental and broad access to such surface structures 

emerged which qualified the object of the work, namely the exploitation of self-

organisation processes combined with ligand and metal complex design. The main 

challenge was to develop catalytically interesting ligand systems and transition metal 

                                                 
∗  Collaborative project with ExxonMobil. 

How many active metal centres are involved in the 

basic catalytic steps of the FT-process? 
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complexes, suitable for the 2D self-assembly at the liquid/solid interface as the most 

promising strategy to create widely extended and highly ordered 2D complex surface 

structures (for details see Chapter 2), and to study their self-organisation by scanning 

tunnelling microscopy (STM) which allows the resultant molecular 2D patterns to be 

visualised. 

The use of catalytically interesting mono- and multinuclear transition metal complexes as 

well as the ability to vary the relative metal-metal distances might give access to 

important catalytic processes such as Fischer-Tropsch synthesis or C-H activation, 

reactions which are based typically on the cooperation of two or more active metal 

centres. Furthermore, resultant exposed surfaces might enable in situ studies of basic 

catalytic processes, occurring on defined transition metal complexes, on a molecular or 

even atomic level. In a wider perspective, nano-structured surfaces that contain metal 

ions or clusters are revolutionary intentions of Nanotechnology which are discussed in 

various fields such as catalysis, sensors, electronics or magnetics (see Chapter 1.1.2). 

 

Content of the thesis 

Chapter 2 introduces scanning tunnelling microscopy as a powerful tool to visualise 

molecular monolayers and presents different approaches to the 2D self-assembly of metal 

complexes. Chapter 3 provides the experimental background concerning synthesis and 

analysis of the presented compounds as well as STM investigations at the liquid/solid 

interface. Chapter 4 deals with functionalised π-conjugated pyridine bis-imine ligands 

and STM images of self-assembled free ligands. Chapter 5 presents salicylaldehyde and 

salicylaldimine derived transition metal complexes as powerful systems for an absolute 

“fine-tuning” of relative metal-metal distances in 2D. Chapter 6 extends this class of 

compounds to related binuclear salicylaldimine and diazomethinphenol derived 

complexes. Chapter 7 presents basic synthetic approaches to novel flexible and shape 

persistent alkyl functionalised polyaza macrocycles. Supporting STM images and further 

information are added in the Appendix. 
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2 
STM on 2D Nano-Patterns of 

Defined Metal Complexes  
 
 

2.1 Microscopy on atomic scale 

In 1951, Erwin W. Müller invented the first microscope yielding atomic resolution of 

interfaces - the field ion microscope (FIM).1 Despite this revolutionary invention in the 

fields of optics and surface sciences, the real discovery of the nano-world began in 1982 

when Gerd Binnig and Heinrich Rohrer of the research centre of IBM in Rüschlikon 

(Switzerland) presented a new technique for studying conductive solid surfaces – the 

scanning tunnelling microscopy (STM).2 For this invention they were awarded the Nobel 

Prize in 1986. In the same year, Binnig and co-workers introduced the atomic force 

microscopy (AFM) that extended the applications to non-conducting samples.3  

Scanning probe microscopy (SPM) includes STM and AFM as well as related, more 

recent techniques which allow the analysis, visualisation and manipulation of surface 

phenomena on a molecular or even atomic scale.4 In practice, one generally finds that 

atomic resolution is more readily accessible with STM. For full characterisation of 

surfaces, the combination of different techniques such as scanning microscopies, X-ray 

and optical methods can be employed.5  

Scanning Tunnelling Microscopy 

STM is established as a versatile method for surface investigations, because it offers 

broad application in the UHV (ultra high vacuum), in air, in conducting and non-

insulating liquids and within a large temperature range.6 STM spread fast into scientific 

laboratories over the world because of its simple design, low costs, ease of handling and 

the possibility to provide atomically resolved images of electronically conductive 

surfaces. 
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Operation principle of STM7 

SPM techniques are based on a common feature: a sharp mechanical probe sensor, 

scanned in a raster-fashion across a sample is employed to detect changes in the signal 

which is interpreted in terms of structure, electronic or force interaction information from 

the interface. In the case of AFM, the interaction force between the probe and the 

sample reveals the surface topography and morphology. In the case of STM, a tunnelling 

current is applied which naturally restricts the applications to conducting or semi-

conducting samples. Here, the surface electron density is visualised, so that for surfaces 

with relatively uniform electronic properties, the STM images effectively represent the 

surface topography. 

Prior to the STM experiment, an atomically sharp metal tip is mechanically approached 

by piezo-elements to the sample surface (distance: 0.5-1 nm). For this purpose, different 

scanners (fine positioners) are employed (Figure 1). A common and very sensitive type is 

the multi-tube scan head which contains separate piezos for the inertial approach and the 

x/y/z-scan. 

 

A          B                        C    

    
Figure 1 STM scanner types; A) tripod; B) tube; C) multi-tube (beetle).8 

 

Scanning tunnelling microscopy (STM) is based on the quantum mechanical tunnelling 

effect, which predicts a finite probability for the electrons to surmount the potential 

barrier given by the tip-surface distance d and the dielectric (air, vacuum, solvent). Upon 

applying a bias voltage UT (V) between tip and sample, an extremely small tunnelling 

current IT (pA) occurs, which depends exponentially on d (Figure 2).  
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Figure 2 Distance (d) and voltage (UT) dependence of the tunnelling current (IT). 

STM offers two different operation modes while scanning the sample.9 In the constant 

current mode, the tunnelling current is kept constant while the distance between tip and 

sample is adjusted to the surface structure and to the local electron density of the probed 

sample via a feedback loop (Figure 3, a). The amplitude z(x) of the tip movement is the 

recorded signal. In the constant height mode, the initial height of the STM tip with 

respect to the sample surface is kept constant (b). Here, changes in the tunnelling current 

IT(x) are detected.10 Both scanning modes yield an atomic image of the conductivity and 

topography of a surface. The maximum resolution of STM is in the dimension of 

picometers for differences in the surface height and around 1 Ångstrom (atomic 

dimensions) in the lateral direction. 

x

I  (x)T

x

z(x)

substrate

tip

A B

constant current mode constant height mode  

Figure 3 Basic STM modes: A) Constant current mode, signal from amplitude z(x); B) 
constant height mode, signal from tunnelling current IT(x). 

IT  ∞  UT ٠ e(-2κd) 

 
                       κ = const. 
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2.2 STM-studies on 2D self-assembled metal complexes 

Initially, STM investigations were focussed mainly on studying the topography and 

electronic behaviour of inorganic, metal and semi-conducting materials.2,11,12,13,14 Since 

the 1990’s, STM has been increasingly used for the visualisation of self-assembled 

organic monolayers on conducting and semi-conducting substrates, studies of their 2D 

organisation as well as the evaluation of dynamic and chemical phenomena within 

monolayers.6,11,15,16 The 2D self-assembly of defined metal complexes is a special and 

even younger field which provides new surface classes that are of great fundamental and 

technological interest.17,18,19,20 Investigations in this direction have been mostly 

concerned with studying the electronic properties of metal complex patterns on various 

surfaces.21,22,23 Self-assembly of metal complexes can be achieved by the strategies 

typically used for organic molecules, comprising both chemisorption and physisorption. 

However, compared to the organic compounds investigated, the number of metal 

complexes visualised by STM is very small. Chapters 2.2.1-2.2.5 give an overview of the 

most common methods and presents selected examples of self-assembled complexes, 

studied by STM. A comparison of the methods with regard to our intended purpose is 

added in Chapter 2.2.6. 

2.2.1 SAMs by chemisorption 

Molecules can be immobilised through suitable functional head groups that chemically 

bind to a surface while the tail stands almost upright.24 Alkane thiolates on gold are one 

of the most studied self-assembled monolayers (SAMs) to date. Other examples are fatty 

acids on AgO (Figure 4a) or Al2O3 and alkylsilanes on hydroxylated substrate surfaces of 

silicon oxide or aluminium oxide.24 

This strategy can be also employed for metal complexes, even in the case of extremely 

large compounds, due to the strong chemical linkage.25 For example, co-assemblies of 

Cu(II) ethylacetoacetate complexes (anchored through a thiol ether linker) with alkane 

thiolates on a gold surface were shown to form resistant ion-selective and ion-responsive 

molecular films, which influences the electrode reaction selectivity (Figure 4b).26,27,28 

Cu2+ ions were reduced selectively in the presence of ferric ions that were shielded from 

the gold electrode by the impermeable octadecanethiolate monolayer: 
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Figure 4 A) Self-assembled monolayer (SAM) of a fatty acid on AgO;24 B) co-assembly of 
octadecylthiol and Cu(II) 2,2’-dithiobis(ethylacetoacetate). 

 

Hudson et al. studied self-assembled osmium complexes that were attached to a Pt(111) 

surface through a pyridine linker (Figure 5), using STM and EC-STM (electrochemical 

STM). At low coverages, sub-monolayers appeared that spread uniformly across the 

sample surface, due to electrostatic repulsion between adsorbate complexes and their 

apparent high mobility.29 

 

 

               

Figure 5 Proposed binding mode of an osmium complex onto Pt(111) surface.29 

 



Chapter 2 

20 

2.2.2 Langmuir-Blodgett monolayers 

A Langmuir monolayer consists of self-organised amphiphilic, surface-active compounds 

(containing hydrophilic and hydrophobic elements) at the air-water interface.30 A 

langmuir trough allows one to form monolayers at defined surface pressures measured 

with a Wilhelmy balance. The formed monolayers can be subsequently transferred to 

solid surfaces using the Langmuir-Blodgett dipping technique. 

One of the first STM images of phthalocyanine complexes was obtained by using the LB 

technique.31 The observed 2D arrays on HOPG surface consisted of staggered complex 

molecules (side-on orientation). As a further example, the self-organisation of 

unsubstituted dibenzo-18-crown-6 ligands (DB18C6) as well as a corresponding 

potassium ion inclusion complex has been reported. Here, the self-assembly was induced 

by potential control, due to the lack of amphiphilic properties of the molecules. Both 

compounds could be visualised by STM after the transfer of the obtained LB films to a 

Au(111) surface (Figure 6).32 

 

 

      

Figure 6 Molecular arrangement model and STM image of the 2D ordered K+ inclusion 
complex with DB18C6 on Au(111).32 
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2.2.3 Vapour deposition in UHV 

Vapour deposition in ultra high vacuum (UHV) is an alternative and common technique 

for the formation of molecular monolayers. However, this technique is restricted to 

compounds that tolerate vaporisation in the vacuum without thermal decomposition.  

At low temperatures, Grillo et al. observed chromium tris-diketonato complexes on 

Cu(110) surface after vapour deposition in UHV. Comparison of calculations with the 

experimental values showed that exclusively flat disubstituted complexes were adsorbed 

on the surface, after splitting off one ligand.33 The observed molecular adsorbates were 

limited to isolated metal complexes, which were statistically distributed on the surface.  

Most UHV investigations have been done in the field of porphyrines and 

phthalocyanines. Hipps et al. could even distinguish between different metal centres by 

their characteristic brightness on the STM-images, based on a strong d-orbital 

dependence. The centres of Co(II) and Fe(II) porphyrine and phthalocyanine complexes 

appeared as bright areas, whereas those of the corresponding Cu(II), Zn(II) and Ni(II) 

complexes and the free base porphyrines were observed as dark depressions (see Figure 7 

A, B).21,34,35 These observations were further confirmed by the simultaneous visualisation 

of Ni(II) and Co(II) tetraphenylporphyrines (TPP) within mixed composition islands on a 

gold (111) surface (Figure 7 C).23 

 

      

Figure 7 d-orbital dependent brightness of complex centres on STM images; A) Ni(II) 
porphyrine complexes; B) Fe(II) phthalocyanine complexes; C) mixed 
composition islands of CoTTP (bright) and NiTPP (dark).23 

  

 

A B C 
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Moreover, Hipps et al. observed the bimolecular structures that consisted of 1:1 mixtures 

of nickel tetraphenylporphyrin (NiTPP) and fully fluorinated cobalt phthalocyanines 

(F16CoPc), thermally deposited onto gold surfaces.36 The intermolecular interactions 

between NiTPP and F16CoPc produced an entirely new 2D crystalline structure that was 

more stable than the films resulting from either parent compound. On the STM images 

(Figure 8 A), the Co2+ ions appeared again as high spots in the complex centres, due to 

orbital-mediated tunnelling through the half-filled dz2 orbital, whereas the NiTPP 

molecules showed a depression consistent with the filled dz2 orbital of the Ni2+ ion. In a 

similar way, Suto et al. obtained adlayers of co-assembled copper porphyrine (CuTTP) 

and cobalt phthalocyanine (CoPc) complexes (Figure 8 B).37 

 
A                B 

       

        

Figure 8 A) STM images of the F16CoPc and NiTPP surface layers and the co-
assembled bimolecular (1:1) monolayer;36 B) STM image and model of the 
bimolecular CuTTP/CoPc (1:1) adlayer.37 
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Finally, the combination of STM with other techniques was employed for the full 

characterisation of complex species present on surfaces.22,36,38 Monolayers of porphyrin 

derived complexes on gold were studied using XPS (X-Ray Photoelectron 

Spectroscopy), RAIR (Reflectance Absorption Infrared Spectroscopy), UPS (Ultraviolet 

Photoelectron Spectroscopy), STM imaging and STM-based orbital-mediated tunnelling 

spectroscopy (STM-OMTS). The XPS and RAIR data provided the composition and 

oxidation state of the complexes after vapour deposition. UPS gave the position of the 

highest occupied molecular π-orbital (HOMO), but did not reveal the location of the 

lowest energy unfilled molecular orbital (LUMO). In the STM environment, high-energy 

occupied π-orbitals and the LUMO were observed. In the region of the Fermi energy, 

STM-OMTS allowed the localization of both filled and unfilled orbitals and in general 

supplied more information than UPS.   

Recently, Kern and co-workers succeeded in the design of an extensively ordered 

surface-supported chiral organometallic system comprising a regular arrangement of 

mononuclear iron centres and nano-cavities. Here individual iron complexes with 

trimesylic acid (TMLA) were developed on the basis of precursor TMLA adlayers, 

which changed the morphology of the substrate and allowed for the formation of large 

homo-chiral metal-organic arrays, laterally extending up to 200 nm (Figure 9). The 

authors expect that this unique structural arrangement has specific catalytic functionality, 

due to the availability of mononuclear iron centres and nano-cavities in a regular spacing 

and correlated chiral environment.39 

 
Figure 9 STM images of chiral iron TMLA surface complexes; a) domain of R-

enantiomers; b) domain of S-enantiomers; c+d) molecular models of the 2D 
order of the R- and S-enantiomers.39 
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2.2.4 Self-assembly at the liquid/solid interface 

Another powerful method for the formation of molecular monolayers is self-assembly at 

liquid/solid interfaces. The movement of adsorbed molecules, induced by the tip and 

Brownian motion, can be effectively restrained by long alkyl side groups.6,15,40,41,42 These 

chains undergo intermolecular van der Waals interactions which support the recognition 

of the molecules and their stabilisation within the 2D patterns. In other words, these 

groups act as molecular anchors that ultimately immobilise molecules at substrate 

surfaces. This process results typically in stable, widely extended and highly ordered 

surface patterns. The further advantageous structural features are rigid ligand and 

complex cores. For the self-assembly of metal complexes, two strategies can be 

followed. In a first approach, self-assembled organic ligands are used as templates for in 

situ complexation of metal ions. In the second and more common method, defined 

complexes are directly employed for the 2D self-assembly at the liquid/solid interface. 

In situ complexation 

De Feyter and co-workers observed an in situ complexation of Pd2+ ions with self-

assembled 2D patterns of alkyl substituted 2,2’-bipyridine derivatives on HOPG.15,20 In 

the case of symmetric and asymmetric alkyl substitution, the addition of Pd2+ or Cu2+ 

ions resulted in a significant change of the 2D ordering, which indicated successful 

complexation (Figure 10), whereas both metal ions provided identical 2D structures. In 

the case of urea containing side groups, the complexation is inhibited, most probably due 

to the formation and stability of intermolecular hydrogen bond arrays.  

NN
(CH2)18CH3 (CH2)18 CH3

  

                       

Figure 10 A) STM image of the adlayer of alkyl substituted bipyridine, physisorbed at the 
liquid/HOPG interface; B) rearranged 2D pattern after in situ complexation with 
Pd2+ ions.15 

Pd(II) 
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Qian et al. reported a similar in situ complexation, which was based on N-(n-

octadecyl)salicylaldimine ligands, self-assembled from 1-phenyloctane solution on an 

HOPG surface.43 Here as well, the molecular ordering of the Schiff-base ligands 

immediately changed upon addition of Cu(II) (Figure 11). The STM images coincided 

with the 2D patterns obtained from the isolated and fully characterised complexes under 

the same conditions. This observation indicated that the in situ complexation causes a 

desorption of the ligands, followed by the re-adsorption of the desired complexes. 

 

N O
Cu

NO C12H25

H25C12
NOH C12H25

 

         
Figure 11 A) STM image of the adlayer of N-(n-octadecyl)salicylaldimine ligands; B) 

significantly changed 2D pattern after in situ complexation with Cu2+.43 

Self-assembly of isolated metal complexes  

Contrary to in situ complexation, the use of isolated metal complexes offers the chance to 

fully characterise them prior to the STM investigations. The knowledge of their chemical 

and physical properties is essential for a better understanding of the molecular 

arrangement and the specific features of resultant surface structures. 

Qiu et al. presented defined phthalocyanine and porphyrine complexes that were 

immobilised at the solution/HOPG interface by alkyl functionalities.44 The resultant 

monolayers enabled high-resolution STM studies that were comparable with those 

obtained under ultra-high-vacuum conditions (Figure 12). HyperChem calculations using 

the semi-empirical quantum mechanics method of ZINDO/1 resulted in charge density 

A B
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distributions of the complex cores that were highly correlated with the obtained STM 

images. 

 
 

Figure 12 A) High resolution STM image of the adlayer of an octyloxy substituted Cu(II) 
phthalocyanine complex (CuPcOC8) on HOPG; B) charge density distribution of 
the complex core of CuPcOC8 (HyperChem; ZINDO/1); C) CuPcOC8.44 

Related ligands formed lanthanide(III) sandwich complexes, which in turn formed 

hexagonal columnar mesophases. On HOPG, these complexes adsorbed in a side-on 

arrangement.45 

Further STM images that highly correlate with theoretical simulations were presented in 

the case of alkoxy functionalised Cu(II) phenylpropanedionato complexes, self-

assembled from chloroform solution on HOPG (Figure 13).46 The authors achieved 

contrast variations with the tip-sample distance, especially in the core part of the metal 

complexes. 

     

OO

H29C14O OC14H29

Cu
O O

OC14H29H29C14O

         

Figure 13 High resolution STM image of the adlayer of alkoxy functionalised Cu(II) 
phenylpropanedionato complexes.46 

A B C
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Sakata et al. presented the first molecularly resolved images of surface active complexes 

that form self-assembled dimers. The alkyl functionalised Ni(II) salen complexes formed 

highly regular 2D patterns at the dichlorobenzene/HOPG interface (Figure 14).47 The 

observed 2D order of the dimers differed clearly from the STM images obtained from the 

forced-dimers (Langmuir-Blodgett technique). There, the staggering of the dimers due to 

CH-π and π-π interactions was observed, as in the case of the solid state structure.48 

 

Figure 14 STM image of the adlayer of Ni(II) salen complex dimers (R = C12H25), self-
assembled at the dichlorobenzene/HOPG interface.47 

Ohshiro et al. presented the first contrast enhanced STM images based on metal-

coordination interactions between tip and sample molecules, using alkyl substituted 

porphyrines and corresponding metal complexes.49 Chemically modified (4-

mercaptopyridine) STM gold tips were found capable of discriminating self-assembled 

Zn(II) and Ni(II) complexes from the free ligands and within mixed monolayers of these 

compounds that spontaneously adsorbed at the solution/graphite interface. The 

modification of STM tips with metal-coordinating ligands may be a general approach to 

distinguish chemical species and functional groups in STM images and can be regarded, 

along with the utilisation of hydrogen bond interactions, as a general approach to 

chemically sensitive STM.49 
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Self-assembly of multinuclear supermolecules 

Recently, Shieh et al. visualised tetra- and octa-ruthenium complexes after self-assembly 

from CH2Cl2 solution on HOPG. According to the authors, this was the first surface 

structure investigation on rigid superstructures consisting of bridged transition metals. 

The quadratic supramolecular octa-ruthenium complexes were based on four equivalent 

cis-coordinated bimetallic building units (corner components) (Figure 15).50 On HOPG, 

both tetra- and octa-ruthenium supermolecules adopted orientations with the Ru-Ru 

bonds either parallel or perpendicular to the substrate surface, providing highly ordered 

2D arrays with different layer structures and tunnelling spectra. 

 

Figure 15 a) Molecular structure of the quadratic octaruthenium complex; b) STM image of 
the adlayer of octaruthenium complexes, self-assembled at the liquid/HOPG 
interface; c) model of the molecular array.50 

 

More recently, Gong et al. visualised a supramolecular rectangular complex whose self-

assembled 2D patterns were substrate dependant. This [2+2] cycle consisted of a rigid 

backbone, based on four Pt(II) ions which were trans-coordinated by two different bi-

functional, π-conjugated ligands.51 On HOPG, the rectangles were found to stand on their 

longer edges, resulting in a close-packed 2D molecular network with interacting 

A 

B

C
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neighbouring aromatic subunits and metal ions (Figure 16). On Au(111), the rectangles 

were lying flat on the surface (face-on), forming a densely packed and highly ordered 2D 

pattern. The results indicated that the self-assembly was dominated by intermolecular 

forces in the case of HOPG, but by the stronger interactions between molecules and the 

substrate in the case of Au(111). 

 

    

 

Figure 16 Substrate-dependant self-assembly of tetranuclear Pt(II) complex rectangles 
from toluene solutions; A) face-on 2D patterns on Au(111); B) edge-on 2D 
network on HOPG.51 

 

2.2.5 In situ electrochemical STM 

STM is commonly applied as a powerful tool for electrochemical surface science. Here, 

the STM is run within an electrochemical cell (EC-STM), in which the interface between 

the working electrode and the electrolyte is probed.52,53 In the field of defined metal 

complexes, in situ EC-STM investigations on self-assembled monolayers were reported. 

An example of EC-STM is that of [FeC2O4)3]3- and its charge-transfer complex with 

bis(ethylene)dithiotetrathiafulvalene, deposited on a Cu(111) surface.54 
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2.2.6 Comparison of the methods 

In the case of transition metal complexes, both the chemical structure and stability 

depend significantly on the nature of the central ions and the ligands used. At the same 

time, these structural features determine whether or not a method can be employed for 

the formation of monolayers. 

For the chemisorption as well as the Langmuir-Blodgett technique, amphiphilic 

properties or functional head-groups are typically required which can both negatively 

influence metal complexation. Furthermore, these techniques end up predominantly with 

2D structures in which the molecules are staggered, pointing their tails away from the 

surface. 

 

In our case, we desire highly defined monolayers in which the coordination sites of the 

metal centres are easily accessible. Therefore, the face-on deposition of complexes is 

preferred as it is often observed in the case of self-assembly at the liquid/solid interface. 

This technique provides an excellent choice if full coverage with molecules is desired, 

especially in the case of large and thermally instable compounds that do not tolerate 

vapour deposition. Furthermore, this is a fast and easy method that enables one to study a 

larger series of compounds within a relatively short time period. Essentially, the internal 

stabilisation of 2D structures by alkyl side chains is a powerful way to reduce dynamics 

within molecular monolayers. This leads to a relatively high stability of the 2D patterns 

which is the basis for the generation of functional surfaces and, thus, for any kind of 

further applications. 
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3 

Experimental Background 
 

Synthesis 

All syntheses were performed using standard laboratory equipment. Operations with air 

or moisture sensitive substances were performed under argon atmosphere using standard 

Schlenk techniques. Solvents and reagents were purchased from Aldrich, Fluka, Merck, 

Acros and Avocado and used as received unless stated otherwise. In the case of air 

sensitive reagents or products, degassed solvents were used. Dry HPLC-grade 

acetonitrile was purchased from Roth (99.9%, H2O ≤ 30 ppm). The dry solvents THF (< 

0.0075% H2O), acetone (< 0.05% H2O), methanol (< 0.005% H2O) and ethanol (< 0.02% 

H2O) from Merck were used after storage over molecular sieves. Other solvents were 

dried with alumina (90 active neutral, Merck). Ammonia was employed as a solution in 

methanol (7N, Acros), methylamine as a solution in dry ethanol (33% wt, Aldrich), 

ethylamine as a solution in dry methanol (2.0M, Aldrich). Triethylamine was refluxed in 

the presence of KOH and distilled before use. The palladium catalyst on activated 

charcoal (10% Pd) was purchased from Fluka, and activated manganese (IV) oxide from 

Merck. 

Analysis 
1H-NMR and 13C-NMR spectra were recorded with a Bruker AMX400 (400 MHz/100 

MHz). Chemical shifts, δ, are given in ppm in reference to 1H-NMR and 13C-NMR 

signals of the deuterated solvents. The splitting patterns in the 1H-NMR spectra are 

designated as follows: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), m 

(multiplet). Infrared measurements were obtained from KBr pellets, using a Bruker IFS 

113V and IFS 66V instrument. MALDI-TOF measurements were performed on a Bruker 

Daltonics REFLEX III, using dithranol as matrix. Elemental compositions (C, H, N) were 

determined on an Elementar Vario EL. 
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GPC investigations 

Analytical scale 

GPC analyses of macrocycles were performed on a Waters GPC system; pump: 600; 

controller: 600; differential refractometer: 410, 717 plus auto sampler; Waters 

Ultrastyragel®, HR3, HR4; eluent: chloroform; pressure: 400 - 420 psi (1 mL/min). 

Preparative scale 

Preparative GPC separations of the macrocycles (2-4 mg per run) were performed on a 

Waters GPC system; pump: 600; controller: 600; refractive index detector: 2410; Waters 

Styragel; eluent: chloroform; pressure: 800 - 1000 psi (5 mL/min). 

 

STM Investigations 

Scanning Tunnelling Microscope 

A RHK STM (UHV 300, IVP 300, SPM 1000) was used for the visualisation and 

characterisation of molecular 2D structures (Figure 1). The microscope consists of a 

computer and controller which operates a beetle (multi tube) scanner. 

 

   

Figure 1 RHK STM (UHV300) and enlarged picture of the beetle scanner.  
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STM tips 

Tips were mechanically sharpened by cutting from Pt/Ir (80:20 or 90:10) wire (Pt/Ir 

wires: Advent Research Materials Ltd., Eynsham, Oxford, England). Resultant highly 

resolved STM images were comparable with those obtained by etched Pt/Ir tips (3M 

KCN/1M NaOH solution).∗1 Thus the easier and faster mechanical preparation was 

favoured. 

 

Substrate 

HOPG (highly oriented pyrolytic graphite) was used as substrate for all the presented 

STM investigations at the liquid/solid interface (HOPG: SPI Supplies, West Chester, 

USA, SPI-3 grade).2,3 HOPG is a conducting and inert material which undergoes minor 

interactions with adsorbed molecules. Besides, the parameters gained from the graphite 

surface provide an internal calibration. As a further advantage, the distinct layer structure 

of HOPG allows an easy preparation of extended, atomically flat surfaces by cleavage 

with an adhesive tape (Sellotape). 

 
 

Figure 2 STM images of the HOPG surface; A) image area: 5 x 5 nm2, Vset = -27.1 mV, 
Iset = 30.0 pA; B) image area: 28 x 28 nm2, Vset = -73.2 mV, Iset = 30.9 pA. 

 

It is noteworthy that the bright dots on the atomically resolved top view image of HOPG 

(Figure 2) do not represent directly the individual carbon atoms. The lattice model of 

HOPG reveals an A-B layer structure that contains two different types of layer atoms. 

Consequently, these carbon atoms exhibit different conductivity and thus different 

brightness on the STM images (Figure 3). 

                                                 
∗    Etched tips were obtained from the department of Organic Chemistry II, University of Ulm. 

A B
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Figure 3 A) Layer structure of HOPG, showing two different types of layer atoms; B) STM 

image of HOPG, including a superimposed model of graphite.4 

 

Visualisation of molecular monolayers at the liquid/solid interface 

STM images were obtained in the constant current mode (Figure 4, a) under ambient 

conditions. The image qualities were dependant mainly on the tip and the scanning 

parameters. High resolution images were achieved by in situ STM, while the tip was 

immersed in the supernatant solution of 1,2,4-trichlorobenzene or 1-octanol (Figure 4, b). 

These solvents provide important properties for the successful STM investigations, i.e. 

low polarity avoiding conductivity of the solution, low vapour pressure providing 

constant conditions during acquisition of the images, and minor interactions with the 

surface which allows the adsorption of the desired molecules.5 

Figure 4 A) Constant current mode, providing the topography by the z-amplitude;4           
B) in situ STM, investigating adlayers formed at the graphite/solution interface.6 

I = const. 

x 

z 
STM probe 

liquid drop 

ad-layer 

substrate 

A B 

A B
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For the STM experiments, a drop of solution was applied onto a freshly cleaved graphite 

surface which was uniformly covered after spreading of the solution. Physisorbed 

adlayers were formed spontaneously by self-assembly at the solution/HOPG interface. 

The adsorption time depended mainly on the solvent, sample nature and the 

concentration. In the case of saturated solutions, adlayers were typically formed within a 

few minutes, covering the entire sampled interface. In most cases, we observed 

individual domains which consisted of highly ordered 2D structures. The average size of 

the domains depended strongly on the concentration of the complex solution and on the 

time. Larger domains were formed at lower concentrations, due to the fewer seed crystals 

per area when the monolayers started to grow. In addition, the domains grew with time, 

due to the dynamic nature of the adsorption process. 

The experiments were repeated in several sessions using different tips, in order to 

confirm the reproducibility of the highly ordered assemblies. In general, brighter regions 

in the reported STM images correspond to ligand π-orbitals and related orbitals of the 

metal ions, whereas the interacting alkyl chains are visualised as darker areas. Alkyl 

substituents provided a constant space demand (periodicity) of approximately 4.5 Å, 

typical for densely packed alkyl chains.7 
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4 

STM-Visualisation of  

Functionalised Bis-imine Ligands 

 

 
4.1 Introduction 

Metallocene catalyst technology has made a dramatic impact on the polymer industry by 

providing access to polyolefinic materials with new or improved performance 

parameters.1,2,3 Considerable effort has been devoted also to the investigation of other 

novel families of catalysts for α-olefin polymerisation, in order to extend the range of the 

polymer materials produced. Of particular interest are catalysts that allow either a greater 

control over microstructure and physical properties of established polyolefins or the 

development of new materials. Significant progress in this area was achieved by 

Brookhart and co-workers who reported late transition metal catalysts, such as Ni(II) and 

Pd(II) complexes with bulky α-diimine ligands, to be highly active in the polymerisation 

of ethylene and α-olefins to branched high molar mass polyethylenes, as well as for the 

copolymerisation of ethylene and polar monomers.4 

Pyridine bis-imine based Fe(II) complexes reported by both Brookhart5 and Gibson6 

were the first iron homogeneous catalysts for ethylene polymerisation, forming, along 

with the corresponding Co(II) complexes, a new class of robust and extremely active 

novel olefin polymerisation catalysts for linear high-density polyethylene (Scheme 1). 

Furthermore, this was the first late-metal system known to polymerise propylene in an 

isotactic fashion.7,8 
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Scheme 1 General structure of pyridine bis-imine Fe(II) complexes as highly active olefin 
polymerisation catalysts.11 

Upon treatment with MAO, these catalyst systems produce polymers with a wide range 

of molecular weights, depending on the metal used and the 2,6-bis(imino)pyridyl ligand 

substitution.9 The key for molecular weight control is the incorporation of bulky ortho-

substituents on the arylimine moieties that greatly retard the rates of chain termination 

reactions during the polymerisation process, affording high polymer weights and catalyst 

activities. In contrast, reduction of the steric bulk, for example by mono-ortho 

substitution, leads to only oligomers.10 

Analogous Ru(II) and Rh(III) complexes11 form stable cationic alkyl-olefin species and 

were investigated in order to determine the influence of the electronic nature and 

geometry of the complexes on the polymerisation process. Furthermore, theoretical and 

computational studies on these systems greatly contributed to the better understanding of 

the polymerisation mechanism.12,13 

 

Rh(I) and Ir(I) triflate and methoxide complexes of the pyridine bis-imines were 

synthesised by Burger et. al for studies in the field of C-C-coupling and C-H/Si-H 

activation.14 Corresponding Ir(I) methyl complexes allowed a facile thermal 

intermolecular C-H activation of benzene that reacted quantitatively with the 

corresponding phenyl complexes (Figure 1).15 
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Figure 1 C-H activation of benzene at ambient temperature. 

Brookhart et al. achieved a catalysed homologation of aromatic aldehydes on the basis of 

Rh(I) pyridine bis-imine complexes (Figure 2). This single-step transformation to the 

protected phenyl acetaldehydes is selective for the [Z]-isomer and is equivalent to three 

separate steps employing standard organic techniques.16 
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Figure 2 Catalysed homologation of aromatic aldehydes on the basis of Rh(I) pyridine 
bis-imine complexes, comprising a stable Rh(I)-trimethylsilyldiazomethane as 
intermediate. 
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Finally, Pd(II) pyridine bis-imine complexes were employed in the catalysis of 

hydroalkoxylation and hydroamination of vinyl ketones (Figure 3).17 

O

OH
O

O

N
N NPd

NCCH3

+

2+

 

Figure 3 Pd(II)-catalysed hydroalkoxylation of vinyl ketones. 

 

In general, transition metal complexes of pyridine bis-imines are often very interesting 

homogeneous catalysts. In addition, the pyridine bis-imine ligand system consists of a 

rigid π-conjugated backbone which is predefined for the 2D self-assembly at liquid/solid 

interfaces. Typically, such behaviour can be further supported by alkyl substituents that 

stabilise 2D patterns by intermolecular van der Waals interactions (see Chapter 2.2.4). If 

such self-assembling properties of the ligands could be maintained in corresponding late 

transition metal complexes, this might lead to novel types of supported, well-organised 

catalyst surfaces, that in turn would be particularly interesting for catalytic applications 

such as those mentioned above. These perspectives prompted us to focus on the design 

and synthesis of novel bis-imines bearing long alkyl functionalities and on their planar 

Pd(II) complexes, discussed in Chapters 4.2 and 4.3, respectively. The self-assembly 

capacity of the obtained compounds at the liquid/solid interface was subsequently 

investigated by STM. Chapter 4.4 presents resultant high resolution STM images of 

adlayers of the free ligands on graphite (HOPG). 
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4.2 Syntheses of alkoxy substituted bis-imine ligands 

Alkoxy side groups of different length and number were introduced through the aniline 

synthons into the ligand arylimine moieties: 

N N

N

R R

R' R' R = OAlk
R' = H; OAlk

 
 

The synthetic pathways presented in Scheme 2 and Scheme 3 depict the variation of both 

the ligand substitution and the backbone. In the first step of the synthesis, the commercial 

nitro-phenols 1 were converted with n-alkyl bromides to the corresponding n-alkyl ethers 

2. The reactions were carried out in hot acetone or DMF in the presence of potassium 

carbonate and catalytic amounts of potassium iodide. In the next step, the aniline 

reagents 3 were generated by reduction of the nitro groups in 2. Compared to other 

methods,18,19 the reaction with hydrazine hydrate in the presence of palladium on 

activated charcoal20 appeared to be the best reduction method, affording complete 

conversions and thus the pure monoalkoxy (para-position; 3a: C12, 3b: C16) as well as the 

dialkoxy substituted (meta-/para-position; 3c: 2x C12) anilines 3 in high yields (Scheme 

2). 

 

R 2

NO2

R 1

NO2

OH

Y
AlkBr

Pd/C

NH2

R 1

R 2

K2CO3

KI

H2N-NH2 H2O*+

1 2 3

1a: Y = H
1b: Y = OH

2a, 3a: R1 = OC12H25; R2 = H 
2b, 3b: R1 = OC16H33; R2 = H
2c, 3c: R1 = OC12H25; R2 = OC12H25

Alk = C12H25, C16H33 

 

Scheme 2 Synthesis of alkoxy substituted anilines 3a-3c. 
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Condensation of 3 with diformylpyridine 4a led to variously substituted bis-imines bis1-

bis3 (Scheme 3). The reactions were carried out in dry methanol at ambient temperature 

and in the presence of catalytic amounts of formic or acetic acid, as reported in the 

literature for the corresponding unsubstituted compound.21,22 The resultant C12 O-

substituted bis1 was recrystallised from a large excess of acetonitrile, whereas bis2 and 

bis3 were purified by filtration and washing with acetonitrile, due to their low solubility. 

The obtained materials were directly employed for the further STM investigations. 

In order to investigate effects of the steric demand of the ligand backbone on the self-

organisation capacity, additional methyl side groups were incorporated through the 

carbonyl functionalities. Condensation of the diketo-pyridine 4b with 3b yielded the C16 

O-substituted bis-ketimine bis4. Interestingly, the pyridine nitrogen atom can influence 

the 2D patterning by formation of weak hydrogen bonds with the aromatic protons of 

adjacent molecules.23 In order to estimate the role of the pyridine nitrogen atom in our 

systems, the ligand structure was further varied by replacing N with the C-H fragment 

(bis5), using the isophthalaldehyde (4c) instead of the pyridinic reactant 4a. The 

chemical structures and substitutions of the bis-imines bis are presented in Scheme 3 and 

Table 1. 

 

N N

X

R R

R R

NH2

R

R
X

O O

H
+

+

R R

R R

111

2 2

2

3 3

33

3 bis4

4a: R3 = H; X = N
4b: R3 = CH3; X = N
4c: R3 = H; X = C-H 

3a: R1 = OC12H25; R2 = H 
3b: R1 = OC16H33; R2 = H
3c: R1 = OC12H25; R2 = OC12H25

 

Scheme 3 Conversion of the dicarbonyl and aniline reactants 3a-3c and 4a-4c to alkoxy 
substituted bis-imine ligands bis. 
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 X R1 R2 R3 

bis1 N OC12H25 H H 

bis2 N OC16H33 H H 

bis3 N OC12H25 OC12H25 H 

bis4 N OC16H33 H CH3 

bis5 CH OC16H33 H H 

Table 1 Substitution of the bis-imine ligands bis1-bis5. 

The obtained ligands bis were fully characterised by NMR, EA, MALDI-TOF and IR. 

The IR spectra possess a characteristic signal for the imine (C=N) bond in the range of 

1620-1630 cm-1. Figure 4 represents a typical MALDI-TOF spectrum, here of the C16 O-

substituted bis2, on which exclusively the MH+ ion was detected (MH+ = 767 m/z). The 
1H-NMR spectra of the bis-aldimines bis1-bis3 and bis5 contained the characteristic 

singlets of the aldimine protons (CH=N) at approximately 9 ppm. Absent carbonyl 

(CH=O) signals of the reactants or mono-reacted side products in the range of 10.0 to 

10.5 ppm confirmed the purity of the products (see 1H-NMR spectrum of bis1, Figure 5, 

Chapter 4.3). 

 

Figure 4 A) MALDI-TOF spectrum of the C16 O-substituted pyridine bis-imine ligand bis2; 
B) isotopic distribution (MH+) of bis2; C) calculated isotopic distribution of bis2 
(MH; IsoPro3.0). 

A 

B 

C
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4.3 Pyridine bis-imine Pd(II) complexes 

The obtained pyridine bis-imine ligands bis1-bis3 were employed for the synthesis of 

model complexes for self-assembly at the liquid/solid interface. Pd2+ was chosen as the 

most promising and catalytically important transition metal ion. Pd(II) complexes are 

typically square planar, a structural feature which promotes the formation of 2D 

monolayers. Furthermore, Pd(II) complexes of unsubstituted pyridine bis-ketimines are 

highly stable to light, air and moisture.17 These are ideal properties for STM experiments 

performed in air. 

 

The synthesis of Pd(II) complexes was carried out according to the methodology 

presented in the literature for unsubstituted pyridine bis-ketimines, using the commercial 

tetrakis(acetonitrile)-palladium(II) tetrafluoroborate precursor.17 Bis1-bis3 were hardly 

soluble in acetonitrile, normally used for such complexation reactions. However, in a 

solvent mixture of acetonitrile and dichloromethane (1:5), the suspended compounds 

were successfully converted to the complexes pd1-pd3 that proved to be highly soluble 

in acetonitrile (Scheme 4). Thus, traces of remaining free ligands could be easily 

removed from solutions in acetonitrile by filtration. 
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Scheme 4 Complexation of the pyridine bis-imine ligands bis1-bis3 to the corresponding 
Pd(II) complexes pd1-pd3. 
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The Pd(II) complexes pd1-pd3 were fully characterised by NMR, IR and MALDI-TOF. 

Comparison of the 1H-NMR spectra of pd1 and the free ligand bis1 (Figure 5) reveals a 

significant chemical shift especially of signals which correspond to aldimine and 

aromatic protons. In addition, the acetonitrile ligand was detected as a singlet at 2.15 

ppm (4’, CH3). Also in the IR spectra, the imine bond signals (C=N) were shifted (pd1-

pd3: 1589-1599 cm-1 relative to bis1-bis3: 1621-1627 cm-1). The MALDI-TOF spectra 

contained discrete peaks of the complexes (after splitting off acetonitrile: M(-CH3CN)). 

 

 

Figure 5 Comparison of the 1H-NMR spectra of the Pd(II) complex pd1 and the 
corresponding free ligand bis1. 
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4.4 STM investigations  

At room temperature, the obtained bis-imine ligands bis1-bis5 are hardly soluble in 

solvents typically used for the STM investigations, e.g. 1,2,4-trichlorobenzene (TCB), 

phenyloctane or 1-octanol. In contrast, the bis-imines could be dissolved in hot 1,2,4-

trichlorobenzene. However, an extremely fast precipitation of the ligands from the 

saturated solutions occurred immediately after the application on HOPG, while the tip 

was immersed in the supernatant. In spite of this, the compounds bis1-bis3 and bis5 

formed reproducible, self-assembled adlayers on freshly cleaved HOPG which were 

successfully visualised by STM. In the case of bis4, we did not observe 2D structures in 

any of the experiments. 

 

4.4.1 Pyridine bis-imine ligands 
Figure 6 depicts sub-molecularly resolved STM images of the highly ordered lamellar 

adlayer, formed by the self-assembled C12 O-substituted pyridine bis-imine bis1. The 

bright regions correspond to the ligand π-orbitals, whereas the alkyl substituents are 

partly resolved in the darker areas. We observed a periodicity of the lamellae of 45 (±1) 

Å and short periodicities of approximately 5.3  (± 0.2) Å within the lamellae. It is known 

that densely packed alkyl chains arrange with a periodicity of 4.4-4.6 Å24. In our case, 

the remaining gap was compensated for by bending of the alkyl substituents with respect 

to the lamellar axis (52 ± 2°; periodicity: 4.3 ± 0.2 Å). 

 

Figure 6 Submolecularly resolved STM images of the 2D pattern of bis1 after self-
assembly from TCB solution; superimposed structural formulae indicate the 
most reasonable conformation of bis1 within the 2D arrays; A) image area: 45 x 

45 nm2, Vset = −52 mV, Iset = 21.4 pA; B) image area: 10 x 10 nm2, Vset = −174 
mV, Iset = 22.2 pA. 
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Parameters obtained from the STM images are in accordance with the molecular 

dimensions of the compound. Despite the high resolution of the STM images, it was 

complicated to determine the detailed surface structure of bis1. In principle, the pyridine 

bis-imine backbone offers cis/trans isomerism at the imine bonds. 1H-NMR spectroscopy 

reveals that the trans-configuration [E] is typically preferred. In addition, rotation around 

the C(imine)-C(aryl) bond axis provides different surface conformers of bis1. In our case, the 

asymmetry of the lamellae as well as comparison of reasonable models of the molecular 

arrangement with the STM images indicates that the conformation shown in Figure 7 is, 

most probably, present within the observed 2D arrays. 
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Figure 7 A) Proposed asymmetric conformation of bis1 (Alk = C12H25) and bis2 (Alk = 
C16H33; see Figure 8) within the adlayers; B) model of the molecular 
arrangement of bis1 within the adlayer. 

 

The exchange of C12 (bis1) with C16 (bis2) led to very similar 2D patterns, however with 

an increased periodicity of the lamellae (C16: 51 ± 1 Å relative to C12: 45 ± 1 Å for 

compound bis1), as expected due to the longer alkyl substituent (Figure 8). Again, the 

asymmetry of the lamellae revealed that the asymmetric surface species of bis2, depicted 

in Figure 7, formed the observed 2D array. 
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Figure 8 High resolution STM image of the lamellar order of bis2 from TCB solution; A) 

image area: 15 x 15 nm2, Vset = −191 mV, Iset = 12.3 pA; B) image area: 44 x 44 

nm2, Vset = −243 mV, Iset = 12.7 pA. 

The major aim is to achieve an incorporation of metal ions into such surface layers. 

Planar Pd(II) complexes (see Chapter 4.3) which are highly stable to light, air and 

moisture were employed as promising model systems for the self-assembly of defined 

metal complexes at the liquid/solid interface. However, neither of the STM experiments 

using the corresponding Pd(II) complexes (pd1 and pd2) of ligands bis1 and bis2  

resulted in observable adlayers on HOPG. A reasonable explanation is the different 

conformation of the ligands within the complexes compared to the proposed surface 

species, observed in the case of bis1 and bis2 (compare Scheme 4 and Figure 7). 

Furthermore, the Pd(II) metal centre along with the additional acetonitrile ligand lead to a 

significantly increased steric demand of the complexes. The two basic structural 

differences inhibit, most probably, the self-assembly of pd1 and pd2 on HOPG. 

In order to compensate for the increased bulkiness of the complexes, additional C12 O-

substituents were introduced into the arylimine moieties which led to the tetra-alkoxy 

substituted ligand bis3. Again, we observed highly ordered 2D patterns of the free ligand. 

Surprisingly, the STM images (Figure 9) displayed two structural modifications which 

both differed significantly from the 2D pattern formed by the corresponding bis-alkoxy 

substituted ligand bis1. Unfortunately, the molecular arrangement of bis3 could not be 

determined from the STM images. In fact, both modifications exhibit a less dense, non-

lamellar arrangement of the ligands (minimal periodicities: A: 38 Å, B: 26 Å) which thus 

seemed to be more suitable for the insertion of metal ions into the surface structure. 

However, the corresponding Pd(II) complex pd3 (Scheme 4) did not result in the desired 

2D patterns either. 

51 Å 

A B
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N N

N

H25C12O OC12H25

H25C12O OC12H25

   

Figure 9 High resolution STM images of the two different structure modifications of bis3; 

A) image area: 30 x 30 nm2, Vset = −315 mV, Iset = 7.3 pA; B) image area: 30 x 

30 nm2, Vset = −336 mV, Iset = 7.4 pA. 

 

4.4.2 Isophthal bis-imine ligand 
In a further variation, the pyridine nitrogen atom in bis2 was exchanged by the C-H 

fragment, affording the pure C16 O-substituted isophthal bis-imine ligand bis5. In 

resemblance to bis3, domains with two different 2D pattern modifications were observed 

(Figure 10), both exhibiting a lamellar order, as found in the case of bis1 and bis2. 
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Figure 10 High resolution images of bis5, showing two different coexisting pattern 

modifications; A) image area: 81 x 81 nm2, Vset = −284 mV, Iset = 8.0 pA; B) 

image area: 37 x 37 nm2, Vset = −284 mV, Iset = 13.8 pA. 

Figure 11 depicts highly resolved STM images of the two modifications found in Figure 

10, which can be clearly distinguished by their periodicities (A: 44 ±1 Å; B: 31.5 ±1 Å). 

Furthermore, the alkyl side chains which are highly resolved in the images exhibit 

different angles within the two structures. Noteworthy is the fact that both modifications 

differ clearly from the lamellar 2D pattern formed by the corresponding C16 O-

substituted pyridine bis-imine ligand bis2 (51 ±1 Å). The reduced periodicities compared 

to bis2 indicate that the alkyl chains from neighbouring lamellae are interdigitating. 

Again, it was not possible to determine the molecular arrangements within the two 

modifications. However, we assume that the two types of lamellae are formed by 

conformational surface isomers of bis5. 

These findings indicate that the pyridine nitrogen in bis1 and bis2 has a significant 

influence on the 2D order, probably through the formation of weak hydrogen bonds with 

aromatic protons of adjacent molecules (N--H-aryl). Such a phenomenon is known, for 

example, from the 2D structures of terpyridines.23 In the case of bis5, these interactions 

are non-existent because the C-H group in the isophthalyl spacer has no acceptor 

function. 
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Figure 11 High resolution STM images of the different 2D modifications of bis5 (compare 

with Figure 10); 1) image area: 17 x 17 nm2, Vset = −349 mV, Iset = 14.0 pA; 2) 

image area: 14 x 14 nm2, Vset = −221 mV, Iset = 4.2 pA. 

 

 

4.5 Conclusion 

As a major achievement, a series of alkoxy substituted, π-conjugated pyridine bis-imine 

ligands was developed and successfully employed for the 2D self-assembly at the 

liquid/solid interface. Resultant 2D structures were dependant fundamentally on the 

ligand substitution and the backbone. Corresponding planar Pd(II) model complexes did 

not exhibit a similar adsorption capacity. Presumably, the further variation of the ligand 

structure, for example by using a corresponding pyridine bis-imine ligand bearing three 

alkoxy substituents on the arylimine moieties,25 combined with the tuning of the metal 

centre and the additional ligand(s), will finally lead to the desired 2D patterns formed by 

self-assembled transition metal complexes. The emphasis will be put on the incorporation 

of catalytically interesting metal centres which might allow the creation of a novel type 

of catalyst surfaces, consisting of highly defined and well ordered active sites. 

 

44 Å 

  32 Å

1 2
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4.6 Experimental section 

4.6.1 Syntheses of the starting materials 
2,6-Diformylpyridine (4a) was synthesised according to a procedure previously reported 

in the literature.26 

4-(n-Dodecyloxy)-1-nitro-benzene (2a) 

A suspension of 4-nitro-phenol (10.16 g, 73.0 mmol), n-dodecyl bromide (18.19 g, 73.0 

mmol) and K2CO3 (11.02 g, 79.7 mmol) in acetone (200 mL) was stirred in the presence 

of a catalytic amount of KI for 15 h under reflux. The hot mixture was then filtered and 

the solvent removed by rotary evaporation to yield a residue which was recrystallised 

from acetone and n-hexane. The resultant needles were thoroughly washed with cold n-

hexane to remove traces of alkyl bromide and dried in vacuo to yield yellow solid 

product (2a, 8.99 g, 40%). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.21-1.35 

(m, 16H, CH2), 1.41-1.48 (m, 2H, CH2), 1.76-1.83 (m, 2H, CH2), 4.03 (t, 2H, 3J = 6.7 

Hz, OCH2), 6.92 (d, 2Harom, 3J = 9.4 Hz), 8.17 (d, 2Harom, 3J = 9.4 Hz); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 22.7, 25.9, 29.0, 29.3 (2C), 29.5-29.6 (4C), 31.9, 68.9, 114.4, 

125.9, 141.3, 146.3. 

4-(n-Hexadecyloxy)-1-nitro-benzene (2b) 

The reaction was performed according to the methodology described for 4-(n-

dodecyloxy)-1-nitro-benzene (2a), using 4-nitro-phenol (5.08 g, 35.9 mmol), n-

hexadecyl bromide (11.0 g, 35.9 mmol), K2CO3 (5.41 g, 39.2 mmol), catalytic amount of 

KI. Yield: 4.78 g (37%) of yellow needles (2b).  1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 

3H, CH3), 1.21-1.36 (m, 24H, CH2), 1.41-1.48 (m, 2H, CH2), 1.76-1.83 (m, 2H, CH2), 

4.02 (t, 2H, 3J = 6.7 Hz, OCH2), 6.92 (d, 2Harom, 3J = 9.4 Hz), 8.17 (d, 2Harom, 3J = 9.4 

Hz); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 25.9, 29.0 (2C), 29.3 (2C), 29.5-29.6 

(7C), 31.9, 68.9, 114.4, 125.9, 141.3, 146.3; elemental analysis calcd (%) for C22H37NO3: 

C 72.69, H 10.26, N 3.85; found: C 72.60, H 9.55, N 3.63. 

3,4-Bis-(n-dodecyloxy)-1-nitro-benzene (2c) 

A suspension of 3,4-bis-hydroxy-1-nitro-benzene (2.0 g, 12.9 mmol), n-dodecyl bromide 

(8.46 g, 34.6 mmol) and K2CO3 (5.98 g, 43.2 mmol) in DMF (40 mL) was stirred in the 

presence of a catalytic amount of KI for 16 h at 120° C. The hot mixture was then filtered 

and left to cool to room temperature. The yellow crystals formed were filtered off and 
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dissolved in CH2Cl2. The solution was washed two times with H2O to remove traces 

DMF. The organic layer was separated and dried over anhydrous Na2SO4. The solvent 

was removed by rotary evaporation and the yellow amorphous product dried in vacuo to 

yield 3.23 g (51%) of 2c. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 6H, CH3), 1.21-1.37 (m, 

32H, CH2), 1.42-1.49 (m, 4H, CH2), 1.79-1.87 (m, 4H, CH2), 4.03 (t, 2H, 3J = 6.7 Hz, 

OCH2), 4.06 (t, 2H, 3J = 6.7 Hz, OCH2), 6.85 (d, 1Harom, 3J = 9.1 Hz), 7.70 (d, 1Harom, 4J 

= 2.6 Hz), 7.85 (dd, 1Harom, 4J = 2.6 Hz, 3J = 9.1 Hz); 13C-NMR (CDCl3): δC (ppm) = 

14.1, 22.7, 25.9, 28.9, 29.3, 29.6-29.7 (5C), 31.9, 69.4 (OCH2), 69.5 (OCH2), 108.1, 

111.1, 117.7, 141.2, 148.7, 154.7; elemental analysis calcd (%) for C30H53NO4: C 73.27, 

H 10.86, N 2.85; found: C 73.24, H 10.89, N 2.68. 

4-(n-Dodecyloxy)-aniline (3a) 

A suspension of 4-(n-dodecyloxy)-1-nitro-benzene (2a, 4.06 g, 10.8 mmol), hydrazine 

hydrate (2.96 g, 59.2 mmol) and palladium catalyst on activated charcoal (185 mg) in dry 

ethanol (200 mL) was vigorously stirred under argon atmosphere for 12 h under reflux. 

At the end of this period, the palladium (Pd/C) catalyst was filtered off, the solvent 

evaporated to dryness and the residue dried in vacuo to yield white solid product 3a (3.40 

g, 93%). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.21-1.34 (m, 16H, CH2), 

1.37-1.44 (m, 2H, CH2), 1.68-1.75 (m, 2H, CH2), 3.36 (s(w), 2H, NH2), 3.85 (t, 2H, 3J = 

6.7 Hz, OCH2), 6.62 (d, 2Harom, 3J = 8.8 Hz), 6.72 (d, 2Harom, 3J = 8.8 Hz); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.3, 29.4, 29.6-29.7 (5C), 31.9, 68.7 (OCH2), 

115.6, 116.4, 139.7, 152.3. 

4-(n-Hexadecyloxy)-aniline (3b) 

The reaction was performed according to 4-(n-dodecyloxy)-aniline (3a), using 4-(n-

hexadecyloxy)-1-nitro-benzene (2b, 2.40 g, 6.60 mmol), hydrazine hydrate (1.77 mL, 

36.4 mmol), palladium catalyst on activated charcoal (101 mg) and dry ethanol (100 

mL). Yield: 1.99 (91%) of white solid product 3b. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 

3H, CH3), 1.21-1.36 (m, 24H, CH2), 1.37-1.45 (m, 2H, CH2), 1.68-1.75 (m, 2H, CH2), 

3.32 (s, 2H, NH2), 3.85 (t, 2H, 3J = 6.7 Hz, OCH2,), 6.62 (d, 2Harom, 3J = 8.8 Hz), 6.72 (d, 

2Harom, 3J = 8.8 Hz); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4 (2C), 29.6-

29.7 (9C), 31.9, 68.7, 115.6, 116.4, 139.7, 152.3. 
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3,4-Bis-(n-dodecyloxy)-aniline (3c) 

The reaction was performed according to 4-(n-dodecyloxy)-aniline (3a), using 3,4-bis-(n-

dodecyloxy)-1-nitro-benzene20 (2c, 1.00 g, 2.03 mmol), hydrazine hydrate (0.55 mL, 

11.3 mmol), palladium on activated charcoal (36.0 mg) and dry ethanol (30 mL). 

Reaction: 6 h at 80° C. Yield: 0.77 g (82%) of white solid product 3c. 1H-NMR (CDCl3): 

δH (ppm) = 0.86 (t, 6H, CH3), 1.20-1.30 (m, 32H, CH2), 1.38-1.45 (m, 4H, CH2), 1.68-

1.81 (m, 4H, CH2), 3.38 (s(w), 2H, NH2), 3.87 (t, 2H, 3J = 6.7 Hz, OCH2), 3.91 (t, 2H, 3J 

= 6.7 Hz, OCH2,), 6.18 (dd, 1Harom, 4J = 2.6 Hz, 3J = 8.3 Hz), 6.28 (d, 1Harom, 4J = 2.6 

Hz), 6.71 (d, 1Harom, 3J = 8.3 Hz); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.3, 

29.4, 29.5, 29.6-29.7 (4C), 31.9, 68.9 (OCH2), 70.9 (OCH2), 102.6, 106.8, 117.3, 141.1, 

142.0, 150.6. 

 

4.6.2 Bis-imine ligands 
 
bis1: Pyridine-2,6-dicarbaldehyde (4a, 405 mg, 3.0 mmol) and 4-(n-dodecyloxy)-aniline 

(3a, 1.66 g, 6.0 mmol) were dissolved in dry methanol (200 mL). Upon addition of one 

drop of formic acid, the reaction mixture was vigorously stirred under argon atmosphere 

at room temperature. The reaction was monitored by 1H-NMR analysis which revealed 

the complete conversion after 20 h, detected by the presence of aldimine and the absence 

of aldehyde signals of the starting materials and monosubstituted intermediate in the 

spectra. The solvent was then removed by rotary evaporation and the solid residue 

recrystallised from acetonitrile and dried in vacuo to yield white solid product bis1 

(1.48g, 96%). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 6H, CH3), 1.20-1.36 (m, 32H, CH2), 

1.41-1.48 (m, 4H, CH2), 1.74-1.81 (m, 4H, CH2), 3.96 (t, 4H, 3J = 6.6 Hz, OCH2), 6.92 

(d, 4Harom, 3J = 8.8 Hz), 7.33 (d, 4Harom, 3J = 8.8 Hz), 7.88 (t, 1Harom, 3J = 7.8 Hz), 8.22 

(d, 2Harom, 3J = 7.8 Hz), 8.68 (s, 2 H, CH=N); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 

26.0, 29.3 (2C), 29.4, 29.6-29.7 (4C), 31.9, 68.3, 115.0, 122.7, 122.8, 137.2, 143.3, 

154.9, 157.5, 158.7; elemental analysis calcd (%) for C43H63N3O2: C 78.97, H 9.71, N 

6.43; found: C 78.65, H 9.64, N 6.37; MALDI-TOF (m/z) found: MH+ = 655 (calcd for 

C43H63N3O2: M = 654); IR (KBr): ν = 1626 cm-1 (C=N). 

 

bis2: Pyridine-2,6-dicarbaldehyde (4a, 0.33 g, 2.40 mmol) and 1 drop of formic acid 

were added to the solution of 4-(n-hexadecyloxy)-aniline (3b, 1.60 g, 4.80 mmol) in dry 

methanol (125 mL). The reaction mixture was vigorously stirred at 60° C under argon 
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atmosphere. The progress of the reaction was monitored by 1H-NMR analysis. After 20 

h, 4-(n-hexadecyloxy)-aniline (3b, 0.12 g, 0.36 mmol) was added and the reaction 

mixture was stirred for a further 20 h at 60° C under argon atmosphere. At the end of this 

period, the mixture was left to cool to room temperature. The solid precipitate that 

formed was filtered off, washed thoroughly with methanol and dried in vacuo to yield 

yellowish solid product bis2 (1.00 g, 54%). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 6H, 

CH3), 1.20-1.36 (m, 48H, CH2), 1.41-1.48 (m, 4H, CH2), 1.74-1.81 (m, 4H, CH2), 3.97 (t, 

4H, 3J = 6.6 Hz, OCH2), 6.93 (d, 4Harom, 3J = 8.8 Hz), 7.33 (d, 4Harom, 3J = 8.8 Hz), 7.89 

(t, 1Harom, 3J = 7.8 Hz), 8.22 (d, 2Harom, 3J = 7.8 Hz), 8.69 (s, 2H, CH=N); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 22.7, 26.0, 29.3, 29.4 (2C), 29.6-29.7 (8C), 31.9, 68.3, 115.0, 

122.7, 122.8, 137.2, 143.3, 154.9,157.5, 158.7; elemental analysis calcd (%) for 

C51H79N3O2: C 79.95, H 10.39, N 5.48; found: C 79.55, H 10.43, N 5.30; MALDI-TOF 

(m/z) found: MH+ = 767 (calcd for C51H79N3O2: M = 766); IR (KBr): ν = 1627 cm-1 

(C=N). 

 

bis3: Pyridine-2,6-dicarbaldehyde (4a, 0.12 g, 0.83 mmol) and 1 drop of acetic acid were 

added to the solution of 3,4-bis-(n-dodecyloxy)-aniline (3c, 0.77 g, 1.66 mmol) in dry 

methanol (100 mL). The reaction mixture was vigorously stirred at room temperature for 

24 h under argon atmosphere. The solid precipitate was then filtered off, washed 

thoroughly with methanol and dried in vacuo to yield yellowish solid product bis3 (0.55 

g, 65%). 1H-NMR (CDCl3): δH (ppm) = 0.86 (m, 12H, CH3) 1.20-1.37 (m, 64H, CH2), 

1.42-1.50 (m, 8H, CH2), 1.78-1.85 (m, 8H, CH2), 4.01 (t, 4H, 3J = 6.6 Hz, OCH2), 4.02 

(t, 4H, 3J = 6.6 Hz, OCH2), 6.88-6.98 (m, 6Harom), 7.89 (t, 1Harom, 3J = 7.8 Hz), 8.22 (d, 

2Harom, 3J = 7.8 Hz), 8.69 (s, 2H, CH=N); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 

26.0, 29.3, 29.4, 29.6-29.7 (5C), 31.9, 69.2 (OCH2), 69.5 (OCH2), 107.1, 113.8, 114.0, 

122.7, 137.2, 143.7, 148.7, 149.6, 154.8, 157.5; elemental analysis calcd (%) for 

C67H111N3O4: C 78.69, H 10.94, N 4.11; found: C 78.72, H 10.97, N 3.96; MALDI-TOF 

(m/z) found: MH+ = 1023 (calcd for C67H111N3O4: M = 1022); IR (KBr): ν = 1621 cm-1 

(C=N). 

 

bis4: The reaction was carried out according to bis3, using a solution of 4-(n-

hexadecyloxy)-aniline (3b, 0.11 g, 0.33 mmol) in methanol (25 mL, 60° C), 2,6-diacetyl-

pyridine (4b, 0.03 g, 0.17 mmol) and three drops of formic acid. Reaction: 6 h at 60° C 

and further 6 days at room temperature. At the end of this period, 1H-NMR analysis 
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revealed the presence of traces of starting materials and monosubstituted intermediate. 

Elemental analysis calcd (%) for C53H83N3O2: C 80.15, H 10.53, N 5.29; found: C 79.61 

H 10.60 N 5.07; MALDI-TOF (m/z) found: MH+ = 795 (calcd for C53H83O2: M = 794); 

IR (KBr): ν = 1631 cm-1 (C=N). 

 

bis5: The reaction was carried out according to bis3, using isophthalaldehyde (4c, 0.02 g, 

0.17 mmol), a solution of 4-(n-hexadecyloxy)-aniline (3b, 0.11 g, 0.33 mmol) in dry 

methanol (25 mL) and 1 drop of formic acid. Reaction time: 18 h. Yield: 0.08 g (61%) of 

white solid product bis5. 1H-NMR (CDCl3): δH (ppm) = 0.85 (t, 6H, CH3), 1.20-1.36 (m, 

48H, CH2), 1.41-1.48 (4H, m, CH2), 1.74-1.81 (m, 4H, CH2), 3.96 (t, 4H, 3J = 6.6 Hz, 

OCH2), 6.92 (d, 4Harom, 3J = 8.6 Hz), 7.25 (d, 4Harom, 3J = 8.6 Hz), 7.55 (t, 1Harom, 3J = 

7.6 Hz), 8.01 (d, 2Harom, 3J = 7.6 Hz), 8.37 (s, 1Harom), 8.54 (s, 2H, CH=N); elemental 

analysis calcd (%) for C52H80N2O2: C 81.62, H 10.54, N 3.66; found: C 80.99, H 10.52, 

N 3.64; MALDI-TOF (m/z) found: MH+ = 766 (calcd for C52H80N2O2: M = 765); IR 

(KBr): ν = 1625 cm-1 (C=N). 

 

4.6.3 Pd(II) Complexes 
The Pd(II) complexes pd1-pd3 were synthesised similar to the procedure presented in 

the literature for unsubstituted pyridine bis-ketimine Pd(II) complexes,17 following the 

general method presented for pd1.  

 
pd1: A suspension of bis1 (100 mg, 0.15 mmol) and [Pd(II)(MeCN)4](BF4)2 (67 mg, 

0.15 mmol) in a mixture of CH2Cl2/acetonitrile (5:1, 12 ml) was stirred at room 

temperature for 0.5 h under argon atmosphere. During the reaction, the colour of the 

mixture turned to dark red. The solvent was then removed in vacuo and the red residue 

redissolved in acetonitrile. The insoluble free ligand was filtered off, the solvent removed 

and the red residue dried in vacuo to yield the pure red Pd(II) complex (pd1, 97 mg, 

81%). 1H-NMR: (CDCl3) δH (ppm) = 0.85 (t, 6H, CH3), 1.20-1.30 (m, 32H, CH2), 1.33-

1.39 (m, 4H, CH2), 1.63-1.69 (m, 4H, CH2), 2.16 (s, 3H, NC-CH3), 3.86 (t, 4H, OCH2), 

6.88 (d, 4Harom, 3J = 8.6 Hz), 7.44 (d, 4Harom, 3J = 8.6 Hz), 7.95 (d, 2Harom, 3J = 7.8 Hz), 

8.09 (s, 2H, CH=N), 8.26 (t, 1Harom, 3J = 7.8 Hz); MALDI-TOF (m/z) found: 760 (calcd 

for M (- acetonitrile): 760); IR (KBr): ν = 1598 cm-1 (C=N). 
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pd2: bis2 (77 mg, 0.10 mmol), [Pd(II)(MeCN)4](BF4)2 (44.4 mg, 0.10 mmol), hot 

mixture of CH2Cl2/acetonitrile (5:1, 12 mL). Yield: 80 mg (80%) of pd2. 1H-NMR 

(CDCl3): δH (ppm) = 0.86 (t, 6H, CH3), 1.20-1.30 (m, 52H, CH2), 1.34-1.40 (m, 4H, 

CH2), 1.65-1.71 (m, 4H, CH2), 2.15 (s, 3H, NC-CH3), 3.88 (t, 4H, OCH2), 6.88 (d, 

4Harom, 3J = 8.3 Hz), 7.45 (d, 4Harom, 3J = 8.3 Hz), 7.98 (d, 2Harom, 3J = 7.8 Hz), 8.10 (s, 

2H, CH=N), 8.24 (t, 1Harom, 3J = 7.8 Hz); MALDI-TOF (m/z) found: 872 (calcd for M (– 

acetonitrile): 872); IR (KBr): ν = 1599 cm-1 (C=N). 

 

pd3: bis3 (80 mg, 0.78 mmol), [Pd(II)(MeCN)4](BF4)2 (35 mg, 0.78 mmol), mixture of 

CH2Cl2/acetonitrile (1:1, 12 mL), reaction time: 1.5 h. Yield: 30 mg (32%) of pd3. 1H-

NMR (CDCl3, 400 MHz): δH (ppm) = 0.86 (t, 12H, CH3), 1.21-1.33 (m, 64H, CH2), 1.38-

1.45 (m, 8H, CH2), 1.71-1.78 (m, 8H, CH2), 2.15 (s, 3H, NC-CH3), 3.94 (t, 4H, OCH2), 

4.00 (t, 4H, OCH2), 6.89 (d, 2Harom, 3J = 8.3 Hz), 7.10 (s, 2Harom), 7.12 (d, 2Harom, 3J = 

8.3 Hz), 7.99 (d, 2Harom, 3J = 7.8 Hz), 8.13 (s, 2H, CH=N), 8.21 (t, 1Harom, 3J = 7.8 Hz); 

IR (KBr): ν = 1589 cm-1 (C=N). 
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5 

Fine-Tuning in 2D − 

Bis-Salicylaldehydato/-aldiminato Complexes 
 

5.1 Introduction 

The first chiral transition metal catalyst designed for an enantioselective transformation 

was applied to the cyclopropanation between diazoacetate and styrene. The catalyst was a 

bis-salicylaldiminato Cu(II) complex bearing chiral N-substituents (Scheme 1).1,2 Due to 

the low degree of enantioselectivity, this reaction was further improved upon using chiral 

mono-salicylaldiminato Cu(II) complexes.3 
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Scheme 1 Cyclopropanation between diazoacetate and styrene, catalysed by a chiral 
Cu(II) bis-salicylaldiminato complex (a). 

Various salicylaldiminato derived complexes have been successfully exploited as 

catalysts in a range of olefin polymerisation systems.4,5,6 Achiral bis-salicylaldiminato 

Zn(II) complexes, for example, are active catalysts for the copolymerisation of CO2 with 

epoxides (Scheme 2).7 

 



Chapter 5 

64 

CO2

O
*

O O O

O

n
 O

N
R

Zn
O

N
R

+

b

b

R

R

 

Scheme 2 Copolymerisation of CO2 with epoxides, catalysed by achiral bis-
salicylaldiminato Zn(II) complexes (b). 

Mono-salicylaldiminato Ni(II) complexes (Scheme 3, c) polymerise ethylene in the 

presence of Lewis base additives. In addition, these catalysts copolymerise ethylene and 

olefins that possess functionality distant from the C=C double bond.8 Furthermore, 

similar Fe(II) complexes (d) are highly active catalysts for atom transfer radical 

polymerisation (ATRP).9 

i-Pr

i-Pr

NO
Ni

PhPH3P

Ot-Bu

t-Bu

N
Fe

Cl

N

c d  

Scheme 3 Polymerisation catalysts on the basis of mono-salicylaldiminato complexes: 
Ni(II) ethylene polymerisation catalyst (c);8 Fe(II) catalyst for ATRP (d).9 

As related compounds, salen and salophen complexes contain ethylene or phenylene 

derived N,N’-linkers which enforce the cis-configuration of the salicylaldiminato 

moieties at the metal centres. Salen complexes (Scheme 4) are sterically well defined and 

kinetically non-labile compounds that provide a sensible matrix for rational ligand 

design,10 such as functionalisation or incorporation of a chiral backbone. Furthermore, 

various late transition metal ions can be employed for the complexation which thus offers 

access to a wide range of catalytic applications.11,12,13,14 
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Scheme 4 Chemical structure of chiral salen complexes. 
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Salen complexes are effective catalysts for the copolymerisation of CO2 with epoxides to 

polycarbonates,15,16,17 asymmetric epoxidation of alkenes18,19,20 and asymmetric epoxide 

ring-opening reactions.21 Further interesting applications are the oxidation of alcohols22 

and enantioselective cyclisation reactions.23 In addition, early transition metals such as 

Ti(IV) can be employed, for example for the oxidation of sulfides.24 A further structural 

variation can be achieved by substitution of the phenolate oxygen of the ligand by 

thiolate.25 

 

The interesting catalytic properties as well as the variability of the ligand structure and 

the metal ions prompted us to focus on bis-salicylaldehydato/-aldiminato M(II) 

complexes as a second promising system for surface patterning (compare Chapter 4). The 

M(II) complexes are often planar and rigid compounds26,27,28 which are thus predefined 

for the 2D self-assembly at liquid/solid interfaces. Such behaviour can be further 

promoted by the incorporation of long alkyl chains (see Chapter 2.2.4). In particular, 

neutral M(II) complexes facilitate the STM investigations, due to the reduced 

conductivities of the sample solutions. A first bis-salicylaldiminato complex was 

visualised by Qian et al. who observed a reformation of the adlayer of C18 N-substituted 

salicylaldimine ligands by in situ complexation with Cu2+ ions.29 In order to achieve 

controlled 2D patterning, we incorporated alkoxy side groups with variable position and 

length into the aryl moieties of the complexes and exploited the effects of exchange of 

aldehyde with aldimine (N-H, N-alkyl) groups on the 2D arrays. The syntheses of the 

compounds are discussed in Chapter 5.2. The self-assembly of the obtained ligands and 

complexes at the liquid/solid interface was subsequently studied by STM. Chapter 5.3 

presents highly resolved STM images of the resultant basic homochiral 2D patterns and 

deals with the fine-tuning of relative metal-metal distances by ligand design. Supporting 

STM images are added in the Appendix. 
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5.2 Functionalised bis-salicylaldehydato/-aldiminato M(II) 

complexes 

5.2.1 Free alkoxy substituted salicylaldehyde ligands 

The 2,4-dihydroxybenzaldehyde precursor 1 was employed for the incorporation of 

alkoxy side groups into the salicylaldehyde backbone, according to a methodology 

previously reported in the literature.30 The reaction of 1 with n-alkyl bromides in the 

presence of K2CO3 in DMF afforded the selective mono-etherification of the OH-group 

at the 4-position. Purification by column chromatography (silica; n-hexane/ethyl acetate, 

9:1) resulted in the pure 4-alkoxy substituted salicylaldehydes sa1-sa3 (Scheme 5). 

O

OH

OR

O

OH

OH

R-Br
K2CO3

+
DMF

sa1

sa1: R = C8H17
sa2: R = C12H25
sa3: R = C16H33  

Scheme 5 Synthesis of 4-alkoxy substituted salicylaldehydes sa1-sa3. 

The analogous reaction using the corresponding 5-hydroxy salicylaldehyde precursor 

was not successful. In order to vary the position of the alkoxy chain, we followed a 

different strategy which is based on the introduction of a formyl group into the 4-alkoxy 

phenol synthon 3 (Scheme 6). 3 was obtained by asymmetric etherification of 

hydrochinone (2) with n-dodecyl bromide in the presence of NaOH in ethanol.31 

Asymmetric carbonylation of 3 in the ortho-position to the OH group was achieved by 

conversion with urotropine (hexamethylenetetramine) in trifluoroacetic acid (TFA). The 

pure 5-dodecyloxy substituted salicylaldehyde sa4 was isolated after treatment of the 

reaction mixture with hydrochloric acid and purification by column chromatography 

(silica; n-hexane/ethylacetate, 9:1). In a second fraction, the corresponding 

diformylphenol side-product was obtained which was employed for the synthesis of 

binuclear complexes, discussed in Chapter 6. 
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Scheme 6 Synthesis of the 5-alkoxy substituted salicylaldehyde sa4. 

5.2.2 Bis-salicylaldehydato M(II) complexes 

The Pd2+-ion was chosen for the generation of planar and neutral bis-salicylaldehydato 

M(II) complexes. In resemblance to the corresponding unsubstituted Pd(II) complex 

reported in the literature,32 the conversion of sa2 (solution in ethanol) with Pd(II)Cl2 

(solution in diluted hydrochloric acid) led to a mixture of cis/trans-isomers of the alkoxy 

substituted complex pd1 (Scheme 7), characterised by the two independent signal sets in 

the 1H-NMR spectrum. 
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Scheme 7 Synthesis of the alkoxy substituted bis-salicylaldehydato Pd(II) complex pd1. 

 
 

 



Chapter 5 

68 

In contrast, the Pd(II) acetate precursor led to the pure trans-isomers of pd1.33 Thus, the 

further syntheses of the neutral alkoxy substituted bis-salicylaldehydato Pd(II) and Cu(II) 

complexes pd1, pd2, cu1, cu2 (4-position) and cu3 (5-position) were carried out on the 

basis of the M(II) acetate precursors (M(II)(ac)2) that were converted with stoichiometric 

amounts of the salicylaldehyde derivatives sa1-sa4 in ethanol (Scheme 8). It is 

noteworthy that bis-salicylaldehydato Cu(II) complexes are typically planar compounds 

as well, as known from the crystal structures of corresponding unsubstituted 

complexes.27,28 
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sa3, pd2: R = C16H33
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Scheme 8 Synthesis of alkoxy substituted bis-salicylaldehydato M(II) complexes. 

5.2.3 Bis-salicylaldiminato (N-H) M(II) complexes 

Exchange of the aldehyde O-atom in the bis-salicylaldehydato complexes with the imine 

(N-H) functionality resulted in the corresponding bis-salicylaldiminato M(II) complexes. 

The free imine (NH) ligands could not be isolated as pure compounds because of the 

thermodynamic equilibrium with the aldehyde reagent in solution. In order to circumvent 

this problem, we performed an in situ complexation of the salicylaldehyde derivatives 

sa1-sa4 with the Cu(II) and Pd(II) acetate precursors in the presence of excess ammonia 

in methanol solutions (Scheme 9). The reactions yielded the pure and thermodynamically 

stable bis-salicylaldiminato (NH) Cu(II) and Pd(II) complexes cu4-cu6, pd3 (4-position) 

and cu7 (5-position). 
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Scheme 9 In situ generation of alkoxy substituted bis-salicylaldiminato (NH) Cu(II) and 
Pd(II) complexes. 

5.2.4 Tetra-substituted bis-salicylaldiminato M(II) complexes 

The bis-salicylaldiminato M(II) complexes were further modified by incorporation of 

additional N-alkyl substituents into the imine functionalities (Scheme 10). Free N-alkyl 

substituted salicylaldimine ligands were isolated and fully characterised after the proton-

catalysed condensation of the salicylaldehyde derivatives with primary n-alkyl amines 

(Ia). Subsequent conversion with M(II) acetates in ethanol (Ib) led to the desired M(II) 

complexes, bearing altogether four n-alkyl side-chains. In an alternative single-step 

transformation, in situ complexation of the salicylaldehydes in the presence of the 

primary amines (II) led directly to the desired complexes in higher yields. 
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Scheme 10 Incorporation of N-alkyl substituents into bis-salicylaldiminato M(II) complexes. 

 

On the basis of the presented strategies, we obtained a portfolio of neutral bis-

salicylaldehydato/-aldiminato M(II) (M(IV) in the case of vanadium oxide) complexes 

bearing alkyl/alkoxy side groups of different length, number and position.∗33 During the 

reactions, the products precipitated from the solutions and were isolated by filtration and 

purified by washing (ethanol/water). The resultant complexes were analysed by IR 

spectroscopy and elemental analysis. Pd(II) complexes were further characterised by 

NMR spectroscopy which could not be applied in the case of the Cu(II) systems, due to 

their paramagneticity. Even though, successful conversions could be proven by the lack 

of signals of the free ligands in the NMR spectra. Figure 1 depicts the general structures 

of the obtained compounds. Functional groups and metal centres are added in Table 1. 

 

X

OAlkO M

X

O OAlk

X

O M

X

O

AlkO

OAlk

4-substitution 5-substitution  

Figure 1 Neutral functionalised bis-salicylaldehydato/bis-salicylaldiminato M(II) 
complexes; X = O, NH, N-Alk (alkyl); M = Cu(II), Pd(II), Pt(II), V(IV) oxide (Table 
1). 

                                                 
∗  The syntheses of the complexes were performed in collaboration with Florian Mögele during 

his diploma work in our department. 
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 M OAlk X 
 M(II) 4-OC8 4-OC12 4-OC16 Other O N-H N-C8 N-C12 N-C16 Other

pd1 Pd  X   X      
pd2 Pd   X  X      
pd3 Pd  X    X     
pd4 Pd   X     X   
cu1 Cu X    X      
cu2 Cu  X   X      
cu3 Cu    5-OC12 X      
cu4 Cu X     X     
cu5 Cu  X    X     
cu6 Cu   X   X     
cu7 Cu    5-OC12  X     
cu8 Cu  X     X    
cu9 Cu   X    X    
cu10 Cu   X     X   
cu11 Cu  X       X  
cu12 Cu    4-OC18   X    
cu13 Cu          N-C18

cu14 Cu   X       N-Me
cu15 Cu   X       N-Et 
cu16 Cu   X       N-iPr
pt1 Pt  X       X  
vo1 V(IV)

=O   X     X   

Table 1 Substitution and metal centres of the neutral, functinonalised bis-
salicylaldehydato and bis-salicylaldiminato M(II) complexes, depicted in Figure 1 
(4-/5-: position of the alkoxy substituents; OCn: short form for O-CnH2n+1). 
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5.3 STM investigations 

5.3.1 Pattern type 1 − bis-salicylaldehydato M(II) complexes 

Free salicylaldehyde derived ligands 

During the STM experiments, the free ligands sa1-sa4 (Scheme 5) did not form 2D 

structures from solutions in 1,2,4-trichlorobenzene or phenyl octane, solvents that 

typically promote the self-assembly at liquid/solid interfaces. On the contrary, solutions 

in 1-octanol afforded a significantly slow adsorption of sa2 on HOPG. A problem was 

the high conductivity of the 1-octanol solution which can be explained by the content of 

water and the polarity of the solvent. In effect, we did not achieve sufficient STM image 

qualities while the tip was immersed in the supernatant solution, as the scanning 

parameters (i.e. tunnelling current and bias voltage) could not be adjusted arbitrarily.∗ 

Fortunately, the monolayers of sa2 were stable enough to tolerate an exchange of 1-

octanol (after evaporation to dryness) with the less conductive 1,2,4-trichlorobenzene. 

This allowed us to achieve highly resolved STM images that show clearly resolved areas 

of the aromatic as well as aliphatic parts of the molecules (Figure 2). 

 

 

Figure 2 High resolution STM images of the lamellar 2D structure of sa2, visualised at the 
1,2,4-trichlorobenzene/HOPG interface (see text); A) image area: 99 x 99 

nm2,Vset = −0.66 V, Iset = 17.3 pA; B) image area: 12 x 12 nm2, Vset = −131 mV, 
Iset = 14.2 pA. 

                                                 
∗  The use of coated tips reduces problems with conductivity. 
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Obviously, sa2 formed highly ordered lamellae that exhibit a periodicity of 36 Å. Due to 

the slow adsorption from 1-octanol solution, the 2D patterns consisted of extremely large 

domains. The observed surface structure of sa2 shows a head-to-head arrangement of the 

ligands which leads to a spatial proximity of the functional groups within the lamellae. 

MacroModel (Amber) calculations indicated the presence of hydrogen bonds between the 

carbonyl-O atoms and the OH-protons of two opposed molecules, respectively (Figure 3 

A). The resultant planar dimers exhibit an extension of the aromatic cores of 11.5 Å and 

an alkyl chain end-to-end distance of approximately 43 Å which is perfectly in accord 

with the dimensions found in the STM images (Figure 3 B). As a result of these findings, 

we propose that the formation of hydrogen bonds is an additional driving force (besides 

van der Waals interactions between the alkoxy substituents) for the 2D self-assembly of 

the salicylaldehyde derived ligands, as reported in the literature for organic 

compounds.34,35  

 
Figure 3 A) MacroModel (Amber) calculation of two C12 O-substituted salicylaldehyde 

molecules (sa2) which are linked by hydrogen bonds to dimers; B) high 
resolution STM image of sa2 containing superimposed structural formulae; 

image area: 10 x 10 nm2, Vset = −132 mV, Iset = 14.2 pA; C) model of the 
molecular 2D arrangement of sa2 at the liquid/solid interface. 
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Related salicylaldehyde ligands with varied length and position of the alkoxy side-chains 

(sa3: 4-OC16H33; sa4: 5-OC12H25) formed similar lamellar 2D arrays on HOPG (STM 

images in Appendix). In general, solvent mixtures of 1-octanol/1,2,4-trichlorobenzene 

(1:1) could be also employed for the self-assembly, whereas the formation of 2D patterns 

from pure 1,2,4-trichlorobenzene solutions has not been observed in any of the 

experiments. 

Pd(II) complexes 

In the case of the pyridine bis-imine ligands presented in Chapter 4, the incorporation of 

Pd2+ ions led to a reformation of the ligand backbone and an increased space demand of 

the complexes compared to the free ligands. Obviously, the two structural changes 

inhibited the self-assembly on HOPG. In contrast, replacement of the hydrogen bonds in 

the salicylaldehyde dimers, for example by Pd(II) centres, leads to planar and neutral bis-

salicylaldehydato Pd(II) complexes in which the shape and size of the free ligand dimers 

is nearly maintained. Thus, in this case we expected that the structural resemblance of the 

self-assembled ligand dimers and the corresponding complexes allows the incorporation 

of metal ions into the 2D structures. 

Indeed, we observed a fast formation of lamellar 2D structures of pd1 from 1,2,4-

trichlorobenzene solution. Due to the fact that the free salicylaldehyde sa2 did not self-

assemble at all from 1,2,4-trichlorobenzene solutions (but in the presence of 1-octanol 

only), we can exclude that the ligands (e.g. impurities in solution) are visualised on the 

STM images instead of the metal complex pd1 (Figure 4). The different adsorption 

behaviour might be caused by the fact that the complexes are thermodynamically stable 

compounds, whereas hydrogen bonds in salicylaldehyde dimers are strongly influenced 

by the solvent and presumably better stabilised within the adsorbates on the HOPG 

surface than in solution. 

The lamellae of pd1 exhibit slightly decreased periodicities (34 ± 1 Å relative to 36 ± 1 

Å in the case of sa2), due to the reduced extension of the complex cores compared to the 

ligand dimers. Noteworthy is the fact that the Pd(II) complexes obtained by the two 

different methods (Scheme 7; pd1: mixtures of cis-/trans-isomers or pure trans-isomers) 

afforded identical surface patterns. 
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Figure 4 STM images of the adlayer of the C12 O-substituted Pd(II) bis-salicylaldehydato 

complex pd1 from TCB solution; A) image area: 100 x 100 nm2, Vset = −306 mV, 

Iset = 20.5 pA; B) image area: 28 x 28 nm2; Vset = −306 mV, Iset = 19.6 pA. 

On the highly resolved STM images (Figure 5), exclusively the trans-isomers of pd1 are 

observed and can be easily identified by the preorientation of the alkyl O-substituents. 

More detailed analysis of the surface structures revealed that the metal-metal distances 

within the lamellae are very short (approximately 6.7 (± 0.2) Å). This leads to a spatial 

proximity of the carbonyl protons with the phenolate and carbonyl oxygen-atoms of 

adjacent complexes. 

 

Figure 5 High resolution STM images of the adlayer of pd1 from TCB solution, including 

superimposed structural formulae; A) image area: 7.8 x 7.8 nm2, Vset = −0.69 V, 

Iset = 14.6 pA; B) image area: 6.0 x 6.0 nm2, Vset = −0.71 V, Iset = 20.5 pA. 
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Applying typical geometric parameters on the observed 2D structure, the evaluated 

distances between these atoms are approximately 2.6 (± 0.2) Å which is in accord with 

the typical lengths of weak inter- and intramolecular hydrogen bonds, formed by 

aldehyde or aldimine protons with adjacent oxygen atoms (2.4-2.6 Å).36,37,38 On the basis 

of these findings, we established a detailed model of the surface structure of pd1 which 

contains a network of weak hydrogen bonds, depicted in Figure 6. Obviously, the typical 

periodicity of densely packed alkyl chains of 4.5 (± 0.2) Å39 is achieved by bending of 

the C12-chains (46 ± 2°) with respect to the lamella axis. 
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Figure 6 Detailed molecular arrangement within the adlayer of pd1. 

 

Chirality of the 2D structures 

The model reveals that the highly ordered, lamellar 2D pattern of pd1 is chiral.∗ In 

general, chiral monolayers can be generated from achiral molecules either by their 

specific 2D packing,40,41,42 or by the highly regular face-on deposition of prochiral 

compounds onto a substrate.43,44,45,46 The latter results in loss of mirror plane symmetry, 

producing two nonsuperimposable forms of enantiomeric surface species.47 In the case of 

pd1 as well as the other prochiral (C2h-symmetry) trans-coordinated bis-
                                                 
∗  Celebrated definition of Lord Kelvin, Baltimore Lectures on Molecular Dynamics and the 

Wave Theory of Light, 1904: “I call any geometrical figure, or group of points, chiral, and say 
that it has chirality if its image in a plane mirror, ideally realized, cannot be brought to 
coincide with itself”  
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salicylaldehydato and bis-salicylaldiminato M(II) complexes presented in the Chapters 

5.3.1, 5.3.2 and 5.3.4, we observed homochiral, enantiomorphic domains which are 

statistically distributed over the HOPG surface. Thus, on a macroscopic scale, the 

adlayers are achiral. The basis of this finding is the highly resolved STM images that 

display the orientation of the alkyl chains which allows the two surface isomers to be 

distinguished. Homochiral domains are formed by the highly regular adsorption of the 

complexes from the same enantiotopic face which can be assigned as re or si (relative to 

specific carbon atoms), employing the CIP convention for organic stereochemistry.48 The 

2D structure of pd1 presented in Figure 6, for example, corresponds to the si-adsorbate 

(adsorbed from the si-face) with respect to the alkoxy substituted carbon atoms. The 

proposed terminology can be employed both for free ligands and metal complexes and 

thus is more convenient than an alternative description of the surface species relative to 

the metal ions which are chiral centres as well (bridged trans-coordinated hetero atoms). 

It is noteworthy that in the case of cis-coordinated complexes, the face-on adsorption 

would result in the achiral meso forms of the surface species, due to the C2v-symmetry of 

the non-adsorbed complexes. 
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Scheme 11 Re- and si-adsorbate with respect to the alkoxy substituted carbon atoms (the 
top view on the si-adsorbate shows the re-face and vice versa). 

Variation of the O-alkyl chain length 

The corresponding C16 O-substituted Pd(II) complex pd2 formed analogous 2D patterns 

(Figure 7), however it exhibits an increased periodicity of the lamellae (43 Å), as 

expected from the longer alkoxy chains. The strong intermolecular van der Waals 

interactions between the C16 groups induced an extremely fast adsorption of the 
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complexes which thus resulted in very small domains. It is remarkable that even traces of 

the complex in solution led to the observed 2D structures, a behaviour which 

demonstrates the extremely high adsorption capacity of pd2 onto HOPG. In general, the 

size of domains depends critically on the nature of the compounds, the concentration of 

the solutions and on time, as described in Chapter 3. 

 

Figure 7 STM images of the self-assembled C16 O-substituted bis-salicylaldehydato Pd(II) 

complex pd2 from TCB solution; A) image area: 100 x 100 nm2, Vset = −491 mV, 

Iset = 22.6 pA; B) image area: 19 x 19 nm2, Vset = −383 mV, Iset = 27.8 pA. 

Image contrasts 

The identification of individual metal ions within organic monolayers is complicated by 

the fact that overall molecular orbitals are visualised by STM. In some cases, different 

transition metal centres exhibit characteristic d-orbital dependent contrasts within the 

adlayers (examples see Chapter 2.2.3).49,50 In general, the contrast, as well as the 

resolution of STM images, depend significantly on the quality of the tip and the imaging 

parameters applied. 

 

In the case of pd1, we achieved a voltage dependent contrast variation of the STM 

images (Figure 8) while the tunnelling current was kept constant (at approximately 22 

pA). At the lower voltage (−268 mV, image A), the lamellae were visualised as relatively 

uniform areas. At the higher voltage (−341 mV, image B), bright dots appeared within 

the lamellae which can be attributed to the Pd(II) centres. 

 

43 Å 

A B
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Figure 8 Voltage dependent contrast variation of STM images, obtained at an identical 
section of the lamellar 2D pattern of pd1; A) image area: 15 x 15 nm2, Vset = 

−268 mV, Iset = 21.8 pA; B) image area: 15 x 15 nm2, Vset = −341 mV; Iset = 22.2 
pA. 

Cu(II) complexes 

Similar to the presented Pd(II) complexes, the related planar27,28 Cu(II) complexes (cu1 

and cu2, Table 1) exhibited an extremely fast adsorption at the 1,2,4-trichloro-

benzene/HOPG interface which resulted in highly ordered lamellar 2D structures as well 

(Figure 9). Comparison of the 2D patterns of the two corresponding C12 O-substituted (4-

position) complexes cu2 and pd1 reveals slightly enlarged metal-metal distances within 

the lamellae (cu2: 7.0 ± 0.2 Å relative to 6.7 ± 0.2 Å in the case of pd1). At the same 

time, the optimum periodicity of densely packed alkyl chains (approximately 4.5 Å)39 is 

maintained by a stronger bending of the alkyl substituents of 42 (± 2)° with respect to the 

lamella axis (pd1: 46 ± 2°). Consequently, these structural changes lead to a reduced 

periodicity of the lamellae (cu2: 32 ± 1 Å relative to 34 ± 1 Å for pd1). The described 

structural differences between cu2 and pd1 might be induced by slightly different bond 

lengths (e.g. metal-oxygen bonds) and angles in the Pd(II) and Cu(II) complexes as well 

as the weakness of the hydrogen bonds which thus lead to a reorientation of the complex 

cores. 

A B



Chapter 5 

80 

 

Figure 9 STM images of the adlayer of the C12 O-substituted Cu(II) bis-salicylaldehydato 

complex cu1; A) image area: 53 x 53 nm2, Vset = −491 mV, Iset = 24.9 pA; B) 

image area: 10 x 10 nm2, Vset = −660 mV, Iset = 20.3 pA; C) model of the 
monolayer. 

The corresponding C8-substituted complex cu1 formed similar 2D-patterns, however 

showing a reduced periodicity of the lamellae (cu1: 26 Å ± 1 relative to 32 Å ± 1 in the 

case of cu2), as expected from the shorter alkyl chains. Furthermore, the shift of the C12 

alkoxy side group from the 4-position in cu2 to the 5-position in cu3 yielded lamellae 

with a slightly increased periodicity of 36 (± 2) Å (STM images in Appendix). 
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General model of pattern type 1 

The highly regular lamellar 2D structures formed by the free alkoxy-substituted 

salicylaldehydes sa2-sa4 as well as the corresponding neutral bis-salicylaldehydato M(II) 

complexes (pd1, pd2 and cu1-cu3) at the solution/HOPG interface follow a general 

lamellar pattern which we call the homochiral pattern type 1 (Figure 10). Herein, the 

periodicity of the lamellae depends mainly on the length of the alkoxy chains (Table 2) 

which stabilise the 2D structures by intermolecular van der Waals interactions within the 

lamellae. Furthermore, we propose that weak hydrogen bonding interactions promote the 

formation of pattern type 1. The resultant spatial proximities of the complex cores lead to 

short metal-metal distances of approximately 7 Å within the lamellae. Variation of the 

electronic structure (e.g. exchange of metal) or the substitution pattern slightly affects the 

orientation of the complex cores or ligand dimers within the 2D structures. At the same 

time, the typical periodicity of densely packed alkyl chains of 4.5 Å39 determines the 

degree of bending of the alkoxy substituents relative to the lamellar axis (42 - 46°) which 

further influences the periodicity of the lamellae. 

periodicity

metal-metal
distance

 

Figure 10 General model for the homochiral “pattern type 1”, formed by free alkoxy-
substituted salicylaldehydes (sa2-sa4) as well as the corresponding M(II) bis-
salicylaldehydato complexes (pd1, pd2,cu1-cu3). 

 

Chain length C8 C12 C16 

Compound cu1 
(4-C8) 

cu2 
(4-C12) 

pd1 
(4-C12) 

cu3 
(5-C12) 

sa1 
(4-C12) 

pd2 
(4-C16) 

periodicity  
[Å±1] 27 32 34 36 36 43 

Table 2 Periodicities of the lamellae within  “pattern type 1” (4-/5-: position of the side 
group; Cn: short form for O-CnH2n+1). 
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5.3.2 Pattern type 2 − bis-salicylaldiminato (N-H) M(II) complexes 

In order to further vary the 2D patterns and thus the relative metal-metal distances, we 

exchanged the aldehyde O-atom in the ligand molecules with the imine NH-functionality 

which led to the corresponding bis-salicylaldiminato M(II) complexes cu4-cu7 and pd3 

(Scheme 9). We expected that the (N)H protons would block the acceptor function (free 

electron pair) of the hetero atoms and thus inhibit the formation of intermolecular 

hydrogen bonds, observed in the case of pattern type 1 (Chapter 5.3.1). 

Indeed, the C12 O-substituted (4-position) bis-salicylaldiminato Cu(II) complex cu5 self-

assembled into a modified densely packed lamellar motif at the 1,2,4-trichloro-

benzene/HOPG interface. According to the highly resolved STM images (Figure 11), the 

2D pattern provides an increased space demand of the complexes (area per molecule: 

cu5: 2.3 ± 0.05 nm2 relative to 2.1 ± 0.05 nm2 for the corresponding bis-

salicylaldehydato (N-H) Cu(II) complex cu2), combined with changed relative 

orientations of the complex cores and significantly increased metal-metal distances of 

approximately 10 Å (cu2: 7 Å). 

Figure 11 STM images of the lamellar structure of cu5 at the TCB/HOPG interface; A) 

image area: 30 x 30 nm2, Vset = −393 mV, Iset = 15.1 pA; B) high resolution 
image, including superimposed structural formulae; image area: 10 x 10 nm2, 

Vset = −460 mV, Iset = 30 pA; C) model of the molecular arrangement of cu5. 
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As a result of the structural expansion, the alkyl substituents from neighbouring lamellae 

are interdigitating and exhibit a significantly lower bending of 60 ± 2° (cu2: 42 ± 2°) 

with respect to the lamella axis while maintaining the typical periodicity of densely 

packed alkyl chains (4.5 Å).39 This affords a decreased periodicity of the lamellae of 23 

Å (cu2: 32 Å). 

Similar to the corresponding bis-salicylaldehydato complexes (pattern type 1, Chapter 

5.3.1), the periodicities of the lamellae could be varied stepwise by the length of the 

alkoxy substituents (cu4 (C8): 19 Å; cu5 (C12): 23 Å; cu6 (C16): 27 Å; Figure 12), 

whereas the exchange of Cu(II) (cu5) with Pd(II) (pd3) (both C12 O-substituted) had no 

significant influence on the 2D assembly, leading to an equivalent periodicity of the 

lamellae of approximately 23 Å (STM images of pd3 in Appendix). Noteworthy is the 

fact that the lamellar structures of the C8 O-substituted cu4 exhibit the lowest periodicity 

of all compounds presented in this thesis.  

 

Figure 12 High resolution STM images from TCB solution: A) C8 O-substituted bis-

salicylaldiminato Cu(II) complex cu4; image area:  15 x 15 nm2, Vset = −210 mV, 
Iset = 28.4 pA; B) corresponding C16 O-substituted Cu(II) complex cu6; image 

area: 18 x 18 nm2, Vset = −0.53 V, Iset = 25.4 pA. 

 

The shift of the C12 O-substituent from the 4- (cu5) to the 5-position (cu7) resulted in a 

similar 2D ordering with equivalent packing density of the complexes (Figure 13 A; area 

per molecule: cu7: 2.35 ± 0.1 nm2 relative to cu5: 2.3 ± 0.05 nm2). However, the STM 

images revealed significantly changed relative orientations of the complex cores with 

respect to the lamella axis (Figure 13 B, C). At the same time, slightly decreased relative 

metal-metal distances of approximately 9.5 Å (cu5: 10 Å) occurred which led 

 18 Å 

 

10 Å 

27 Å 
10 Å  

   A  B
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consequently to a larger angle between the alkyl chains and the lamella axis (cu7: 69 ± 

2°, cu5: 60 ± 2°). In effect, the two structural changes caused an increased periodicity of 

the lamellae (26 Å relative to 23 Å in the case of cu5). 

 

Figure 13 A) STM image of the adlayer of the 5-substituted (C12) bis-salicylaldiminato 
Cu(II) complex cu7 from TCB solution, including superimposed structural 

formulae; image area: 10 x 10 nm2, Vset = −497 mV, Iset = 30.8 pA; B) model of 
the relative orientation of the complex cores of cu7; C) molecular arrangement 
of the complex cores of cu5. 

 

General model of pattern type 2 

On the basis of these findings, the observed lamellar 2D structures formed by the neutral 

alkoxy substituted bis-salicylaldiminato (NH) M(II) complexes cu4-cu7 and pd3 were 

generalised in a second densely packed homochiral pattern type 2 (Figure 14). The main 

differences compared to pattern type 1 are increased metal-metal distances of 9.5-10 Å 

while the alkoxy substituents from adjacent lamellae are interdigitating. In effect, the 

periodicities of the lamellae are decreased and can be again controlled stepwise by the 

length of the alkoxy side groups (Table 3), as in the case of the bis-salicylaldehydato 

M(II) complexes. 
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periodicity

metal-metal
distance

 

Figure 14 General model for the homochiral “pattern type 2”, formed by bis-
salicylaldiminato (NH) M(II) complexes (cu4-cu7 and pd3). 

 

Chain length C8 C12 C16 

Compound cu4 
(4-C8) 

cu5 
(4-C12) 

pd3 
(4-C12) 

cu7 
(5-C12) 

cu6 
(4-C12) 

Periodicity 
[Å±1] 19 23 23 26 27 

Table 3 Periodicities of the lamellae within  “pattern type 2” (4-/5-: position of the side 
group; Cn: short form for OCnH2n+1). 

5.3.3 Secondary 2D-modification of a bis-salicylaldiminato (N-H) 
Cu(II) complex 

In addition to the primary structure of cu5 (pattern type 2, Figure 11), a secondary 2D 

modification can be found randomly which is formed by an alternating deposition of the 

C2h-symmetric complexes from the two enantiotopic faces. The resultant 2D pattern, 

depicted in Figure 15, consists of the racemic mixture of the two enantiomeric surface 

species (re- and si-adsorbates) and exhibits further increased minimal metal-metal 

distances of approximately 12 (± 0.5) Å. Comparison of the packing densities reveals a 

slightly increased area per molecule (2.4 ± 0.05 nm2 relative to 2.3 ± 0.05 nm2 in the case 

of pattern type 1). Indeed, the two different surface structures often coexist at the 1,2,4-

trichlorobenzene/HOPG interface. However, the lower density packing along with a 

lower degree of overlap of the alkoxy substituents led most probably to the 

predominance of pattern type 1 over the secondary modification. 
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Figure 15 STM images of the secondary 2D modification of cu5 from TCB solution; A) 

image area: 20 x 20 nm2; Vset = −257 mV, Iset = 31.8 pA; B) cut-out image from 
the left image (7 x 7 nm2); C) packing model of the secondary modification of 
cu5, consisting of a highly ordered racemic mixture of enantiomeric re- and si-
adsorbates. 

5.3.4 Pattern type 3 − tetra-substituted bis-salicylaldiminato M(II) 
complexes 

Besides the tuning of the packing by preventing the formation of hydrogen bonds in 

pattern type 1 (introduction of NH groups, leading to pattern type 2), we expected further 

influence on the assembly by steric effects. Hence, the (N)H protons of the M(II) bis-

salicylaldiminato complexes were substituted by N-alkyl substituents. Indeed, this 

modification had a substantial impact on the 2D order and completely suppressed the 

formation of lamellae. The highly resolved STM images depicted in Figure 16 exhibit the 

2D patterns of cu10 which consist of clearly separated complex “islands” that provide 

further increased minimal metal-metal distances of 16 Å. It is noteworthy that the 
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corresponding free ligands arranges in a different 2D order under the same conditions 

(see Appendix).  

Unexpectedly, comparison of various models with the obtained STM images revealed 

that there is not enough space for the four alkyl/alkoxy substituents of the complexes to 

interact fully with the surface. We established a reasonable model (Figure 16) that is 

correlated with structural features observed on the STM images which offer different 

contrasts. On image A, the distance of 9 Å between the bright areas corresponds to the 

typical space demand of two densely packed alkyl substituents (4.5 Å each).39 In the 

perpendicular direction (A), the distance of ca.19 Å matches with the length of the C16 O-

substituents that are partly visualised on image B. 

 

Figure 16 STM images of the adlayer of O-C16/N-C12 substituted complex cu10 from TCB 

solution, exhibiting different contrasts: A) image area: 10 x 10 nm2, Vset = −200 

mV, Iset = 22 pA; B) image area: 10 x 10 nm2, Vset = −200 mV, Iset = 21.6 pA; C) 
model of the molecular arrangement of cu10 within the monolayer. 
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Furthermore, the dark areas in A are interpreted as the position of the N-alkyl groups that 

could not be visualised due to their mobility while pointing their tail into the solution, an 

effect which is known for other alkyl substituted organic systems.51,52,53 This postulation 

is in accordance with our observations that revealed a much higher adsorption tendency 

of alkoxy substituted bis-salicylaldehydato complexes (pattern types 1 and 2) compared 

to the related N-alkyl (C18) substituted complex cu13, bearing no additional alkoxy side 

groups (STM image in Appendix).29 

The dominance of O-alkoxy chains over N-substituents was further substantiated by a 

small series of related Cu(II) complexes in which the lengths of the O- and N-alkyl 

chains were varied (cu8-cu10). In a first modification, the C12 N-substituents (cu10) were 

replaced with the shorter C8 chains (cu9) while the length of the alkoxy side groups was 

kept constant (C16). We obtained high resolution STM images (Figure 17) in which the 

orientations of the alkyl groups as well as the complex cores are in accordance with the 

2D structure formed by cu10. In effect, the 2D unit cells (cu9 and cu10, area: 2.9 nm2; 

angle: 77 ± 2°) and thus the relative metal-metal distances are identical (16 ± 1 Å, 21 ± 

Å, 23 ± Å, Table 4). 

 

 

N

O

H

C8H17

CuN

O

H

H17C8

OC16H33

OC16H33

  

Figure 17 STM images of the adlayer of O-C16/N-C8 substituted complex cu9 from TCB 

solution; A) image area: 20 x 20 nm2, Vset = −0.61 V, Iset = 20.4 pA; B) image 

area: 10 x 10 nm2, Vset = −0.62 V, Iset = 20.7 pA. 

In a second variation, the length of the N-alkyl chain was kept constant (C8) while the 

length of the O-substituent was reduced from C16 (cu9) to C12 (cu8). This modification 

afforded again 2D “island” patterns (STM images in Appendix), however exhibiting a 

significantly decreased area per molecule of 2.5 (± 0.1) nm2 (cu9: 2.9 ± 0.05 nm2) and 
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thus varied relative metal-metal distances (Table 4). These findings reveal that the 2D 

order depends strongly on the length of the alkoxy side groups which in turn interact on 

the surface, whereas the length of the N-alkyl chains has no influence on the 2D 

patterning in the case of cu8-cu10. 

Table 4 Structural parameters of the 2D patterns of cu8-cu10. 

 

Comparison of the established model of cu10 with the 2D structure of cu6 (pattern type 

2, Figure 12 B) reveals a close relation of the molecular arrangements of the N-H and N-

alkyl substituted bis-salicylaldiminato M(II) complexes, as demonstrated in Scheme 12. 

We assume that the sp2-hybridised nitrogen atoms in cu10 (cu8, cu9) direct the attached 

CH2-groups of the alkyl substituents into the complex plane. As a consequence, the 

increased steric demand next to the imine functionalities causes an expansion of the 2D 

structure along the O-alkyl chains of adjacent complexes, combined with a slight 

reorientation of the complex cores. 
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Scheme 12 Model of the 2D structure of cu10, emerging from “pattern type 2 (cu6) by 
expansion of the 2D array along the C16 O-substituents. 

complex metal-metal distances [Å±1] area/molecule 
[nm2 ±0.1] 

cu8 OC12 NC8 16 16 20 2.5 

cu9 OC16 NC8 16 21 23 2.9 

cu10 OC16 NC12 16 21 23 2.9 
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General model of pattern type 3 

Within the scope of this work, the O- and N-substituents as well as the metal centres have 

been further varied. In most cases, the complexes (Cu(II), Pd(II), Pt(II) and V(IV)=O 

centres) formed 2D structures that consisted of clearly separated complex “islands”, as 

observed in the case of cu8-cu10 (see Appendix for selected STM images). On the basis 

of these results, we established a further modified homochiral pattern type 3 (Figure 18) 

that exhibits a distorted hexagonal order of the complexes and further increased minimal 

relative metal-metal distances (16-19 Å for the compounds presented). The additional N-

substituents at the imine functionalities play a decisive role for the new pattern type, 

inducing significantly extended relative positions of the complex cores compared to 

pattern type 2. However, the N-alkyl chains seem to interact only partly on the surface, 

pointing their tails into the solution, whereas the alkoxy side groups determine mainly the 

structural parameters and thus the three characteristic relative metal-metal distances (A, 

B, C) of the 2D arrays. Table 5 presents parameters of the 2D structures of selected 

complexes that form the pattern type 3. 

 

A

B

C

 

Figure 18 General model of the homochiral distorted hexagonal “pattern type 3” which 
offers three characteristic metal-metal distances (A, B, C). 
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complex metal-metal distances [Å±1] 

cu8 NC8 16 18 19 

cu11 NC16 19 22 22 

pt1 

OC12

NC16 17 17 19 

cu9 NC8 16 21 23 

cu10 NC12 16 21 23 

vo1 

 

OC16

NC12 16 21 21 

Table 5 Structural parameters of selected complexes that form the “pattern type 3”. 

5.3.5 Role of the N-alkyl side chains 

In some cases of the tetra-substituted complexes (O- and N-alkyl substitution), we 

observed lamellar 2D structures instead of pattern type 3, especially at longer O- and 

shorter N-alkyl chains. Figure 19 depicts high resolution STM images of the Cu(II) 

complexes cu12 (A, O-C18/N-C8) and cu9 (B, O-C16/N-C8) as well as the Pd(II) complex 

pd4 (C, O-C16/N-C12). The images show a highly regular lamellar order as well as 

interdigitating alkyl chains, as known from pattern type 2. Surprisingly, the lamellae 

exhibit shorter metal-metal distances of approximately 9 Å, compared to 10 Å in the case 

of the less bulky N-H imine complexes presented in Chapter 5.3.2. In effect, the alkyl 

substituents are oriented at nearly right angles to the lamellar axis and thus maintain the 

typical space demand of alkyl chains (4.5 Å).39 

Noteworthy is the fact that cu9 typically arranged in the pattern type 3 (see Figure 17), 

whereas the lamellar structure presented herein is a rarely observed secondary 

modification. In contrast, the Pd(II) complex pd4 did not form the pattern type 3, 

regularly observed in case of the Cu(II) complex cu10 with identical substitution. 
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Figure 19 STM image of the lamellar order from TCB solution: A) O-C18/N-C8 substituted 

Cu(II) complex cu12; image area: 15 x 15 nm2, Vset = −26.6 mV, Iset = 24.1 pA; 
B) secondary structure of the O-C16/N-C8 substituted Cu(II) complex cu9; image 
area: 14 x 14 nm2; Vset = -300 mV, Iset = 31.0 pA; C) O-C16/N-C12 substituted 

Pd(II) complex pd4; image area: 10 x 10 nm2, Vset = −359 mV, Iset = 22.6 pA. 

 

In order to further investigate the role of the N-substituents, we replaced the long N-alkyl 

chains by short side groups with increasing bulkiness. In the case of methyl (cu14) and 

ethyl (cu15) N-substitution, we observed again the lamellar order at the TCB/HOPG 

interface and interdigitating alkoxy substituents at right angles to the lamella axis (Figure 

20). 

    

Figure 20 A) N-methyl/O-C16 substituted Cu(II) complex cu14; image area: 21 x 21 nm2, 

Vset = −0.53 V, Iset = 28.6 pA; B) N-ethyl/O-C16 substituted Cu(II) complex cu15; 

image area: 15 x 15 nm2, Vset = −62.1 mV, Iset = 25.8 pA. 

In contrast, the more bulky iso-propyl N-substituents of the Cu(II) complex cu16 had a 

noticeable influence on the 2D order (Figure 22). Indeed, cu16 formed lamellae as well, 

A B

A B C
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however exhibiting significantly increased metal-metal distances of 11.5 Å (relative to 10 

Å in the case of the corresponding N-H complex cu5) and consequently a strong bending 

of the alkyl side groups of 42 ± 2° with respect to the lamella axis (cu16: 60° ± 2). 

         

Figure 21 STM images of the lamellar structure of cu16, formed at the TCB/HOPG 

interface; image area: 20 x 20 nm2, Vset = −122 mV, Iset = 28.4 pA. 

The adsorption times of cu16 were noticeably long, even when saturated solutions were 

employed. Unexpectedly, we could not find any domain boundaries, such that the size of 

the domains was limited only by individual steps on the graphite surface, as visualised by 

the STM images presented in Figure 22. As a matter of fact, cu16 formed the largest 

domains of all the compounds presented in this thesis while exhibiting a perfect long 

range order, indicated by the white bars on the images. 

 

 
Figure 22 Perfect long range order of the lamellar 2D structure of cu16; A) image area: 

256 x 256 nm2, Vset = −227 mV, Iset = 20.8 pA; B) image area: 201 x 201 nm2, 

Vset = −227 mV, Iset = 20.7 pA. 

A B

11.5 Å 
N

O

Cu

OC16H33

N

O

OC16H33

cu16
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5.3.6 Dynamics within the adlayers 

During our STM investigations, we regularly observed some minor dynamics at the 

domain boundaries which resulted typically in the growth or reduction of the size of 

individual domains. On the contrary, we did not observe desorption of individual 

complex molecules from the interior region of domains. 

During an STM experiment on cu10, highly resolved images were achieved instantly 

after the self-assembly on HOPG. This was the only case when we found individual 

defects within the highly ordered domains. Figure 23 depicts the line diagram of the 

topography (cut-out from Figure 24 A) on which such a defect is identified as a vacancy 

that resulted likely from the fast and thus faulty self-organisation process. 

 

Figure 23 A) High resolution image of the adlayer of cu10, containing a defect (cut-out 
image from Figure 24, A); B) line diagram of the topography along the white axis 
on the STM image, identifying the defect as a vacancy. 

Consecutively obtained images of the identical section of the adlayer exhibit the 

disappearance of the defects within one minute, a process which led finally to the 

perfectly ordered 2D structure (Figure 24). The findings indicate that such 

adsorption/desorption processes of individual molecules occur in a time range that allows 

them to be detected by STM. Due to the fact that we did not find any similar defects 

during the running session or in any of the other STM experiments, we propose that the 

complexes are highly stabilised within the adsorbates so that a desorption of individual 

molecules from the interior part of the domains is inhibited. This assumption is 

particularly reasonable as dynamics play a minor role even at the domain boundaries, 

where the molecules are less stabilised. 

B  A 
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Figure 24 Consecutively obtained STM images of cu10 (ca. 30 seconds between the 
images), showing the disappearance of defects within 1 minute, using constant 

scanning parameters: image area: 70 x 70 nm2, Vset = −220 mV, Iset = 21.5 pA. 

5.3.7 Formation of double-layers 

In some of the STM images of pd1 (Figure 25), we found the regular domains (lamellar 

order, A) which were coexistent with latticed area (B) that seemed to originate from the 

formation of double-layers, exhibiting different orientations of the two layers. 

Figure 25 STM image of pd1; image area: 100 x 100 nm2, Vset = −397 mV, Iset = 21.3 pA; 
A) domains with lamellar order; B) latticed double-layers.  

This speculation is supported by the line diagrams (topographies) of the two different 

areas (A and B, Figure 26), the heights of which differ by the factor two (A: 0.25 ± 0.05 

nm; B: 0.5 ± 0.05 nm), as expected in the case of double-layers. Such phenomenon 

further proves that the dynamics within the monolayers is inhibited (see Chapter 5.3.6), 

as a frequent exchange of molecules within the adlayer would most probably prevent the 

formation of a second layer. 

A

B

 A  B  C
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Figure 26 Cut-out STM images from Figure 25 (pd1) and surface topographies of the two 
different areas; A) lamellar monolayer; B) double-layered structure. 

 

5.4 Conclusion 

It has been shown that neutral alkyl/alkoxy functionalised bis-salicylaldehydato/-

aldiminato M(II) complexes can be successfully employed for the 2D self-assembly at 

the liquid/solid interface. The relative ease of synthetic modification makes this class of 

metal complexes highly suitable for the nano-patterning of surfaces with fine-tuned 2D 

structures. The variation of the functional aldehyde and aldimine (N-H, N-alkyl) groups 

led to the formation of three related, but basically different homochiral pattern types 

(Scheme 13) as well a secondary 2D structure which consisted of a racemic mixture of 

the two enantiomeric surface species. Weak hydrogen bonds and steric interactions 

significantly influenced the relative orientations and positions of the complex cores 

within the adlayers and induced the stepwise increase of the relative metal-metal 

distances from 7, 10, 12 to ≥ 16 Å within the different 2D-patterns (Table 6). 

 

  

A 

B 
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pattern type 1 2 β-modification 
of cu5 3 

minimal metal-
metal distances 7 Å 10 Å 12 Å 16-19 Å  

Table 6 Typical relative metal-metal distances within the different pattern types. 

pattern type 1 pattern type 2 pattern type 3  

Scheme 13 Patterns types 1-3, emerging from each other. 

 

The presented concepts offer access to a large portfolio of further related 2D structures 

within the presented pattern types which can be used as a highly effective tool for the 

controlled nano-decoration of surfaces. In order to make such 2D structures accessible 

for further applications, great efforts have to be put on the preparation of monolayers that 

are free of amorphous material, normally deposited on the dry monolayers. The minor 

dynamics of the adlayers at the domain boundaries as well as the high stabilisation of 

individual molecules in the interior part of the domains are an important basis for any 

further applications, discussed within the large field of Nanotechnology, for example as 

catalysts, molecular sensors or in the field of electronic and magnetic devices. Employing 

catalytically interesting metal ions, the presented concepts might lead to novel types of 

catalyst surfaces that contain highly ordered mononuclear active sites which would 

ultimately combine the advantages of heterogeneous catalyst surfaces and defined active 

transition metal complexes. Furthermore, the chirality of the adlayers is particularly 

interesting for enantioselective processes. Finally, the formation of double-layers may 

offer a first step to highly defined 3D superstructures consisting of multi-layered metal 

complexes. 
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5.5 Experimental section 

A number of compounds presented in Chapter 5 were synthesised and characterised by 

Florian Mögele within the scope of his diploma work.33 The synthesis of 4-dodecyloxy-

phenol is presented in Chapter 6. The other syntheses were carried out as described in the 

following section. 

5.5.1 Ligand syntheses 

Alkoxy substituted salicylaldehydes 

4-(n-Dodecyloxy)-2-hydroxybenzaldehyde (sa2) 

2,4-Dihydroxybenzaldehyde (5.0 g, 36.2 mmol), n-dodecyl bromide (9.02 g, 36.2 mmol) 

and KHCO3 (3.63 g, 36.2 mmol) were stirred in DMF (100 mL) for 3h under reflux. The 

mixture was then left to cool to room temperature and poured into an aqueous solution of 

hydrochloric acid (6N, 150 mL). The precipitate formed was filtered off and purified by 

column chromatography (silica; n-hexane/ethyl acetate, 9:1) to yield the white solid 

product. Yield: 2.6 g (23 %). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.35 

(m, 16H, CH2), 1.39-1.46 (m, 2H, CH2), 1.74-1.81 (m, 2H, CH2), 3.98 (t, 2H, 3J = 6.6 

Hz, OCH2), 6.39 (d, 1Harom, 
4J = 2.3 Hz), 6.50 (dd, 1Harom, 3J = 8.6 Hz, 4J = 2.3 Hz), 7.39 

(d, 1Harom, 3J = 8.6 Hz), 9.68 (s, 1H, CH=O), 11.45 (s, 1H, OH); 13C-NMR (CDCl3): δC 

(ppm) = 14.1, 22.7, 25.9, 28.9, 29.3 (2C), 29.5-29.6 (4C), 31.9, 68.6, 101.1, 108.8, 115.0, 

135.2, 164.6, 166.5, 194.3 (C=O); elemental analysis calcd (%) for C19H30O3: C 74.47, H 

9.87, found: C 74.34, H 9.94. 

 

4-(n-Hexadecyloxy)-2-hydroxybenzaldehyde (sa3) 

The synthesis of sa3 was carried out according to sa2, using 2,4-dihydroxybenzaldehyde 

(3.0 g, 21.7 mmol), n-hexadecyl bromide (6.63 g, 21.7 mmol), KHCO3 (2.17 g, 21.7 

mmol), DMF (75 mL), aqueous solution of hydrochloric acid (6N, 100 mL), column 

chromatography (silica; n-hexane/ethyl acetate, 4:1). Yield: 2.35 g (30%) of the pure 

product sa3. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.20-1.35 (m, 24H, CH2), 

1.38-1.46 (m, 2H, CH2), 1.73-1.80 (m, 2H, CH2), 3.98 (t, 2H, OCH2), 6.39 (d, 1Harom, 4J 

= 2.0 Hz), 6.50 (dd, 1Harom, 3J = 8.6 Hz, 4J = 2.0 Hz), 7.39 (d, 1Harom, 3J = 8.6 Hz), 9.68 

(s, 1H, CH=O), 11.46 (s, 1H, OH); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 25.9, 28.9, 

29.3, 29.4, 29.5, 29.6-29.7 (7C), 31.9, 68.6, 101.0, 108.8, 115.0, 135.2, 164.5, 166.5, 
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194.3 (C=O); elemental analysis calcd (%) for C23H38O3: C 76.20, H 10.56; found: C 

76.02, H 10.49. 

 

5-(n-Dodecyloxy)-2-hydroxybenzaldehyde (sa4) 

A mixture of hydrochinone (20.10 g, 183 mmol), n-dodecyl bromide (34.50 g, 138 

mmol) and NaOH (5.50 g, 138 mmol) in ethanol (150 mL) was vigorously stirred under 

argon atmosphere for 6 h under reflux. The mixture was then left to cool to room 

temperature. The white solid precipitate formed was filtered off an identified as the bis-

alkoxy side product. Addition of H2O to the supernatant led to the precipitation of the 

crude mono-alkoxy product which was filtered off. The solid was recrystallised from n-

hexane, washed with water and dried in vacuo to yield white needles of 4-(n-

dodecyloxy)phenol. Yield: 15.74 g (41 %); 1H-NMR (CDCl3): δH = 0.86 (t, 3H, 3J = 6.8 

Hz, CH3), 1.22-1.34 (m, 16H), 1.38-1.45 (m, 2H), 1.69-1.76 (m, 2H), 3.87 (t, 2H, 3J = 6.6 

Hz, OCH2,), 4.40 (s, 1H, OH), 6.75 (m, 4Harom) ppm; 13C-NMR (CDCl3): δH = 14.1, 22.7, 

26.0, 29.3, 29.4, 29.6-29.7 (5C), 31.9, 68.8, 115.6, 116.0, 149.3, 153.4 ppm. 

4-(n-Dodecyloxy)phenol (2.00 g, 7.2 mmol) was then converted with hexamethylene-

tetramine (2.80 g, 20.0 mmol) in trifluoroacetic acid (10 mL). The suspension was 

vigorously stirred for 14 h at 100° C and for further 50 h at room temperature. An 

aqueous solution of hydrochloric acid (4N, 10 mL) was then added and the mixture 

extracted with CH2Cl2 and hexane. The combined organic layers were washed with an 

aqueous solution of hydrochloric acid (4N), H2O and a saturated aqueous NaCl solution. 

The organic layer was concentrated in vacuo, and the obtained black oil was purified by 

column chromatography (silica; hexane/ethylacetate, 9:1) to yield 0.4 g (18 %) of the 

yellow solid product sa4. As a side product of the reaction, the pure diformylphenol 

derivative was obtained in a second fraction. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, 

CH3), 1.22-1.35 (m, 16H, CH2), 1.39-1.46 (m, 2H, CH2), 1.72-1.79 (m, 2H, CH2), 3.91 (t, 

2H, 3J = 6.6 Hz, OCH2), 6.89 (d, 1Harom, 3J = 9.1 Hz), 6.97 (d, 1Harom, 4J = 3.0 Hz), 7.12 

(dd, 1Harom, 3J = 9.1 Hz, 4J = 3.0 Hz), 9.82 (s, 1H, CH=O),  10.62 (s, 1H, OH); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 22.7, 26.0, 29.2, 29.3, 29.4, 29.5-29.6 (4C), 31.9, 68.9, 116.1, 

118.6, 120.0, 125.8, 152.2, 155.9, 196.1 (C=O); elemental analysis calcd (%) for 

C19H30O3: C 74.47, H 9.87, found: C 74.02, H 9.83; IR (KBr): ν = 1671 cm-1 (C=O). 
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Alkoxy substituted salicylaldimine ligands bearing short N-alkyl groups 

Prior to the synthesis of the complexes cu14-cu16, the free salicylaldimine ligands im1-

im3 were synthesised and isolated. Therefore, sa3 was vigorously stirred in the presence 

of excess of primary alkyl amine and catalytic amounts of acetic acid in boiling methanol 

(or ethanol) for 1 h under reflux. At the end of this period, the mixture was left to cool to 

room temperature. The product precipitated was filtered off, washed with ethanol and 

dried in vacuo to yield the pure ligands im1-im3. 

  

5-(n-Hexadecyloxy)-2-[(methylimino)methyl]phenol (im1) 

4-(n-Hexadecyloxy)-2-hydroxybenzaldehyde (sa3, 50 mg, 0.14 mmol), solution of 

methylamine in ethanol (33%, 1 mL), 1 drop of acetic acid. Yield: 37 mg (70%). 1H-

NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.20-1.34 (m, 24H, CH2), 1.38-1.45 (m, 

2H, CH2), 1.71-1.78 (m, 2H, CH2), 3.39 (s, 3H, N-CH3), 3.94 (t, 2H, 3J = 6.6 Hz, OCH2), 

6.34 (d, 1Harom, 3J = 8.6 Hz), 6.44 (s, 1Harom), 6.60 (d, 1Harom, 3J = 8.6 Hz), 8.10 (s, 1H, 

CH=N); IR (KBr): ν = 1653 cm-1 (C=N). 

 

2-[(Ethylimino)methyl]-5-(n-hexadecyloxy)- phenol (im2) 

4-(n-Hexadecyloxy)-2-hydroxybenzaldehyde (sa3, 100 mg, 0.28 mmol), solution of 

ethylamine in methanol (2.0M, 2 mL), 1 drop of acetic acid. Yield: 65 mg (60%). 1H-

NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.33 (m, 27H, CH2 (alkyl) + CH3 

(ethyl), 1.38-1.45 (m, 2H, CH2), 1.71-1.79 (m, 2H, CH2), 3.55 (q, 2H, 3J = 7.2 Hz, N-

CH2), 3.94 (t, 2H, 3J = 6.6 Hz, OCH2), 6.32 (d, 1Harom, 3J = 8.6 Hz), 6.41 (s, 1Harom), 7.04 

(d, 1Harom, 3J = 8.6 Hz), 8.09 (s, 1H, CH=N); IR (KBr): ν = 1652 cm-1 (C=N). 
 

5-(n-Hexadecyloxy)-2-[(iso-propylimino)methyl]phenol (im3) 

4-(n-Hexadecyloxy)-2-hydroxybenzaldehyde (sa3, 50 mg, 0.14 mmol), solution of 

isopropylamine (59 mg, 1 mmol) in ethanol (1 mL), 1 drop of acetic acid. Yield: 39 mg 

(69 %). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.21-1.34 (m, 30H, CH2 (alkyl) 

+ CH3 (isopropyl)), 1.38-1.45 (m, 2H, CH2), 1.71-1.78 (m, 2H, CH2), 3.57 (m, 1H, 

CHisopropyl), 3.95 (t, 2H, 3J = 6.6 Hz, OCH2), 6.36 (d, 1Harom, 3J = 8.6 Hz), 6.48 (s, 

1Harom), 7.06 (d, 1Harom, 3J = 8.6 Hz), 8.10 (s, 1H, CH=N); IR (KBr): ν = 1633 cm-1 

(C=N). 
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5.5.2 Complex syntheses 

cu2: A solution of Cu(II) acetate monohydrate (64 mg, 0.32 mmol) in a mixture of 

ethanol/water (1:1, 6 mL) was added to the hot solution of 4-(n-dodecyloxy)-2-

hydroxybenzaldehyde (sa2, 180.5 mg, 0.59 mmol) in ethanol (9.5 mL). The reaction 

mixture was stirred for 0.5 h under reflux. During the reaction, the product precipitated 

which was then filtered off, washed thoroughly with water and ethanol and dried in 

vacuo to yield green solid product cu2 (34.6 mg, 16%). Elemental analysis calcd (%) for 

C38H58CuO6: C 67.68, H 8.67; found: C 67.80, H 8.60; IR (KBr): ν = 1626 cm-1 (C=O). 

 

cu3: The reaction was performed according to the methodology described for cu2, using 

solutions of 5-(n-dodecyloxy)-2-hydroxybenzaldehyde (sa4, 103 mg, 0.34 mmol) in 

ethanol (1.5 mL) and Cu(II) acetate monohydrate (32 mg, 0.16 mmol) in ethanol (1.5 

mL). Yield: 72 mg (67%). Elemental analysis calcd (%) for C38H58CuO6: C 67.68, H 

8.67; found: C 67.68, H 8.64; IR (KBr): ν = 1627 cm-1 (C=O). 

 

cu5: 4-(n-Dodecyloxy)-2-hydroxybenzaldehyde (sa2, 150 mg, 0.49 mmol) was dissolved 

in a solution of ammonia in methanol (7N, 3 mL, 21 mmol) and added to the solution of 

Cu(II) acetate monohydrate (49 mg, 0.24 mmol) in the ammonia solution in methanol 

(7N, 0.3 mL). The mixture was stirred for 0.5 h at room temperature. The product 

precipitated was then filtered off, washed thoroughly with methanol and dried in vacuo to 

yield light green product cu5 (90 mg, 55%). Elemental analysis calcd (%) for 

C38H60CuN2O4: C 67.87, H 8.99, N 4.17; found: C 67.76, H 9.04, N 3.96; IR (KBr): ν = 

1617 cm-1 (C=N). 

 

cu7: The reaction was performed according to cu5, using 5-(n-dodecyloxy)-2-

hydroxybenzaldehyde sa4 (50 mg, 0.16 mmol) in a solution of ammonia in methanol 

(7N, 20 mL) and Cu(II) acetate monohydrate (16 mg, 0.09 mmol) in  a solution of 

ammonia in methanol (7N, 10 mL). Reaction: 1h under reflux; washing of the product 

with acetone. Yield: 20 mg (0.03 mmol, 38%). Elemental analysis calcd (%) for 

C38H60O4N2Cu: C 67.87, H 8.99, N 4.17; found: C 67.32, H 8.94, N 4.29. 
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The Cu(II) complexes cu14-cu16 were synthesised by conversion of the salicylaldimine 

ligands im1-3 with Cu(II) acetate monohydrate in boiling methanol. The green products 

that precipitated were filtered off, washed thoroughly with hot methanol and dried in 

vacuo to yield the pure Cu(II) complexes cu14-16. 

 

cu14: im1 (20 mg, 0.053 mmol), Cu(II) acetate monohydrate (5.3 mg, 0.027 mmol) 

methanol (1 mL). Yield: 14 mg (65%). Elemental analysis calcd (%) for C48H80CuN2O4: 

C 70.94, H 9.92, N 3.45; found: C 71.66, H 10.19, N 3.42; IR (KBr): ν = 1625 cm-1 

(C=N). 

 

cu15: im2 (20 mg, 0.05 mmol), Cu(II) acetate monohydrate (5.0 mg, 0.025 mmol), 

methanol (1 mL). Yield: 12 mg (57%). Elemental analysis calcd (%) for C50H84CuN2O4: 

C 71.43, H 10.07, N 3.33; found: C 71.14, H 10.10, N 3.25; IR (KBr): ν = 1617 cm-1 

(C=N). 

 

cu16: im3 (50 mg, 0.124 mmol), Cu(II) acetate monohydrate (12.4 mg, 0.062 mmol), 

ethanol (1 mL). Yield: 22.4 mg (38%). Elemental analysis calcd (%) for C52H88CuN2O4: 

C 71.89, H 10.21, N 3.22; found: C 71.46, H 10.12, N 3.18; IR (KBr): ν = 1616 cm-1 

(C=N). 
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6 

Binuclear Metal Complexes  

−  STM-Visualisation 

 

6.1 Introduction 

Multi-centre catalysts widen the scope of homogeneous catalysis 

The early 1970’s saw the first reports of organic ligand systems that promote the 

formation of binuclear complexes.1 Binucleating ligands offer two predefined binding 

sites which consist typically of one or more hetero atoms, whereas the relative metal-

metal distances are mainly defined by the linker geometry. One can distinguish between 

binuclear complexes with locally separated metal centres on one hand2,3,4,5,6 and with 

narrow proximities of the two metal ions (often sharing individual hetero atoms) on the 

other (Figure 1). In the latter case, macrocyclic ligands also play an important role (see 

Chapter 7). In general, flexible linkers enable the free variation of the metal-metal 

distances within a certain range.7,8 

 

M M

M M

 

Figure 1 General model for binuclear complexes in which the relative metal-metal 

distances are defined by the linker geometry. 

Binuclear complexes have attracted considerable attention, mainly due to their promising 

catalytic and magnetic behaviour and their similarity to binuclear metallo-enzymes. The 

aim is to take advantage of cooperative effects between the metal centres. 
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Enzyme mimics 

Enzymatic catalysts achieve superior reactivity and selectivity, in part due to 

conformational advantageous spatial proximities and interactions of active sites.  

Hemocyanin, tyrosinase and ascorbic acid oxidase for example are copper proteins that 

contain strongly coupled binuclear copper centres, but perform different biological 

functions.9 Urease [Ni,Ni] or human protein phosphatase 1 [Mn,Fe] are representative 

examples for structurally characterised homo- and heterobinuclear metallo-proteins with 

asymmetric ligand environments.10  

The possibility of unique and more efficient catalytic transformations by mimicking 

enzymes is being intensively investigated,11 for example in the case of copper-mediated 

dioxygen-activation.12 Further examples of synthetic binuclear complexes with 

symmetric and asymmetric ligand environments are depicted in Figure 2. 
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Figure 2 a) Binuclear Cu(II) complex for the catalysed, geometry-dependent 

phosphodiester (occurring in the DNA backbone) hydrolysis;13 b) asymmetric 

hetero- and homo-binuclear Cu(II)-Zn(II) complexes, M1 = Cu(II), M2 = Zn(II) or 

Cu(II);10 c) binuclear Cu(II) complex changing the selectivity of DNA oxidation.14 

Fischer-Tropsch catalysis 

Despite the industrial successes of the Fischer-Tropsch reaction (see Chapter 1.3) since 

its discovery nearly 80 years ago,15 the process is still not well understood and its lack of 

selectivity continues to be a drawback. Although there is general agreement that the 

reaction is the result of a stepwise polymerisation of methylene groups,16 various 

mechanisms have been proposed,15,17,18,19,20 which all involve the formation of methylene 

fragments at adjacent metal atoms of heterogeneous catalyst surfaces. It is expected that 

carbon-rich CnHx fragments bridging a binuclear frame in defined homo- and hetero-
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binuclear transition metal complexes serve as model systems to the understanding of 

reactive intermediates, obtained during the heterogeneous FT-process.21 Cowie et al., for 

example, investigated the reactivity of hetero-binuclear complexes and achieved an 

unusually selective coupling of methylene groups on Rh/Os active centres (Scheme 1).22  
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H
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Scheme 1 Coupling of methylene groups that yields intermediates which are typically 
produced during the FT catalysis.22 

 

C-H activation 

The selective and efficient activation of alkanes remains one of the great challenges of 

contemporary chemistry, and there have been several major reviews of the progress made 

and the associated problems that remain to be solved.23,24,25,26,27,28 Efficient industrial 

processes for the C-H activation of methane would make this gas more usable as a basic 

chemical. Previous studies concentrated mostly on mononuclear platinum(II) complexes 

that afforded the first true homogeneous metal complex activation of methane.29 

Binuclear rhodium complexes were employed for investigating the efficient activation of 

methane at room temperature (Scheme 2 a).30,31 Recently, Zhang et al. studied novel 

binuclear Pt(II) complexes (b) for modelling intermediates in C-H bond activation.29 

N

NPt

N

N
Pt

O

O
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H
H

H
H

b

X

a   

Scheme 2 Binuclear complexes with variable metal-metal distances for a) smooth 
methane activation; b) synthesis of intermediates in methane activation.29 
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Further applications 

Various binuclear systems were employed, for example, in the polymerisation catalysis, 

using typical active transition metals such as Ni(II), Pd(II) or Ti(IV) (Figure 3, a).32,33 

Besides, binuclear zinc catalysts with asymmetric ligand environments were used for the 

direct asymmetric aldol reaction of acetone (Figure 3, b). 

In addition, binuclear complexes can act as sensors that bind substrates specifically at the 

two metal centres. Striegler et al., for example, presented a binuclear Cu(II) complex that 

acts as a specific sugar receptor (Figure 3, c).34 Furthermore, such systems can exhibit 

interesting electronic and magnetic properties, due to coupling of proximal metal centres. 

Bis(1,3,5-triketonato)dicopper(II) complexes, for example, mimic the magnetic 

properties of type 3 copper enzymes.35 
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  a                b          c 

Figure 3 a) Bimetallic titanium catalyst, mediating α-olefin comonomer enchainment in 

ethylene polymerisation;11 b) bimetallic zinc catalyst for the direct asymmetric 

aldol reaction of acetone;36 c) binuclear complex for the recognition of sugar 

(mannosyl-anion).34 

 

Binuclear Mesogens 

In selected cases, alkyl substituted binuclear metal complexes form mesophases. Such 

compounds are based mainly on copper carboxylates and dithiocarboxylates, ortho- and 

cyclo-palladated compounds, dicopper β-diketonate and β-enaminoketonate complexes 

(Figure 4).37 
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Figure 4 Examples of binuclear mesogen complexes; a) binuclear palladium(II) 

complex;38 b) alkoxy-substituted bistrionato dicopper(II) complex;39 c) bis-

salicylaldiminato dicopper(II) complex;40 d) tetra-alkanoate dicopper(II) 

complex;41 R = alkyl/alkoxy side groups. 

 

Compounds that form mesophases often contain structural motifs that are predefined for 

the 2D self-assembly at liquid/solid interfaces. Advantageous features are rigid and 

planar complex cores combined with alkyl substituents (refer to Chapters 4 and 5). 

Resultant highly ordered surface structures which contain binuclear active centres might 

serve as novel, highly selective catalytic surfaces for the major applications mentioned 

above. 

It can be expected that within self-assembled 2D structures, the active sites of 

mononuclear complexes are partly blocked by the substrate and adjacent molecules. The 

problem may be circumvented by using binuclear complexes which provide two or more 

active sites on the same side of the complex at close metal-metal distances. This 

prompted us to focus on the design and synthesis of binuclear alkyl/alkoxy-

functionalised complexes for 2D self-assembly at the liquid/solid interface, discussed in 

Chapter 6.2. Chapter 6.3 presents STM images of the self-assembled ligands and 

complexes. 

 

 



Chapter 6 

112 

6.2 Syntheses of binuclear alkyl functionalised M(II) 

complexes 

6.2.1 Bis-salicylaldiminato Cu(II) complex 
The mononuclear Cu(II) bis-salicylaldiminato complex cu10 forms highly ordered 2D 

patterns at the liquid/HOPG interface, as presented in Chapter 5.3.4. Due to these 

findings, we also investigated the corresponding rigid binuclear, alkyl functionalised 

Cu(II) complex bin1 (Scheme 3) which is known to form mesophases (vide supra, 

Chapter 6.1). The synthesis of bin1 was carried out according to a methodology reported 

in the literature, by treatment of cu10 with Cu(II) chloride in chloroform.40 
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Scheme 3 Synthesis of the binuclear bis-salicylaldiminato Cu(II) complex bin1. 

6.2.2 Diazomethinephenolate Cu(II) complex 
In addition to bin1, a novel type of binuclear complexes was designed on the basis of 

alkoxy substituted diformylphenol-derived ligands, depicted in Scheme 4. Employing 

suitable transition metal ions, the complexes exhibit extended planar cores which are 

predefined for self-assembly at the liquid/solid interface. Furthermore, the exchange of 

the aldehyde O-atom with imine functionalities (N-H or N-alkyl) offers a basic 

modification of the ligand structure near the metal centres. Noteworthy is the close 

structural relationship with the mono- and binuclear bis-salicylaldehydato/-aldiminato 

complexes, presented in the Chapters 5 and 6.2.1. 
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Scheme 4 Targeted structure of the desired binuclear complexes; X = O, NH, N-Alk; Alk = 
alkyl; M = transition metal ions. 

 

Functionalised diformylphenol ligands 

Prior to the complexes, the novel diformylphenol ligands bearing alkoxy substituents of 

different lengths were synthesised (Scheme 5). The basis of this reaction is the 

incorporation of formyl groups into the 4-alkoxy phenol synthon 2. In the first step, 

asymmetric etherification of hydrochinone 1 with n-alkyl bromides of different lengths 

led to the alkoxy-phenols 2. Primary reactions in a mixture of dioxane/water (1:1) in the 

presence of KHCO3
42 or in acetone using K2CO3 afforded 2 in very low yields. 

Satisfactory conversions were finally achieved employing NaOH as base in ethanol 

solution.43 

For the further generation of the diformylphenols 4, we attempted an incorporation of 

hydroxymethyl side groups in the ortho-positions to the OH-group (Ia) combined with 

subsequent oxidation to the corresponding diformylphenol 4 (Ib). Therefore, 

octyloxyphenol (2a) was successfully converted in the presence of aqueous 

formaldehyde and NaOH, according to a literature procedure used in the case of short 

substituents.44 The resultant bis(hydroxymethyl)phenol intermediate 3a was purified by 

column chromatography (silica; CH2Cl2/MeOH, 10:1). However, we did not achieve an 

analogous reaction in the case of the C12 and C16 O-substituted reagents (2b, 2c), due to 

their decreased solubilities in H2O. 

Subsequent oxidation of 3a was carried out similarly to a literature method for low-

substituted reagents,45,46,47 using activated MnO2 in CH2Cl2 as oxidation agent (Ia). In 

contrast to the corresponding methyl-substituted compound (see Chapter 7), the 

oxidation did not directly afford the pure product. However, 4a was clearly identified as 

the main product by NMR spectroscopy. 



Chapter 6 

114 

O OH O

O
R

H2CO

OH OH OH

O
R

MnO2

O OH O

O
R

OH

OH

OH

O
R

1) 

2) NaOH
(2a)

3a 4a

HMTA

HCl

1)

2)
TFA

(2b, 2c)

4b, 4c

NaOH
R-Br+

EtOH

1 2

2a, 3a, 4a R = C8H17

II

Ia

Ib

2b, 4b
2c, 4c

R = C12H25

R = C16H33

 
Scheme 5 Synthesis of alkoxy functionalised diformylphenol ligands 4a-4c; I) two step 

pathway to the functionalised diformylphenol ligand 4a; II) direct conversion to 
the diformylphenols 4b and  4c. 

Due to the limitation of reaction Ia (Scheme 5) to short alkoxy side groups, we attempted 

a second strategy which is based on the direct incorporation of formyl groups into the 

alkoxyphenols 2, as presented in the literature in the case of low-substituted phenols.48 

Indeed, the reactions of 2b and 2c with two equivalents of hexamethylenetetramine 

(HMTA) in refluxing trifluoroacetic acid (TFA) led to the desired C12 (4b) and C16 (4c) 

O-substituted diformylphenols (Scheme 5, II). The crude products were purified by 

column chromatography (silica). However, various optimised eluent mixtures 

(ethylacetate/hexane or CH2Cl2/MeOH) afforded only purities up to 90-95 % at low 

yields. The reason was the narrow Rf-values of products and side products. In a second 

fraction, the pure monoformyl compounds (salicylaldehydes) were isolated (see Chapter 

5) 

Finally, small amounts of 4b and 4c could be successfully purified by preparative thin 

layer chromatography (TLC) on large silica plates (CH2Cl2, Figure 5). By this method, 

the main products were fully separated from the side products and could be isolated from 

the silica (extraction with CH2Cl2) as the pure compound, as demonstrated by the 1H-

NMR spectrum of the C12 O-substituted diformyl ligand 4b (Figure 6). 
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side product 
(5-15 %)

main product

 

Figure 5 Purification of the diformylphenols 4b and 4c by preparative thin layer 

chromatography on large TLC plates (20 x 20 cm2, silica; CH2Cl2).
∗ 

Figure 6 1H-NMR spectrum of the C12 O-substituted diformylphenol ligand 4b. 

The presented synthetic pathways towards the desired diformylphenols 4 (I and II, 

Scheme 5) need to be further improved, in order to achieve higher yields. Even though, 

enough pure material was obtained for subsequent complexation reactions and STM 

investigations. 

                                                 
∗  Commercial Merck TLC aluminium sheets, 20 x 20 cm, silica gel 60. 
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Complexation of the diformylphenol derived ligand 

A binuclear Cu(II) diazomethine complex (bin2) was synthesised on the basis of the C16 

O-substituted diformylphenol ligand 4c (Scheme 6). The conversion was performed in 

analogy to the corresponding mononuclear bis-salicylaldehydato Cu(II) complexes 

presented in Chapter 5, by in situ complexation with Cu(II) acetate in the presence of 

excess methanolic ammonia. The product which precipitated during the reaction was 

isolated by filtration and purified by washing with methanol and H2O. Successful 

conversion was evidenced by elemental analysis. In addition, the IR spectrum contained 

the characteristic signal for the imine bond (in the complex) at 1631 cm-1. 
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Scheme 6 Synthesis of the binuclear Cu(II) complex bin2. 

 

The synthesis of the corresponding binuclear aldehyde Cu(II) complexes did not lead to 

the pure compounds. This finding is in accordance with corresponding methyl substituted 

complexes, presented in the literature.9 
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6.3 STM investigations 

6.3.1 Binuclear bis-salicylaldiminato Cu(II) complex 
Self-assembly of the binuclear Cu(II) complex bin1 from TCB solution on HOPG 

afforded 2D arrays which consisted of separated complex “islands”, as known from the 

corresponding mononuclear complex cu10 (pattern type 3, Chapter 5). However, the 

STM images (Figure 7) reveals that bin1 formed a quadratic structure (ca. 18 x 18 Å2) 

instead of the distorted hexagonal array formed by cu10 which allows the 2D structure of 

bin1 to be distinguished from the potential impurity cu10. Furthermore, the areas per 

molecule within the 2D arrays are significantly increased (bin1: 3.3 ± 0.1 nm2 relative to 

cu10: 2.9 ± 0.1 nm2), as expected due to the higher space demand of the binuclear 

complex. 

 

  

Figure 7 STM images of the quadratic 2D order of the binuclear salicylaldiminato Cu(II) 

complex bin1 from TCB solution; A) image are: 30 x 30 nm2, Vset = −285 mV, Iset 

= 23.9 pA; B) image area: 8 x 8 nm2, Vset = −279 mV, Iset = 19.4 pA. 

 

6.3.2 Free alkoxy substituted diformylphenol ligand 
Prior to the complex bin2, the 2D self-assembly of the free diformylphenol-derived 

ligands 4 was studied by STM. In the case of the C12 O-substituted ligand 4b (Figure 8), 

we observed a lamellar 2D order from a saturated mixture of 1,2,4-trichlorobenzene/1-

octanol (1:1). Noteworthy is the fact that the 2D arrangement of 4b differed significantly 

from the surface structure formed by the corresponding monoformyl ligand 
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(salicylaldehyde) sa4, discussed in Chapter 5. As the main structural difference, the alkyl 

chains of adjacent lamellae are interdigitating (typical for pattern type 2, Chapter 5), 

whereas sa4 and the corresponding bis-salicylaldehydato M(II) complexes form the 

pattern type 1 in which the side chains are interacting within the same lamellae. 

Surprisingly, the observed lamellae do not offer a unidirectional orientation axis within 

the domains, whereas a preferred long-range orientation is maintained. Such irregularities 

are untypical for self-assembled monolayers which provide mostly high regularities. 

 

 

 
Figure 8 High resolution STM images of the free C12 O-substituted diformylphenol ligand 

4b, self-assembled from a mixture of 1,2,4-trichlorobenzene/1-octanol (1:1) on 

HOPG; A) image area: 17 x 17 nm2, Vset = −389 mV, Iset = 20.0 pA; B) image 

area: 100 x 100 nm2, Vset = −389 mV, Iset = 22.4 pA. 

6.3.3 Binuclear diazomethinephenolate Cu(II) complex 
The binuclear C16 O-substituted diimine Cu(II) complex bin2 formed lamellar 2D 

structures at the 1,2,4-trichlorobenzen/HOPG interface as well. Contrary to the free C12 

O-substituted diformylphenol ligand 4b (vide supra, Figure 8), the resultant 2D arrays of 

bin2 (Figure 9) exhibit a high regularity within the domains. Again, the alkyl chains of 

adjacent lamellae are interdigitating (periodicity: 30 Å). As a result of the short 

periodicity within the lamellae (ca. 9 Å), the alkoxy side chains are arranged nearly 

perpendicular to the lamella axis, as in the case of the free ligand 4b. 
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Figure 9 STM images of the C16 O-substituted binuclear complex bin2; A) image area: 

8.5 x 8.5 nm2, Vset = −187 mV, Iset = 30.4 pA; B) image area: 20 x 20 nm2, Vset = 

−268 mV, Iset = 33.7 pA. 

 

 

 

6.4 Conclusion 

The presented 2D structures are our first examples of an extraordinary class of surface 

layers that consist of binuclear complexes which thus exhibit a distinct spatial proximity 

of the metal centres. As a result of the face-on deposition on HOPG, the free 

coordination sites of the binuclear complexes are not blocked by the surface or adjacent 

molecules. Therefore, such 2D structures might act, in the case of active complexes, as 

novel catalyst surfaces which offer direct interaction/cooperation of the metal centres. 

Again, pure monolayers that are free of amorphous material in the dry state are required 

for any further applications, as discussed in the case of the related mononuclear 

complexes (Chapter 5). 
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6.5 Experimental section 

6.5.1 Ligand syntheses 

4-(n-Octyloxy)phenol (2a) 

A mixture of hydrochinone (29.0 g, 0.26 mol), n-octyl bromide (38.6 g, 0.20 mol) and  

NaOH (8.0 g, 0.20 mol) in ethanol (200 mL) was vigorously stirred under argon 

atmosphere for 9 h under reflux. At the end of this period, the hot solution was filtered 

and the solvent removed by rotary evaporation. The resultant black oil was dissolved in 

CH2Cl2, the solution dried over Na2SO4 and then cooled in an ice bath. The solid 

disubstituted side product that precipitated was filtered off and the supernatant was 

evaporated to dryness to yield a white solid that was dried in vacuo. Yield: 12.3 g (21%) 

of product 2a. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.33 (m, 8H), 1.38-

1.45 (m, 2H), 1.69-1.76 (m, 2H), 3.87 (t, 2H, 3J = 6.6 Hz, OCH2), 6.74 (m, 4Harom); 13C-

NMR (CDCl3): δC (ppm) = 14.1, 22.6, 26.0, 29.2, 29.3, 29.4, 31.8, 68.8, 115.6, 116.0, 

149.3, 153.3. 

4-(n-Dodecyloxy)phenol (2b) 

A mixture of hydrochinone (20.10 g, 183 mmol), n-dodecyl bromide (34.50 g, 138 

mmol) and NaOH (5.50 g, 138 mmol) in ethanol (150 mL) was stirred under argon 

atmosphere for 6 h under reflux. The solid disubstituted side product that precipitated 

was filtered off. Addition of H2O to the supernatant caused the product to precipitate 

which was filtered off, washed thoroughly with water and recrystallised subsequently 

from acetone and n-hexane to yield the pure product as white needles (2b, 15.74 g, 31%). 
1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.34 (m, 16H), 1.38-1.45 (m, 2H), 

1.69-1.76 (m, 2H), 3.87 (t, 2H, 3J = 6.6 Hz, OCH2), 4.40 (s, 1H, OH), 6.75 (m, 4Harom); 
13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.0, 29.3, 29.4 (2C), 29.6-29.7 (4C), 31.9, 

68.8, 115.6, 116.0, 149.3, 153.4. 

4-(n-Hexadecyloxy)phenol (2c) 

The synthesis of 2c was carried out according to 2b (without recrystallisation of the 

product), using hydrochinone (5.0 g, 45 mmol), n-hexadecyl bromide (10.5 g, 35 mmol) 

and NaOH (1.38 g, 35 mmol) in ethanol (50 mL). Yield: 3.03 g (20%) of pure 2c. 1H-

NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.33 (m, 24H), 1.37-1.44 (m, 2H), 

1.68-1.76 (m, 2H), 3.88 (t, 2H, 3J = 6,6 Hz, OCH2), 4.40 (s, 1H, OH), 6.74 (m, 4Harom); 
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13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.0, 29.3, 29.4 (2C), 29.6-29.7 (8C), 31.9, 

68.7, 115.6, 115.9, 149.3, 153.3. 

2,6-Bis(hydroxymethyl)-4-octyloxy-phenol (3a) 

4-(n-Octyloxy)phenol 2a (8.0 g, 36 mmol) and an aqueous formaldehyde solution (37%, 

7.74 g) were added to a solution of NaOH (1.7 g, 43 mmol) in H2O (7 mL). The mixture 

was stirred for 10 h under reflux. At the end of this period, the solvent was removed and 

the obtained yellow oil purified by column chromatography (silica; CH2Cl2/MeOH, 10:1) 

to yield white solid product (3a, 3.0 g, 29%). 1H-NMR (CDCl3): δH (ppm) =  0.86 (t, 3H, 

CH3), 1.22-1.35 (m, 8H, CH2), 1.36-1.44 (m, 2H, CH2), 1.67-1.74 (m, 2H, CH2), 2.54 (s, 

2H, OH), 3.84 (t, 2H, 3J = 6.7 Hz, OCH2), 4.70 (s, 4H, CH2OH), 6.57 (s, 2Harom); 13C-

NMR (CDCl3): δC (ppm) = 14.1, 22.6, 26.0, 29.2, 29.3, 31.8, 63.5 (CH2OH), 68.9 

(OCH2), 113.9, 126.9, 148.3, 152.2. 

2,6-Bis(formyl)-4-(n-octyloxy)phenol (4a) 

A suspension of 2,6-bis(hydroxymethyl)-4-octyloxy-phenol 3a (600 mg, 2.1 mmol) and 

activated MnO2 (90%, 2.60 g, 0.030 mol) in CH2Cl2 (15 mL) was vigorously stirred for 5 

h under reflux. Solid MnO2 was then filtered off, the supernatant evaporated to dryness 

and the residue dried in vacuo to yield the product 4a that contained unidentified side 

products. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.22-1.35 (m, 8H, CH2), 1.39-

1.45 (m, 2H, CH2), 1.73-1.79 (m, 2H, CH2), 3.96 (t, 2H, 3J = 6.5 Hz, OCH2), 7.47 (s, 

2Harom), 10.18 (s, 2H, CH=O), 11.08 (s, 1H, OH); 13C-NMR (CDCl3): δC (ppm) = 14.1 

(CH3), 22.6, 25.9, 29.1-29.4 (3C), 31.8, 69.2 (OCH2), 123.1 123.5, 152.2, 157.9, 191.8 

(C=O). 

2,6-Bis(formyl)-4-(n-dodecyloxy)phenol (4b) 

A suspension of hexamethylenetetramine (2.80 g, 20.0 mmol) and 4-(n-dodecyloxy)-

phenol (2.00 g, 7.2 mmol) in trifluoroacetic acid (10 mL) was vigorously stirred for 14 h 

at 100° C and for a further 50 h at room temperature. The mixture was then quenched 

with an aqueous solution of hydrochloric acid (4N, 10 mL) and extracted with CH2Cl2 

and hexane. The combined organic layers were washed with an aqueous solution of 

hydrochloric acid (4N), water and a saturated aqueous NaCl solution. The organic layers 

were combined, the solvent removed by rotary evaporation and the obtained black 

residue purified by column chromatography (silica; hexane/ethylacetate, 9:1) to yield 

0.33 g (14%) of the solid yellow product. In a second fraction, the monoformyl side 
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product (5-(n-dodecyloxy)-salicylaldehyde) was isolated. 1H-NMR analysis of the 

product fraction indicated the presence of unidentified impurities (ca. 5%). A small 

amount of the crude product was further purified by preparative thin layer 

chromatography (silica gel; CH2Cl2). 1H-NMR (CDCl3): δH (ppm) = 0.85 (t, 3H, CH3), 

1.20-1.35 (m, 16H, CH2), 1.39-1.46 (m, 2H, CH2), 1.72-1.79 (m, 2H, CH2), 3.95 (t, 2H, 
3J = 6.5 Hz, OCH2), 7.47 (s, 2Harom), 10.18 (s, 2H, CH=O), 11.08 (s, 1H, OH); 13C-NMR 

(CDCl3): δC (ppm) = 14.1 (CH3), 22.7, 25.9, 29.1, 29.3 (2C), 29.5-29.6 (4C), 31.9, 69.2 

(OCH2), 123.1, 123.5, 152.2, 157.9, 191.8 (C=O); elemental analysis calcd (%) for 

C20H30O4: C 71.82, H 9.04; found: C 70.14, H 8.85. 

2,6-Bis(formyl)-4-(n-hexadecyloxy)phenol (4c) 

A suspension of hexamethylenetetramine (1.40 g, 10.0 mmol) and 4-(n-hexadecycloxy)-

phenol (1.48 g, 4.4 mmol) in trifluoroacetic acid (9 mL) was vigorously stirred for 12 h 

at 90° C and for a further 30 h at room temperature. The dark brown reaction mixture 

was then poured into ice water (80 mL), stirred for 0.5 h and extracted with CH2Cl2. The 

combined organic layers were washed with an aqueous solution of hydrochloric acid 

(4N, 25 mL), neutralised with a saturated aqueous NaHCO3 solution and dried over 

NaSO4. The solvent was removed by rotary evaporation and the resultant solid material 

purified by column chromatography (silica; CH2Cl2). In a second fraction, the pure 

monoformyl side product (5-(n-hexadecyloxy)-salicylaldehyde) was isolated. The 1H-

NMR analysis of the product fraction indicated the presence of an unidentified side 

product. A small amount of the crude product was further purified by preparative thin 

layer chromatography (silica, CH2Cl2) to yield 44 mg (1%) of pure yellow solid product 

4c. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 1.20-1.35 (m, 24H, CH2), 1.39-1.46 

(m, 2H, CH2), 1.73-1.80 (m, 2H, CH2), 3.96 (t, 2H, 3J = 6.6 Hz, OCH2), 7.48 (s, 2Harom), 

10.19 (s, 2H, CH=O), 11.09 (s, 1H, OH); 13C-NMR (CDCl3): δC (ppm) = 14.1 (CH3), 

22.7, 25.9, 29.1, 29.3 (2C), 29.5-29.6 (4C), 31.9, 69.2 (OCH2), 123.1, 123.5, 152.2, 

157.9, 191.8 (C=O); elemental analysis calcd (%) for C24H38O4: C 73.81, H 9.81; found: 

C 72.88, H 9.74. 
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6.5.2 Complex syntheses 
Bin1 was synthesised by Florian Mögele during his diploma work in our department. 

 
bin2: A solution of Cu(II)acetate monohydrate (30 mg, 0.15 mmol) in methanol (10 mL) 

was added to a solution of 2,6-bis(formyl)-4-hexadecyloxy-phenol 4c (50 mg, 0.13 

mmol) in saturated methanolic ammonia (50 mL). The resultant mixture was vigorously 

stirred for 0.5 h under reflux. The precipitated product was then filtered off, washed 

thoroughly with methanol and H2O and dried in vacuo to yield the ochre solid product 

bin2 (25 mg, 39%). Elemental analysis calcd (%) for C52H80N4O8Cu2: C 61.45, H 7.93, 

N 5.51; found: C 61.39, H 8.12, N 5.12.; IR (KBr): ν = 1631 cm-1 (C=N). 
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7 

Functionalised 
Polyazamacrocycles 

7.1 Introduction 

The study of structurally well-defined macrocycles has attracted great interest, because 

these structures provide extraordinary binding, complexation and self-assembling 

properties.1,2,3 Macrocyclic structures play an important role in supramolecular 

chemistry∗ and can act as the host part in numerous host-guest interactions.4 Furthermore, 

macrocycles which contain electron donor functionalities for the complexation of two or 

more metal atoms can preorient these centres relative to each other.5,6 Such bi- or 

multinuclear complexes can give new impulses to the field of homogeneous and 

heterogeneous catalysis, where they may provide enzyme-like activities and selectivities 

(refer to Chapter 6).6,7 

 

In resemblance to the strategies presented in Chapters 4-6, incorporation of alkyl side 

groups into the macrocyclic backbone may promote the 2D self-assembly at liquid/solid 

interfaces. Resultant 2D monolayers would provide an orientation pattern of anchor 

points for a defined arrangement of metal ions or clusters on surfaces (Scheme 1 A).8,9,10 

Furthermore, the alkyl side chains might support the packing of macrocycles in three 

dimensions. Resultant columnar structures would consist of nano-tubes in which metal 

ions can be imbedded in the interior part of the organic ligand framework. Reduction of 

metal ions inside these cavities would assist the construction of nano-sized wires 

(Scheme 1 B). 

                                                 
∗   Definition of supramolecular chemistry by Jean-Marie Lehn: “The chemistry beyond the 

molecule”; in general the chemistry of intermolecular bonds and molecular assemblies. 
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3D aggregation

reduction

A B2D self-assembly

reduction

 
Scheme 1 A) Schematic representation of surfaces, covered with metal ions/clusters of 

defined order; B) 3D nano-tubes and wires through stacking of macrocycles. 

 
 
The present chapter is concerned with the establishment of basic synthetic strategies to 

novel types of functionalised polyazamacrocycles, bearing alkyl side groups as 

supramolecular functions which typically promote self-assembly in 2 and 3D. The 

emphasis was put on flexible Schiff-base macrocycles which are interesting 

complexation agents, in particular on the variation of the number, position and length of 

alkyl substituents (Chapter 7.2). Furthermore, iso-propyl and tert-butyl groups were 

incorporated into the ligand backbone, in order to increase the solubility of macrocycles 

and their corresponding complexes (Chapter 7.3). In the case of product mixtures of 

homologous Schiff-base macrocycles, we attempted GPC separation experiments, 

presented in Chapter 7.4. Furthermore, we synthesised shape persistent Schiff-base 

macrocycles which consist of a totally π-conjugated backbone which is more 

advantageous for 2D self-assembly (Chapter 7.5). Finally, a pathway to functionalised 

hexamine macrocycles (saturated aza crown ethers) was established and is discussed in 

Chapter 7.6. 
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7.2 Syntheses of flexible supramolecular Schiff-base 

macrocycles 

 

Aldehydes and ketones react readily with amines to form imines, a reaction which was 

discovered in 1864 by Schiff.11,12 The resultant compounds (typically called Schiff-bases) 

are often interesting ligands for the complexation of transition metal complexes. In the 

late 1980’s, Lehn et al. reported a synthetic approach towards defined macrocyclic 

Schiff-bases in good yields by high-dilution ring formation on the basis of a dipodal 

[2+2] condensation reaction of dialdehydes with diamines.13 Amongst others, Martell et 

al. demonstrated that reduction (hydrogenation) of such cyclic imines affords the 

corresponding saturated polyamine macrocycles in one further step.14 Thus, imino as 

well as the corresponding amino azacycles are both easily available from the same 

starting materials (Scheme 2). 
 

B

NH2 NH2

NaBH4

B

N N* *
n

 

A

A

OO

B

NH N* *
n

 

A

H

+

Schiff-base macrocycle

macrocyclic polyamine
A = H / side group

B = spacer group

a b c

d * = ring closure

 
Scheme 2 Condensation of aromatic dialdehydes a and aliphatic diamines b, yielding 

macrocyclic [n+n] Schiff-bases c. Subsequent reduction of the imine bonds 
leads to the corresponding amine cycles d. 
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The method is particularly suitable for the synthesis of a large ligand portfolio with 

variable spacer groups and cycle sizes. Investigations performed in our group revealed 

that the catalytic behaviour of binuclear transition metal complexes of Schiff-base 

macrocycles (e.g. oxygen activation on Cu(I) complexes) depends significantly on their 

relative metal-metal distances which can be tuned by ligand design.6,15,16,27 Further 

studies indicated that side groups on the reagents do not significantly influence their 

cyclisation capacity and the sizes of the resulting macrocycles.15,16,17 This prompted us to 

develop basic methods for introducting alkyl/alkoxy side groups into the backbone of 

flexible Schiff-base macrocycles through specially prepared dialdehyde and diamine 

reagents. By reacting these compounds with commercial unsubstituted educts, it became 

possible to vary the number, position and length of alkyl substituents within the 

macrocycles. 

 

 

7.2.1 Supramolecular dicarbaldehydes and diamines 

Alkoxy substituted isophthalaldehyde reagents 

A novel type of isophthalaldehydes bearing three alkoxy side groups was designed and 

synthesised following the multi-step pathway presented in Scheme 3. The basis of this 

synthetic approach is the etherification reaction of reagent 4 with the phenolic diester 

synthon 5 as a suitable dialdehyde precursor (commercial dimethyl 5-hydroxy-

isophthalate). The alkoxy functionalised benzyl chlorides 4 were synthesised in three 

steps, starting from the ethyl ester of gallic acid (1). In the first step, reaction of 1 with n-

alkyl bromides in cyclohexanone in the presence of K2CO3 and KI led to the 

corresponding alkyl ethers 2.18 Subsequent reduction of the ester groups of 2 using 

LiAlH4 in dry diethyl ether resulted in the benzyl alcohols 3. In the third step, conversion 

with SOCl2 in CH2Cl2 in the presence of catalytic amounts of DMF yielded the 

corresponding benzyl chlorides 4.19,20,21,22 In the next stage of the synthesis, the 

etherification of 4 with the diester synthon 5 in DMF using K2CO3 as base led to the 

alkoxy functionalised intermediate 6. 



Functionalised Polyazamacrocycles  

131 

RO

OR

OR

COOEt

RO

OR

OR

OH

RO

OR

OR

Cl

O

OR

OR

RO

CH2OHHOH2C

O

OR

OR

RO

CHOOHC

O

OR

OR

RO

COOMeMeOOC

OH

COOMe

COOMe

OH

OH

OH

COOEt

1 2 3 4

6 7 is

5

i ii iii

iv v vi

2a-4a, 6a, 7a, is1: R = C12H25
2b-4b, 6b, 7b, is2: R = C16H33

 
Scheme 3 Synthetic pathway to isophthalaldehydes: i) R-Br (R = C12H25; C16H33), 

cyclohexanone, K2CO3, cat. KI; ii) LiAlH4, dry Et2O; iii)SOCl2, CH2Cl2, DMF; iv) 
K2CO3, DMF; v) LiAlH4, dry Et2O; vi) PCC, CH2Cl2.  

Finally, the desired dialdehydes were obtained after reduction and re-oxidation of the 

ester groups in two further steps. The diesters 6 were reduced to the corresponding 

benzyl alcohols 7 using LiAlH4 in dry diethyl ether. The resultant alcoholic groups were 

subsequently oxidised with pyridinium chlorochromate (PCC) in dichloromethane as the 

typical oxidation agent for the synthesis of isophthalaldehydes.23 The pure alkoxy 

functionalised isophthalaldehydes were obtained after chromatographic purification on a 

short silica column (CH2Cl2) in good overall yields. 

Products is were fully characterised by NMR, EA, IR and MALDI-TOF analyses. The 

presence of the carbonyl groups was confirmed by 1H-NMR (e.g. Figure 1, singlet at 10.0 

ppm), 13C-NMR and IR spectra. In addition, the MALDI-TOF spectrum revealed the 

expected signals of the MH+ and MNa+ ions. 
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Figure 1 1H-NMR spectrum of the isophthalaldehyde is1. 

Functionalised diethylene triamine reagents 

A functionalised “diamine” reagent (am, Scheme 4) was obtained based on a protected 

diethylene triamine precursor (9) which allowed the alkyl and benzyl groups to be 

selectively incorporated into the secondary amine group. The desired primary diamines 

am were obtained after deprotection of the phthalimide groups. 
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Scheme 4 Synthetic pathway to functionalised diethylene triamines am. 
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In the first step of the synthesis, the primary amine groups of diethylene triamine 8 were 

protected as phthalimides 9, according to a procedure reported in the literature.24 In the 

second step, substitution of the secondary amine of 9 with alkyl or benzyl bromides led 

to the tertiary amines (Scheme 5). Therefore, a gallic acid derived benzyl bromide (10c) 

was synthesised from the benzyl alcohol 3a by reaction with PBr3 in CH2Cl2, as 

described by Nozary et al. for the conversion of a related mono-substituted benzyl 

alcohol.25 The conversion of 9 with 10c in acetonitrile in the presence of K2CO3 as base 

led to 11c.24 In contrast, the analogous reaction of n-alkyl bromides in acetonitrile or 

DMF did not lead to the corresponding N-alkyl substituted intermediates in satisfactory 

yields. Finally, the use of excess of n-alkyl bromide as solvent and reactant, as reported 

in the literature for short alkyl substituents, afforded the desired products 11a and 11b.26 

The crude products 11 were purified by column chromatography over silica 

(CH2Cl2/MeOH or CH2Cl2/i-PrOH) and well characterised. In the last step, the primary 

amines were deprotected from the phthalimide groups using hydrazine hydrate to form 

the desired amine reagents am, which were characterised by NMR analysis and directly 

used for subsequent cyclisation reactions (7.2.2). 

N

N

N

R

O

O

O

O

N

NH

N

O

O

O

O

K2CO3

OC12H25

OC12H25

OC12H25

Br
OC12H25

OC12H25

OC12H25

OH
PBr3

CH2Cl2

K2CO3

MeCN

9 11

10c

3a

H25C12Br/H33C16Br

 
Scheme 5 Substitution of the secondary amine with alkyl or alkoxy substituted benzyl 

groups. 
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7.2.2 Cyclisation reactions by dipodal [2+2] condensation  

Putting all parts together, cyclisation of the is and am reagents led to a series of variously 

functionalised macrocycles. A general problem of the alkyl substituted reagents was their 

poor solubility in acetonitrile, the common solvent for the cyclisation reactions.14,27 In 

order to improve this situation, we employed a solvent mixture of dichloromethane and 

acetonitrile (1:1) which proved to be suitable for the synthesis of a well known 

unsubstituted [2+2] macrocycle.14 In the case of the reagents is and am, the presence of 

dichloromethane led to satisfactory solubilities which thus gave access to the 

macrocycles mac, starting from twofold alkyl-substituted cycles up to macrocycle mac5, 

bearing as many as twelve alkyl substituents (Scheme 6, Table 1). 
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Scheme 6 Synthesis of variously functionalised macrocycles mac1-mac5. 
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Table 1 Substitution of the macrocycles mac1-mac5 (Scheme 6). 

 

During the cyclisation reactions, the macrocycles mac1-mac5 precipitated typically as 

oily products and thus could not be purified by recrystallisation. This, however, was not 

required, since these oils appeared as quite pure compounds which were fully 

characterised by NMR, IR, MALDI-TOF and EA.  

In resemblance to Schiff-base macrocycles with low substitution,27 we obtained 1H-NMR 

spectra with partly unresolved signal patterns. Such phenomenon is caused by the E/Z 

isomers formed at the imino groups.28,29 This argumentation is further supported by the 

fact that reduction of Schiff-base macrocycles to the corresponding polyamine cycles 

leads to uncomplicated NMR spectra.27 However, NMR analysis was used for the 

monitoring of the cyclisation progress by the disappearance of aldehyde groups in the 

spectra. 

A very important characterisation method for macrocycles is MALDI-TOF 

spectrometry.27 In principle, the condensation of dialdehydes and diamines can lead to 

mixtures of different cycle sizes, depending mainly on the diamine reagent used. In the 

case of mac1-mac5, the [2+2] species were identified as the only products (MH+/MNa+ 

ions, for representative spectra see Figure 2), as expected for the diethylene triamine 

reagent.27 

 

 Reagents R1 R2 

mac1 am1 + 12 C12H25 -- 

mac2 am2 + 12 C16H33 -- 

mac3 am0 + is1 H O-X (3xOC12) 

mac4 am0 + is2 H O-Y (3xOC16) 

mac5 am3 + is1 X (3xOC12) O-X (3xOC12) 
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Figure 2 MALDI-TOF spectra of the [2+2] macrocycles mac2 and mac4. 

Mac5 is the macrocyclic system with the highest content of alkoxy substituents 

synthesised in the present work (3007 g/mol, Figure 3), bearing altogether twelve C12 

side groups. In spite of the low solubility of intermediate products, the desired [2+2] 

cycle was identified as the main product (MH+). The MALDI-TOF spectrum contained 

additional peaks which were partly explained by fragmentation (2363 m/z) of the 

molecular ion. 

 

 
Figure 3 Molecular structure and MALDI-TOF spectrum of mac5. 
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7.3 Schiff-base macrocycles bearing soluble side groups 

A general problem of transition metal complexes of Schiff-base macrocycles is their poor 

solubility in most common solvents which limits their usability as homogeneous 

catalysts. Therefore, basic studies on the incorporation of soluble side groups (e.g. iso-

propyl and tert-butyl substituents) into the ligand backbone have been performed in our 

group (Figure 4).6,17,27 

NN

NHNH

NN

N

NN

N

NN Fe

Fe

ClCl

Cl Cl

A bB  

Figure 4 Tert-butyl substituted Schiff-base macrocycle A and iso-propyl substitued 

macrocyclic Fe(II) complex B∗. 

The Fe(II) complex B exhibited a promising activity in primarily ethylene 

oligomerisation experiments (Appendix, D). In spite of the four iso-propyl functionalities, 

the solubility of the complex in toluene was still very low. This prompted us to 

incorporate additional side groups into the ligand backbone. The emphasis was put on the 

introduction of a tert-butyl group via the diformylpyridine reagent, presented in Chapter 

7.3.1. A further structural variation was achieved on the basis of a corresponding new 

alkoxy substituted reagent (Chapter 7.3.2). 

 

 

                                                 
∗    The Fe(II) catalyst B was synthesised by Markus Allmendinger in our department.  
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7.3.1 Tert-butyl substituted diformylpyridine precursor 

First synthetic attempts were made using the tert-butyl substituted dicarbonyl reagent b 

which was obtained by alkylation of the unsubstituted diketo pyridine a (Scheme 7, I), 

according to a methodology presented by Nückel et al.30 Unfortunately, the condensation 

of b (and the corresponding unsubstituted reagent a as well) with the iso-propyl 

substituted xylylene diamine 17 failed. On the contrary, the unsubstituted 

diformylpyridine c readily forms macrocycles.27 However, the alkylation with the tert-

butyl group did not proceed as expected (II). 

In an alternative approach, the commercial pyridine dimethyl ester 13 was used as a 

suitable dialdehyde precursor. Indeed, the tert-butyl side group could be introduced into 

13 following the procedure of Nückel, namely by reaction with pivalic acid in the 

presence of AgNO3 and Na2S2O8 in chlorobenzene (III).30 
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N

NN

i

i

i

ii

no cyclic
products

mac6

I

II

III

13 16

17

(14)
(15)
(16)iii

a b

c

17

17

alkylation

no alkylation with tBu

 

Scheme 7 Synthetic approaches to the Schiff-base macrocycle mac6, bearing six soluble 
side groups; i) tBu-COOH, Na2S2O8, AgNO3, chlorobenzene; ii) NaBH4, EtOH; 
ii) SeO2, dioxane. 
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Following the first step of the procedure, the crude product 14 was sublimed in vacuo to 

yield pure 4-(tert-butyl)-pyridine-2,6-dicarboxylic acid diethyl ester. Reduction of the 

ester groups with NaBH4 in dry ethanol resulted in the diol 15 that was subsequently re-

oxidised to the desired tert-butyl substituted diformylpyridine 16 using SeO2 in dioxane 

as oxidation agent.31 Despite a low overall yield, enough material was obtained for 

subsequent condensation of 16 with the diamine 17 which yielded small amounts of the 

desired alkyl-substituted macrocycle mac6. In the MALDI-TOF spectrum, exclusively 

the MH+ ion of the desired product was detected (Figure 5). 

 

   
Figure 5 MALDI-TOF spectrum of the [2+2] macrocycle mac6. 

7.3.2 Alkoxy substituted diformylpyridine precursor 

A novel alkoxy substituted diformylpyridine reagent 21 was obtained when the ethyl 

ester of chelidamic acid was used as starting material (18, Scheme 8).32 Etherification of 

18 with dodecyl bromide in DMF in the presence of K2CO3 yielded the corresponding 

dodecyl ether (19). The aldehyde functions were generated in analogy to the tert-butyl-

substituted diester 16, namely by reduction with NaBH4 to the diol (20) and subsequent 

oxidation with SeO2 to the desired diformylpyridine 21.33 The cyclisation of 21 with 17 

resulted in mac7 which was characterised by NMR, IR and MALDI-TOF techniques. 

The latter spectrum contained peaks of the main [2+2] species as well as traces of higher 

[3+3] and [4+4] homologues (Figure 6).   
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Scheme 8 Synthesis of alkoxy substituted diformylpyridine (21) and cyclisation to mac7; 

i) H25C12Br, K2CO3; ii) NaBH4; iii) SeO2. 

 
Figure 6 MALDI-TOF spectrum of macrocycle mac7. 

7.4 Preparative GPC separation of [n+n] macrocycles 

In the literature, reports on the Schiff-base macrocycles are mostly limited to defined 

[2+2] cycles. During studies on the synthesis and characterisation of a series of new 

polyimine macrocycles,15,16,17,27 we observed not only [2+2] products, but sometimes 

mixtures of different cycle sizes, depending mainly on the rigidity of the diamine 

reagents used. Diethylene triamine, for example, formed intramolecular cycles and thus 

belongs to the class of rigid diamine reagents that lead preferably to [2+2] macrocycles,34 

as described in Chapter 7.2. On the contrary, the more flexible reagents such as 

diaminoethane, diaminobutane or xylylene diamine form typically mixtures of [n+n] 

macrocycles.27 



Functionalised Polyazamacrocycles  

141 

Individual [n+n] species present in such mixtures are highly interesting complexation 

agents, due to the fact that they can form defined multi-nuclear complexes. In order to 

make such pure homologues accessible from their mixtures, we attempted the separation 

by size exclusion chromatography both on analytical and preparative scales. 

 

Analytical GPC 

A combination of MS techniques (CI, FAB, MALDI-TOF) may be employed for the 

analysis of mixtures of Schiff-base macrocycles.35 However, we found that size 

exclusion chromatography (gel permeation chromatography, GPC) on analytical scale in 

combination with MALDI-TOF is a more powerful tool for the identification and 

quantification of macrocyclic homologues.∗27 The obtained GPC chromatograms 

contained typically sharp traces for defined [2+2] cycles and nicely resolved peaks for 

[n+n] mixtures. The resolution of the larger species was size dependent, due to the 

limited size exclusion volume of the column material. MALDI-TOF spectra were highly 

correlated with the GPC chromatograms and allowed the individual signals to be 

attributed to the particular homologues, as demonstrated in Figure 7 for the product 

mixture of the unsubstituted macrocycle mac8. Our studies revealed that this method can 

be also applied to alkyl/alkoxy functionalised macrocycles.17 

 

Figure 7 GPC chromatogram and MALDI-TOF spectrum of mac8.27 

                                                 
∗  GPC investigations were performed in cooperation with Markus Allmendinger who focussed 

on analytical separations of low substituted Schiff-base and polyamine macrocycles. 
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Preparative GPC 

Due to the analytical GPC results, we extended the investigations to preparative 

separations, in order to isolate individual [n+n] homologues of Schiff-base macrocycles 

as well as to purify the functionalised macrocycles which can not be recrystallised 

(Chapter 7.2). In resemblance to the analytical GPC experiments, we observed successful 

separations of the cycle mixtures on the chromatograms. However, a drawback was the 

sensitivity of the imine bond which resulted in a reformation of the thermodynamic 

equilibrium mixture in the collected fraction solutions. Apparently, the initial size 

distributions were recovered, a process which could not be prevented by instant cooling 

and evaporation of the solutions in vacuo. Due to this fact, preparative GPC could not be 

established as a standard separation method for the separation of mixtures of Schiff-base 

macrocycles. However, further investigations indicated that the method can be 

successfully employed for the less sensitive polyamine macrocycles.  

Nevertheless, isolated [2+2] and [3+3] species of mac8 (Figure 7) were detected when 

the solutions of the collected fractions were again applied to GPC instantly after the 

separation. Chromatogram A (Figure 8) represents the initial size distribution of mac8, 

analysed during the separation. Subsequent GPC analysis of the two fractions B and C 

proved the predominance of either the [2+2] or [3+3] species, respectively.27 

 

 

Figure 8 Preparative GPC separation of mac8; A) initial size distribution; B) fraction 
containing predominantly [2+2] species; C) fraction containing predominantly 
[3+3] species. 
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7.5 Alkoxy substituted totally π-conjugated macrocycles 

The 2D self-assembly of macrocyclic compounds at liquid/solid interfaces depends 

crucially on the combination of molecular parameters such as size, substitution and shape 

of the molecules. The rare examples in the literature reveal that especially shape 

persistent macrocycles bearing alkyl functionalities provide advantageous structural 

features for this objective.36,37,38 In order to increase the rigidity of the backbone of 

Schiff-base macrocycles, we attempted syntheses of totally π-conjugated, alkoxy 

substituted Schiff-base macrocycles on the basis of aromatic instead of aliphatic diamino 

reagents. 

Primary cyclisation experiments performed in analogy to the flexible Schiff-base 

macrocycles (Chapters 7.2 and 7.3), reacting unsubstituted 1,2-diaminobenzene with 

isophthalaldehyde or diformylpyridine reagents, did not yield cyclic products, but linear 

oligomers (Scheme 9). 

NH2

NH2

X

O O

acetonitrile
+

dilution
mixture of 
non-cyclic products

 
Scheme 9 Condensation of phenylene diamine with dicarbaldehydes (X = C-H, N). 

As a result of these findings, we investigated alternative template induced cyclisation 

reactions which lead directly to the desired metal complexes, or to the corresponding π-

conjugated ligands after removal of the template. Bell et al., for example, reported that 

strontium triflate is a highly effective template precursor for the cyclisation of 2,6-

diformylpyridine with 1,2-diaminobenzene.39,40,41,42 Behrens et al. obtained totally π-

conjugated, so-called Robson macrocycles43 on the basis of 2-6-diformylphenol and 1,2-

diaminobenzene derived reagents by metal template synthesis,44,45,46 a method which was 

extended by Tian et al. to proton template induced cyclisation reactions.47 

In order to introduce alkoxy side groups into such systems, we designed target structures 

on the basis of diformylpyridine/-phenol as well as the easily accessible alkoxy 

substituted 1,2-diaminobenzene reagents (Scheme 10). In the case of diformylphenol, H+ 

as well as Cu2+ template synthesis led to π-conjugated Robson macrocycles (Chapter 

7.5.1). In the case of diformylpyridine, a corresponding π-conjugated pyridine cycle was 

obtained by Sr2+ template induced cyclisation (Chapter 7.5.2). 
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Scheme 10 Target structures of totally π-conjugated macrocyclic template complexes: X = 

C-O(H), N; T = template ion(s); R = H, CH3; Alk = C12H25. 

7.5.1 Template syntheses of Robson macrocycles 

H+-template cyclisation  

A proton template induced cyclisation of alkoxy functionalised diaminobenzenes with 

diformylphenol (Scheme 11) was performed in resemblance to the methodology 

presented by Tian et al. for analogous low substituted reagents.47 The reaction is based 

on an intrinsic proton-induced template effect (formation of hydrogen bonds) which does 

not tolerate elevated temperatures. In the case of the low substituted reagents used by 

Tian et al., the ring formation required alcoholic solutions.47 Thus, we used the methyl-

substituted diformylphenol 24 which exhibits a better solubility in methanol compared to 

the corresponding methoxy substituted diformylphenol reagent. On the contrary, the 

solubility of the dodecyloxy substituted diaminobenzene 25 at ambient temperature was 

very poor. In spite of that, the reaction in methanol in the presence of stoichiometric 

amounts of hydrochloric acid led to the desired protonated, totally π-conjugated 

macrocycle mac9. Remarkable is the fact that a corresponding reaction using catalytic 

amounts of H+ did not directly yield the desired free ligand, but a mixed amino-imine 

cycle, which is in accordance with the results of Tian.47 
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Scheme 11 Proton template induced cyclisation of the alkoxy substituted, totally π-

conjugated macrocycle mac9. 

The poor solubility of mac9 did not allow recrystallisation in order to obtain pure micro-

analytical data. Satisfactory characterisation was not achieved by NMR analysis either.47 

However, the desired product could be clearly identified in the MALDI-TOF spectrum 

that contained exclusively the peak of the mono-protonated MH+ ion (-HCl, Figure 9 A). 

Evidently, the isotopic distribution (B) is in accordance with the calculated spectrum for 

MH+ (C). The product was further characterised by IR spectroscopy which showed a 

characteristic imine (C=N) signal at 1633 cm-1 in the spectrum. 

Figure 9  A) MALDI-TOF spectrum of the alkoxy substituted π-conjugated [2+2] 

macrocycle mac9; B) isotopic distribution of mac9; C) calculated (IsoPro3.0) 
isotopic distribution of macrocycle mac9 (MH+ ion). 
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Unfortunately, diamino reagents bearing longer alkoxy chains (C16) could not be applied 

to the proton template synthesis, due to their further decreased solubilities. On the other 

hand, shorter alkyl substituents (e.g. C8) reduce the self-assembling capacity in 2D. In 

order to circumvent solubility problems of the educts, we investigated alternative metal 

template induced cyclisation reactions at elevated reaction temperatures. 

Cu2+-template cyclisation 

Complexes of totally π-conjugated Robson macrocycles, described by Behrens et 

al.,44,45,46 were restricted to the few metal ions that could be successfully employed as 

template reagents, whereas in some cases there was a chance for metal-metal exchange.48 

We used Cu2+ as the most promising metal template for the cyclisation of the 

diformylphenol 24 with the dodecyloxy substituted diaminobenzene reagent 25 (Scheme 

12). Indeed, the reaction in ethanol in the presence of Cu(II) perchlorate at elevated 

temperature led to the desired binuclear Cu(II) complex mac10. NMR analysis was not 

possible, due to poor solubility and the paramagneticity of the complex. However, 

mac10 could be characterised by MALDI-TOF spectrometry. Furthermore, the spectrum 

contained various peaks that correspond to the main product, after stepwise removal of 

the ClO4
- and Cu2+ ions. The IR spectrum provided the characteristic signal of the imine 

(C=N) group in the complex at 1612 cm-1. 
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Scheme 12 Metal template induced synthesis of the alkoxy functionalised, totally π-

conjugated macrocyclic binuclear Cu(II) complex mac10. 

7.5.2 Template synthesis of pyridyl macrocycles 

In the case of the diformylpyridine reagent (26), we achieved a Sr2+ template induced 

cyclisation with the dodecyloxy substituted diaminobenzene (25) which resulted in the π-
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conjugated macrocyclic complex mac11 (Scheme 13). The reaction was performed in 

refluxing acetonitrile, using stoichiometric amounts of the reagents and Sr(OTf)2
 as 

template precursor.39 
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Scheme 13 Sr2+ template cyclisation of the alkoxy substituted, totally π-conjugated Sr2+ 

complex mac11. 

Mac11 was clearly identified by MALDI-TOF as well, which contained the product 

signal (− OTf -) at 1388 (m/z) in the spectrum (Figure 10). The IR spectrum provided the 

characteristic imine (C=N) signal at 1629 cm-1. The free ligand may be isolated from the 

Sr2+ complex by exchange of Sr2+ with K+ and subsequent treatment with the K+ ion-

specific crown ether (18-crown-6),∗ as described by Bell et al. for the unsubstituted 

cycle.39 

 
Figure 10 A) MALDI-TOF spectrum of the Sr2+ complex of the totally π-conjugated Schiff-

base macrocycle mac11; B) isotopic distribution; C) IsoPro3.0 calculated 

isotopic distribution (− OTf -). 

                                                 
∗    IUPAC name: 1,4,7,10,13,16-hexaoxacyclooctadecane 
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[2+2] cycle

A 

B 

C 

mac11  
(−OTf -)



Chapter 7 

148 

7.6 N-acylated aza-crown ethers 

Lehn et al. presented saturated N-acylated aza-crown ethers as a new class of liquid 

crystal materials that form tubular mesophases.49 The general structure was based on 

[18]-N6 or [12]-N4 aza-crown ethers, bearing N-alkoxybenzoyl substituents with a typical 

chain length of C12 (Figure 11).50,51,52 

 

    
Figure 11 Tubular stacking of N-acylated aza-crown ethers.49 

In resemblance to the presented Schiff-base macrocycles (Chapter 7.2), the introduction 

of phenyl spacer groups into such aza-crown ethers generates two defined binding sites 

which then offer extraordinary complexation properties as well. Besides their catalytic 

interest, such hexa-basic amine macrocycles can act as specific sensors, e.g. for the 

recognition of biological molecules (amino acids, nucleotides and phosphates).53 Martell 

et al. reported protonated, positively charged macrocycles that bind anionic species 

through hydrogen bonds, electrostatic forces and π-π interactions,54,55 as well as the 

corresponding binuclear Cu(II) complex which binds amino acids (Figure 12).56 
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Figure 12 Binding models: A) glycine with the partly protonated BMXD macrocycle; B) 

glycine and histidine with the binuclear Cu(II) BMXD complex. 
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Polyamine macrocycles that combine self-assemblies with multiple metal binding are 

promising materials for new catalytic systems, nano-wires, ion tubes or tubular sensors. 

These perspectives prompted us to develop a general pathway to a new type of hexamine 

macrocycles, containing phenyl spacer groups in the backbone as well as alkyl side 

groups at the amine functionalities. 

 

Synthesis of functionalised hexamine macrocycles 

The functionalised aza-crown ethers were synthesised on the basis of the unsubstituted 

hexamine macrocycle mac13 (Scheme 14). Mac13 was obtained by dipodal cyclisation 

of terephthalaldehyde (12) and diethylene triamine (8) in acetonitrile (high dilution), 

affording the macrocyclic Schiff-base intermediate mac12 which was subsequently 

reduced with NaBH4 in methanol.14,57 
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Scheme 14 Synthesis of the hexamine macrocycle mac13. 

Alkanoyl and alkoxybenzoyl chlorides were used for the incorporation of alkyl side 

groups into the secondary amine groups. In the case of alkanoyl chlorides, commercial 

decanoyl chloride was employed. The alkoxybenzoyl chloride 23 (Scheme 15) was 

synthesised from 4-hydroxy benzoic methyl ester (21), which was converted with n-

dodecyl bromide in the presence of K2CO3 to the corresponding 4-dodecyloxy benzoic 

methyl ester 22.58,59 Saponification of the ester group using potassium hydroxide and 

subsequent protonation resulted in the corresponding benzoic acid 23 from which the 

reactive benzoyl chloride was generated by in situ conversion with thionyl chloride. 
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Scheme 15 Synthesis of the dodecyloxy substituted benzoic acid 23. 

Finally, reaction of mac13 with the two different acid chlorides in dichloromethane in 

the presence of triethylamine afforded the desired N-alkanoyl (mac14) and N-

alkoxybenzoyl (mac15) substituted hexamine macrocycles, depicted in Scheme 16. 
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Scheme 16 Synthesis of N-acylated hexamine crown-ethers mac14 and mac15. 

 

The MALDI-TOF spectra of mac14 and mac15 contained the signals of the MH+ and 

MNa+ ions of the hexa-substituted polyamine cycles (Figure 13). In addition, small 

amounts of penta-substituted side products were detected which could not be further 

separated from the main product by column chromatography. 
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Figure 13 MALDI-TOF spectra of mac14 and mac15. 

7.7 Conclusion 

The developed strategies proved to be highly suitable for the incorporation of 

alkyl/alkoxy side groups into different types of polyazamacrocycles. Resultant flexible 

and totally π-conjugated Schiff-base as well as hexamine macrocycles were subsequently 

investigated at the liquid/solid interface by STM. Unfortunately, the compounds did not 

adsorb in observable 2D arrays of the macrocycles. As a major problem, the large ligand 

structures reduce the chance to form densely packed 2D patterns. However, the presented 

synthetic strategies offer the chance to further optimise the ligand structures. In addition, 

internal stabilisation of the cyclic backbones by coordination of transition metal ions or 

binding of organic molecules may provide advantageous structural features for 2D self-

assembly. 

As related compounds which are highly promising for the 2D self-assembly of 

multinuclear complexes, MacLachlan et al. presented alkoxy substituted, totally π-

conjugated [3+3] macrocycles which readily undergo ion-induced tubular assembly.60,61 

A further interesting compound is the planar tetranuclear Cu(II)-complex of a non-

conjugated Robson Schiff-base macrocycle.62 Long-term objectives of such self-

assembled supramolecular structures are nano-decorated multinuclear catalyst or sensor 

surfaces. In addition, the stacking of macrocycles would give access to nano-tunnels or 

nano-wires. 

mac14 
mac15 
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7.8 Experimental section 

7.8.1 Diformyl and diamine reagents 

Synthesis of the dialdehyde reagents 

The following compounds were synthesised according to methodologies previously 

reported in the literature: Ethyl 3,4,5-tris(n-dodecyloxy)benzoate (2a),18 3,4,5-tris(n-

dodecyloxy)benzyl alcohol (3a),19 3,4,5-tris(n-dodecyloxy)benzyl chloride (4a),19 1,5-

diphthalimido-3-azapentane 9,63 4-tert-butyl-2,6-diacetlypyridine30 and chelidamic acid 

ethyl ester.32 

 

Ethyl 3,4,5-tris(n-hexadecyloxy)benzoate (2b) 

The reaction was carried out according to the methodology reported in the literature for 

ethyl 3,4,5-tris(n-dodecyloxy)benzoate (2a),18 using gallic acid ethyl ester (1, 9.91 g, 50 

mmol), n-hexadecyl bromide (48.86 g, 48.9 mL, 160 mmol), K2CO3 (22.10 g, 160 

mmol), catalytic amounts of KI and cyclohexanone (350 mL). Yield: 29.0 g (67%) of 

white solid product 2b. 1H-NMR (CDCl3): δH = 0.86 (t, 9H, CH3), 1.20-1.35 (m, 72H, 

CH2), 1.36 (t, 3H, ethyl-CH3), 1.40-1.48 (m, 6H, CH2), 1.68-1.85 (m, 6H, CH2), 3.99 (t, 

6H, 3J = 6.6 Hz, OCH2), 4.33 (q, 2H, 3J = 7.1 Hz, ethyl-CH2), 7.23 (s, 2Harom); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 14.4 (ethyl-CH3), 22.7, 26.1, 29.4, 29.6-29.7 (9C), 30.3, 31.9, 

60.9 (ethyl-OCH2), 69.2 (OCH2), 73.5 (OCH2), 108.1, 125.1, 142.4, 152.8, 166.5; 

elemental analysis calcd (%) for C57H106O5: C 78.56, H 12.26; found: C 78.59, H 11.57. 

 

3,4,5-Tris(n-hexadecyloxy)benzyl alcohol (3b) 

The reaction was performed according to the procedure reported in the literature for 

3,4,5-tris(n-dodecyloxy)benzyl alcohol (3a),19 using ethyl 3,4,5-tris(n-hexadecyloxy)-

benzoate (2b, 29.0 g, 33.3 mmol) and a suspension of LiAlH4 (3.79 g, 100 mmol) in dry 

diethyl ether (480 mL). Yield: 12.9 g (93%) of white solid product 3b. 1H-NMR 

(CDCl3): δΗ (ppm) = 0.86 (t, 9H, CH3), 1.20-1.35 (m, 72H, CH2), 1.40-1.48 (m, 6H, 

CH2), 1.68-1.81 (m, 6H, CH2), 3.90-3.96 (m, 6H, OCH2), 4.57 (s, 2H, benzyl-CH2), 6.53 

(s, 2Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4, 29.7-29.8 (9C), 30.3, 

31.9, 65.7 (benzyl-C), 69.2 (OCH2), 73.4 (OCH2), 105.5, 136.0, 137.7, 153.3. 
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3,4,5-Tris(n-hexadecyloxy)benzyl chloride (4b) 

The synthesis was carried out according to the methodology reported in the literature for 

3,4,5-tris(n-dodecyloxy)benzyl chloride (4a),19 using 3,4,5-tris(n-hexadecyloxy)benzyl 

alcohol (3b, 20 g, 24.1 mmol), dry CH2Cl2 (160 mL), SOCl2 (4.0 g, 2.4 mL, 33.7 mmol), 

and catalytic amounts of DMF. Reaction time 12 h; yield: 18.7 g (92%) of white solid 

product 4b. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 9H, CH3), 1.20-1.36 (m, 72H, CH2), 

1.41-1.48 (m, 6H, CH2), 1.68-1.81 (m, 6H, CH2), 3.90-3.97 (m, 6H, OCH2), 4.49 (s, 2H, 

benzyl-CH2), 6.55 (s, 2Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4, 

29.6-29.8 (9C), 30.3, 31.9, 47.0 (benzyl-C), 69.2 (OCH2), 73.5 (OCH2), 107.2, 132.3, 

138.4, 153.2. 

 

5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-isophthalic acid dimethyl ester (6a) 

A suspension of 5-hydroxy-isophthalic acid dimethyl ester (5, 2.90 g, 13.8 mmol) and 

K2CO3 (6.20 g, 45 mmol) in dry DMF (100 mL) was stirred for 1 h at room temperature 

and then heated to 65° C. The solution of 3,4,5-tris(n-dodecyloxy)benzyl chloride (4a, 

9.38 g, 13.8 mmol) in dry DMF (100 mL) was added and the resultant mixture was 

vigorously stirred for 5 h. At the end of this period, addition of H2O (200 mL) caused the 

product to precipitate which was filtered off and purified by column chromatography 

(silica; CH2Cl2). Yield: 7.51 g (64%) of white solid product 6a. 1H-NMR (CDCl3): δH 

(ppm) = 0.86 (t, 9H, CH3), 1.22-1.36 (m, 48H, CH2), 1.41-1.49 (m, 6H, CH2), 1.69-1.81 

(m, 6H, CH2), 3.92 (s, 6H, OCH3), 3.93 (t, 2H, OCH2), 3.96 (t, 4H, OCH2), 5.01 (s, 2H, 

benzyl-CH2), 6.61 (s, 2Harom), 7.82 (s, 2Harom), 8.27 (s, 1Harom); 13C-NMR (CDCl3): δC 

(ppm) = 14.1, 22.7, 26.1, 29.4, 29.6-29.8 (5C), 30.3, 31.9, 52.4 (OCH3), 69.2 (OCH2), 

70.9 (OCH2), 73.4 (benzyl-C), 106.2, 120.2, 123.2, 130.9, 131.8, 138.2, 153.4, 158.8, 

166.1. 

 

5-(3,4,5-Tris(n-hexadecyloxy)benzyloxy)-isophthalic acid dimethyl ester (6b) 

A suspension of 5-hydroxy-isophthalic acid dimethyl ester (5, 5.04 g, 24.0 mmol) and 

K2CO3 (10.80 g, 78.3 mmol) in dry DMF (170 mL) was stirred under argon atmosphere 

for 1 h at 60° C. A solution of 3,4,5-tris(n-hexadecyloxy)benzyl chloride (4b, 25.35 g, 

24.0 mmol) in dry DMF (170 mL) was then added and the mixture vigorously stirred for 

5.5 h at 80° C and for further 10 h at room temperature. The hot suspension was poured 

into ice water (750 mL) which caused the crude product to precipitate which was filtered 

off and dissolved in CH2Cl2 (200 mL). The organic solution was washed with water, 
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dried over Na2SO4 and evaporated to yield the white solid product which was dried in 

vacuo at 80° C. Yield: 15.86 g (65%, 6b). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 9H, 

CH3), 1.22-1.36 (m, 72H, CH2), 1.41-1.49 (m, 6H, CH2), 1.69-1.81 (m, 6H, CH2), 3.92 

(s, 6H, OCH3), 3.93 (t, 2H, OCH2), 3.96 (t, 4H, OCH2), 5.01 (s, 2H, benzyl-CH2), 6.61 

(s, 2Harom), 7.82 (s, 2Harom), 8.27 (s, 1Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 

26.1, 29.4, 29.6-29.8 (9C), 30.3, 31.9, 52.4 (OCH3), 69.2 (OCH2), 70.9 (OCH2), 73.4 

(benzyl-C), 106.3, 120.2, 123.2, 130.9, 131.8, 138.2, 153.4, 158.8, 166.1; elemental 

analysis calcd (%) for C65H112O8: C 76.42, H 11.05; found: C 76.51, H 10.24; MALDI-

TOF (m/z) found: MNa+ = 1044 (calcd for C65H112O8: M = 1021); IR (KBr): ν = 1728 

cm-1 (C=O). 

 

5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-1,3-bishydroxymethyl-benzene (7a) 

A solution of 5-(3,4,5-tris(n-dodecyloxy)benzyloxy)-isophthalic acid dimethyl ester (6a, 

7.51 g, 8.8 mmol) in dry diethyl ether (100 mL) was slowly added to the suspension of 

LiAlH4 (1.14 g, 30 mmol) in dry diethyl ether (100 mL). The mixture was vigorously 

stirred under argon atmosphere for 14 h at room temperature. Unreacted LiAlH4 was then 

quenched with methanol and water and the reaction mixture acidified with an aqueous 

solution of hydrochloric acid (2N, 50 mL). The separated organic layer was washed with 

water, dried over Na2SO4 and the solvent removed by rotary evaporation to yield white 

solid product which was dried in vacuo. Yield: 6.64 g (95%, 7a). 1H-NMR (CDCl3): δH 

(ppm) = 0.86 (t, 9H, CH3), 1.23-1.34 (m, 48H, CH2), 1.41-1.48 (m, 6H, CH2), 1.68-1.81 

(m, 6H, CH2), 3.93 (t, 2H, OCH2), 3.95 (t, 4H, OCH2), 4.65 (s, 4H, CH2OH), 4.94 (s, 2H, 

benzyl-CH2), 6.60 (s, 2Harom), 6.92 (s, 2Harom), 6.94 (s, 1Harom); 13C-NMR (CDCl3): δC 

(ppm) = 14.1, 22.7, 26.1, 29.4, 29.6-29.7 (5C), 30.3, 31.9, 65.2 (CH2OH), 69.2 (OCH2), 

70.5 (OCH2), 73.4 (benzyl-C), 106.2, 112.5, 117.7, 131.7, 138.0, 142.8, 153.3, 159.4; 

elemental analysis calcd (%) for C51H88O6: C 76.83, H 11.13; found: C 76.40, H 11.05. 

 

5-(3,4,5-Tris(n-hexadecyloxy)benzyloxy)-1,3-bishydroxymethyl-benzene (7b) 

A solution of 5-(3,4,5-tris(n-hexadecyloxy)benzyloxy)-isophthalic acid dimethyl ester 

(6b, 12.0 g, 11.7 mmol) in dry diethyl ether (100 mL) was slowly added to the suspension 

of LiAlH4 (1.34 g, 35.3 mmol) in dry diethyl ether (100 mL). The mixture was vigorously 

stirred under argon atmosphere for 18 h at room temperature. At the end of this period, 

the mixture was quenched with methanol, water and an aqueous solution of hydrochloric 

acid (4N, 20 mL). The precipitated solid was filtered off and dissolved in CH2Cl2 (100 
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mL). Insoluble material was filtered off and the supernatant was then dried over Na2SO4. 

The solvent was removed by rotary evaporation and the resultant residue dried in vacuo 

to yield white solid product. Yield: 9.47 g (84%, 7b). 1H-NMR (CDCl3): δH (ppm) = 0.86 

(t, 9H, CH3), 1.20-1.34 (m, 72H, CH2), 1.41-1.48 (m, 6H, CH2), 1.68-1.81 (m, 6H, CH2), 

3.91-3.97 (m, 6H, CH2), 4.65 (s, 4H, CH2OH), 4.94 (s, 2H, benzyl-CH2), 6.60 (s, 2Harom), 

6.92 (s, 2Harom), 6.94 (s, 1Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4, 

29.6-29.7 (9C), 30.3, 31.9, 65.2 (CH2OH), 69.2 (OCH2), 70.5 (OCH2), 73.5 (benzyl-C), 

106.3, 112.5, 117.7, 131.8, 138.0, 142.9, 153.3, 159.4; MALDI-TOF (m/z) found: MNa+ 

988, MK+ = 1004 (calcd for C63H112O6: M = 965). 

 

5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-isophthalaldehyde (is1)  

5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-1,3-bishydroxymethyl-benzene (7a, 5.94 g, 7.5 

mmol) was added to a suspension of pyridinium chlorochromate (4.83 g, 22.5 mmol) and 

Celite (10.0 g) in CH2Cl2 (50 mL). The mixture was vigorously stirred for 24 h at room 

temperature. At the end of this period, the dark suspension was filtered through a short 

column (silica; CH2Cl2). The solvent was removed by rotary evaporation and the residue 

dried in vacuo to yield pure white product. Yield: 5.29 g (89%, is1). 1H-NMR (CDCl3): 

δH = 0.86 (t, 9H, CH3), 1.21-1.35 (m, 48H, CH2), 1.41-1.49 (m, 6H, CH2), 1.69-1.81 (m, 

6H, CH2), 3.92-3.98 (m, 6H, CH2), 5.05 (s, 2H, benzyl-CH2), 6.61 (s, 2Harom), 7.71 (s, 

2Harom), 7.95 (s, 1Harom), 10.03 (s, 2H, CH=O); 13C-NMR (CDCl3): δC (ppm) = 14.1, 

22.7, 26.1, 29.4, 29.6-29.7 (5C), 30.3, 31.9, 69.2 (OCH2), 71.1 (OCH2), 73.5 (benzyl-C), 

106.3, 120.2, 124.4, 130.4 (2C), 138.4, 153.5, 159.9, 190.7 (C=O); elemental analysis 

calcd (%) for C51H84O6: C 77.22, H 10.67; found: C 77.02, H 10.66; MALDI-TOF (m/z) 

found: M(-H+) = 792, MNa+ = 816 (calcd for C63H108O6: M = 793); IR (KBr): ν = 1696 

cm-1 (C=O). 

 

5-(3,4,5-Tris(n-hexadecyloxy)benzyloxy)-isophthalaldehyde (is2) 

The reaction was carried out according to 5-(3,4,5-tris(n-dodecyloxy)benzyloxy)-

isophthalaldehyde (is1), using 5-(3,4,5-tris(n-hexadecyloxy)benzyloxy)-1,3-bishydroxy-

methyl-benzene (7b, 9.00 g, 9.3 mmol), pyridinium chlorochromate (6.03 g, 27.9 mmol), 

Celite (19.0 g) and CH2Cl2 (80 mL). Reaction: 72h; yield: 7.87 g (88%) of white solid 

product is2. 1H-NMR (CDCl3): δH = 0.86 (t, 9H, CH3), 1.21-1.35 (m, 72H, CH2), 1.41-

1.49 (m, 6H, CH2), 1.69-1.81 (m, 6H, CH2), 3.92-3.98 (m, 6H, OCH2), 5.05 (s, 2H, 

benzyl-CH2), 6.61 (s, 2Harom), 7.71 (s, 2Harom), 7.95 (s, 1Harom), 10.03 (s, 2H, CH=O); 
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13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4, 29.6-29.7 (9C), 30.4, 31.9, 69.3, 

71.1, 73.5, 106.3, 120.2, 124.3, 130.4 (2C), 138.4, 153.5, 160.0, 190.7 (C=O); elemental 

analysis calcd (%) for C63H108O6: C 78.70, H 11.32; found: C 78.35, H 11.33; MALDI-

TOF (m/z) found: M(-H+) = 960, MNa+ = 984 (calcd for C63H108O6: M = 961); IR (KBr): 
ν = 1695 cm-1 (C=O). 

 

4-Tert-butyl-pyridine-2,6-dicarboxylic acid dimethyl ester (14) 

Pyridine-2,6-dicarboxylic acid dimethyl ester (13, 1.56 g, 8 mmol), 2,2-dimethyl-

propionic acid (4.09 g, 40 mmol), Na2S2O8 (6.70 g, 28 mmol) and H2SO4 (96%, 0.67 

mL) were suspended in a mixture of H2O/chlorobenzene (1:1, 90 mL). A solution of 

AgNO3 (0.22 g, 1.3 mmol) in H2O (5 mL) was then added and the resultant yellow 

mixture was vigorously stirred for 8 h at 130° C. At he end of this period, the mixture 

was left to cool to room temperature. CH2Cl2 (50 mL) was then added and the mixture 

basified with an aqueous solution of NaOH to pH 9. The precipitated solid was filtered 

off, the supernatant concentrated and the residue dried in vacuo at elevated temperature. 

The resultant crude product was purified by vacuum sublimation to yield pure white solid 

product. Yield: 0.91 g (43%, 14). 1H-NMR (CDCl3): δH = 1.36 (s, 9H, tert-butyl-CH3), 

3.99 (s, 6H, OCH3), 8.28 (s, 2Harom); 13C-NMR (CDCl3): δC (ppm) = 30.4 (tert-butyl-

CH3), 35.4 (tert-C), 53.2 (OCH3), 125.2, 148.2, 163.3, 165.5. 
 

2,6-Dihydroxymethyl-4-tert-butyl-pyridine (15) 

NaBH4 (0.72 g, 19.1 mmol) was added to a solution of 4-tert-butyl-pyridine-2,6-

dixarboxylic acid dimethyl ester (14, 800 mg, 3.2 mmol) in dry ethanol (15 mL). The 

mixture was vigorously stirred under argon atmosphere for 7 h under reflux. At the end 

of this period, the mixture was concentrated and remaining NaBH4 was quenched with a 

mixture of diethyl ether/H2O (1:1, 20 mL). The organic layer was separated, the solvent 

removed by rotary evaporation and the residue redissolved in CH2Cl2 (30 mL). The 

solution was dried over Na2SO4, evaporated to dryness and the solid white product dried 

in vacuo. Yield: 0.20 g (32%, 15). 1H-NMR (CDCl3): δH = 1.30 (s, 9H, CH3), 4.73 (s, 

CH2), 7.15 (s, 2Harom); 13C-NMR (CDCl3): δC (ppm) = 30.5 (CH3), 34.9 (tert-C), 64.6 

(CH2), 116.3, 158.2, 162.0. 
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2,6-Diformyl-4-tert-butyl-pyridine (16) 

A suspension of 2,6-dihydroxymethyl-4-tert-butyl-pyridine (15, 621mg, 3.2 mmol) and 

SeO2 (0.36 g) in dioxane (100 mL) was vigorously stirred for 6 h under reflux. The black 

reaction mixture was then filtered and the solvent removed by rotary evaporation. The 

resultant red oil was dissolved in hexane and traces of insoluble material were filtered 

off. The solvent was removed and the residue dried in vacuo to yield the beige solid 

product. Yield: 155 mg (25%, 16). 1H-NMR (CDCl3): δH = 1.37 (s, 9H, CH3), 8.15 (s, 

2Harom), 10.14 (s, 2H, CH=O); 13C-NMR (CDCl3): δC (ppm) = 30.4 (CH3), 35.5 (tert-C), 

122.5, 153.1, 163.5, 192.9 (C=O). 

 

4-Dodecyloxy-pyridine-2,6-dicarboxylic acid diethyl ester (19) 

A suspension of chelidamic acid diethyl ester (18, 1.90 g, 7.94 mmol), n-dodecyl 

bromide (1.98 g, 7.94 mmol) and K2CO3 (2.20 g, 15.9 mmol) in DMF (75 mL) was 

vigorously stirred for 10 h at 90° C. At the end of this period, the reaction was quenched 

with H2O (150 mL) and the mixture extracted with CH2Cl2. The combined organic layers 

were washed with H2O and a saturated aqueous solution of NaCl and dried over Na2SO4. 

The solvent was removed by rotary evaporation to yield white solid product which was 

dried in vacuo (19, 2.62 g, 81%). 1H-NMR (CDCl3): δH = 0.85 (t, 3H, dodecyl-CH3), 

1.25-1.34 (m, 16H, CH2), 1.39-1.46 (m, 8H, CH2 + ethyl-CH3), 1.77-1.84 (m, 2H, CH2), 

4.10 (t, 2H, 3J = 6.6 Hz, OCH2), 4.44 (q, 4H, 3J = 7.2 Hz, ethyl-CH2), 7.73 (s, 2Harom); 
13C-NMR (CDCl3): δC (ppm) = 14.1 (CH3), 14.2 (ethyl-CH3), 22.6, 25.8, 28.7, 29.2, 29.3, 

29.5-29.6 (4C), 31.9, 62.3 (OCH2, ethyl), 69.0 (OCH2, dodecyl), 114.3, 150.2, 164.8, 

167.0. 

 

2,6-Dihydroxymethyl-4-dodexyloxy-pyridine (20) 

A suspension of 4-dodecyloxypyridin-2,6-dicarboxylic acid diethyl ester (19, 2.60 g, 

6.38 mmol) in dry ethanol (20 mL) was cooled in an ice bath and NaBH4 (1.23 g, 32.5 

mmol) was added. The mixture was vigorously stirred under argon atmosphere for 72 h 

at room temperature and for a further 12 h under reflux. At the end of this period, the 

solvent was removed, the resultant orange solid residue was added to an aqueous solution 

of K2CO3 (7.0 g, 50 mmol; 30 mL) and the mixture stirred for 2 h under reflux. A 

saturated aqueous solution of NaCl (20 mL) was then added and the mixture extracted 

with CH2Cl2. The combined organic layers were dried over Na2SO4, the solvent removed 

by rotary evaporation and the yellow residue recrystallised from acetone to yield the 
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beige product. Yield: 0.78 g (38%, 20). NMR (CDCl3): δH = 0.86 (t, 3H, CH3), 1.23-1.33 

(m, 16H, CH2), 1.39-1.44 (m, 2H, CH2), 1.73-1.80 (m, 2H, CH2), 3.99 (t, 2H, 3J = 6.6 

Hz, OCH2), 4.68 (s, 4H, CH2OH), 6.67 (s, 2Harom). 

 

2,6-Diformyl-4-dodecyloxy-pyridine (21) 

A mixture of 2,6-dihydroxymethyl-4-dodexyloxy-pyridine (20, 0.78 g, 2.41 mmol) and 

SeO2 (0.31 g, 2.41 mmol) in dioxane (25 mL) was vigorously stirred for 15 h at room 

temperature and then heated to 90° C. The progress of the reaction was monitored by 

NMR analysis which indicated incomplete conversion after 6 h. More SeO2 (0.035 g, 

0.27 mmol) was then added and the reaction mixture stirred for a further 9 h at 90° C. At 

the end of this period, the solvent was removed by rotary evaporation to yield an orange 

residue which was redissolved in CH2Cl2. Insoluble material was filtered off, the 

supernatant evaporated to dryness and the residue redissolved in n-hexane. After 

filtration, the solution was cooled to 0° C which caused the solid orange product to 

precipitate which was filtered off and dried in vacuo. Yield: 0.49 g (64%, 21). 1H-NMR 

(CDCl3): δH = 0.86 (t, 3H, CH3), 1.22-1.35 (m, 16H, CH2), 1.41-1.48 (m, 2H, CH2), 1.78-

1.85 (m, 2H, CH2), 4.12 (t, 2H, 3J = 6.6 Hz, OCH2), 7.60 (s, 2Harom), 10.09 (s, 2H, 

CH=O); 13C-NMR (CDCl3): δC (ppm) = 14.0, 22.6, 25.7, 28.6, 29.1, 29.2, 29.4-29.5 (4C), 

31.8, 69.2, 111.3, 154.6, 167.0, 192.3 (C=O). 

Synthesis of the amine reagents 

5-Bromomethyl-1,2,3-tris-(n-dodecyloxy)-benzene (10c)  

A solution of 3,4,5-tridodecyloxybenzyl alcohol (10.0 g, 15.1 mol) and PBr3 (1.90 g, 7.5 

mmol) in dry CH2Cl2 (200 mL) was stirred under argon atmosphere for 15 h at room 

temperature. Excessive PBr3 was then carefully quenched with water, the organic layer 

separated and the aqueous layer extracted with CH2Cl2. The combined organic phases 

were dried over Na2SO4, concentrated and the residue dried in vacuo to yield white solid 

product. Yield: 10.41 g (95%, 10c). 1H-NMR (CDCl3): δΗ (ppm) = 0.87 (t, 9H), 1.20-

1.38 (m, 48H), 1.39-1.50 (m, 6H), 1.68-1.81 (m, 6H), 3.90-3.96 (m, 6H, OCH2), 4.41 (s, 

2H, benzyl-CH2), 6.55 (s, 2Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 26.1, 29.4 

(2C), 29.6-29.7 (4C), 30.3, 31.9, 34.6 (benzyl-C), 69.1 (OCH2), 73.4 (OCH2), 107.6, 

132.5, 138.5, 153.2; elemental analysis calcd (%) for C43H79BrO3: C 71.34, H 11.00; 

found: C 70.85, H 10.72. 
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3-(n-Dodecyl)-1,5-diphthalimido-3-azapentane (11a) 

A suspension of 1,5-diphthalimido-3-azapentane (9, 4.0 g, 0.011 mmol) and K2CO3 (2.21 

g, 0.016 mol) in n-dodecyl bromide (27.4 g, 0.11 mol) was vigorously stirred for 14 h at 

170° C. At the end of this period, the mixture was filtered, the supernatant concentrated 

and the residue purified by column chromatography (silica; CH2Cl2/methanol, 150:1). 

Traces of n-dodecyl bromide were removed from the isolated product by recrystallisation 

from petroleum ether. Yield: 2.05 g (35%) of white solid product 11a. 1H-NMR (CDCl3): 

δH (ppm) = 0.86 (t, 3H), 1.03-1.30 (m, 20H), 2.49 (t, 2H, 3J = 7.2 Hz, NCH2), 2.77 (t, 4H, 
3J = 6.7 Hz, ethylene-CH2), 3.72 (t, 4H, 3J = 6.7 Hz, ethylene-CH2), 7.66 (m, 4Harom), 

7.75 (m, 4Harom); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.7, 27.3, 29.3, 29.6 (6C), 31.9, 

35.9 (ethylene-CH2), 51.6 (ethylene-CH2), 54.0 (NCH2), 123.0, 132.3, 133.7, 168.3; 

MALDI-TOF (m/z) found: MH+ = 532 (calcd for C32H41N3O4: M = 531). 

 

3-(n-Hexadecyl)-1,5-diphthalimido-3-azapentane (11b)  

A suspension of 1,5-diphthalimido-3-azapentane (9, 5.0 g, 13.8 mmol) and K2CO3 (2.86 

g, 20.7 mmol) in n-hexadecyl bromide (42.0 g, 42 mL, 138 mmol) was vigorously stirred 

for 12 h at 170° C. The mixture was then filtered through a short column (silica; 

CH2Cl2/MeOH, 5:1), concentrated and the crude product purified by column 

chromatography (silica; CH2Cl2/MeOH, 20:1). Traces of n-hexadecyl bromide were 

removed from the isolated product by recrystallisation from petroleum ether. Yield: 2.34 

g (29%) of white solid product 11b. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H), 1.02-

1.30 (m, 28H), 2.49 (t, 2H, 3J = 7.2 Hz, NCH2), 2.77 (t, 4H, 3J = 6.7 Hz, ethylene-CH2), 

3.72 (t, 4H, 3J = 6.7 Hz, ethylene-CH2), 7.66 (m, 4Harom), 7.75 (m, 4Harom); 13C-NMR 

(CDCl3): δC (ppm) = 14.1, 22.7, 27.3, 29.4, 29.6-29.7 (10C), 31.9, 35.9 (ethylene-CH2), 

51.6 (ethylene-CH2), 54.0 (NCH2), 123.0, 132.3, 133.7, 168.3; elemental analysis calcd 

(%) for C36H49N3O4: C 73.56, H 8.40, N 7.15; found: C 73.43, H  8.30, N 7.04; MALDI-

TOF (m/z) found: MH+ = 589 (calcd for C36H49N3O4: M = 588). 

 

3-(3,4,5-Tris(n-dodecyloxy)benzyl)-1,5-diphthalimido-3-azapentane (11c) 

A suspension of 1,5-diphthalimido-3-azapentane (9, 2.20 g, 6,1 mmol), bromomethyl-

1,2,3-tris-dodecyloxy-benzene (10c, 5.0 g, 6.9 mmol) and K2CO3 (2.90 g, 21 mmol) in 

dry acetonitrile (25 mL) was vigorously stirred under argon atmosphere for 16 h under 

reflux. The mixture was then filtered, the solvent removed by rotary evaporation and the 

crude solid product purified by column chromatography (silica; CH2Cl2/isopropanol, 
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25:1) to yield 2.3 g (38%) of the white solid 11c. 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 

9H), 1.20-1.48 (m, 54H), 1.63-1.72 (m, 6H), 2.79 (t, 4H, 3J = 6.19 Hz, NCH2), 3.54 (s, 

2H, benzyl-CH2), 3.67 (t, 4H, 3J = 6.6 Hz, OCH2), 3.73 (t, 4H, 3J = 6.2 Hz, NCH2), 3.83 

(t, 2H, 3J = 6.7 Hz, OCH2), 6.33 (s, 2Harom), 7.65 (s, 8Harom); 13C-NMR (CDCl3): δC 

(ppm) = 14.1, 22.7, 26.1, 26.2, 29.3, 29.4, 29.5, 29.6, 29.7 (CH2)n, 29.8, 30.3, 31.9 (2C), 

35.6 (ethylene-CH2), 51.7 (ethylene-CH2), 58.4 (benzyl-C), 68.7 (OCH2), 73.2 (OCH2), 

107.4, 122.9, 132.2, 133.5, 133.6, 136.9, 152.7, 168; elemental analysis calcd (%) for 

C63H95N3O7: C 75.18, H 9.51, N 4.17, found: C 75.09, H 9.54, N 4.03; MALDI-TOF 

(m/z) found: M(-H+) = 1005 (calcd for C63H95N3O7: M = 1006). 

 

n-Dodecyl-bis(2-aminoethyl)amine (am1)  

The solution of 3-dodecyl-1,5-diphthalimido-3-azapentane (11a, 2.0 g, 3.8 mmol) and 

hydrazine hydrate (1.89 g, 1.83 mL, 38 mmol) in dry ethanol (40 mL) was stirred under 

argon atmosphere for 2.5 h under reflux. The white solid precipitated was then filtered 

off, the clear solution concentrated and the residue redissolved in chloroform (20 mL). 

The solution was cooled overnight (6° C) which caused further white solid to precipitate 

which was filtered off, a procedure which was repeated twice. The supernatant was then 

dried over Na2SO4, concentrated and the colourless oily product dried in vacuo to yield 

the pure product. Yield: 0.95 g (92 %, am1). 1H-NMR (CDCl3): δH (ppm) =  0.83 (t, 3H), 

1.20-1.27 (m, 18H), 1.35-1.42 (m, 2H), 1.96 (s, 4H, NH2), 2.37 (t, 2H, 3J = 7.3, NCH2), 

2.45 (t, 4H, 3J = 6.1 Hz, ethylene-CH2), 2.70 (t, 4H, 3J = 6.1 Hz, ethylene-CH2); 13C-

NMR (CDCl3): δC (ppm) = 14.0, 22.6, 27.1, 27.5, 29.3, 29.5-29.6 (5C), 31.8, 39.8 

(ethylene), 54.6 (NCH2), 57.0 (ethylene). 

 

n-Hexadecyl-bis(2-aminoethyl)amine (am2)  

The synthesis was carried out according to n-dodecyl-bis(2-aminoethyl)amine (am1), 

using 3-(n-hexadecyl)-1,5-diphthalimido-3-azapentane (11b, 1.0 g, 1.7 mmol), hydrazine 

hydrate (0.85 g, 17 mmol) and dry ethanol (20 mL). Yield: 0.50 g (90%) of am2.         
1H-NMR (CDCl3): δH (ppm) = 0.83 (t, 3H), 1.20-1.27 (m, 26H), 1.35-1.42 (m, 2H), 1.71 

(s, 4H, NH2), 2.37 (t, 2H, 3J = 7.5 Hz, NCH2), 2.44 (t, 4H, 3J = 6.1 Hz, ethylene-CH2), 

2.69 (t, 4H, 3J = 6.1 Hz, ethylene-CH2); 13C-NMR (CDCl3): δC (ppm) = 14.1, 22.6, 27.2, 

27.5, 29.3, 29.6-29.7 (9C), 31.9, 39.9 (ethylene), 54.6 (NCH2), 57.2 (ethylene). 
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3,4,5-Tris(n-dodecyloxy)benzyl-bis(2-aminoethyl)amine (am3)  

A solution of 3-(3,4,5-tris(n-dodecyloxy)benzyl)-1,5-diphthalimido-3-azapentane (11c, 

1.0 g, 0,99 mmol) and hydrazine hydrate (0.50 g, 10 mmol) in ethanol (10 mL) was 

stirred under argon atmosphere for 2.5 h under reflux. The white solid precipitated was 

then filtered off and the solution reduced to a quarter. CHCl3 (10 mL) was added and the 

solution was cooled in an ice bath to cause further white solid to precipitate which was 

again filtered off. The supernatant was concentrated and the colourless oily product dried 

in vacuo to yield the pure product. Yield  0.6 g (81%, am3). 1H-NMR (CDCl3): δH (ppm) 

= 0.86 (t, 9H, CH3) 1.22-1.33 (m, 48H, CH2), 1.40-1.47 (m, 6H, CH2), 1.67-1.79 (m, 6H, 

CH2), 2.51 (t, 4H, NCH2), 2.75 (t, 4H, NCH2), 3.48 (s, 2H, benzyl-CH2), 3.90 (t, 2H, 3J = 

6.6 Hz, OCH2), 3.92 (t, 4H, 3J = 6.6 Hz, OCH2), 6.48 (s, 2Harom), 13C-NMR (CDCl3): δC 

(ppm) = 14.0, 22.7, 26.1, 29.3, 29.4, 29.6-29.7 (4C), 30.3, 31.9, 39.7 (ethylene), 57.1 

(ethylene), 59.5 (benzyl-C), 69.2 (OCH2), 73.4 (OCH2), 107.2, 134.6, 137.3, 153.0. 

7.8.2 Cyclisation reactions 

General methodology 

Functionalised macrocycles were synthesised by the slow, dropwise addition of diluted 

solutions of the dialdehyde reagents to the diluted solutions of the diamines. The 

reactions were carried out in dry acetonitrile, or in the case of poorly soluble educts in a 

mixture of dry dichloromethane/acetonitrile (1:1), under vigorous stirring for 1 day at 

room temperature under argon atmosphere. A yellow oil was typically formed which was 

isolated by decantation of the supernatant and dried in vacuo. In some cases, the products 

precipitated as solid materials which were filtered off, washed thoroughly with 

acetonitrile and dried in vacuo. 

mac1: n-Dodecyl-bis(2-aminoethyl)amine (am1, 0.626 g, 2.31 mmol) in CH2Cl2/MeCN 

(1:1, 55 mL), terephthalaldehyde (12, 0.310 g, 2.31 mmol) in CH2Cl2/MeCN (1:1, 25 

mL); reaction: 48 h; yield: 0.52 g (61 %) of yellow oily mac1. 1H-NMR (CDCl3): δH 

(ppm) = 0.86 (t, 6H), 1.15-1.32 (m, 36H), 1.38-1.51 (m, 4H), 2.44-2.55 (m, 4H), 2.78-

2.85 (m, 8H), 3.60-3.71 (m, 8H), 7.3-8.3 (m, 12H); elemental analysis calcd (%) for 

C48H78N6: C 77.99, H 10.64, N 11.37, found: C 77.49, H 10.95, N 11.52; MALDI-TOF 

(m/z) found: MH+ = 740 [2+2] (calcd for C48H78N6: M = 739), MNa+: 762; IR (KBr): ν = 

1644 cm-1 (C=N). 
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mac2: n-Hexadecyl-bis(2-aminoethyl)amine (am2, 0.50 g, 1.53 mmol) in CH2Cl2/MeCN 

(1:1, 35 mL), terephthalaldehyde (12, 0.205 g, 1.53 mmol) in CH2Cl2/MeCN (1:1, 15 

mL); reaction: 20 h, yield: 0.45 g (69 %) of yellowish solid mac2. 1H-NMR (CDCl3, 400 

MHz): δH (ppm) = 0.86 (t, 6H), 1.14-1.31 (m, 52H); 1.37-1.51 (m, 4H), 2.44-2.56 (m, 

4H), 2.78-2.86 (m, 8H), 3.60-3.72 (m, 8H), 7.3-8.3 (m, 12H); elemental analysis calcd 

(%) for C56H94N6: C 80.09, H 11.59, N 9.96; found: C 79.00, H 11.13, N 9.87; MALDI-

TOF (m/z) found: MH+ = 853 [2+2] (calcd for C56H94N6: M = 852), MNa+: 875; IR 

(KBr): ν = 1642 cm-1 (C=N). 

mac3: 5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-isophthalaldehyde (is1, 500 mg, 0.60 

mmol) in CH2Cl2/MeCN (1:1, 10 mL), diethylene triamine (am0, 65 mg, 0.60 mmol) in 

CH2Cl2/MeCN (1:1, 15 mL); reaction: 16 h, yield: 366 mg (71%) of yellow oily mac3. 

Elemental analysis calcd (%) for C110H186N6O8: C 76.78, H 10.90, N 4.88; found: C 

76.02, H 10.76, N 4.93; MALDI-TOF (m/z) found: MH+ = 1719 [2+2] (calcd for 

C110H186N6O8: M = 1718); IR (KBr): ν = 1646 cm-1 (C=N). 

mac4: 5-(3,4,5-Tris(n-hexadecyloxy)benzyloxy)-isophthalaldehyde (is2, 962 mg, 1.0 

mmol) in CH2Cl2/MeCN (1:1, 25 mL), diethylene triamine (am0, 103 mg, 1.0 mmol) in 

CH2Cl2/MeCN (1:1, 25 mL); reaction: 10 h; yield: 669 mg (65 %) of yellow solid mac4. 

Elemental analysis calcd (%) for C134H234N6O8: C 78.23, H 11.46, N 4.08; found: C 

77.99, H 11.63, N 3.84; MALDI-TOF (m/z) found: MH+ = 2058 (calcd for 

C134H234N6O8: M = 2057); IR (KBr): ν = 1647 cm-1 (C=N). 

mac5: 5-(3,4,5-Tris(n-dodecyloxy)benzyloxy)-isophthalaldehyde (is1, 262 mg, 0.33 

mmol) in CH2Cl2/MeCN (1:1, 5 mL), 3,4,5-tridodecyloxybenzyl-bis(2-aminoethyl)amine 

(am3, 250 mg, 0.33 mmol) in CH2Cl2/MeCN (1:1, 8 mL); reaction: 20 h; yield: 310 mg 

(63%) of yellow oily mac5. Elemental analysis calcd (%) for C196H342N6O14: C 78.29, H 

11.46, N 2.79; found: C 77.92, H 11.66, N 2.62; MALDI-TOF (m/z) found: M+ = 3007 

[2+2] (calcd for C196H342N6O14: M = 3007); IR (KBr): ν = 1644 cm-1 (C=N). 

 

mac6: 2,6-Diformyl-4-tert-butyl-pyridine (16, 80 mg, 0.42 mmol) in acetonitrile (10 

mL), 4,6-bis(isopropyl)-m-xylylenediamine (17, 92.5 mg, 0.42 mmol) in acetonitrile (16 

mL); reaction: 15 h reaction; yield: 115 mg (73%) of white solid mac6; MALDI-TOF 

(m/z) found: MH+ = 751 [2+2] (calcd for C50H66N6: MH = 751). 
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mac7: 2,6-Diformyl-4-dodecyloxy-pyridine (21, 0.20 g, 0.63 mmol) in acetonitrile (15 

mL), 4,6-bis(isopropyl)-m-xylylenediamine (17, 0.138 g, 0.63 mmol) in acetonitrile (25 

mL); reaction: 14 h; yield: 0.22 g (69%) of white solid product mac7. Elemental analysis 

calcd (%) for C66H98N6O2: C 78.68, H 9.80, N 8.34; found: C 77.60, H 9.76, N 8.06; 

MALDI-TOF (m/z) found: MH+ = 1008 [2+2] (calcd for C66H99N6O2C196: MH+ = 1008); 

IR (KBr): ν = 1645 cm-1 (C=N). 

7.8.3 Totally π-conjugated macrocycles 

Synthesis of the reagents 

The following compounds were synthesised according to the procedures previously 

reported in the literature: 2,6-diformylpyridine (26),31 1,2-bis(n-dodecyloxy)benzene,64 

1,2-bis(n-dodecyloxy)-4,5-dinitrobenzene (25) and 1,2-bis(n-dodecyloxy)-4,5-diamino-

benzene,65 strontium triflate (Sr(CF3SO3)2),39,66 2,6-bis(hydroxymethyl)-4-methoxy-

phenol,67 2,6-bis(formyl)-4-methoxy-phenol,68 2,6-bis(formyl)-4-methyl-phenol (24) 

from the commercial 2,6-bis(hydroxymethyl)-4-methyl-phenol (Avocado).69 

 

Template induced cyclisation 

mac9 (H+-template) 

A solution of 1,2-bis(n-dodecyloxy)-4,5-diaminobenzene (25, 238 mg, 0.50 mmol) in 

ethanol (12 mL) and a concentrated aqueous solution of hydrochloric acid (37%, 0.05 

mL) in dry methanol (1 mL) were added to the ruby coloured suspension of 2,6-

diformyl-4-methylphenol (24, 82 mg, 0.50 mmol). The mixture was vigorously stirred 

under argon atmosphere for 12 h at room temperature. At the end of this period, the 

precipitated product was filtered off, washed thoroughly with ethanol and diethyl ether 

and dried in vacuo to yield a dark green solid product. Yield: 180 mg (56 %, mac9). 

MALDI-TOF (m/z) found: MH+ = 1211 (calcd for C78H121N4O6: M = 1210); IR (KBr): ν 

= 1633 cm-1 (C=N). 
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mac10 (Cu2+-template) 

A solution of 1,2-bis(n-dodecyloxy)-4,5-diaminobenzene (25, 90 mg, 0.18 mmol) in 

ethanol (4 mL) was added dropwise to the solution of Cu(ClO4)2·6H2O (70 mg, 0.18 

mmol) in ethanol (5 mL). A solution of 2,6-diformyl-4-methyl-phenol (24, 30 mg, 0.18 

mmol) in ethanol (2 mL) was then added portion wise and the mixture vigorously stirred 

under argon atmosphere for 24 h under reflux. At the end of this period, the suspension 

was left to cool to room temperature and the solid brown precipitated product was 

filtered off, washed thoroughly with methanol and dried in vacuo. Yield: 450 mg (83%, 

mac10). Elemental analysis calcd (%) for C78H118Cl2Cu2N4O14: C 61.08, H 7.75, N 3.65; 

found: C 59.39, H 8.41, N 3.99; MALDI-TOF (m/z) found: M+ (− ClO4
-): 1434, calcd: 

1434; found: MH+ (−2 ClO4
-): 1335, calcd: 1335; found: MH+ 1273 (−2 ClO4

-, − Cu2+): 

calcd: 1273; IR (KBr): ν = 1613 cm-1 (C=N). 

 

mac11 (Sr2+-template) 

A suspension of 1,2-bis(n-dodecyloxy)-4,5-diaminobenzene (25, 0.34 g, 0.71 mmol), 

2,6-diformylpyridine (96 mg, 0.71 mmol) and Sr(OTf)2 (139 mg, 0.35 mmol) in dry 

acetonitrile (55 mL) was vigorously stirred under argon atmosphere for 20 h under 

reflux. The mixture was then left to cool to room temperature and the orange precipitated 

product was filtered off, washed thoroughly with acetonitrile and dried in vacuo. Yield: 

430 mg (76%, mac11). MALDI-TOF (m/z) found: M+ = 1388 (−OTf-) (calcd for 

C75H115N6O7SF3Sr: M+ = 1388); IR (KBr): ν = 1629 cm-1 (C=N). 

7.8.4 N-acylated aza-crown ethers 

Synthesis of the reagents 

2,5,8,17,20,23-hexaaza-[9.9]paracyclophane (mac13) was synthesised according to a 

literature procedure.14,57 

Methyl 4-(n-dodecyloxy)benzoate (22)  

A suspension of methyl 4-hydroxybenzoate (21, 9.59 g, 63 mmol), n-dodecyl bromide 

(18.84 g, 18.1 mL, 75.6 mmol), K2CO3 (8.70 g, 63 mmol) and a catalytic amount of KI in 

cyclohexanone (150 mL) was vigorously stirred for 28 h at 150° C. At the end of this 

period, the hot mixture was filtered and the solution cooled in an ice bath. The white 

solid precipitate was filtered off and dried in vacuo at 150° C to remove traces of 
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remaining cyclohexanone. Yield: 9.52 g (47%) of white solid product 22. 1H-NMR 

(CDCl3): δH (ppm) = 0.86 (t, 3H, CH3,), 1.23-135 (m, 16H, CH2), 1.40-1.47 (m, 2H, 

CH2), 1.74-1.81 (m, 2H, CH2), 3.86 (s, 3H, OCH3), 3.98 (t, 2H, 3J = 6.6 Hz, OCH2), 6.88 

(d, 2Harom, 3J = 9.1 Hz), 7.95 (d, 2Harom, 3J = 9.1 Hz); 13C-NMR (CDCl3): δC (ppm) = 

14.1, 22.7, 26.0, 29.1, 29.3 (2C), 29.5-29.6 (4C), 31.9, 51.8 (OCH3), 68.2 (OCH2), 114.1, 

122.4, 131.6, 163.0. 

4-(n-Dodecyloxy)benzoic acid (23) 

A solution of methyl-4-(n-dodecyloxy)benzoate (22, 9.52 g, 30 mmol), KOH (6.66 g, 

118 mmol) and H2O (15 mL) in ethanol (300 mL) was vigorously stirred for 3.5 h under 

reflux. The mixture was then acidified with an aqueous solution of hydrochloric acid 

(6N, 300 mL) and cooled in an ice bath. The solid product precipitate was filtered off and 

dried in vacuo. Yield: 9.0 g (99%, 23). 1H-NMR (CDCl3): δH (ppm) = 0.86 (t, 3H, CH3), 

1.23-1.36 (m, 16H, CH2), 1.41-1.48 (m, 2H, CH2), 1.75-1.82 (m, 2H, CH2), 4.00 (t, 2H, 
3J = 6.6 Hz, OCH2), 6.91 (d, 2Harom, 3J = 9.1 Hz), 8.03 (d, 2Harom, 3J = 9.1 Hz). 

 

Synthesis of the functionalised polyamine macrocycles 

mac14: n-Decanoyl chloride (0.29 g, 0.31 mL, 1.5 mmol) was added dropwise to the 

solution of 2,5,8,17,20,23-hexaaza-[9.9]paracyclophane (mac13, 80 mg, 0.2 mmol) and 

triethylamine (0.15 g, 0.21 mL, 1.5 mmol) in dry CH2Cl2 (5 mL). The mixture was then 

vigorously stirred under argon atmosphere for 14 h at room temperature. At the end of 

this period, a saturated aqueous solution of NaHCO3 (5 mL) was added and the separated 

organic layer washed with H2O and dried over Na2SO4. The solution was then 

concentrated and the residue dried in vacuo to yield colourless solid product. Yield: 0.25 

g (94%, mac14). MALDI-TOF (m/z) found: MH+ = 1336 (calcd for C84H146N6O6; M = 

1335), MNa+ = 1558.  

 

mac15: A solution of 4-(n-dodecyloxy)benzoic acid (23, 850 mg, 2.78 mmol) in SOCl2 

(6.5 mL) was stirred under argon atmosphere for 0.5 h at 90° C. Excess SOCl2 was then 

removed in vacuo at elevated temperature. The resulting acid chloride was dissolved in 

dry CH2Cl2 (45 mL). After addition of 2,5,8,17,20,23-hexaaza-[9.9]paracyclophane 

(mac13, 150 mg, 0.37 mmol) and triethylamine (0.5 mL, 3.7 mmol), the reaction mixture 

was vigorously stirred under argon atmosphere at room temperature. The progress of the 
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reaction was monitored by thin layer chromatography (silica; CH2Cl2/MeOH, 95:5). 

After 22 h, the reaction was quenched with a saturated solution of NaHCO3 (30 mL). The 

organic layer was separated, washed with H2O and dried over Na2SO4. The solution was 

concentrated and the crude oily product purified by column chromatography (silica; 

CH2Cl2/MeOH, 95:5) to yield white solid product. Yield: 530 mg (67%, mac15). 

MALDI-TOF (m/z) found: MH+ = 2142 (calcd for C138H206N6O12: M = 2141), MNa+ = 

2165 (the additional signal at 1835 corresponds to traces of the penta-substituted product 

or fragment); IR (KBr): ν = 1626 cm-1 (C=O). 
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Appendix 

 

 

A)  Supporting STM images 

Part A of the Appendix adds supporting STM images discussed but not included in the 

prior Chapters, or showing the long range order of the presented 2D structures. 

 
 
 
bis1 

N
N

H25C12O
N

OC12H25

   
image area: 201 x 201 nm2, Vset = −174 mV, Iset = pA 

 
 
sa2 

O

OH

OC12H25

     
(left) image area: 335 x 335 nm2, Vset = −0.66 V, Iset = 18.6 pA 
(right) image area: 29 x 29 nm2, Vset = −131 mV, Iset = 14.2 pA 
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sa3               sa4 

O

OH

OC16H33

         

O

OH

H25C12O

   
sa3: image area: 31 x 31 nm2, Vset = −108 mV, Iset = 24.0 pA 
sa4: image area: 30 x 30 nm2, Vset = −151 mV, Iset = 20.2 pA 

 

 

free ligand of cu10 

N

OH

OC16H33

C12H25

     
(left) image area: 30 x 30 nm2, Vset = −80 mV, Iset = 17.5 pA 

(right) image area: 15 x15 nm2, Vset = −215 mV, Iset = 18.6 pA 
 
 
cu13                free ligand of cu13 

O
N Cu

O
NH37C18

C18H37

      

N

OH

C18H37

   
cu13: image area: 20 x 20 nm2, Vset = −183 mV, Iset = 23.9 pA 

free ligand of cu13: image area: 30 x 30 nm2, Vset = −70 mV, Iset = 29.5 pA 
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cu1            cu3 

O
O Cu

O
O

OC8H17

H17C8O

         

OO

Cu

O O

OC12H25

OC12H25

   
cu1: image area: 25 x 25 nm2, Vset = –349 mV, Iset = 28.2 pA 
cu3: image area: 19 x 19 nm2, Vset = −0.51 V, Iset = 24.4 pA 

 
 
cu5 

O
N Cu

O
N

OC16H33

H33C16O

H

H

     
(left) image area: 101 x 101 nm2, Vset = -359 mV, Iset = 20.0 pA  

(right) image area: 49 x 49 nm2, Vset = -376 mV, Iset = 20.3 pA 
 
 
cu6            cu7 

O
N Cu

O
N

OC16H33

H33C16O

H

H

         

NO

Cu

N O

OC12H25

OC12H25

H

H

   
cu6: image area: 29 x 29 nm2, Vset = −0.63 V, Iset = 24.9 pA 
cu7: image are: 24 x 24 nm2, Vset = −0.74 V, Iset = 33.7 pA 
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pd3 

O
N Pd

O
N

OC12H25

H25C12O

H

H

    

Image area: 15 x 15 nm2, Vset = –65 mV, Iset = 48.6 pA 
 

 

cu8 

O
N Cu

O
N

OC12H25

H25C12O

H17C8

C8H17

     
(left) image area: 101 x 101 nm2, Vset = −0.73 V, Iset = 37.2 pA 
(right) image area: 15 x 15 nm2, Vset = −0.91 V, Iset  = 31.0 pA 

 
 

cu11 

O
N Cu

O
N

OC12H25

H25C12O

H33C16

C16H33

     
(left) image area: 48 x 48 nm2, Vset = −0.91 V, Iset  = 23.2 pA 
(right) image area: 15 x 15 nm2, Vset = −0.83 V, Iset = 17.0 pA 
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vo1 

O
N V

O
N

OC12H25

H25C12O

H17C8

C8H17
O

     
(left) image area: 98 x 98 nm2, Vset = −336 mV, Iset = 23.2 pA 

(right) image area: 30 x 30 nm2, Vset = −0.52 mV, Iset = 30.5 pA 
 

 

pt1 

N

O

C16H33

PtN

O

H33C16

OC12H25

OC12H25

     
(left) image area: 102 x 102 nm2, Vset = −264 mV, Iset = 25.6 pA 
(right) image area: 20 x 20 nm2, Vset = −0.65 V, Iset = 28.9 pA 

 
 
 pd4                  cu15 

N

O

CuN
O

OC16H33

H33C16O

H25C12

C12H25

   

N

O

CuN
O

OC16H33

H33C16O

H5C2

C2H5

  
pd4: image area: 101 x 101 nm2, Vset = −361 mV, Iset = 17.9 pA  
cu15: image area: 100 x 100 nm2, Vset = −168 mV, Iset = 26.8 pA 
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bin1 

N OH25C12
Cu

Cl NO
C12H25Cu

Cl

H33C16O

OC16H33

     
(left) image area: 100 x 100 nm2, Vset = −0.78 V, Iset = 20.6 pA 
(right) image area: 15 x 15 nm2, Vset = −279 mV, Iset = 19.4 pA 

 
bin2 

NON

OC16H33

N O N

OC16H33

Cu Cu
H

H

H

H

2+

+ 2 Ac-

   
image area: 50 x 50 nm2, Vset = −268 mV, Iset = 33.6 pA 

 

Mixtures 

Besides the tetra-alkoxy substituted complexes and the secondary modification of cu5, 

non-lamellar structures have been observed in the case of the mixture of cu2 and cu5 

(1:1) from TCB solution. The 2D pattern differs clearly from the lamellae formed by 

either of the pure compounds or the secondary structure of cu5 and thus consists, most 

presumably, of a co-assembly of the two compounds. 

O
O Cu

O
O

OC12H25

H25C12O

O
N Cu

O
N

OC12H25

H25C12O

H

H
+

      
(left) image area: 50 x 50 nm2, Vset = −1.21 V, Iset = 31.0 pA 

(right) image area: 25 x 25 nm2, Vset = −1.32 V, Iset = 31.9 pA 
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B)  STM images of a supramolecular isophthalic acid 

The self-assembling capacity of the supramolecular isophtalic acid iac at the TCB/HOPG 

interface was investigated by STM. Iac was obtained by saponification of the 

corresponding diester 6a, an intermediate in the synthesis of is1 (Chapter 7): 

 

O

OC12H25

OC12H25

H25C12O

COOHHOOC

O

OC12H25

OC12H25

H25C12O

MeOOC COOMe

6a iac

KOH

EtOH

 
 

The obtained STM images show highly ordered 2D structures. We assume that the acid 

functionalities undergo hydrogen bonding with adjacent molecules, as known e.g. from 

the hexagonal arrangement of trimesic acid.i Remarkable is the fact that bright and dark 

areas are statistically distributed within the adlayer. This phenomenon may be caused by 

complexed K+ ions within either of the bright or dark areas (trace residual from the 

saponification of the diester) that change significantly the local conductivities and thus 

the brightness of the images. 

 

   
STM images of the adlayer of iac from TCB solution; (left) image area: 100 x 100 nm2, Vset = 

−391 mV, Iset = 11.8 pA; (middle) image area: 50 x 50 nm2, Vset = −384 mv, Iset = 13.9 pA; (right) 

image area: 30 x 30 nm2, Vset = −415 mV, Iset = 13.7 pA. 

                                                 
i   F. H. Herbstein, R. E. Marsh, G. J. Reisner, Inclusion Phenom. 1987, 5, 211. 
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Experimental section 

A suspension of 6a (1.80 g, 2.1 mmol) and KOH (0.96 g, 17.1 mmol) in a mixture of 

ethanol/H2O (20:1, 63 mL) was stirred for 3 h under reflux. At the end of this period, the 

hot solution was quenched with an aqueous solution of hydrochloric acid (6N, 50 mL). 

Cooling of the mixture in an ice bath caused a green solid to precipitate which was 

filtered off and recrystallised from ethanol to yield the white solid product. Yield: 1.49 g 

(86%). 1H-NMR (CDCl3): δH = 0.85 (t, 9H, CH3), 1.22-1.35 (m, 48H, CH2), 1.42-1.49 

(m, 6H, CH2), 1.70-1.81 (m, 6H, CH2), 3.92-3.97 (m, 6H, OCH2), 5.00 (s, 2H, benzyl-

CH2), 6.62 (s, 2Harom), 7.85 (s, 2Harom), 8.45 (s, 2Harom). 

 
 
 

C)  Alkoxy functionalised gallic acid derived Ca2+ complex  

The Ca(II) complex of an alkoxy substituted gallic acid derivative, employed for the 

incorporation of metal ions into mesophases,ii was studied at the TCB/HOPG interface by 

STM. The images show highly ordered 2D structures. 

 

 

O O

OC10H21

OC10H21

H21C10O

Ca

OO

H21C10O
OC10H21

OC10H21

       
STM images of the adlayer of the Ca(II) complex of the alkoxy substituted gallic acid derivative 

from TCB solution; (left) image area: 100 x 100 nm2; Vset = −0.59 V, Iset = 19.7 pA; (right) image 

area: 25 x 25 nm2, Vset = −470 mV, Iset = 22.5 pA. 

 

                                                 
ii   The complex was synthesised by Kerstin Kreischer within the scope of her research project; 

K. Kreischer, PhD thesis, Inorganic Chemistry II, University of Ulm, 2004. 
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D)  Preliminary experiment for catalytic oligomerisation of 

ethylene 

The tert-butyl substituted macrocyclic binuclear Fe(II) complex B (see Chapter 7, Figure 

4) was used for preliminary ethylene oligomerisation/polymerisation experiments: 

 

N

NN

N

NN Fe

Fe

ClCl

Cl Cl

 
 

In spite of the iso-propyl side groups, the solubility of the binuclear Fe(II) complex in 

toluene was very poor, a solvent typically used for such catalytic reactions with MAO-

activation.iii,iv Therefore, the catalyst could not be completely dissolved even when only 

traces of the material were used. Consequently, neither the concentration nor the activity 

of the dissolved catalyst could be determined. However, the experiments revealed a high 

reactivity of B, yielding 1-butene as the main product as well as negligible traces of 

higher olefins. 

The reaction was carried out in an autoclave system, using 1500 equivalents of MAO in 

toluene solution as activator. We observed an exothermic reaction at 15 bar (constant) 

ethylene pressure which proceeded for approximately 15 minutes. Subsequent addition of 

methanol to the product mixture did not lead to the precipitation of polymer. Evaporation 

of the solvent yielded a white solid powder which was identified as decomposed MAO, 

whereas no oligomers were found. Thus, in the subsequent experiments, the volatile 

products were evaporated in vacuo and condensed in a cold trap (cooled with liquid 

nitrogen). NMR analysis of the resultant colourless liquid afforded clearly resolved 1H-

NMR as well as 13C-NMR spectra (see Figure) that revealed that the product mixture 

contained 1-butene (bp: -6° C) as the main product as well as toluene (bp: 111° C) and 

traces of 1-hexene (bp: 64° C). The experiments were repeated several times in order to 

confirm reproducibility. 
                                                 
iii  B. L. Small, M. Brookhart, J. Am. Chem. Soc. 1998, 120, 7143. 
iv   B. L. Small, M. Brookhart, A. M. A. Bennett, J. Am. Chem. Soc. 1998, 120, 4049. 
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Comparison of the 13C-NMR spectra of the product fraction (mixture of toluene/1-butene) with 
pure toluene. 

Oligomerisation experiment 

A MAO-solution (1.55 mol/L in toluene; 5 mL, 5 mmol, 1500 equivalents) was added to 

the suspension of the Fe(II) catalyst (5.0 mg, 0.005 mmol) in dry toluene (15 ml) which 

led to a slightly coloured violet solution in which the complex was not completely 

dissolved. The mixture was transferred to a 50 mL glass inlay which was placed into a 

100 mL autoclave under argon atmosphere. The autoclave was then pressurised with 

ethylene (15 bar) and the mixture stirred vigorously. After some minutes, an exothermal 

reaction was detected by the increased autoclave temperature which proceeded at 

constant pressure for approximately 15 min. At the end of this period, the autoclave 

cooled down to room temperature and was then depressurised and opened. The reaction 

mixture which exhibited a significant volume increase (5 mL) was evaporated in vacuo 

and the volatile ingredients condensed in a cold trap (liquid nitrogen). The resultant 

colourless liquid contained 1-butene as the main product. 1H-NMR (CDCl3): δH (ppm) = 

1.03 (3H, CH3), 2.09 (m, 2H, CH2), 4.95 (m, 1H, C=CH2, cis-H,H’), 5.03 (m, 1H, 

C=CH2, trans-H,H’), 5.89 (m, 1H, C=CH-); 13C-NMR (CDCl3): δ (ppm) = 13.1 (CH3-), 

26.7 (-CH2-), 113.1 (=CH2), 140.5 (-CH=). 
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Summary 

 
 

This thesis is concerned with the design and synthesis of novel functionalised ligand 

systems and their transition metal complexes for the two-dimensional (2D) nano-

patterning of surfaces. The resultant monolayers were visualised by scanning tunnelling 

microscopy (STM). The obtained compounds offer catalytically interesting properties 

and meet structural criteria for 2D self-assembly at the liquid/solid interface. The latter is 

a powerful method to create widely extended and highly ordered surface layers and was 

exploited in a wide range of organic compounds. In contrast, the number of defined metal 

complexes visualised by STM is still rare. Advantageous structural features are the 

flatness and shape persistence of the molecules, combined with long alkyl side groups 

that promote the immobilisation of the molecules by intermolecular van der Waals 

interactions. 

The long-term goal of this project is the creation of nano-decorated catalyst surfaces 

which exhibit a high density of active sites at variable and defined distances. Such 

systems might give access to important reactions that are based on the cooperation of two 

or more metal centres, for example Fischer-Tropsch synthesis of n-alkanes/n-alkenes or 

C-H activation of methane. As a fundamental advantage, the exposed plane surfaces 

allow in situ studies of reactions on transition metal complexes which are typically 

utilised as homogeneous systems or as immobilised catalysts on porous carrier materials. 

Surfaces which contain nano-patterned binding sites may further act as innovative 

sensors. Finally, the controlled and highly ordered deposition of metal complexes on 

solid surfaces may provide programmable matrices or building blocks for the bottom-up 

engineering of electronic and magnetic devices. 

 

As a first catalytically interesting ligand system, novel pyridine bis-imine derivatives that 

consist of a π-conjugated shape persistent backbone could be successfully employed for 

the 2D self-assembly at the 1,2,4-trichlorobenzene (TCB)/graphite (HOPG) interface. 

Highly resolved STM images (Figure 1) reveal that compounds with mono-alkoxy 

substituted arylimine moieties form lamellar 2D patterns and the periodicities are 

dependant on the length of the alkyl chains. We found that the pyridine nitrogen atoms 
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play a significant role for the 2D structuring of the free ligands, most probably due to the 

formation of weak hydrogen bonds with aryl protons of adjacent molecules. This 

assumption was supported by the fact that an exchange of the pyridyl with the isophthalyl 

spacer afforded modified lamellar 2D patterns. Corresponding planar Pd(II) complexes 

are stable against light, air and moisture and thus were used as promising model systems 

for the self-assembly of metal complexes. However, as of yet these compounds did not 

afford the desired 2D patterns, most probably due to their increased steric demand 

(additional metal centre and coordinated acetonitrile ligand) as well as the different 

conformation of the ligands within the complexes. Presumably, the variation of the 

substitution pattern, such as insertion of additional alkoxy groups (which has led to more 

expanded 2D structures in the case of a free ligand), as well as the tuning of the metal 

centre may finally lead to the self-organised metal complexes. 

Figure 1 General structure of the bis-imines and high resolution STM image of the C12 O-
substituted pyridine bis-imine ligand bis1 (R = OC12H25, R’ = H, X = N). 

Due to the fact that a fast and reproducible deposition of metal complexes as well as the 

variability of the resultant 2D structures is desired for any of the aforementioned 

applications, we were seeking complexes that are better suited for our intended purpose. 

We discovered that functionalised bis-salicylaldehydato/-aldiminato M(II) complexes 

(Figure 2) readily self-assemble at the liquid/solid interface. Due to the relative ease of 

synthetic modification, these systems could be used as a powerful tool for the nano-

decoration of metal complex surfaces with fine-tuned 2D structures. The key for the 

control of the resultant 2D patterns is the variation of the functional group X (aldehyde or 

aldimine). The obtained highly resolved STM images revealed that the regular face-on 

deposition of the prochiral C2h-symmetric complexes at the TCB/HOPG interface leads 

to three related, but basically different, homochiral 2D structures. 

N
NNO
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N
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45 Å 
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O

X
M

O

X

AlkO

OAlk

O

X
M

O

XAlkO

OAlk

4-substituiert 5-substituiert
X = O, N-H, N-Alk
Alk = n-Alkyl  

Figure 2 General structures of the bis-salicylaldehydato and bis-salicylaldiminato M(II) 
complexes; X = O, N-H, N-Alk; Alk = n-alkyl. 

The planar bis-salicylaldehydato Pd(II) and Cu(II) complexes form lamellar arrays that 

are stabilised, in addition to the well known van der Waals interactions between the alkyl 

substituents, by a network of weak intermolecular hydrogen bonds (Figure 3). The 

resultant structures offer short metal-metal distances of approximately 7 Å and can be 

generalised in the homochiral pattern type 1 (Scheme 1). 

Figure 3 STM image of the C12 O-substituted bis-salicylaldehydato Pd(II) complex pd1 
and model of the molecular arrangement (network of weak hydrogen bonds). 

The exchange of the aldehyde O-atom with the imine (N-H) functionality blocks the 

acceptor function of the hetero atoms and thus inhibits the formation of the 

aforementioned intermolecular hydrogen bonds. This modification leads to a significant 

expansion of the 2D structure with increased metal-metal distances of ca. 10 Å (e.g. cu5, 

Figure 4, A). At the same time, the structural expansion leads to the interdigitation of 

alkyl chains of neighbouring lamellae and thus to decreased periodicities (compared to 

the pattern type 1) which is typical for the homochiral pattern type 2 (Scheme 1). 

Surprisingly, a secondary surface modification was observed in the case of the C12 O-

substituted bis-salicylaldiminato (NH) Cu(II) complex cu5  (Figure 4, B). This 2D array 

consists of the highly ordered racemic mixture of the two chiral surface species, 
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affording metal-metal distances of 12 Å. Finally, the assemblies could be further 

modified by steric effects. In most cases, the incorporation of N-alkyl side groups 

completely suppressed the formation of lamellar structures. Instead, we observed further 

expanded 2D structures that consisted of separated complex “islands” (e.g. cu10, Figure 

4, C), generalised in the distorted hexagonal pattern type 3 (Scheme 1, minimal metal-

metal distances of 16-19 Å). As a remarkable structural characteristic of this 2D 

modification, the extra N-alkyl substituents are not fully adsorbed on the surface, but 

rather are pointed into the solution. This effect is particularly interesting, because such 

side groups offer the chance to incorporate additional functionalities with flexible 

distances to the reactive centres which may significantly influence their catalytic 

behaviour (e.g. reactivity and selectivity). 

Figure 4 High resolution STM images: A) Lamellar array of the C12 O-substituted bis-
salicylaldiminato Cu(II) complex cu5; B) racemic mixture of the two chiral 
surface species of cu5; C) complex “islands” formed by the NC12/OC16-
substituted bis-salicylaldiminato Cu(II) complex cu10. 

Further variation of the length and position of the side chains, as well as exchange of the 

metal ions, afforded a “fine-tuning” of metal-metal distances within the three pattern 

types (Scheme 1). Such controlled adjustment of structural parameters on a molecular 

scale gives acces to a defined variation of specific surface properties. 

pattern type 1 pattern type 2 pattern type 3
 

Scheme 1 “Pattern types 1-3”, emerging from each other. 

23 Å 

O
N

O

O
N

O

Cu

O
N

O

O
N

O

Cu

O
N

O

O
N

O

Cu

O
N

O

O
N

O

Cu

O
N

O

O
N

O

Cu

O
N

O

O
N

O

Cu

10 Å 

N

O
Cu

N

O

O

O

C12H25

H25C12

N

O
Cu

N

O

O

O

C12H25

H25C12

N

O
Cu

N

O

O

O

C12H25

H25C12

N

O
Cu

N

O

O

O

C12H25

H25C12

N

O
Cu

N

O

O

O

C12H25

H25C12

N

O
Cu

N

O

O

O

C12H25

H25C12

16 Å 

N O

O

Cu

NO

O

N O

O

Cu

NO

O

N O

O

Cu

NO

O

N

O

O

Cu
N

O

O

N O

O

Cu

NO

O

N

O

O

Cu
N

O

O

N

O

O

Cu
N

O

O

N

O

O

Cu
N

O

O

N

O

O

Cu
N

O

O

N

O

O

Cu
N

O

O

 12 Å 

A B C



Summary 

185 

The class of salicylaldimine derived mononuclear M(II) complexes could be further 

extended to the corresponding binuclear Cu(II) complexes that form highly ordered 

adlayers at the TCB/HOPG interface as well (Figure 5). The obtained 2D structures are 

our first examples for an extraordinary class of metal complex surfaces which exhibit a 

distinct spatial proximity of the metal centres. As an important advantage of the face-on 

deposition of the complexes on HOPG, the free coordination sites at the two metal 

centres that are located above the complex plane are not blocked by the surface or 

adjacent molecules and thus enable a direct interaction/cooperation of the metals.  

Figure 5 High resolution STM images of self-assembled binuclear Cu(II) complexes. 

In the case of both the mono- and binuclear complexes, the minor dynamics of the 

adlayers at the domain boundaries as well as the high stabilisation of individual 

molecules in the interior part of the domains are an ideal precondition for any of the 

aforementioned applications in the fields of catalysis and nanotechnologies. Such 

observations were supported by the fact that, in some cases, the formation of double-

layers was observed which might offer a first step to multi-layered, highly ordered 3D 

superstructures. In order to make the 2D surface structures accessible, the efforts have to 

focus on the preparation of pure adlayers in the dry state that are free of amorphous 

material. Employing catalytically active metal complexes, the presented concepts should 

then give access to novel types of catalyst surfaces that contain highly ordered mono- and 

binuclear active sites thus combining ultimately the advantages of heterogeneous and 

homogeneous catalysts. The chiral adlayers are particularly interesting for enantio-

selective catalytic processes. 

 

Finally, we extended the group of binucleating ligands to polyazamacrocycles that offer 

two or more highly defined binding sites with variable distances. As a major problem of 

these compounds for the 2D self-assembly, the size and shape of the ligand backbone 

reduces their chance to arrange in a densely packed manner. Therefore, the emphasis has 
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been put on the development of basic synthetic strategies for the incorporation of 

alkyl/alkoxy side chains (immobilisation through van der Waals interactions) into 

different types of Schiff-base and polyamine macrocycles. The aim was to optimise both 

the ligand backbone and the substitution pattern, in order to promote the self-organisation 

process at the liquid/solid interface. 

In a first approach, we obtained novel supramolecular dicarbaldehyde and diamine 

reagents which were successfully employed for subsequent dipodal [2+2] cyclisation 

reactions, affording a series of flexible Schiff-base macrocycles with variable number 

and length of alkyl chains. The largest of these cycles was functionalised with as many as 

twelve alkoxy side groups (Figure 6, A, molar mass: 3007 g/mol). 
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Figure 6 Flexible (A, B) and shape persistent, totally π-conjugated (C) Schiff-base 

macrocycles. 

In addition, we found an efficient way to incorporate soluble side groups (tert-butyl and 

iso-propyl) via novel diformylpyridine and xylylene diamine reagents into the ligand 

backbone (B). This derivatisation is very important, as the unsubstituted macrocyclic 

transition metal complexes show poor solubilities in most common solvents, a fact which 

restricts their utility as homogeneous catalysts. Furthermore, we could develop shape 

persistent compounds which are more advantageous for the 2D self-assembly process. 

These alkoxy substituted completely π-conjugated Schiff-base macrocycles (e.g. C) were 

obtained by template induced cyclisation reactions. 

We expect that the optimisation of the developed macrocycles on the basis of the 

established strategies, for example by variation of the substitution pattern or ligand 

backbone, will afford the advantageous structural features for self-assembly at the 

liquid/solid interface. For the case that such macrocyclic metal complexes would undergo 

stacking, this would give access to nanotunnels/-pores and nanowires which are highly 

interesting motifs in nanotechnologies as well. 
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Die vorliegende Arbeit befasst sich mit dem Design und der Synthese neuer 
funktionalisierter Ligandensysteme und deren Übergangsmetallkomplexe für die 
zweidimensionale (2D) Nanostrukturierung von Oberflächen. Die resultierenden Mono-
schichten wurden mittels Rastertunnelmikroskopie (STM) visualisiert. Die erhaltenen 
Verbindungen vereinen katalytisch interessante Eigenschaften mit strukturell wichtigen 
Merkmalen für die 2D Selbstorganisation an der flüssig/fest Grenzfläche. Durch letztere 
Methode lassen sich ausgedehnte und hochregulär angeordnete Oberflächenstrukturen 
erzeugen, wie bereits anhand zahlreicher organischer Verbindungen gezeigt wurde. 
Dagegen ist die Zahl der mittels STM visualisierten Metallkomplexe noch gering. Am 
besten eignen sich Verbindungen, die planar und formbeständig sind und lange Alkyl-
Seitenketten tragen, welche durch Ausbildung von intermolekularen van der Waals 
Wechselwirkungen die Immobilisierung der Moleküle begünstigen. 
Langfristiges Ziel dieses Projektes ist die Erzeugung nanostrukturierter Katalysatorober-
flächen, die eine hohe Dichte an aktiven Zentren mit variablen Abständen aufweisen. 
Solche Systeme sollten einen Zugang zu wichtigen Reaktionen ermöglichen, die auf der 
Kooperation von zwei oder mehreren Metallzentren beruhen, wie zum Beispiel die 
Fischer-Tropsch Synthese von n-Alkanen/n-Alkenen oder die C-H Aktivierung von 
Methan. Als wesentlicher Vorteil bieten solche exponierten Oberflächen einen Zugang zu 
in situ Untersuchungen von Reaktionen an Übergangsmetallkomplexen, die 
üblicherweise als homogene oder auf porösen Materialien geträgerte Katalysatoren 
eingesetzt werden. Oberflächen mit hoch geordneten Bindungsstellen sind außerdem 
interessant im Bereich neuartiger Sensoren. Darüber hinaus kann die kontrollierte und 
reguläre Abscheidung von Metallkomplexen auf festen Oberflächen als Werkzeug für die 
Herstellung programmierbarer Matrizen oder Bausteine für die Bottom-Up Konstruktion 
von elektronischen und magnetischen Bauteilen dienen. 
 
Als erstes katalytisch interessantes Ligandensystem konnten wir neuartige Pyridinbis-

iminderivate mit π-konjugiertem formbeständigem Rückgrat synthetisieren und 
erfolgreich für die 2D Selbstorganisation an der 1,2,4-Trichlorbenzol (TCB)/Graphit 
(HOPG) Grenzfläche einsetzen. Hochaufgelöste STM-Bilder (Abb. 1) zeigen, dass sich 
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Verbindungen mit mono-alkoxy substituierten Arylimin-Seitengruppen in Form von 
lamellaren Strukturen anordnen, deren Periodizitäten von der Länge der Alkylketten 
abhängen. Eine weitere entscheidende Rolle für die 2D Strukturierung spielen die 
Pyridin-Stickstoffatome, die schwache Wasserstoffbrücken mit Arylprotonen 
benachbarter Moleküle ausbilden können. Diese Vermutung wurde durch die veränderte 
lamellare Anordnung nach Austausch der Pyridyleinheit gegen die Isophtalyleinheit 
gestützt. Entsprechende Pd(II)-Komplexe sind planar und gegenüber Licht, Luft und 
Feuchtigkeit stabil und wurden daher als vielversprechende Modellsysteme für die 
Selbstorganisation von Metallkomplexen eingesetzt. Diese Verbindungen ergaben 
allerdings noch nicht die gewünschten 2D Strukturen, was mit dem größeren sterischen 
Anspruch (zusätzliches Metallzentrum und koordinierter Acetonitril-Ligand) und der 
geänderten Konformation der Liganden innerhalb der Komplexe erklärbar ist. 
Vermutlich wird aber eine Variation des Substitutionsmusters wie etwa die Einführung 
zusätzlicher Seitenketten (was im Fall eines freien Liganden bereits stärker aufgeweitete 
Strukturen ergab) sowie die Feinabstimmung des Metallzentrums zu den gewünschten 
selbstorganisierten Metallkomplexen führen. 

Abb. 1 Allgemeine Struktur der Bisimine und hochaufgelöste STM-Abbildung des C12 O-
substituierten Pyridinbisimin-Liganden bis1 (R = OC12H25, R’ = H, X = N). 

Da für die oben genannten Anwendungen eine schnelle und zuverlässig reproduzierbare 
Abscheidung von Metallkomplexen und eine Variierbarkeit der erhaltenen 2D Strukturen 
erforderlich ist, suchten wir nach weiteren und besser geeigneten Komplexsystemen. 
Dabei entdeckten wir, dass funktionalisierte Bis-Salicylaldehydato/-aldiminato M(II)-
Komplexe (Abb. 2) extrem leicht an der flüssig/fest Grenzfläche selbstorganisieren. 
Aufgrund der relativ einfachen strukturellen Modifizierbarkeit konnten wir diese 
Verbindungsklasse als leistungsfähiges Werkzeug für die Nanodekorierung von 
Metallkomplex-Oberflächen mit fein abgestimmten 2D Strukturen einsetzen. Der 
Schlüssel zu einer kontrollierten Oberflächenstrukturierung liegt in der Variation der 
funktionellen Gruppe X (Aldehyd oder Aldimin). Die erhaltenen hochaufgelösten STM-
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Bilder zeigten, dass sich die prochiralen, C2h-symmetrischen Komplexe hochgeordnet 
und mit ihrer flachen Seite (“face-on“) an der TCB/HOPG Grenzfläche abscheiden und 
dabei drei verwandte, aber grundlegend verschiedene homochirale 2D Strukturen 
ausbilden. 

O

X
M

O

X

AlkO

OAlk

O

X
M

O

XAlkO

OAlk

4-substituiert 5-substituiert
X = O, N-H, N-Alk
Alk = n-Alkyl  

Abb. 2 Allgemeine Struktur der Bis-Salicylaldehydato/-aldiminato M(II) Komplexe. 

Planare Bis-Salicylaldehydato Pd(II)- and Cu(II)-Komplexe adsorbieren in Form von 
lamellaren Anordnungen, die zusätzlich zu den van der Waals Wechselwirkungen 
zwischen den Alkylketten durch ein Netzwerk aus schwachen Wasserstoffbrücken 
stabilisiert werden (Abb. 3). Die erhaltenen Strukturen weisen sehr kurze Metall-Metall-
Abstände von etwa 7 Å auf und lassen sich in dem homochiralen Strukturtyp 1 
zusammenfassen (Abb. 5). 

Abb. 3 STM-Abbildung des C12 O-substituierten Bis-Salicylaldehydato Pd(II)-Komplexes 
pd1 und Modell der 2D Struktur (Netzwerk schwacher Wasserstoffbrücken). 

Durch Austausch des Aldehyd-Sauerstoffatoms gegen die Imineinheit (N-H) wird die 
Akzeptorfunktion des Heteroatoms blockiert und somit die Ausbildung der oben 
erwähnten intermolekularen Wasserstoffbrücken unterbunden. Diese Modifikation führt 
zu einer deutlichen Aufweitung der 2D Strukturen, woraus sich vergrößerte Metall-
Metall-Abstände von ca. 10 Å ergeben (z.B. cu5, Abb. 4, A). Gleichzeitig beobachtet 
man ein Ineinandergreifen von Alkylketten benachbarter Lamellen und somit eine 
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Verringerung der Periodizitäten (im Vergleich zum Strukturtyp 1), was typisch für den 
homochiralen Strukturtypen 2 ist (Abb. 5). Überraschenderweise fanden wir im Fall des 
C12 O-substituierten Bis-Salicylaldiminato (NH) Cu(II)-Komplexes zusätzlich eine 
sekundäre Modifikation (cu5, Abb. 4, B), die aus der hochgeordneten racemischen 
Mischung der beiden chiralen Oberflächenspezies besteht und vergrößerte Metall-Metall-
Abstände von 12 Å aufweist. Eine weitere grundlegende Veränderung der Oberflächen-
strukturen wurde durch sterische Effekte erzielt. In den meisten Fällen unterdrückte die 
Einführung von N-Alkylseitenketten die Ausbildung von Lamellen und führte stattdessen 
zu noch stärker aufgeweiteten Anordnungen (z.B. cu10, Abb. 4, C). Die dabei erhaltenen 
separierten Komplex-“Inseln” können in dem verzerrt hexagonalen Strukturtyp 3 
zusammengefasst werden (Abb. 5, minimale Metall-Metall-Abstände von 16-19 Å). Die 
Besonderheit dieser Modifikation liegt darin, dass diese zusätzlichen N-Alkyl-
substituenten nicht vollständig auf der Oberfläche adsorbiert sind, sondern ihre 
Kettenenden in die Lösung richten. Dieser Effekt ist außerordentlich interessant, da 
solche Seitengruppen die Einführung von funktionellen Gruppen mit flexiblen Anständen 
zu den reaktiven Zentren erlauben, die dadurch entscheidend deren katalytisches 
Verhalten (z.B. Reaktivität oder Selektivität) beeinflussen können. 

Abb. 4 Hochaufgelöste STM-Abbildungen: A) Lamellare Anordnung des C12 O-
substituierten Bis-Salicylaldehydato Cu(II)-Komplexes cu5; B) racemische 
Mischung der beiden chiralen Oberflächenspezies von cu5; C) Komplex-“Inseln” 
das NC12/OC16-substituierten Bis-Salicylaldiminato Cu(II)-Komplexes cu10. 

Durch die weitere Variation der Länge und Position der Seitenketten sowie den 
Austausch der Metallionen erzielten wir eine Feinabstimmung von Metall-Metall-
Abständen innerhalb der drei Strukturtypen (Abb. 5). Eine solche kontrollierte 
Abstimmung von Parametern auf molekularer Ebene ermöglicht die gezielte 
Veränderung von spezifischen Oberflächeneigenschaften. 
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Strukturtyp 1 Strukturtyp 2 Strukturtyp 3
 

Abb. 5 Auseinander hervorgehende “Strukturtypen 1-3”. 

Die Klasse der M(II) Salicylaldiminderivat-Komplexe konnte auf entsprechende 
binukleare Cu(II)-Komplexe ausgeweitet werden, die ebenfalls hoch geordnete 
Monoschichten an der TCB/HOPG Grenzfläche ausbilden (Abb. 6). Die erhaltenen 
Strukturen sind unsere ersten Beispiele für eine außergewöhnliche Klasse von 
Metallkomplexoberflächen, die eine ausgeprägte räumliche Nähe von Metallzentren 
aufweisen. Ein wichtiger Vorteil der „face-on“ Adsorption der Komplexe auf HOPG 
liegt darin, dass freie Koordinationsstellen der beiden Metallzentren, die sich oberhalb 
der Komplexebene befinden, nicht durch die Oberfläche oder benachbarte Moleküle 
blockiert werden, wodurch eine direkte Wechselwirkung/Kooperation der Metalle 
möglich ist. 

Abb. 6 STM-Abbildungen selbstorganisierter binuklearer Cu(II)-Komplexe. 

Im Fall der untersuchten mono- und binuklearen Komplexe konnten wir eine 
herabgesetzte Dynamik der Monoschichten an den Domänengrenzen sowie eine hohe 
gegenseitige Stabilisierung der einzelnen Moleküle innerhalb der Domänen beobachten, 
was ideale Voraussetzungen für sämtliche Anwendungen auf den Gebieten der Katalyse 
und Nanotechnologie sind. Dieses Verhalten wurde in einzelnen Fällen durch das 
Auftreten von Doppelschichten bestätigt, was einen ersten Schritt hin zu mehr-
schichtigen, hochgeordneten dreidimensionalen Überstrukturen darstellt. Um eine freie 
Zugänglichkeit zu den Metallkomplexoberflächen zu gewährleisten, müssen weitere 
Anstrengungen unternommen werden, um reine Monoschichten herzustellen, die in 
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trockenem Zustand frei von darüber liegendem (amorphem) Material sind. Unter 
Verwendung von katalytisch aktiven Metallkomplexen sollten sich dann mit Hilfe der 
vorgestellten Konzepte neuartige Katalysatoroberflächen erzeugen lassen, die 
hochregulär angeordnete definierte mono- oder binukleare aktive Zentren besitzen und 
somit die Vorteile von heterogenen und homogenen Katalysatoren vereinen. 
 
Schließlich konnten wir die Gruppe der Liganden, die zweikernige Komplexe ausbilden, 
noch um Polyazamakrozyklen erweitern, die typischerweise zwei oder mehrere definierte 
Bindungsstellen mit kontrollierbaren Abständen besitzen. Ein Problem dieser 
Verbindungen für die 2D Selbstorganisation ist deren Form und Größe, was die 
Ausbildung von dichten Packungen erschwert. Unser Schwerpunkt lag daher zunächst 
auf der Entwicklung grundlegender und breit ausgerichteter Synthesestrategien zur 
Einführung von Alkyl-/Alkoxyseitenketten (Immobilisierung durch van der Waals 
Wechselwirkungen) in verschiedene Typen von Schiff-Base- und Polyamin-
Makrozyklen, um dann Ligandrückgrat und Substitutionsmuster gezielt aufeinander 
abstimmen zu können und somit den Selbstorganisationsprozess an der flüssig/fest 
Grenzfläche zu verstärken. 
In einem ersten Ansatz wurden neuartige, supramolekulare Dicarbaldehyd- und Diamin-
Reagenzien synthetisiert und anschließend erfolgreich für die [2+2] Zyklisierung 
eingesetzt. Dabei erhielten wir eine Serie flexibler Schiff-Base-Makrozyklen mit 
variabler Anzahl und Länge an Seitenketten, wobei die größte erhaltene Verbindung 
insgesamt die beachtliche Anzahl von zwölf Alkoxy-Seitenketten aufweist (Abb. 7, A, 
Molmasse: 3007 g/mol). 
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Abb. 7 Flexible (A, B) und formbeständige, vollständig π-konjugierte (C) Schiff-Base-

Makrozyklen. 
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Ferner fanden wir einen effizienten Weg, um lösliche Seitengruppen (tert-Butyl und iso-
Propyl) über neue Diformylpyridin- und Xylylendiamin-Reagenzien in das Ligand-
rückgrat einzuführen (B). Eine solche Derivatisierung ist von großer Bedeutung, da die 
Löslichkeit unsubstituierter makrozyklischer Übergangsmetallkomplexe in den meisten 
Lösungsmitteln sehr gering ist und sich diese Verbindungen daher nur schwer als 
homogene Katalysatoren einsetzen lassen. Außerdem konnten wir formbeständige 
Verbindungen herstellen, die sich generell besser für die 2D Selbstorganisation eignen. 

Diese alkoxysubstituierten, vollständig π-konjugierten Schiff-Base Makrozyklen (z.B. C) 
wurden durch templatgesteuerte Zyklisierungsreaktionen erhalten. 
Es ist zu erwarten, dass die weitere Optimierung der Makrozyklen auf der Basis der 
vorgestellten Strategien (z.B. Variation des Substitutionsmusters oder Liganden-
rückgrats) zu geeigneten strukturellen Merkmalen für die Selbstorganisation an der 
flüssig/fest Grenzfläche führt. Darüber hinaus würde die Stapelung solcher 
makrozyklischer Metallkomplexe einen Zugang zu Nanoröhren/-poren und Nanodrähten 
schaffen, die weitere sehr interessante  Bausteine für die Nanotechnologie darstellen. 
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