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ABSTRACT

The emerging nano-technology raises hopes for a technological revolution. Many
manufactured goods can be redesigned to a better advantage, thanks to the ac-
cess to the nanoscopic dimensions, granted by the scanning probe microscopes.
Most molecular nano-technology products will have to rely on self-assembly. Ba-
sic research in supramolecular chemistry and nano-science, increases the knowl-
edge of the underlying principles of self-assembly processes.

Several different “assembly motives” for the formation of two-dimensional molec-
ular assemblies are studied in this thesis. Chemisorbed oligopyridine complexes
for photovoltaics are studied as single molecules and as molecular layers. Chemi-
sorption can build organised assemblies of molecules with repulsive interactions.
For large molecules, the physisorption can become stronger than the chemi-
sorption, if the molecules form only one chemical bond to the substrate. To
demonstrate this effect, a fullerene-ligand with a free terpyridine is studied on
platinum. Thanks to the strong physisorption, a submolecular resolution is
achieved at room temperature in air.

As all molecular assemblies are made from unordered phases, the adsorbed
molecules need a certain mobility on the surface, to assemble after adsorption.
A short study of the mobility of a phthalocyanine derivative is presented as an
example of the capability of STM to study dynamic structures. Single large den-
drimers can be physisorbed on gold, interspersed in a chemisorbed monolayer of
alkanethiols. The STM is used as a tool for to manipulate single molecules, a
large porphyrin dendrimer is moved in a controlled manner with the STM tip.
Alkoxylated Fréchet-dendrons are investigated as a functional group that facili-
tates self-assembly in two dimensions of various molecules on graphite. Simple
preparation from solution yields monolayers. Mainly two phases, lamellar and
disk-like, are distinguished, but also patterns of different organisations are stud-
ied. At room temperature, in air, a conformational divergency of a bipy den-
drimer is analysed with STM. Conformational analysis with the STM allows the
investigation of non-periodic patterns in two-dimensions, and the observation
of a change of conformation of adsorbed species. Two examples of conforma-
tional change of adsorbed species are presented: one, that occurs spontaneously,
and one initiated by a treatment with gaseous HCl. A chiral structure, with
a pseudo-periodicity with a unit cell of seven achiral molecules, is studied with
submolecular resolution. The transition of this, disk-like structure into a highly
symmetric lamellar structure is followed with STM. Finally, a short AFM char-
acterisation of polymer vesicles on a mica surface to study their immobilisation
properties, that might prove interesting for further applications, is presented.
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1. INTRODUCTION

In the year 1990 D. Seebach published the seminal review: “Organic Syn-
thesis — where next?” [I]. He concludes over 25 years of organic synthesis,
analyses the current trends, and gives indications on which directions the
organic synthesis could take in the future: organic synthesis is at a turning
point. Chemistry has now a wonderful “basic vocabulary”, or as H. Pri-
mas is cited in [I]: “Das molekulare Programm der Chemie ist erfolgreich
abgeschlossen.” Chemists achieved a very extensive knowledge of covalently
formed molecules. With all this knowledge available, we are ready to ad-
vance to the next level of complexity, namely macro-molecules, secondary
structures, intermolecular interactions, and biological systems.

1.1 Supramolecular chemistry

The term supramolecular chemistry was introduced by J.-M. Lehrﬂ [2, 3] in
1978: “Just as there is a field of molecular chemistry based on the covalent
bond, there is a field of supramolecular chemistry, the chemistry of molec-
ular assemblies and of the intermolecular bond.” Supramolecular chemistry
can be regarded as a generalisation of A. Wcrncr’sﬂ coordination chemistry
presented 110 years ago [4], concerning the fact that he already studied and
explained interactions between noncovalently bonded entities. J.-M. Lehn
offers another explanation of the term by drawing a parallel between natural
language and supramolecular chemistry [5]: “ .. one might say that the atom,
the molecule, the supermolecule would be the letter, the word and the sentence
in the language of chemistry [...] the polymolecular, supramolecular entity
would be the book.” Following this analogy, this thesis is about type-setting

1 J.-M. Lehn was awarded 1/3 of the Nobel prize in chemistry 1987 “for their
[D. J. Cram, J.-M. Lehn and C. J. Pedersen] development and use of molecules with
structure-specific interactions of high selectivity”.

2 A. Werner was awarded the Nobel prize in chemistry 1913 “in recognition of his
work on the linkage of atoms in molecules by which he has thrown new light on earlier
investigations and opened up new fields of research especially in inorganic chemistry”.
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and layout of books and high-gloss brochures. In the last decade, an in-
creasing number of scientists have entered the field. Chemistry is one of the
first natural sciences that dares to take the step towards larger systems and
weaker interactions, where the objects and goals change from structures and
properties towards systems and functions [B]. In biology, right now a simi-
lar course of redefining the whole field from ’'research’ to ’basic vocabulary’
can be observed: larger systems and their interactions are being studied,
e. g. in Basel, there is a new institute planned for system biology. Another
beautiful example is P. R. Selvin’s studies of the transformation from chem-
ical, molecular energy (ATP) into mechanical, supramolecular energy. His
group studies the molecular motors myosin V (moving on actin), kinesin,
and dynasin, their movements and stepsizes at the level of single molecules

As supramolecular chemistry is mostly concerned about function, den-
drimers (see below) are often regarded as a topic of supramolecular chem-
istry. Strictly speaking, the synthesis of dendrimers is molecular chemistry,
but what they are made for is usually supramolecular chemistry.

1.1.1 Dendrimers

One of the first steps in the direction of exactly controlled (low polydisper-
sity) macromolecules was the “invention” of dendrimers. The three known
polymer classes, linear, branched, and cross-linked were complemented with
a fourth: dendritic polymers. Dendrimers are made of branched monomer-
units that are repetitively linked to identical units around a central core, as
sketched in figure The TUPAC defines a polymer as “A substance com-
posed of macromolecules” and macromolecules (polymer molecules) as “A
molecule of high relative molecular mass, the structure of which essentially
comprises the multiple repetition of units derived, actually or conceptually,
from molecules of low relative molecular mass” [7]. Large dendrimers can be
considered polymeric molecules, but a dendrimer is not per se a polymer. To
synthesise a host macromolecule with a large cavity, E. Buhleier et al. (group
of F. Vogtle) took up the theoretically known concept of dendrimer synthe-
sis. They synthesised a hyperbranched polyamine (“cascade molecules”) to
study host-guest systems [8]. The term dendrimer (from greek devdpov for
tree and pepos for part) was introduced by D. Tomalia et al. in 1985 [9].
Two different concepts of dendrimer synthesis are known:

Divergent synthesis: the branched units are connected to the core, and
each generation is added to the dendrimer. As the last step, the peripheral
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(a) (b) (©)

Gl Gl
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Figure 1.1: (a) Dendrimers are built from branched monomers, a core and peripheral
units. (b) and (c) The branches are linked repetitively to a central core. The layers of
monomers are called generations, denoted G1 (blue) and G2 (yellow). The peripheral
groups can be functionalised (green squares).

groups may be functionalised. Divergent synthesis is the easier method, due
to the usually smaller reactive parts, that also react faster. It is therefore the
cheaper method to manufacture dendritic macromolecules, although with a
relatively high polydispersity. Even very high generations can be obtained.
D. Tomalia synthesised up to the 10*" generation of a poly(amidoamine)
(PAMAM) dendrimer. P.-G. de Gennesﬂ calculated the highest possible
generations for PAMAM dendrimers. Between generation ten and eleven,
the branches are packed so tightly, that it becomes impossible to attach
another branch to each of them. Usually, the higher the generation, the
more polydisperse the dendrimers become. And it is almost impossible to
separate the reaction products from “incomplete” dendrimers, that are (still)
missing a few branches, because the physical properties do not differ much.

Convergent synthesis: is the alternative synthesis strategy C. Hawker and
J. Fréchet presented in 1990 [I0]. In this approach, the dendrimer is syn-
thesised from the peripheral units towards the core. First, the outermost
branches are connected to the next branches, then these dendritic branches,
or dendrons, are connected, and finally, they are attached to a core. In

3 P.-G. de Gennes was awarded the Nobel prize in chemistry 1991 “for discovering that
methods developed for studying order phenomena in simple systems can be generalised to
more complex forms of matter, in particular to liquid crystals and polymers”.
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this way, the reaction products are always of two or three times the size
of the educts and therefore easier to separate. Convergent synthesis yields
dendrimers with very low polydispersity, but it is challenging to get higher
generations. C. Hawker and J. Fréchet synthesised up to the 6" generation
of their 3,5-dihydroxybenzyl-alcohol dendrimers, that are commonly called
Fréchet-dendrimers [11].

Higher generation dendrimers have a very high surface-to-volume ratio.
A closed shell of peripheral groups is held together by few inner branches.
The density at the periphery is so high compared to the centre, that den-
drimers can be used as containers. Dendrimers are studied and used as reac-
tion containers [12], as catalyst carriers (at the core as well as at the surface)
[13| 14], as biomimetics (e. g. models for globular, catalytic enzymes) [15], as
drug carriers in diagnostics and therapy [16], containers for NMR, contrast
agents [17], as resists for scanning probe lithography [18], as fluorescent sen-
sors [19], and the number of applications is still increasing. Another topic
of supramolecular chemistry, which has been studied intensively in the last
two decades in chemistry, physics, and biology, is self-assembly.

1.1.2 Self-assembly

The term self-assembly is overused, and not well defined. Scientists are fasci-
nated by the local creation of order out of disorder without their direct inter-
action. A very broad spectrum of processes have been called self-assembly.
Living matter in general relies on the concept of self-assembly as one of
its main construction elements. Some scientists have attempted to define
self-assembly and related terms in their fields:

T. Misteli distinguishes between self-assembly and self-organisation in bio-
logy [20]: “Self-assembly is the physical association of molecules into a (ther-
modynamic) equilibrium structure, whereas self-organisation describes a set
of components in a steady-state, dynamic structure.”

G. Whitesides defines the term self-assembly in [2I] as “processes that
involve pre-existing components (separate or distinct parts of a disordered
structure), are reversible, and can be controlled by proper design of the com-
ponents.” He further distinguishes four variants: “static self-assembly in-
volves systems that are at global or local equilibrium and do mot dissipate
energy. [...] In dynamic self-assembly the interactions responsible for the
formation of structures of patterns between components only occur if the
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system is dissipating energy. [...] In templated self-assembly interactions
between the components and reqular features in their environment determine
the structures that form. [...] The characteristic of biological self-assembly
18 the variety and complexity of the functions that it produces.”

J.-M. Lehn wrote the following in [B]: “Self-assembly is the broader term.
It can be taken to designate the evolution towards spatial confinement through
spontaneous connection of a few/many components, resulting in the forma-
tion of discrete/extended entities at either the molecular, covalent or the
supramolecular, non-covalent level. [...] Supramolecular self-assembly con-
cerns the spontaneous association of either a few or many components re-
sulting in the generation of either discrete oligomeric supermolecules of ex-
tended polymolecular assemblies such as molecular layers, films, membranes,
etc. The formation of supermolecules results from the recognition-directed
spontaneous association of a well-defined and limited number of molecular
components under the intermolecular control of the non-covalent interactions
that hold them together. The name tecton (from TexTwv: builder) has been
proposed for designating the components that undergo self-assembly.”

In analogy to the term crystal, these terms are not crystal clear [22].

As there is no consensus for a clear distinction between ordered self-
assembly and self-organisation, throughout this thesis the term self-assembly
will be used as a expression including various forms of phenomena, describ-
ing molecular systems, that organise without further human intervention
into regular layers. Dynamic and static forms of self-assembled layers shall
be included, as well as those dominated by intermolecular interactions or
molecule-substrate interactions. The term self-organisation will be used to
emphasise the ordering of a self-assembled layer.

While the chemists were studying larger and larger molecules (what is
macro to them), the physicists were approaching the neglected region of
sizes from the other side. Electronics especially, with “Moore’s law” asking
for smaller and smaller structures, pushed towards nano-technology. Amaz-
ingly, what is nano to the physicists is usually macro to the chemists. But
both sciences are only recently approaching the regime of a few nanometres.
Many fundamental research projects have used the term molecular electron-
ics as a catching phrase. On one hand, many new insights and interesting
visions were developed [23], but on the other hand some scientists were over-
enthusiastic, as is often the case in new evolving fields. Some considerations
about not reaching the market are described by R. Service in his article
Next-Generation Technology Hits an Farly Midlife Crisis [24].
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The main access to the dimension of a few nanometres was granted by
the invention of the scanning tunnelling microscope in the early 1980s.

1.2 Scanning probe microscopy

Scanning probe microscopy (SPM) is based on short range interactions be-
tween a sample and a sharp tip (sensor), which is scanned over the sample
with sub-A precision by use of piezoelectric actuators. Scanning tunnelling
microscopy (STM) makes use of the quantum mechanical phenomenon of
electron tunnelling, a current that flows between two electrodes at dis-
tances below a nanometre. The tunnelling effect has been known since the
1930s, but the experimental observation has been achieved much later (for
an overview see [25]). The whole field of scanning probe microscopy relies on
piezoelectric materials (commonly called piezos). Piezos allow sub-A precise
movements of the scanning tips. An electric field is applied to the material
to cause a change in size (or vice versa), which is called piezoelectric effect.
For further details, see section [2.2

1.2.1 History and a short overview of the variations of microscopes

Many different short-range interactions can be used to build a scanning
probe microscope, for instance electron tunnelling (STM), electromagnetic
fields of an optical near field (scanning near-field optical microscope SNOM),
different kinds of short-range forces (from magnetic forces to covalent bonds;
SFM), and the electrochemical response in electrolyte (EC-STM).

STM The first of the scanning probe microscopes, the scanning tunnelling
microscope, was invented by G. Binnig and H. Rohretﬂ at the IBM research
laboratories in Rischlikon and first published in July 1982 [26] 27]. With the
STM it was finally possible to answer questions about metal or semiconduc-
tor surface reconstructions, because it became suddenly possible to “look at”
the surface in real space [28]. It was possible to study single atomic defects,
non-equilibrium, and non-periodic structures without averaging over large
areas and billions of atoms/molecules. The brilliance of this new microscope
was soon recognised, and other groups started to build their own STMs. The
group of H.-J. Giintherodt at the University of Basel started on April 26"

4 G. Binnig and H. Rohrer were awarded half of the Nobel prize in physics 1986 “for
their design of the scanning tunnelling microscope”.
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of 198ﬂ Early results about nano-lithography with the STM were soon
published [29] [30].

It has been observed before, that with new microscopy techniques avail-
able, many scientific fields advance with big steps. The invention of the
optical microscope set free entire fields of observations and knowledge. As
examples, M. Leewenhoeck’s observations of all that is too small to be seen
with the naked eye [31], [32] and L. Pasteur’s entire work on microorganisms
[33] are given.

Further uses of the STM The STM does not measure the “real topo-
graphy”, but a surface of constant density of states near the Fermi level.
This surface can correspond directly to the geometric surface. In other
cases, e. g. with organic molecules on a metallic surface, it does often not
correspond to the topography. For instance, benzene on on Pt(111) looks
different, depending on the adsorption site [34] [35], and interestingly carbon
atoms adsorbed on Ni(100) are imaged as depressions [36].

D. Eigler et al. used this peculiarity of the STM to image standing elec-
tron waves on a copper surface, confined by a corral of deposited iron atoms
[37,138]. Actually, the STM can do much more than image surfaces. Objects,
namely molecules, that are located in the tunnelling gap between tip and
surface can be characterised spectroscopically. Inelastic electron tunnelling
spectroscopy (IETS) maps electronic properties in space and energy. The tip
is fixed at a certain position above the sample, a voltage of interest is ramped,
and the current is recorded. The first derivative of the current dI/dV is pro-
portional to the density of states and the second derivative d?I/dV? can di-
rectly map the electronic levels of an adsorbed molecule. B. Stipe, M. Rezaei,
and W. Ho successfully resolved vibrational levels of the electronic spectra of
single acetylene molecules [39]. X. Qiu, G. Nazin and W. Ho measured vibra-
tionally resolved fluorescence from component parts of adsorbed molecules
[40]. Other variations of STM-spectroscopy were developed, like the current-
distance spectroscopy, that can give the barrier heights as a slope of the I(z)
curve [27]. W. Ho wrote a very good review about single molecule chem-
istry in 2002 [41]. An STM can be employed in various media. In ambient
air, in UHV, under special atmospheres, at the solid-liquid interface, and at

5 After a talk by G. Binnig (Topic: “Vakuum Tunnel-Mikroskop”) on the evening of
Friday 237¢, the decision to build such an instrument in Basel was made. The next
Monday morning D. Holliger, H. R. Hidber and M. Ringger, started the construction of
the first non-IBM STM!
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the liquid-liquid interfaceﬂ but it is restricted to (electrically) conducting
materials. Electrochemical STM (EC-STM) measures the electrochemical
response of a sample at an electrolyte-metal interface.

AFM The scanning force microscope, often called atomic force microscope
(AFM), was invented by G. Binnig, C. Quate, and Ch. Gerber in 1986 as a
further family of scanning probe microscopes [44]. In AFM a tip mounted on
a small cantilever spring is scanned across the sample. The forces acting on
the tip bend the lever, whose movements are detected in many different ways.
The first method to detect it, was an STM tip above the lever that recorded
the changes in the distance between lever and tip and so the bending of
the former. A breakthrough was achieved when G. Meyer and N. M. Amer
invented the beam deflection technique for AFM [45], which uses the backside
of the cantilever as mirror for a laser beam. The beam deflection amplifies
the movements of the cantilever to dimensions that can be measured with
a position sensitive photodiode. Today, beam deflection is used in most
scanning force microscopes, whereas other methods like interferometry are in
use in high-end research microscopes. Two standard modes of operation for
AFM are known: (a) the contact mode, where the tip is in contact with the
sample and measures repulsive forces, and (b) the non-contact or dynamic
modcﬂ where the tip oscillates at high frequencies and attractive as well as
repulsive forces can be measured. None of the many other existing modes
shall be discussed here, but are well described in the literature [25]. In the
dynamic mode, the cantilever is oscillated near its resonance frequency and
forces that act on the tip are detected by a change of the frequency (or a
phase shift). The AFM allows measurements of insulating samples, friction
forces, or even the forces involved in forming and rupturing a single chemical
bond [25].

SNOM and many other scanning probe microscopes were soon developed.
To combine the advantages of optical microscopy (chemical sensitivity, tun-
able interaction energy, etc.) with the high resolution of a scanning probe,
D. Pohl et al. developed the scanning near-field optical microscope SNOM
[46]. In the same time, A. Lewis developed independently the similar tech-
nique called NSOM [47]. To circumvent the classical resolution limit of A/2

6 Langmuir-Blodgett films on a liquid mercury droplet can be expanded/compressed
easily [42] but other difficulties reduce the use of liquid mercury as substrate [43].
7 often referred to as tapping mode which is a registered name of Digital Instruments
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in optical microscopy, an optical near-field is used. Two basic modes of op-
eration are known. In the first one, an optical fibre is coated with an opaque
medium, into which a hole of sub-wavelength diameter is opened. At this
hole a non-propagating near-field is generated by illumination by a laser.
The tip is brought into close proximity of a sample, so that the near-field
and e. g. the adsorbed molecules of interest interact. This interaction can be
detected in various ways, such as scattering, transmission, absorption, flu-
orescence, etc. In the second mode of operation, the sample is illuminated
from below in a regime of total internal reflection, to generate an evanescent
field on the sample, that can be picked up with a very sharp dielectric at the
end of a fibre. For further details see [46] 25].

In general, every interaction that decays on a very short distance can
be used and probed locally. Currently single molecule ESR and NMR are
being developed on the base of scanning probes. Also many combinations
of techniques are being created, like AFM-TOF-MS; to get a chemical sen-
sitivity with a scanning probe. All these fascinating technologies shall not
be discussed here any further, because they were not used for this thesis.

Not only the solid-gas interface is accessible with the various scanning
probe microscopes, but also the solid-liquid interface, which is of vital im-
portance for many biological investigations or electrochemical measurements.
These amazing new developed tools were soon applied to the scientific field
which has always been working at exactly this scale, but without the possi-
bility of looking at single entities: chemistry. “While femtosecond lasers have
made it possible to study chemistry at the temporal limit, the STM provides
an understanding of chemistry at the spatial limit” (W. Ho in [41]).

1.2.2 Aim of this thesis

Standing between the fields described above: supramolecular chemistry, con-
densed matter physics, and nanoscience, this thesis attempts to get new in-
sights into intermolecular interactions on surfaces. This shall be achieved
by studying molecular assemblies of different self-organisation motives: as-
sembly by strong interactions (e. g. chemisorption, chapter [3)), assembly by
weak interactions (e. g. physisorption, chapters , organisation through
embedding in heterogeneous molecular layers (chapter [4). Further infor-
mation about self-assembly processes shall be found through studies of the
mobility of molecules on a surface (chapter [4)). Finally, chemical questions,
such as conformational analysis of adsorbed species shall be addressed, to-
gether with the study of a delayed reorganisation phenomenon, accompanied
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by a huge loss of entropy (chapter . Changes of the conformation of ad-
sorbed species are detected by STM. The last chapter will present a short
study of polymer vesicles on a surface.



2. METHODS AND MATERIALS

This chapter gives experimental details of the sample preparation, the mea-
surements, and the data processing.

2.1 Sample preparation

This section explains the substrates and the preparation methods used in
this thesis. Despite the well established preparation methods, the substrates
had to be examined carefully before any molecular deposition, to assure a
clean and suitable sample.

2.1.1 Substrates

Substrate in STM denotes the surface onto which the molecule of interest
is placed, as opposed to substrate in (supramolecular) chemistry, which is
the, usually smaller, molecule that is bound to the receptor and (eventually)
processed.

For STM measurements, the substrates have to be conductive and atomi-
cally flat as well as clean. Measurements in ambient air demand additionally
an inertness, that is only found in noble metals and e. g. graphite. Less noble
metals like copper, are oxidised too fast, and can therefore only be used in
UHV.

Platinum Pure, commercial platinum wire was rolled, polished, and an-
nealed to give crystalline surfaces. The crystal faces seen in the STM images
were previously correlated using x-ray diffraction [48]. Figure shows a
domain boundary between the two crystal faces that are dominantly found
with this preparation: Pt(110) (the rough region) and Pt(100) (the flat re-
gion). Only the flat Pt(100) domains can be used to measure molecules on
platinum. Even though platinum in air is covered with adsorbed species
of almost everything that is found in air, a suitable molecule (preferably
chemisorbed) can expel this layer of impurities.
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Figure 2.1: A domain boundary between
the rough Pt(110) (left) and the flat
Pt(100) (right). The right domain is
atomically flat (apart from monoatomic
steps) over a large area. Parameters: room
temperature in air. Upias = 100 mV; [} =
1000 pA; size= 393 nm X 393 nm; z-scale

&~ 20 nm. For an definition of the parameters, see

section

Graphite Commercially available, highly oriented pyrolytic graphite (HOPG)
was used. The main advantage of HOPG is its easy preparation. A few lay-
ers are cleaved off with adhesive tape shortly before the measurements. This
results in clean, atomically-flat terraces. HOPG is built from aromatic hon-
eycombed layers. The layers are stacked in an ABA pattern: every second
atom has a nearest neighbour in the layer below, and every other has one in
the layer above. When the graphite is cleaved, the topmost layer shows two
sorts of atoms: those with direct neighbours below, and those which “miss”
their previous neighbours above. This is clearly visible in STM, only three
atoms (out of a hexagon) are visible [49] [50] [5I]. Therefore, the graphite
surface has a threefold symmetry, not a six-fold as expected from a single
layer. This often results in three symmetrical arrangements of domains of
organic monolayers, as seen in [52] 53] or chapter [5} Graphite is the easiest
substrate to handle, but the most dangerous in respect of artifacts and mis-
interpretation of results. Quite often Moiré-patterns, such as those, shown in
figure are found. Various sizes were observed during the measurements
of this thesis. Even Moiré-patterns with abrupt ends (with a very bright last
row) were observed (see also [54] and appendix [A.T]).

Gold Pure gold was evaporated on cleaved, evacuated mica. Two different
methods were employed. In one case, a glass plate was glued on top of the
gold film and the gold-mica interface was cleaved prior to use. This allows
the preparation of substrates in advance. In the second case, the gold film
on mica was annealed, and the gold-air interface was used [55], [56]. Both
preparation methods yield atomically flat terraces of different sizes.

Mica For the scanning force microscopy examinations, commercial mica
sheets were used as substrate. Immediately before use, the mica was cleaved
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Figure 2.2: Two images of a large Moiré-pattern on graphite. The periodic pattern
of the left image is resolved into brighter and darker atoms on a smaller scale (right).
(a) Parameters: Upiqs = —1700 mV; Is = 5 pA; size= 30 nm X 30 nm; z-scale & 0.2 nm (b)

Parameters: Upiqas = —533 mV; I; = 30 pA; size= 10 nm X 10 nm; z-scale = 0.15 nm

with adhesive tape, similar to the graphite. This yields atomically-flat and
clean surfaces.

Each measurement technique requires specific substrates and preparation
methods. Two different methods of preparation were used in this thesis to
get molecular assemblies on the substrates.

2.1.2 Dipping

A freshly prepared and characterised substrate is immersed into a dilute
solution of the molecules for a definite time. The samples are (usually) rinsed
with the solvent before use. This is a rather “thermodynamic” method
of preparation, as the equilibrium structure on the surface is reached in
most cases, due to the long deposition times. The surface coverage depends
directly on the concentration of the used solution and has to be optimised
for the desired coverage. This technique has the major advantage of direct
control of most of the parameters, such as concentration, time, temperature,
chemical composition of the solution. And it is probably the most “natural”
way, as nature assembles most of its beautiful structures in or from water
(biological membranes, crystals, ...). This technique has some drawbacks,
for example, it is slow to optimise all parameters. Another drawback is, that
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it takes larger amounts of molecules compared to the preparation described
below. And the interaction between sample and substrate has to be much
larger than the solvent-sample interaction (but still allowing solubility).

2.1.3 “Solution casting”

A dilute solution of the molecules is freshly prepared, one or a few droplets
are placed onto the substrate, and the solvent is evaporated. This is more the
“kinetic” way to prepare samples, because the equilibrium is only reached
when its very fast, or the mobility on the “dry” surface is high enough to
allow a rearrangement of the molecules. At first, it seems a dirty method
with difficult reproduction. So, why solution casting? Self-assembly has the
great advantage that it expels ambient impurities, that do not match the
assembly motif. Another reason to use this technique, is the low amount of
substance required to test a large range of concentrations. As a consequence
of the gradual evaporation of the droplet, the concentration increases and
a gradient of concentrations is formed on the surface. As the STM probes
only a few hundred nanometres at a time, the concentration in one measure-
ment is constant, but all the concentrations are accessible macroscopically.
Some other advantages are, that it is really fast to prepare samples, that it
requires very little substance, and that the molecules have the possibility to
pre-assemble at the solid-liquid interface, as opposed to vapour phase depo-
sition, where the molecules arrive “randomly collapsed”. It may be added,
that it will make potential applications much cheaper in the production and
protection, if they can be made from solutions in ambient air. The major
drawback is, that it is difficult to control all parameters and to vary only
one. Temperature, solvent, quality of the air (including its humidity), con-
centration, number of droplets, form of the evaporation and position of the
STM tip in the gradient of concentration are not controllable as independent
parameters.

2.2 Mode of operation of an STM

The main parts of an STM system are a sample, a tip on a piezo-actuator,
electronics to apply a potential and to control the piezo-voltage by a feed-
back, and a computer to record the data. Figure [2.3] shows a schematic
representation of these components. The necessary characteristics of the
sample (S) are described above in the section The tip (T) must meet
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Figure 2.3: Scheme of the main parts of an STM: (S) sample, (T) metal tip (in
the enlargement), (P) piezo-scanner, (E) electronics controlling the potential applied
between sample and tip, the scanning movements (red and blue) and the feedback to
control the z-position of the scanner, and (C) a computer to record and display the
data.

some requirements. It has to be conducting, it should have as little elec-
tronic structure around the Fermi-level as possible, and it has to be atomi-
cally sharp. All the tips used in this thesis were made of mechanically cut
platinum iridium wire (90%:10%). The shape of the tip is not that critical,
because the tunnelling current I; decays exponentially with the distance d
between tip and sample:

_d JSam
It(Ubias) X Upjqs x €77 Imed (21)

where Uyp;qs is the voltage applied between the tip and the sample, m, is
the mass of the electron, ¢ is the tunnelling barrier, A = h/27, and h is
Planck’s constantE| This involves two things. First, it enables atomic reso-
lution, even with a relatively blunt tip, because the tunnelling current flows
mainly through the atom at the very end of the tip and no long-range back-
ground noise is observed. Second, it becomes necessary to position the tip at
sub-A precision in the z-direction. This leads to the heart of every scanning

1 Some approximations are made to get to this equation. For more exact descriptions,
the interested reader should refer to [57, [58] [59].
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probe microscope: the piezoelectric scanner (P). Piezoelectricity is a com-
plicated phenomenon, that distorts a crystal when an electrical potential is
applied and vice versa forms a potential when the crystal is distorted. T'wo of
the best known examples of applications, that make use of piezoelectrivity,
are quartz-resonators as frequency generators (in watches and computers)
and the lighters without flint (a spark is generated upon strong distortion
of a piezo). For further details, see [60, 25]. In STM, the piezos are used as
actuators to position the tip in close vicinity of the sample. A constant bias
voltage is applied between the tip and the sample (see fig. and the tip
is scanned over the surface in x and y directions. Two basic modes of op-
eration are known. The so-called constant heighﬂ mode, in which the tip is
scanned at a fixed height above the surface and the variations in the current
(resulting from changes in surface topography and/or electrical properties
of the sample) are recorded. (b) In the so-called constant current mode, an
electronic feedback loop (in E) controls the distance between the tip and the
sample to keep the current constant. The output voltage of the feedback loop
is recorded as the “topographical” data. All results presented in this thesis
are recorded in the constant current mode. The measured current and the
potential applied to the z-axis of the piezo are recorded by a computer (C)
at discrete z and y positions of the scanner. The z-potential can be directly
conversed into distances in z-direction by a fine calibration. This is referred
to as topography, even though many effects other than the real topography
of the sample influence this measurement, such as electronic properties of
the sample, properties of the surrounding tunnelling media (vacuum, air),
etc. At nanoscopic dimensions, thermal drift and piezo-creep (resulting from
hysteresis) can be a problem. Low temperature measurements can eliminate
thermal drift. Whereas piezo-creep can be partially compensated by nonlin-
ear calibration factors. Another crucial part for successful scanning probe
measurements is a good vibration damping system. Commercial microscopes
use air-damped tables, actively damped systems, bungy-cords, rubber pads,
or combinations thereof. High-end devices usually have an eddy-current
damping.

Conventionally, the fast scanning directioﬂ (along one scan line) is de-
fined as x, the slow scanning direction as y, and the measured data as z (see
fig. . These three dimensional images are usually represented as so-called
topview images, two-dimensional z-y images with colour-coded z-values. By

2 The constant height mode is often used in measurements at the solid liquid interface,
in spin polarised tunnelling experiments or in video-STM, where the feedback would be
too slow.

3 Feedback artifacts can only be seen along the fast scanning direction.
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convention, bright colours are used to image elevations and darker colours
refer to lower z. While the first STM images were recorded analogically and
plotted line for line, today all measurements are recorded digitally. Digital
processing of the data enables a better presentation of the recorded data in
an appeasing Wayﬂ In the constant current mode, usually (at least) two
measurements are recorded simultaneously: the movements of the tip (to-
pography) and the current (which would be constant with a perfect feedback
mechanism). While the current can be regarded as “error-signal”, the “to-
pography” contains much more information. It is the sum of various effects,
ranging from “real” topography to differences in the electronic properties
of tip and sample. Also the forces that act between tip and sample can
influence the measurement or even change the tip and/or the sample. STM
does not always show locations of atom centres, as is discussed e. g. in [61].
One of the advantages of STM is at the same time one of its difficulties: the
so-called topography (which maps the position of the tip above the surface)
is not a real topography of the sample, but always a mixture of topography
and electronic structure. Measurements of adsorbed molecules always show
characteristics of the molecular frontier orbitals and not the atom-centres
(as shown in chapter [5 or [62]). That the STM maps a constant density of
states, was also beautifully illustrated with the famous images by the group
of D. Eigler, showing patterns of standing electron waves on a copper surface
[38].

The STM and AFM measurements in this thesis were all measured either
with a homebuilt low temperature STM, or a commercial Nanoscope III
(Digital Instruments) equipped with a low-current converter, that is capable
of measuring currents below 1 pA. This means, that only about 100 electrons
were used per pixel of the resulting dataﬂ

2.3 Data processing

Most data processing in this thesis was done with the program SXM-Shell,
that was designed and written at the Institute for Physics of the Univer-
sity of Basel. Thanks to its open structure, it can easily be expanded by
user-programmed functions and procedures. Some processing was done with

4 Early attempts of 3D representations were done by plotting on thick cardboard, cut-
ting along the scan-line, stacking in the slow scanning direction and photographing from
a bird-view perspective.

5 This is a rough estimation for Up;qs = 1 V, It = 1 pA and a typical sample period of
16 psec.
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the Nanoscope software (Digital Instruments), SPIP (Image Metrology) or
WSxM (Nanotec Electronica). A few basic manipulations shall be explained
here:

plane substraction Usually STM images are tens of nanometres wide but
only Angstroms high. This makes it necessary to tilt the data, so that
the fine differences in z are visible in a colour-scale. A plane is fitted
to the measurement and subtracted.

flatten It denotes a procedure which fits a polynom (of a chosen degree) to
every scanline and subtracts it, to remove tilt and contortion. Most
images presented in this thesis were flattened.

topview It is the 2D representation with a colour-coded z-dimension, often
from black to white (“viewed from the top”).

colour STM images are three dimensional data with a scale of Volts (applied
to the piezo). These are conversed into nanometres, by use of a fine-
calibration and often displayed in two dimensions. The third dimension
is usually coded in colours. By convention dark colours (black) stand
for low z-values and bright colours (white) represent high z-values,
sometimes more fancy colourings are used to guide the reader.

pseudo 3D To further increase the “readability” of the STM images, a per-
spective view of a three dimensional representation is often used. These
plots can additionally be coloured to enhance the impression of three
dimensions. Often a colour-scale in z is used, similar to a topview
representation. Sometimes a derivative or the error-signal from the
scanning is used to mimic a light, shining from the side onto the sur-
face.

linescan A cut along a straight line through the measurement is called a
linescan. This can be along z, y or any mixture thereof and is displayed
in a z-z plot.

2.3.1 Correlation averaging

An interactive correlation averaging procedure for the SXM-Shell was pro-
grammed by R. Hoffmann, and modified by L. Ramoino and L. Merz with
a lot of help from R. Hofer. The procedure allows one to select a part of
the image, that is then used as a reference. In a cross-correlation of the
selection and the original image, the positions of the best fit are selected. In
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all these positions, a sub-image with the size of the selection is cut. These
sub-images are then averaged. Single locations (e. g. with scratches or noise)
can be excluded manually from the averaging procedure.

2.3.2 3D molecular models and molecular orbital plots

The three dimensional models were generated by minimising the energy
with a MM+ forcefield (using “Polak-Ribiere” and “steepest-descent” meth-
ods) in either HyperChem (Hypercube Inc.) or Chem3D (CambridgeSoft),
carefully keeping the molecules in a flat conformation where needed. The
molecular orbitals were calculated with HyperChem, using a semi-empirical
PM3 method. Purple and green were used to distinguish positive and neg-
ative signs of the wavefunction. All models were either exported as two-
dimensional bitmaps or as three-dimensional POV-Ray (copyrighted free-
ware, see www.povray.org) files.

These models were then placed on top of some depicted measurements
using either Photoshop (Adobe) for topview images or POV-Ray for perspec-
tive three-dimensional images, to envisage the observed molecular ordering
(see chapter [5)).

2.4 Conformational analysis of adsorbed species

The analysis used in chapter [5] was done by a time-consuming, but reliable
method. The measurements of interest were all printed at the same scale as
topview images. Often, a single measurement had to be printed in different
variations, like high-contrast images or with overlayed contour lines. Only
pairs of images with opposed slow scanning direction, that were recorded
in sequence and with the same parameters, were used. Then line-formulas
of all conformers of interest were printed on transparencies. The formu-
las so obtained were used on both sides, if necessary. The molecules were
tested systematically on the measurements, under the assumptions that the
molecules do not overlap (at least not the aromatic parts, that form -7
bonds with the HOPG) and that the benzylic rings, or rather the position of
the frontier orbitals, give the highest contrast. The alkyl-chains were nearly
neglected in this procedure. They are assumed to lie interdigitating with
the neighbouring molecules, in a conformation as straightened (all-trans) as
possible. This remains an assumption, since the alkyl-chains were rarely
resolved with the applied parameters. Nevertheless, the assumption was
justified by the fact, that the distance between the molecules in the found
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arrangements always had exactly the space to fit in an all-trans chain. Many
arrangement that “jump to the eye” had to be excluded because of overlap
with the neighbouring molecule (section. A few measurements were not
well enough resolved to be assigned an arrangement. An alternative method
was employed for some molecules, in which 3D-representations of the differ-
ent conformations were placed in a 3D image of the measurement, using the
program POV-Ray.



3. SELF-ASSEMBLY BY STRONG INTERACTIONS
(CHEMISORPTION)

With the STM, physicists and nano-scientists are capable of imaging molecu-
lar layers at the single molecule level. This allows one to investigate “molecu-
lar electronics”, which could eventually replace the “classic” semiconductor-
electronics. So far, the semiconductor industries were roughly able to follow
“Moore’s law”, that the computational power is doubled and the price halved
every couple of years. In the near future, the miniaturisation of semicon-
ductor electronics will reach some fundamental limits of the construction,
because it is based on solid-state bulk theories. Soon, the size of the struc-
tures is in a range, where quantum-mechanics rule. As soon as insulators
start to be conducting, because of electron-tunnelling, the whole technique
breaks down. Molecular electronics are expected to be one possible solution
to the problem. A major advantage of this so-called bottom-up approach will
be, that the parts of the system are expected to assemble themselves into the
final structure — self-assembly is one of the studied phenomena, that have to
be mastered before applications can be built. In this chapter several large
molecules are investigated: oligopyridine complexes as well as a fullerene-
ligand. Single molecules are compared to molecules in monolayers. Parts of
this chapter have been published in [63, [64] and will be published in [65].
These studies were done in close collaboration with D. Ammann (measure-
ments, Semesterarbeit [66]) in the laboratory of B. Hermann in the group
of H.-J. Glintherodt; Y. Zimmermann (synthesis of the oligopyridines [64])
and E. Figgmeier (measurement of the electrochemistry [63]) in the group
of E. Constable and C. Housecroft; D. Joester (synthesis) in the group of
F. Diederich.

Up to now, a vast majority of the studies of molecular electronics and
supramolecular assemblies were conducted with chemisorbed monolayers.
Chemisorption is the easiest way to immobilise molecules at a certain posi-
tion to image them. It is also the simplest way to contact them electrically.
Most of these experiments were done with (alkane) thiols on crystalline gold
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surfaces. In consequence, the knowledge about these layers, that are grown
either from vapour phase or solution, is quite advanced ([67] and references
therein). The chemisorption enthalpy E.pem for alkanethiols on gold (in
UHV) is known to be 126 + 2kJ/mol. The corresponding physisorption
energies Fppy s, are

Egphenethiol  —6.08(40.74)n + 43.5(5)] kJ /mol, (3.1)
Eghane = [6.16(+0.16)n + 19.4(+1.4)] kJ /mol (3.2)

where n is the number of carbon atoms. Each CHs group in a linear chain,
contributes therefore E;?}Efs = 6.2+ 0.2kJ/mol (acc. to [67, 68]). Detailed
studies were also conducted on Cu(100) and Pt(111). For further details
see [67, 68, 69, [70]. All of the above values were measured in UHV. The
physisorption and chemisorption energies will be the same in air or in con-
tact with a solution. But the difference in energy between the adsorbed and
the solvated state is less in solution or air than in vacuum. G. Poirier and
E. Pylant could show, that linear alkanethiols form a lattice-gas on gold at
low surface coverages. The molecules are lying flat on the surface, and have
a high lateral mobility, as sketched in figure[3.1] (a). At higher coverages, the
alkanethiols form stripes of flat-lying molecules, that are in equilibrium with
a mobile gas-phase (b). With further increased coverage, the stripes form an
equilibrium with upright standing domains (c), until, at the saturation den-
sity, all alkanethiols stand upright (with an angle of approximately 30° from
the surface-normal) [69]. While all these details are known for alkanethiols,
the studies of larger, more complicated molecules are still few.

For large molecules, which form only one chemical bond to the substrate,
the physisorption energy can be larger than the chemisorption. For linear
alkanethiols on gold, this happens at a chain length of about 14 CHs units.
A rough sketch of chemisorption and physisorption potentials is shown in
figure When a molecule approaches the surface, it first physisorbs be-
cause the physisorption potential is lower for larger distances r. When them
molecule approaches further, it chemisorbs if a covalent bond can be formed.
Physisorption, which sums up all the weaker and long-ranged forces, such
as van der Waals forces, is observed with all molecules. Chemisorption, on
the other hand, depends on the possibility of a “chemical bond” (namely
covalent) being formed.

Another application, which was a part of classic semiconductor physics
and is now approached from the chemical side (bottom-up) is photovoltaics.
M. Gréatzel described photovoltaics as ,,Photovoltaic devices are based on
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Figure 3.1: Scheme of the different adsorption modi of linear alkanethiols. (a) At low
coverage, single molecules move rapidly in a molecular gas-phase on the surface. (b)
With increased coverage, the flat-lying molecules form ordered domains of stripes. (c)
At the saturation coverage the alkanethiols stand upright with an angle of approxi-
mately 30° from the surface normal. Adapted from [69].

Figure 3.2: A qualitative sketch of a chemisorption (red) and a physisorption (blue)
potential versus the distance from the surface (r) for small molecules. All molecules
approaching the surface first physisorb, and then chemisorb.
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the concept of charge separation at an interface of two materials of differ-
ent conduction mechanism, normally between solid-state materials, either n-
and p-type regions with electron and hole majority carriers in a single semi-
conductor material, hetero-junctions between different semiconductors, or
semiconductor-metal (Schottky) junctions. [...] A breakthrough represented
by the separation of the optical absorption and the charge separation pro-
cesses in photo-electrochemistry, was realised by the association of a redox
dye as light-absorbing material with the wide band gap semiconductor.” in
[71]. One of the most prominent ways to achieve this separation of the optical
absorption and the charge separation, is by use of oligopyridine complexes
on surfaces.

3.1 Ru-oligopyridine complexes

Oligopyridines and their complexes have been known for a long time as dyes
for various applications, ranging from textile colour to fluorescent marker
groups in biological studies. The coordination chemistry of oligopyridines
is well known; as chelates, they form very stable complexes. Because pyri-
dine is a strong field ligand, it stabilises low oxidation states like Fe!l or
Co'l. Their main applications are as dyes, in optoelectronics like light-
harvestingﬂ as building blocks for modular chemistry, or in metal ion di-
rected assembly of complex architectures [72, [73]. Innumerable varieties of
oligopyridine molecules are synthetically obtainable [74]. Currently, they
receive much interest as candidates for molecular electronics, especially pho-
tovoltaics [70] [76] [77]. Already in 1979, S. Anderson et al. reported that a
single-crystal n-type TiOs electrode can be chemically modified by attach-
ing a monolayer of [Ru(bipy)s]** to produce significant anodic photocurrents
(when irradiated with visible light) in the absence of a supersensitiser [78].
This was one of the starting points for photo-electrochemical applications,
such as the dye-sensitised nanocrystalline solar cells. For many electrochem-
ical applications it is necessary to have a monolayer of molecules on an elec-
trode surface. To study self-assembled monolayers of redox active species,
several oligopyridine complexes were synthesised by Y. Zimmermann and
studied electrochemically by E. Figgemeier [64] 63] (see also appendix .
Two mono-ruthenium complexes with different “anchors” (to the substrate)
and one bimetallic complex were studied with STM in this thesis (see figure

3-3)).

1 light can move an electron from the metal to the ligand, and from there onto an
electrode
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penm, penm, Figure 3.3: Formulae of the three stud-
ied ruthenium complexes. And space-filling
representations with estimated sizes, see
also footnotd. (a) Terpyridine complex
1. -, nm 2. 5 Am with a free pyridine, (b) bipyridine complex
1 4 nm . T . .
with a free terpyridine, and (c) a bimetallic

complex with a free pyridine.

These molecules are best adsorbed on platinum, because a strong bond
to the substrate is expected to be formed between the nitrogen and the
platinum [79] [80]. These complexes are the simplest version of redox active
ruthenium oligo-pyridine complexes, which have an aromatic system, that
can be chemisorbed directly onto an electrode. In detail, the mechanism
is not well known, yet it is debated, if these molecules bind only with the
nitrogen, if m-complexes are formed, if an a-dehydrogenation occursﬂ or if
the molecules are even further degraded on the reactive platinum surface.
A bipyridine (bipy) complex with a free terpyridine (terpy) (fig. B.1(b)) to
attach the molecule on the substrate, and a terpy-complex with a free pyri-
dine group (a) as “anchor” were studied. As a preliminary study, also a
bimetallic complex with a free bipy (c) was examined. Figure shows also
space-filling representations of the complexes with estimated dimensionsﬂ

[Ru(bipy)s (bipyterpy)][PFe]a: bipy—complexEl with a free terpy (b). As a
precursor molecule for larger complexes, a (mono) ruthenium complex with

2 as has been observed for pyridine itself [79} [80]

3 All “expected sizes” given in this thesis are measured in Chem3D after an energy
minimisation with an MM2 forcefield.

4 For systematic names, see the list of abbreviations on pagelﬂ
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a terpy “anchor” was studied on platinum. The free terpy offers a highly
selective binding site, that can be easily attached to a suitable metal centre.

[(terpy)Ru(terpypy)|[PFsla: terpy-complex with a free pyridine (a). The
ruthenium terpy complex with a pyridine “anchor” was studied electrochem-
ically on polished and etched Pt electrodes by E. Figgemeier (see also ap-

pendix [B|and [63]).

[(bipy)2Ru(bipyterpy)Ru(terpypy)][PFslsa:  “dimer” with a free pyridine (c).
Using two redox-addressable metals, e. g. Ru/Ru or Ru/Os, the electro-
chemistry gets more interesting and the surface characterisation more diffi-
cult. More complex molecules (up to dendrimers) consisting of oligo-pyridine
ruthenium/osmium complexes might find an application as light harvesting
coatings, building blocks for molecular electronic, &c [74] [8T].

Because a strong bond to the substrate is formed, the samples can be
prepared by dipping the substrates in diluted solutions (2% acetone in wa-
ter, see also the experimental section on page . The molecules will
replace adsorbed “dirt” and solvent molecules. With the right dilution and
immersion time, it is possible to get sub-monolayer to monolayer coverages
of the complexes on platinum surfaces.

3.1.1 Results and discussion

At concentrations of about 0.1 mM, immersion times between minutes and
days were used to get different coverages. The bipy complex with a free
terpy was imaged at a sub-monolayer coverage. Figure [3.4] shows an STM
image of single complexes distributed randomly on a platinum surface and a
single scan-line in a x-z view. The position of the line scan is indicated with
a white line in the 2D image.

Individual molecules can be clearly distinguished and measured. The
molecules are imaged with a Widtkﬂ of about 0.85 nm (at U, = —90 mV)
and an apparent height of 0.19 nm. As explained in section m (page
@, the measured height does not correspond directly to the topographical
height of the molecules, but rather to the difference in conductance between
the molecule and the surrounding tunnelling media, which is ambient air in
this case.

Terpyridine does not have the ideal geometry for adsorption on a flat
surface. Nonetheless, the complex with a terpy “anchor” adsorbs and binds

5 All lateral molecular sizes in this thesis are measured as full width at half height.
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Figure 3.4: A lowpass filtered STM image of the bipy complex with a free terpyridine
group as “anchor” to the platinum. One scan line (indicated in white) is shown on the
I’ight. Parameters: room temperature in air, Upias = —90 mV; I; = 0.8 pA; size= 30 nm X 30 nm;

z-scale = 0.4 nm.

strongly enough to be imaged by STM. Terpyridine was used, because it
could be attached even more strongly to an STM tip, or bound specifically
to other molecules in further studies. At the same time, this explains one of
the experienced difficulties. The molecule, which is adsorbed to the surface,
does also bind to the STM tip (which is a 90:10 Pt/Ir alloy) with at least an
equal interaction energy, probably a higher one, because the curved geometry
of a tip with its steps and edges is better adapted to the form of terpyridine.
It is therefore very important to approach and scan very carefully, to prevent
any contact with the molecular layer, in order to keep the tip clean.

A sub-monolayer coverage of the “dimer” complex (c¢) was imaged on
platinum. In ﬁgure a narrow stretch of flat Pt(100) between two domains
of rough Pt(110) (compare the experimental section on page is seen. On
this flat part, single dimers can be seen.

The image also shows, why rough surfaces like Pt(110) cannot be used
to study the molecules with STM. The molecules can be recognised, but
no clear measurement is possible. The elongated form of the molecules is
most probably caused by thermal drift, and not by the elongated form of the
molecule. — There is no known reason, why the molecules should align on
only one of three identical axes of the substrate. The size of single dimers
was measured, with averages of 2.34 nm in diameter and 0.94 nm in height.
In electrochemical measurements of monolayers, the dimeric complexes were
found to take up a little more space than the monomers. This is attributed
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Figure 3.5: Single dimer-complexes on a flat stretch of Pt(100) between two domains
of Pt(110). The image is filtered to reduce noise. The single scan line marked in
white is shown on the right. Parameters: RT in aitr Upiqs = 1200 mV; I; = 0.8 pA; size=

100 nm x 100 nm; z-scale &~ 4 nm, lowpass filtered.

to a complex standing upright but tilted from the surface normal [82].

A next step consisted of tuning the preparation parameters to get a
complete monolayer coverage. Figure [3.6] shows two lowpass filtered images
of a monolayer of the terpy complex with a pyridine “anchor” (a). The
molecules seem only loosely packed. The lattice constant of about 2.9 nm is
much larger than the estimated size of the molecule (compare figure or
the measured width of a single (bipy) complex (see above). The hexagonal
arrangement was measured, and the surface coverage was calculated to be
Lsry =2.2% 10-7 mol/mg.

The electrochemical measurements conducted by E. Figgemeier showed
a monolayer with strong repulsive forces between the terpy complexes, that
form an arrangement with six nearest neighbours. The coverage 'y, calcu-
lated from cyclic voltammetry is 2.540.2% 1077 mol/m? [63]. A representa-
tive voltammogram is reproduced in appendix [B] on page [103] The two em-
ployed complementary methods, cyclic voltammetry and STM, give compa-
rable results. Even though the preparation of the platinum surface/electrode
is different, and the cyclic volatmmetry averages over polycrystalline facets.
In the near future, both, the STM and the electrodes will be adapted to
allow an STM measurement of an electrode, for a direct comparison of the
samples.

The observed shape of a molecule in the monolayer is round, and larger
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Figure 3.6: A monolayer of the terpy complex with a free pyridine. Each round
protrusion is one molecule. Parameters: RT in air (a) Upias = 200 mV; I; = 5 pA; size=
80 nm X 80 nm; z-scale & 0.8 nm; (b) Upias = 200 mV; Iy = 30 pA; size= 60 nm X 60 nm;

z-scale &~ 0.6 nm; lowpass filtered.

than expected. This seems to be caused by a high flexibility and a rota-
tional freedom of the molecule around the chemisorbed pyridine “anchor”.
The molecules move faster around the pyridine than the scanning (time-)
resolution — therefore the molecules appear “smeared out” over a circular
area. A similar hindered mobility has been described for similar molecules
(osmium bipy complexes) by J. Hudson and H. Abruna [83]. The regularity
of the hexagonal array and the absence of a mobile phase suggest that this
is in fact the tightest possible packing. Most molecular studies on surfaces
have shown domains of close-packed molecules, and eventually, a mobile
phase in two dimensions. It is therefore assumed, that this loose packing in
a hexagonal array is the most dense monolayer possible, otherwise a denser
packing together with a mobile phase should be observed at this surface
coverage. This absence indicates that indeed strong repulsive forces between
the molecules are present, as also found with the electrochemical studies.
The equilibrium distance of 2.9 nm is very large for a monolayer, which has
fixed lattice spaces for the molecules. If this low coverage would be a sub-
monolayer coverage, the molecules would move around freely and would be
imaged as gas in two dimensions, as described in section[4.1] The complexes
themselves are positively charged, which explains a strong repulsion at long
range. The counter-ions were not imaged. It is not clear, wether they give
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Figure 3.7: Partially decomposed complexes: when “hard” tunnelling parameters are
applied for some time, the molecules appear broken. Periodic patterns, similar to
benzene on Pt, could be seen for all measured oligopyridine complexes. The example
shown, is the dimer at different scales: the scale bar is 1 nm in all three images.
Parameters: RT in air (a) Upiqs = 50 mV; I; = 500 pA; size= 15 nm X 15 nm; z-scale = 0.6 nm;
(b) Upias = 24 mV; I; = 2140 pA; size= 8 nm X 8 nm; z-scale & 0.5 nm; (¢) Upijas = —25 mV;

I; = 600 pA; size= 3 nm X 3 nm; z-scale & 0.3 nm.

no contrast, they are too mobile, or they are not in contact with the sur-
face. The loose packing can be explained to some extent with the charge
of the molecules. Even if the counter-ions are closely associated with the
complex (which is expected), they will take up some space on the surface.
The packaging looks “loose” if only the complexes are seen, even though the
counter-ions are interspersed. The calculations in [63] would describe this
as strong repulsive force.

Decomposition of the molecules on the active platinum surface. When “hard”
scanning parameters (e. g. a low tunnelling resistance) are applied for too
long, the molecules form periodic patterns like those shown in figure 3.7} It
is assumed, that these patterns are organic material similar to graphite-like
carbon formations in catalyst-poisoning in heterogeneous catalysis. These
measurements resemble the images by U. Hubler of pure benzene on plat-
inum. However, it is not yet understood what exactly happens at the molec-
ular level. The examination of these phenomena is beyond the range of this
thesis.
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3.2 Cgo derivative with a free terpyridine

Fullerenes were the first large molecules that were measured with STM in
1990 [84]. Submolecular resolution on Cu(100) was achieved one year later
[85]. To freeze the very fast rotation of Cgy on gold, low temperature tech-
niques had to be used, to obtain submolecular resolution [86]. Cgg is one
of the most intensively studied molecules in the area of nanoscience (for an
overview see [87] or [88]). Even today, fullerenes are still very much “en
vogue” in the SPM community: mixed molecular layers [89], supramolecular
assemblies [90], etc. are being measured.

Another way to immobilise Cgo on a surface or a metal tip, is to attach
an “anchor” to the Cgp, that chemisorbs onto the surface. Therefore, a Cgq
fullerene attached to terpyridine with a ethylene oxide spacer (see ﬁgure
was synthesised by Y. Zimmermann [91] [02] and studied with STM. These
“bucky-ligands” (for simplicity reasons called Cgo-terpy) offer a coupled re-
dox and photosystem, that could be used in light-harvesting devices, or as
single electron shuttles (pendulum-like) in molecular electronics, etc.

0.96 nm

— 2.08 nm ——n]

Figure 3.8: Formula and a space-filling representation of Cgo-terpy with estimated
sizes.

A droplet of a 1 mM solution of Cgg-terpy in chloroform was placed on
a freshly prepared platinum substrate and annealed for 40 h at 35°C in a
solvent saturated atmosphere.

3.2.1 Results and discussion

Samples prepared as described above, were measured with STM at room
temperature in air. This preparation yielded monolayers with a close-packed
structure, as seen in figure 3.9 The lattice spacing was 2.07 nm which is
almost exactly the estimated size for the long axes of the molecule. It has to
be noted, that the molecule (apart from the stiff Cgg) is very flexible and can
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Figure 3.9: A monolayer of Cgo-terpy on platinum. The image measures
47 nm * 14 nm. The single scan line was taken along the white line. Parameters: RT in
air (Upjas = —35mV, Iy =5 pA, x =47 nm, y = 14 nm, z =~ 0.3 nm) lowpass filtered.

stretch from about 1.5 nm to 3 nm length. Most STM studies that show sub-
molecular resolution were made with flat and stiff molecules like porphyrin
or phthalocyanine. The Cgp-terpy ligands studied here are very flexible, and
chemisorption occurs only at one end. A mobility around the chemisorbed
terpy, similar to the one of the ruthenium complex shown above, might be
expected. Contrary to these speculations, a substructure was recognisable
on images of a smaller scale. In the pseudo-3D representation of figure [3.10}
each single molecule (indicated with the orange ellipse) of the layer shows a
fine periodic pattern. As described above, the physisorption energy can sur-
pass the chemisorption energy for large molecules. It is therefore expected,
that the “bucky ligand” is fixed stronger than just with one chemical bond,
as is the monomer complex described above.

The substructure could be measured in the single scan line displayed in
figure 3I1] The periodicity of the fine pattern was found to be 0.5 nm.
No surface-reconstruction of platinum (in air or otherwise) was found in
literature, that could explain this pattern. It is therefore assumed, that it
is formed by the molecular layer. This molecular pattern indeed resembles
the substructure of Cgp found by S. Behler et al. ten years ago in the same
laboratory [86].

This system was not further studied, due to lack of time, and in favour
of the fascinating studies which are shown in the chapters [4 and
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Figure 3.10: Pseudo-3D representation of a monolayer of Cgoterpy on platinum. The
orange ellipse indicates a single molecule. The scale bar is 3 nm long. Parameters: RT in
air Upiqas = —35 mV; I, = 5 pA; size= 21.3 nm X 21.3 nm; z-scale &~ 0.3 nm.
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Figure 3.11: A 10 nm * 10 nm image of Cgoterpy with a single scan line (measured
along the white line). Despite the noise, the fine pattern of 0.5 nm can be seen.
Parameters: RT in air Upias = —35 mV; I; = 5 pA; size= 10 nm X 10 nm; z-scale &~ 0.3 nm

lowpass filtered.



34

3. Self-assembly by strong interactions (chemisorption)




4. MOBILITY AND MANIPULATION

The physisorption of small adsorbates is rather weak. Only for large mo-
lecules with one chemical bond to the substrate, can their collective phy-
sisorption be larger than the chemisorption itself. As explained in chapter
and figure (on page 7 the physisorption has a longer range, com-
pared to the chemisorption of the same molecule. This has an interesting
consequence. When a molecule approaches the surface, it first physisorbs,
because the energy minimum of physisorption is at a large distance from
the surface, and then it chemisorbs, if it is able to form a bond to the
substrate. This process is of fundamental importance for forming ordered
structures, and ordered structures will be needed in every form of molecu-
lar nano-technology. Molecules deposited from solution adsorb directly on
their space of the surface arrangement. On the contrary, deposition from
the gas-phase, by evaporation or sublimation, results in randomly “landed”
molecules which have to “find” their lattice space after adsorption. Thus,
understanding and controlling the mobility of adsorbates are of great impor-
tance for future applications in molecular nano-technology. To get ordered
layers, it is therefore of crucial importance that the molecules have a surface-
mobility, that is high enough to allow the assembly after adsorption. STM
studies can give insights in the mobility and dynamics of adsorbed species,
either by observation of mobile arrangements, or by active manipulation
experiments.

This chapter investigates the mobility of adsorbates, and shows, how the
STM can be used to observe and initiate movements of adsorbates. Parts
of this chapter have been published in [93] 94] [66] and will be published
in [65, @5]. These studies were done in close collaboration with D. Am-
mann (measurements, Semesterarbeit [66]) and I. Widmer (measurements,
Diplomarbeit [94]) in the laboratory of B. Hermann in the group of H.-
J. Giintherodt; P. Weyermann (synthesis of the porphyrin dendrimer [96])
in the group of F. Diederich.
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4.1 Mobility of ZnPcOCg

Octyloxy-substituted zinc-phthalocyanine (ZnPcOCgEI) on graphite is a mo-
del system to study the mobility of adsorbed molecules of intermediate
size. The formula of ZnPcOCg and its dimensions are shown in figure
ZnPcOCg exhibits strong physisorption but remains very mobile laterally,
as long as it is not embedded in a monolayer. It has two “binding motives”
to build self-organised layers on graphite. It has a large aromatic centre,
that interacts with the graphitic 7 orbitals, and it has eight octyl chains,
that physisorb on graphite as well as pack in two-dimensional lattices. The

Figure 4.1: Formula and the expected dimensions of ZnPcOCs.

m-system alone is not able to assemble phthalocyanine (Pc) on graphite.
Four methods were used to circumvent this. By either assembling the Pc on
top of an alkane layer [97], or embedding it in a layer of alkoxyl-substituted
molecules [08], Pc could be imaged on graphite. The other two methods used
functionalisation with groups that increase both, the intermolecular and the
molecule-substrate interactions. The functionalisation with carboxylic acid
groups, was successfully used to form two-dimensional, hydrogen-bonded
networks [99, [100]. Attaching alkyl chains to a molecule is an elegant way
to increase the adsorption and the two-dimensional crystallisation energy,
without disturbing the electronic properties (namely the frontier orbitals) of
the molecules [62], 101]. An additional method would be to use chemisorp-
tion. Unfortunately, chemisorption to a conducting substrate induces major

I The systematic name is written in the list of abbreviations, page E
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changes to the electronic properties of a molecule. Therefore, the method
chosen for the following study was the attachment of alkanes. By attaching
alkanes, the phthalocyanines (or other molecules of interest) are separated
by an insulating spacer, that also minimises the (unwanted) electronic inter-
action between neighbouring molecules. This can be of great importance in
molecular electronics.

A high resolution image of ZnPcOCg on graphite was achieved by X. Qiu
et al. [62]. The first step in STM studies is often to seek high resolution,
in order to understand which parts of the molecules cause which contrast.
It was clearly shown, that the aromatic moiety, which forms the frontier or-
bitals, is seen as protrusions and the alkyl chains are imaged with much less
contrast. As a second step, the mobility of the molecules can be studied,
which comprises a completely different approach. The preparation has to
be fine tuned to give sub-monolayers and the scanning parameters have to
be kept very “soft”, meaning very high tunnelling resistances and moderate
voltages have to be applied, in order to keep the interaction between the
tip and the sample low. The tunnelling resistance for the mobility studies
of ZnPcOCg was about 2.5 orders of magnitude larger than for the high-
resolution images. On the one hand, it is easily possible to wipe away a part
of a second monolayer on top of a first one, by scanning with more than
1 pA for a few scans (at about 700 mV). On the other hand, a constructive
influence of the scanning tip on the physisorbed layers is visible, even below
1 pA. Molecules in a sub-monolayer can be assembled by scanning repeat-
edly over the same area. Anyhow, a vast majority of the studied layers was
prepared by self-assembly without the interaction of the scanning process.
The commercially available ZnPcOCgE| was dissolved in toluene to give solu-
tions of 0.1%. A droplet of these dark green solutions was put onto a freshly
cleaved HOPG substrate. After the evaporation of the solvent, the samples
were mounted in the STM.

4.1.1 Results and discussion

Figure shows a representative STM-image of a sample with almost a
monolayer of ZnPcOCg on graphite. Two different arrangements can be
observed, one trigonal and one squared. In these measurements at room tem-
perature, the arrangements do not appear exactly quadratic or trigonal, but
are stretched or compressed in one dimension, because of thermal drift. By

2 Purchased from Aldrich
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Figure 4.2: ZnPcOCsg at a sub-monolayer
coverage on graphite. Each protrusion rep-
resents one molecule. A squared arrange-
ment, dominated by the four-fold symme-
try of the molecule and a trigonal arrange-
ment arising from the three-fold symmetry
of the graphite can be seen. The white
square and hexagons mark these lattices
and two orientations of the trigonal ar-
rangement. Parameters: Upijqs = —700 mV;

I = 2 pA,; size= 40 nm X 40 nm; z-scale

~ 0.3 nm

measuring two images with opposed slow scanning directions, the real orien-
tation can be measured, if the drift remains constant. Both of the arrange-
ments were found in three orientations each, because the graphite surface
has a three-fold symmetry (see also section . The quadratic arrange-
ment is obviously induced by the four-fold symmetry of the molecule, while
the trigonal arrangement shows more influence of the graphite. At room
temperature in air, neither proved to be more stable than the other. This
shows, that the interplay between intermolecular and molecule-substrate in-
teractions is exactly balanced at the conditions of our measurements, so that
neither dominates the other globally. This is desirable, because it allows the
study of dynamics of all the different arrangements.

Figure (a) shows a large domain with many defects and borders.
Several molecules at the border of the domain look like “half” molecules.
They are only present in their location for several scan lines, and they either
arrive at their place, or they leave the place during the imaging process. In
figure (b) a few of these are indicated with arrows. Some molecules (in-
dicated with circles) are only absent for a few scan lines and either present
again or replaced by another (these two processes can not be distinguished),
or vice versa. Between the ordered layers, the bare graphite surface, lit-
tered with many bright streaks can be seen. These streaks are of about the
same height as the molecules in the layer. A two-dimensional analogue to a
molecular gas is present. The molecules move randomly on the surface with
a speed that is higher than the imaging speed of the STM, and therefore,
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Figure 4.3: Two images of a sub-monolayer of ZnPcOCs on graphite. (a) A large
domain with many borders and defects. (b) An image at a smaller scale, displaying
mobile molecules. The arrows point to “half” molecules, that were only present for
some scan lines and absent afterwards. The circles show three examples of molecules
that were absent for only a few scan lines and then either back in place or replaced
by another. Parameters: (a) Upias = —886 mV; I; = 5 pA; size= 100 nm x 100 nm; z-scale
~ 0.3 nm, (b) Upias = —886 mV; I, = 10 pA; size= 35 nm X 35 nm; z-scale ~ 0.25 nm.

they are only imaged on one (sometimes several) scan lines. Many streaks are
longer than the width of a single molecule. This indicates, that the molecules
move only a little faster than the STM tip, which was scanned with approxi-
mately 160 nm/sec. When a molecule “accompanies” the scanning tip, that
is to say, when it moves with a component parallel to the tip movements,
it is imaged for a longer time and longer width than an immobile molecule.
Therefore, streaks longer than the width of a molecule, are produced. It can
not be determined, if the molecules move only along straight lines. Other-
wise, the speed of the molecules could be estimated by a statistical analysis
of the length of the streaks. Figure [£.4] shows two subsequent scans. Each
domain is constantly growing and shrinking, so that a sort of a dynamic
equilibrium is observed. The relative proportions of ordered domains and
mobile phase remained roughly constant over the measured times. The de-
fects are hopping from one position to another, and the domain borders are
constantly shifting. It is not known, if the defect hopping happens through
movement of one single molecule, or if all the molecules between the old and
new position of the defect are relocated.
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Figure 4.4: Two subsequent images of a sub-monolayer of ZnPcOCg on graphite.
Rearrangements of large parts of the domains are recognisable. Single molecular defects
appear and disappear. And some molecules of half the usual height (white circles) are
seen. Parameters: Upiqs = —700 mV; I; = 2 pA; size= 37.66 nm X 37.66 nm; z-scale =~ 0.2 nm

Some molecules are imaged with approximately half the height of the
others. Two of these are marked with white circles in figure [£.4] These
molecules of only half the usual height, are a phenomenon, that has been
observed with different molecules on different substrates. It seems to be a
feature of many STM studies, that nobody can explain consistently for all
molecules [102].

As stated above, the influence of the tip on the molecular assembly is
noticeable, but uncontrolled. It was not possible to interact selectively with
a single or a few molecules. It was possible to image the ZnPcOCg layers in
UHV, but it proved impossible to image them at low temperature, which is
not surprising, because almost no alkoxylated molecules were studied suc-
cessfully at low temperatures. The usual explanation is, that the layers
undergo some phase changes, similar to liquid crystalline materials. To ma-
nipulate single molecules, low temperature, and therefore different kinds of
molecules are needed.

4.2 Manipulation of a single macromolecule

Since the beginning, STM has not only been used to observe, but also to
manipulate at the nanometre scale [29]. Soon, single atoms and molecules
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were manipulated. D. Eigler and E. Schweizer wrote their famous 'TBM’-logo
with single xenon atoms on a copper surface [I03], G. Meyer, B. Neu and
K.-H. Rieder wrote 'FU’ using CO on copper [104], and J. K. Gimzeswki
et al. manipulated in- and external degrees of freedom of tetra-[3,5 di-t-
butylphenyl] porphyrin (TBPP) on copper [105] 106]. S.-W. Hla et al. even
induced all steps of a chemical reactiorﬂ on a surface with an STM tip [107].
Nowadays, some groups control the manipulation of small molecules very
well. A. J. Heinrich et al. built molecular cascades from CO, that even
include logical functions. They constructed, triggered, and observed molec-
ular domino rows with STM [I08]. However, large and flexible molecules are
rarely used in STM studies, and almost never in manipulation experiments.
F. Rosei et al. wrote a review about “Properties of large organic molecules on
metal surfaces.” [88], in which they describe biphenyl, decacyclene, HtBDC,
PVBA, Cgp, Pc, and the porphyrin and “lander” derivatives, that have built-
in rotational freedoms of the so-called leg{?} If these molecules were called
flexible, the molecules presented in this section could be claimed to have no
structure at all. There is still a big gap between these stiff small molecules
and the molecules studied in biology. Large dendrimers are mostly in this
gap. In chapter [3| chemisorption was presented as a method to assemble
molecules with repulsive intermolecular interactions. Section shortly
introduced the concept of alkyl-chain substitution as method to assemble
flat molecules on graphite, which will be further discussed in chapter o} In
the present section, a way to immobilise single physisorbed macromolecules,
like the 4.2 kg/mol dendrimer seen in figure is presented. The prepa-
ration and monolayer formation of linear n-alkanethiols is well known (see
also the short overview in chapter |3). H. Tokuhisa et al. successfully made
mixed monolayers of chemisorbed PAMAM dendrimers and chemisorbed n-
alkanethiols to image them with the AFM [I09]. The interspersed alkanethi-
ols were shown to support the PAMAM dendrimers to a more prolate shape
than the rather oblate forms of a pure PAMAM monolayer. Our group
adapted this idea to stabilise and support single, physisorbed dendrimers
[93]. At low concentrations, single dendrimers can be embedded in a mono-
layer of alkanethiols. One example is presented below, others were shown
in [93]. Single, physisorbed molecules are difficult to image with scanning
probe microscopy, because the interaction with the tip is usually too large
in relation to the interaction with the substrate [I10]. The molecules are
moved laterally during the scanning process, or even picked up by the tip,

3 The formation of biphenyl from two iodobenzenes, an Ullman reaction.
4 See list of abbreviations on page [v| for the full names.
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Figure 4.5: Formula and expected dimension of the first generation porphyrin den-
drimer synthesised by P. Weyermann

preventing high resolution images. Embedding the macromolecules in layers
of alkanethiols can immobilise them, but it can not prevent the intramolecu-
lar flexibility. And this flexibility prevents high-resolution images of non-flat
macromolecules, because parts of the molecules are moved by the scanning
process — the molecules are imaged as blurred “blobs”. The first and second
generation of the porphyrin dendrimer presented in figure were synthe-
sised by P. Weyermann to study the influence of the poly(ethyleneglycol)
shell around the porphyrin in comparison to the natural protein shell, in re-
spect of electrochemical and catalytical activity [96]. The STM samples were
prepared by dipping a freshly prepared gold substrate in a dilute ethanolic
solution of the dendrimer, see the experimental section for details.

4.2.1 Results and discussion

Physisorbed molecules show a large lateral mobility. Even very large mole-
cules can be moved or removed by an STM tip, which prevents measurements
at room temperature in air. To decrease the available energy for these move-
ments, measurements at low temperatures are necessary. The dendrimer
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Figure 4.6: (a) Small scale image of few first generation porphyrin dendrimers on a pure
gold surface at 4 K. The dendrimers appear very flat and spread. (b) Low temperature
image of the same scale, showing a cluster of the dendrimers, embedded in a monolayer
of HDT. The dendrimers appear more spherical. Parameters: (a) Upjas = 700 mV, Iy = 8 pA;
(b) Upjas = —2.5 V, Iy = 3 pA.

could be imaged at 4.2 K, but appeared very flat. Figure shows two
pseudo-3D images: (a) without and (b) with a monolayer of 1-hexadecanthiol
(HDT). The sample shown in figure [4.6] (b) was prepared with the new tech-
nique of embedding the dendrimer in a monolayer of HDT, by dipping the
substrate in a dilute solution containing both, the dendrimer and the HDT.
The supporting effect of the HDT can directly be seen. Without the sup-
port of the alkanethiol layer, the dendrimers showed a height-to-width ratio
of about 1:8. The dendrimers embedded in HDT showed a height-to-width
ratio of 1:5. This value has to be used carefully, because the two images
were recorded at very different bias voltages. But the general trend of the
more spherical molecules was observed for all voltages. A cartoon of the
“support” obtained with a monolayer of HDT is shown in figure [£.7] for the
second generation porphyrin dendrimer. For more examples of this immo-
bilisation technique, see [93]. The embedded molecules are also stabilised
laterally, so that they can be imaged at room temperature in air, without
being wiped away immediately. The first generation of the porphyrin den-
drimer aggregates in small clusters of a few molecules, as can be seen in figure
While the dendrimers could be imaged at room temperature, they were
still wiped away from the scanning area, so that each sequential scan showed
less molecules. Only at low temperature, the molecules could be imaged for
a longer time (hours to days) in a stable way. The Au(111) surface shows
the typical triangular step-edges of mono-atomic height. The surface also
shows the ‘holes’; roughly circular depressions of a depth of one gold layer,
that are formed upon adsorption of alkanethiols. For further discussions of
this surface restructuring, see [67] and references therein.
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Figure 4.7: Scheme of the support of a monolayer of HDT on gold, with a second
generation porphyrin dendrimer.

Figure 4.8: Two representative images of the first generation porphyrin dendrimer
embedded in a monolayer of HDT on gold. The dendrimers show a tendency to
cluster in small numbers. The gold surface shows the typical holes, that are formed
upon adsorption of a monolayer of alkanethiols. Parameters: Uy;ns = 700 mV; I; = 10 pA;
100 nm x 100 nm.
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Figure 4.9: (a) STM (topography) image of the two porphyrin dendrimers before the
manipulation. The dashed red line indicates where the STM tip was moved during the
recording of the tunnelling spectra. The red arrow indicates the slow scan axis. The
colour-scale is designed to display the purple porphyrin dendrimer on the gold surface.
Low z-values are displayed in dark yellow, changing to bright yellow with increasing
z, and turning into purple for highest z-values. Parameters: 42 K; Upiqs = 750 mV;
It = 4 pA; size= 10 nm x 10 nm; z-scale = 2 nm. (b) Two tunnelling spectra: (red) above
the alkanethiols and (blue) above the dendrimer.

The width of a single dendrimer embedded in HDT was 1.5 nm, which
is slightly smaller than the diameter of the dendrimer including the whole
PEO chains. It is not expected that the imaged molecular orbitals extend
to the outermost branches.

A cluster of two dendrimers was selected for closer investigation at 4.2 K.
After recording a small scale STM image (figure (a)), several tunnelling
spectra (current versus voltage curves) were measured. The curves measured
at tip positions above the dendrimer showed a diode-like characteristic. Only
at positive voltages, the dendrimer displays a high conductivity. In other
words, only the LUMOs were accessible with the tunnelling electrons in the
tested range of bias voltages. In Figure (b) an STS recorded above the
monolayer of HDT is included for comparison. To record the spectra, the tip
was moved along the dashed red line in figure [£.9] (a) while the spectra were
recorded as follows. The tip was moved to the location of the next spectrum,
after a short time the feedback loop was switched off, in order to keep the
tip at a constant distance above the surface, the voltage was ramped from
—1.5V to +1.5 V, and the resulting tunnelling current was recorded. Two
typical spectra, one above the alkanethiols and one above the dendrimer are
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Figure 4.10: STM image of the
two dendrimers separated. The
moved dendrimer on the bottom
right appears flatter and more
spread out. The red arrow in-
dicates the slow scan axis of this
image. The colour scale is ap-
plied in z, and does not colour all
of the flat-lying dendrimer pur-
ple, as is seen on the right bor-
der of the image. Parameters: 4.2 K;
Upias = 750 mV; I; = 4 pA,; size=

10 nm X 10 nm; z-scale &~ 2 nm.

shown in figure (b).

This procedure of moving the tip along the dashed line, while ramping
the bias voltage up and down, moved the dendrimer at the right side by
about 2 nm, as can be seen in the sequential STM image shown in figure
4.10} The dendrimer on the right looks much flatter and more spread out.
The place where it was before the manipulation, next to the dendrimer on the
left, shows a small depression. This confirms that the dendrimers are indeed
embedded between the alkanethiols, directly in contact with the gold, and
not lying on top of the alkanethiol layer. The moved dendrimer on the right of
figure [£.10]looks much flatter and spread-out, comparable to those measured
without the surrounding support of HDT (see above). The STM image in
figure[£.10| was recorded with the slow scan axis from bottom right to top left,
as indicated with the red arrow. The mere scanning at 4 pA was enough to
move the dendrimer back into its former place. Figure (with the slow
axis from top left to bottom right, as indicated) shows the two dendrimers
after the complete reversion of the manipulation. The dendrimers in the
HDT were not moved at low temperature by the scanning process at 4 pA.
But the dendrimer, that had been pushed onto the monolayer of HDT, was
easily moved and “snapped” back into its place between the HDT.

The whole procedure of recording tunnelling spectra along the dashed

red line in figure [£.11] was repeated, and the movement of the dendrimer was
reproduced, as shown in figure (a)ﬂ The pushing back of the molecule

5 The reproduction with another sample failed, most probably because the parameters
could never be prepared as ideal again.
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Figure 4.11: Both dendrimers
are in contact again. The red ar-
row indicates the slow scanning
direction of this image, while the
red line indicates the positions of
the tip in the manipulation af-
ter this image. Parameters: 4.2 K;
Upias = 750 mV; I; = 4 pA; size=

10 nm X 10 nm; z-scale &~ 2 nm.

Figure 4.12: The manipulation experiment was successfully repeated once more. Pa-
rameters: 4.2 K; Upiqs = 750 mV; I; = 4 pA,; size= 10 nm X 10 nm; z-scale & 2 nm.

was also repeated a second time, which is shown in figure (b). The
procedure was reproduced three times with the same molecules.

This is a mechanical manipulation of a single macromolecule of much
larger size than any reported so far in literature. It will be a long time,
before pushing a molecule of a mass of 4.2 kg/mol will become routine work.
These experiments provide an interesting starting point for future work in
this field, showing, that even the interaction with such flexible and large
molecules can be controlled at the nanometre scale.
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5. SELF-ASSEMBLY BY WEAK INTERACTIONS
(PHYSISORPTION)

In the two decades of the existence of SPM, flat and stiff molecules have been
measured almost exclusively, with nearly no examples of large and flexible
molecules, due to the difficulties of the measurements. Large and/or flexible
molecules are very interesting since they can be designed to have almost any
desired function. The question of how to address these molecules, or how to
form self-assembled monolayers with them is discussed in this chapter. Alka-
nes are one class of very flexible molecules, and their adsorption on graphite
has been studied experimentally [I01] and theoretically [I1I]. It is known,
that alkane chains assemble preferably in an all-trans conformation with the
carbon plane either parallel or perpendicular to the surface, as illustrated
in figure[5.1] Both forms have been observed experimentally, their relative
stability seems to depend on the other functionalities of the molecules. The
spacing between the chains was found to be 426 pm for the chains lying
with the carbon plane perpendicular to the graphite, compared to 420 pm
and 480 pm in the two directions in the three-dimensional crystal. It was
found, that pure alkanes prefer the perpendicular (fig. red) arrange-
ment. If headgroups are attached to the alkanes, that separate the alkanes
by more than these 426 pm, the chains assume the parallel pattern (fig.
green), lying flat on the graphite. The adsorption energy per CHy subunit is
—12.1 kJ/mol for the flat and —10.4 kJ/mol for the vertical arrangement for
pure alkanes [IT1I]. In addition, the two-dimensional crystallisation energy,
that describes the intermolecular interactions, has to be considered. The
ratio between the intermolecular interaction and the adsorption energies lies
between 2:5 and 3:5 for alkanes of different lengths. The graphite-alkane
interaction can therefore dominate the assembly over the intermolecular in-
teractions. If the ratio would be the other way around, three-dimensional
aggregates would be formed instead of two-dimensional layers.

As an interesting example of large and flexible molecules, dendrimers
were studied. In contrast to pure alkanes, the Fréchet-dendrons studied in
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Figure 5.1: An illustration of the
two modes of adsorption of all-
trans alkanes on graphite. With
the plane of symmetry through
the carbon atoms parallel (green)
and perpendicular (red) to the
graphite surface.

this chapter have an additional assembly-motif. As expected, the aromatic
moieties form 7-7 bonds with the graphite. The molecule-substrate inter-
action is therefore stronger, compared to alkanes. The balance between the
adsorption energy and the two-dimensional crystallisation energy controls
the self-assembly process.

As J. Gimzewski said in the Vega science program about nanotechnology:
“He who can control self-assembly, controls the future.” [112]. Molecular
nano-technology will rely on self-assembly processes. One key example of
the importance of self-assembly is, that it is directly responsible for the
formation of chiral patterns from achiral molecules adsorbed on surfaces.
Chiral domains formed from chiral or achiral molecules were identified with
STM [I13, 114}, [I15], coadsorbed achiral molecules were found to express the
chirality of an adsorbed layer [116].

In this chapter, STM characterisations of highly flexible, physisorbed
(macro-)molecules are presented. Conformational analysis of flexible mole-
cules on graphite surfaces is achieved, and chiral domains formed by achiral
molecules are described. Additionally, a delayed transformation of one as-
sembly pattern into another, accompanied by a conformational change is
presented. Octyloxy-substituted Fréchet-dendrons are presented as a func-
tional group that allows self-assembly of various molecules and functions.

Parts of this chapter have been published in [94] 117, (3], and will be
published in [65] 118, [IT9]. These studies were done in close collaboration
with L. Scherer (synthesis of all the molecules in this chapter, except the
DDB-dendrimer and measurements [53, 119]) in the group of E. Constable
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and C. Housecroft; I. Widmer (measurements, Diplomarbeit [94]), M. Stohr
(measurements with I. Widmer [I17]) in the laboratory of B. Hermann in the
group of H.-J. Giintherodt; B. Murer (synthesis of the S,5-DDB dendrimer
[120]) in the group of D. Seebach.

5.1 A bipy-ligand, expanded with alkoxylated first generation
Fréchet-dendrons

To study highly flexible molecules, that can eventually be forced into a flat
conformation, the molecule shown in figure [5.2] was synthesised. It was
designed as a switchable system, that could be triggered and/or read out
with STM. It is a molecule, with several conformational levels at similar
energies, that can be studied by STM. Bipy was chosen as a well known
ligand with two main conformations: cis and trans for the interannular C-C
bond. The coordination chemistry of bipy is well known with almost every
metal ion of the periodic table [I2I]. The rotation about the central bond
is well studied and known to be locked to cis when complexed to a metal
centre. The free ligand forms a time-averaged trans conformation [122].
In this section, a bipy ligand, expanded with two first generation Fréchet-
dendrons is studied. Alkyl-chains were added for additional physisorption
and increased intermolecular interaction, without any change to the frontier
orbitals and therefore to the STM contrast. Figure[5.2)shows the formula and
two space-filling representations with the expected dimensions. The huge
number of internal degrees of freedom of this molecule is drastically reduced
when it is forced into two dimensions, i. e. adsorbed on a surface. Because
the alkyl-chains gave little or no contrast at the parameters used in this
study, their internal degrees of freedom will be neglected in this discussion,
and the chains are assumed to have an all-trans conformation. Only the
cis-trans arrangement at the central bipy, the two syn-ant: arrangements at
the ArOCH,Ar and the four syn-anti arrangements at the ArOR, a total of
27 = 128 conformations, have to be consideredﬂ The system provides an
interesting playground for conformational analysis and manipulation with
its “conformational switches”.

I This number is further decreased, by the the fact, that some conformations have a
C2-symmetry and therefore are counted twice, by this simple exponentiation.
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0.71 nm ——

Figure 5.2: Formula of the first generation bipy dendrimer and space-filling represen-
tations of the transoid and the cisoid conformation with expected dimensions.

5.1.1 Results and discussion

5.1.1.1 Domains and their internal structures — conformational analysis
with STM

The bipy ligand was dissolved in either dichloromethane or hexane to give
0.2 mM solutions. Up to three droplets of these solutions were put on a
freshly cleaved HOPG sample. For further preparation details see the ex-
perimental section, on page This procedure yielded ordered domains of
monolayer thickness. The molecules formed bright stripes, that are built of
close-packed molecules, lying flat on the surface. Immediately after the ap-
proach of the scanning tip, the domains could be observed. The ordering was
found over all the examined graphite surface. It is concluded that in this case,
a self-assembly takes place, without the interaction of the measurement, as
opposed to some known phenomena e. g. in STM studies at the liquid solid
interface, where voltage-pulses have sometimes been used to initiate the or-
dering. The domains on samples prepared from hexane were always of much
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larger size than those prepared from dichloromethane solutions. Using hex-
ane, domains larger than 500 nm x 500 nm were usually observed. Domains
formed from dichloromethane were rarely larger than 150 nm X 150 nm.
Representative examples are shown in figure [5.3] This difference can be at-
tributed to the fact that hexane (b.p. 342 K, A,,H® = 31.52 kJ/mol) evap-
orates slower than dicholoromethane (b.p. 313 K, A,,H® = 28.82 kJ/mol).
During the slower evaporation of the solvent, the molecules have more time
for self-assembly and conformational ordering.

Two sets of three domains with an angular relationship of 6.5° between
the two sets were observed. Within each set, three domains at an angular
periodicity of 120° were found. This reflects the three-fold symmetry of the
surface of the ABA-type graphite (see the experimental section, page .
Figure (c) shows an image of all six domains, indicated with white lines.
No domain was found to be more stable than any other. That is to say,
no conversion could be observed and no large scale statistics were possible,
because many domains could not be identified due to changing resolution and
lack of presence of other domains for comparison. The two sets of domains
have a different internal structure, as can be seen in figure (a).

Conformational analysis with STM. With a series of high-resolution im-
ages, these internal structures could be assigned. The fact, that the frontier
orbitals, namely the occupied HOMOs (which are imaged when using a neg-
ative sample bias, compare [62]), are located on the benzylic rings, adds
an additional challenge. This creates highly symmetric patterns, which are
difficult to assign with certainty. In figure the cluster of filled orbitals
at the highest energy is shown for two of the possible conformations. The
molecular orbital calculations were done with a semi-empirical PM3 method
(see also section . The conformatiorﬂ did not change the fact, that a
cluster of the highest filled orbitals is located at the benzylic rings. Only the
relative energy levels, and the sequence within the cluster slightly changes
with the conformation. The next cluster of orbitals is always located at the
bipy. As can be seen in figure [5.4] the filled HOMOs extend to the phenol-
ether oxygens. This could be observed in the best resolved images, and thus
provides a near atomic resolution, by showing the location of the oxygen
atoms (see below).

Figure (a) shows the boundary between two domains that form an
angle of 6.5°. The two domains have clearly a different internal structure,

2 All the frontier orbitals of the flat conformations discussed below, and of some energy-
optimised 3D conformations were calculated and compared.
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Figure 5.3: (a) A 80 nm x 80 nm image of a sample, prepared from a dichloromethane
solution, showing four domains (marked with a white quadrangle) in three different
orientations. Two domain mismatches with half a molecule offset are marked with
white ellipses. (b) A large domain formed from a hexane solution. Both (b) and
(c) are 180 nm x 180 nm, for direct comparison. Image (c) shows all six orientations
of the observed domains. Samples prepared from dicholoromethane always showed
small domains, sometimes with mismatches (marked with an ellipse). Parameters: (a)
Upias = —700 mV; Iy = 0.7 pA; size= 80 nm X 80 nm; z-scale & 0.12 nm, (b) Up;as = —700 mV;
I; = 0.8 pA; size= 180 nm X 180 nm; z-scale & 0.15 nm, (¢) Upias = —770 mV; I; = 1 pA;

size= 180 nm X 180 nm; z-scale &~ 0.15 nm.
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Figure 5.4: Illustration of the 5 filled molecular orbitals at the highest energy (HOMO
0-4) for a cisoid and a transoid conformation. Calculated semi-empirically with a PM3
method, using HyperChem. Purple and green represent positive and negative signs of
the wavefunctions. A cluster of orbitals is located on the phenyl rings and extends to
the oxygen. At a slightly lower energy, the orbitals of the aromatic bipy are found.

as is most obvious when the angle «, formed between the row of molecules
and a line, drawn through both benzylic protrusions, are compared as in
figure (c) and (d) (green rhomboids). In the left domain (fig. (c))
o is 55°, whereas the right domain (fig]5.5] (d)), shows an a of 38°. By
an extensive analysis (details described in the experimental section on
page, the internal conformations of the molecules and the supramolecular
arrangement could be assigned. The molecules were fitted on the measure-
ments. The transparent models were fixed and transferred to a printout of a
graphite lattice at the same scale. The whole arrangement was rotated and
translated to a parallel orientation of the benzyl rings with the graphite, but
with an offset of half a hexagon. The aromatic moieties of the molecules
were then in the position of the next graphite layer, that was cleaved off
prior to the measurement. This is one of the positions with the highest m-m
interaction. The 6.5° between the two arrangements arise from a different
relative location of the second molecule in a row (using identical positions of
the first molecule). Figure [5.5((b) illustrates the different location in respect
to the graphite. The proposed arrangements of the two domains in figure
5.5 are shown in figure [5.6

An exceptionally high resolution was achieved on another domain, that
shows a further variant of arrangement. Figure shows the averaged mea-
surement with three molecules superimposed with the measurement in a
pseudo-3D representation. As discussed in the experimental section (page
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Figure 5.5: (a) A boundary between two domains with different internal structure
forming an angle of 6.5°. (b) lllustration of the 6.5° with respect to the graphite
lattice. (c) 10 nm x 10 nm enlargement of the left domain of (a), correlation averaged
over 121 positions. Three molecules are overlayed to envisage the organisation, further
explanations are given in the text. (d) 10 nm X 10 nm enlargement of the right domain
of (a), correlation averaged over 104 positions, with three molecules, indicating the
found arrangement. Parameters: Up;as = —1111 mV; I; = 1.5 pA; size= 50 nm X 50 nm;

z-scale = 0.15 nm
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Figure 5.6: Proposed arrangements on graphite for the domains shown in figure
(c) and (d). Each graphite square is 10 nm X 10 nm and has the same orientation.
The alkyl-chains are only included to show the overall size of the molecules, their
orientation was not modelled. (Hydrogen atoms were omitted for clarity.)

, the STM does not show locations of atoms, but the shapes and locations
of molecular orbitals of adsorbed species. A comparison of the orbital plots
in figure with the STM image in figure shows an impressive match.
In this image, the lobes of the molecular orbitals, extending to the oxygens
of the phenol-ether can clearly be recognised. In this case, the STM gives
the exact location of the oxygen atoms and can therefore be claimed to have
near atomic resolution, at room temperature in air. Also for this pattern,
the molecular arrangement was constructed. Figure shows a topview of
the measurement (a) and the proposed arrangement on graphite (b). The
most noticeable difference is that « is obtuse, if it is defined in the same
way as in the previous arrangements. The molecules are tilted towards the
right in a stripe, whereas the measurements shown in figure are tilted to
the left. Only arrangements with the bipy aligned along the stripes, formed
by the molecules, were observed. That is to say, the molecules in this ar-
rangement are lying on the other side, forming a Z-like rather than an S-like
shape. Figure [5.9] shows an schematic model of the molecule and explains
how the molecule gets an orientation when it is adsorbed on the surface.
Performing a simple thought experiment, one can flip a molecule onto its
other side (a turn of 180° around the axis between the two phenyls, from S
to Z) but leave it in the same supramolecular arrangement. This molecule
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would then have its bipy perpendicular to the direction of the stripe, like in
figure (¢). The « larger than 90° can, with the bipy aligned with the
stripe, only be formed by a molecule that lies on its other stereotopic side,
thus forming a Z-like arrangement opposed to the S-like seen above. It is
important to note, that the alkyl-chains in figure[5.8| (b)) are drawn all-trans,
which results in overlapping chains. At exactly the crossing points, a small
protrusion is visible in the averaged image (a). This may result from
the averaging procedure, indicating that the probability of finding a chain
there is much larger, than in the other places. The chains are expected to lie
flat on the graphite, forming an interdigitating pattern, to reach the lowest
energy. However, a certain mobility may still be present.

Out of the 128 conformations mentioned in the introduction of this chap-
ter, only those eight arising from the inner three “conformational switches”
were considered, and only two were identified on the surface. No cisoid form
of the bipy dendrimer could be observed with the free ligand, as expected
from x-ray crystallography of bulk crystals of bipy ligands. The four possible
transoid conformations are shown in figure The molecules (b) and (c)
have the same conformation, but lie on different faces of the molecule, and
are therefore distinguishable. Only the conformations (a), (b), and (c) were
found in the measurements, (d) was never observed. In the vast majority
of the measurements, only the six domains discussed above, consisting of
two arrangements in three orientations were seen. These could be assigned
with a high certainty. The domain shown in figure and could not be
securely identified in other measurements. But as the angle in respect to the
graphite is the same as in the domain in figure (d), it might be present
in some of the images with less resolution. The surface coverage is not very
different and difficult to measure in the higher resolved, small scale images.

The domain boundaries were usually noisy with very low resolution.
Sometimes, the substrate (HOPG) can be seen between domains: very pla-
nar areas with no internal structure, or with some noise generated by highly
mobile molecules (see fig. [5.3| (¢)). If the observed, ordered domains would
be multilayers, an ordered structure would be expected to become visible on
those lower areas. In this case, a structure similar to the observed stripes
with somewhat better resolution would be seen. It is therefore concluded,
that the observed ordered layers are true mono-layers. In these layers, single
molecular defects were often observed.
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5.1.1.2 Defects

Domain mismatches between two (identically oriented) domains were ob-
served (see the fig. marked with ellipses). Defects were more frequently
observed in layers prepared from dichloromethane, which is directly related
to the smaller domain size found on samples prepared with this solvent. As
mentioned already, this is a consequence of the faster evaporation, there-
fore, the molecules have less time to assemble themselves and defects are
more prone to occur. Single molecular vacancies were observed, which were
found to be relatively stable. Even repeated scanning over them did nei-
ther “fill” them, nor move them to different locations as had been observed
with ZnPcOCys in section [£.1] Figure shows a single defect and a row
of defects. Quite regular patterns of vacancies were observed, in which the
vacancies skip every second stripe of molecules and are aligned along the
long molecular axis.
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Figure 5.7: Pseudo-3D representation of the third kind of domain of the bipy ligand
with a high-contrast colouring. Three superimposed molecular models illustrate the
proposed arrangement. The shapes of the HOMOs (compare fig. can clearly be
recognised. Even the position of the oxygen of the phenol-ether can be identified,
because the HOMOs extend to them with small extrusions. The image was correlation
averaged over 41 positions in a 30 nm X 30 nm image. Parameters: Upiqs = —900 mV;

I: = 4 pA; size= 10 nm X 10 nm; z-scale =~ 0.15 nm
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Figure 5.8: The third arrangement found for the bipy ligand. (a) STM image, averaged
over 41 pOSitiOhS in a 30 nm x 30 nm scan. Parameters: Upiqs = —900 mV; I, = 4 pA;
size= 10 nm x 10 nm; z-scale ~ 0.15 nm (b) The proposed arrangement on graphite is not
aligned with the measurement on the left, but has the same graphite orientation as
fig. for easier comparison with the other patterns.

Figure 5.9: An abstraction to ex-
plain the stereochemistry, that
arises from the adsorption onto
a surface. Note, that the confor-
mations (b) and (c) are not su-
perimposable without desorption
from the surface. The molecules
(a), (b), and (d) have an S-like
conformation and (c) has a Z-
like shape.
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Figure 5.10: Single molecular defects were observed. Sometimes even in ordered
rows (b), skipping every second molecular stripe. (a) Upias = —1040 mV; I; = 0.9 pA;
size= 30 nm X 30 nm; z-scale & 0.15 nm (b) Upiqs = —900 mV; I; = 0.8 pA; size= 50 nm x50 nm;

z-scale &~ 0.17 nm.
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5.1.1.3 Protonation

In solution, the free bipy ligand is known to have a time-averaged transoid
conformation. The obvious way to force it to the cisoid conformation is to
bind it to a metal ion or a proton. Two approaches were followed to induce
protonation, and the respective change of conformation, as described below.

Protonation in liquid After treatment with acetic acid, no different pattern
was discernible. The same ordered domain structure as before was seen. It
was more difficult to prepare the monolayers, but otherwise no difference
could be observed. After complexation with Pd(IT) and Cu(II), the molecules
could not be imaged with STM on a graphite surface. Slightly different
preparation methods were tried, but no domain formation could be observed.
It could be recognised, that entities left back after the evaporation of the
solvent were on the surface, but as they did not self-assemble, only noise and
movements could be observed.

Protonation on the surface Fresh samples were prepared as previously de-
scribed and shortly measured, to assure that the self-assembly took place.
These samples were then brought into contact with dilute aqueous solutions,
of either acetic acid or hydrochloric acid, for different time intervals. After
this treatment, the droplet of the acid solution was removed by gentle suc-
tion applied with blotting paper, and the sample was remounted in the STM.
Large areas of several samples were examined in the hope of finding a cisoid
conformer. No difference could be detected after these acid treatments. Only
transoid conformations and the molecular stripes discussed above were found.
It cannot be excluded that protonation occurred, but it can be concluded,
that a vast majority of the molecular layers did not change the arrangement,
nor the conformation of the molecules, nor the packing density. To flip into
the cisoid conformation, the molecules would have to desorb at least half of
the molecule. The physisorption energy of half the ligand seems to be larger
than the available energy at room temperature under protonating conditions
— the molecules could not flip into the cisoid conformation, which it is known
to adopt preferentially, when the bipy is protonated in liquid. To exclude
the hydrophobicity of the molecule as the cause preventing the change of
conformation, freshly prepared and checked samples were placed for about
15 sec. in a gentle stream of gaseous hydrochloric acidﬂ Even these mea-
surements showed a majority of unchanged, transoid domains such as those

3 Prepared by placing a few drops of HoSO4 on NaCl.
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Figure 5.11: A rare observation of the
cisoid conformation of the first generation
bipy dendrimer. Despite the large thermal
drift, it is clearly recognisable that no tran-
soid conformation can build this arrange-
ment. The ragged line in the top right is
a graphitic step edge. Parameters: Up;as =
—800 mV; I; = 0.9 pA; size= 50 nm X 50 nm;

z-scale &~ 0.2 nm.

discussed above. With the treatment of gaseous HCI, on rare occasions, do-
mains that could be assigned a cisoid conformation were observed. Figure
shows such a measurement. Despite the thermal drift, a transoid con-
formation could be excluded. For one reason, no transoid molecule fits, when
tested with the method of analysis used above and always considering the
interpolated measurement between two sequential images. And for another
reason, the periodicity of two protrusions (instead of one) along the stripes
seems only realistic with a cisoid arrangement. There is no known reason,
why identical transoid molecules should behave differently with a periodicity
of two molecules.

5.2 Variations of the alkoxylated second generation
Fréchet-dendrimer

The four derivatives of the second generation of the octyloxy-substituted
Fréchet-dendrons displayed in figure [5.12] were studied. Using the second
generation, more degrees of freedom are introduced: four additional Ar—
OCH;Ar groups can adopt two possible conformations on the surface. The
expected dimensions for some of the conformations are shown in figure [5.1

(e) and (f).
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1.3 nm

Figure 5.12: (a) and (b): bipy and DDB, expanded with two alkoxylated second
second generation Fréchet-dendrons. (c) and (d): alcohol and aldehyde derivative of
the dendron. Space-filling representations with estimated sizes for one conformation
of the second generation bipy dendrimer (e) and one conformation of the S,5-DDB
dendrimer (f). The alcohol and aldehyde are of the same size as the dendron dimensions
indicated in (f).
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5.2.1 A bipy-ligand, expanded with two alkoxylated second generation
Fréchet-dendrons

The structural formula of the second generation bipy-dendrimer is shown
in figure (a). It was expected to form lamellar domains similar to
the first generation dendrimers (see above). For steric reasons, the cisoid
conformation is less likely to occur. The samples were prepared by “solution
casting” from 0.2 mM solutions, as done with the first generation.

5.2.1.1 Results and discussion

While the first generation bipy-dendrimer was the most “reliable” molecule,
studied in this thesis, the second generation was much more difficult to char-
acterise on a surface. The interaction energy of the alkyl-chains with the
graphite should be doubled, because the number of chains is doubled. But
the closest packing is not covering the surface as densely anymore, so that
some of the two-dimensional crystallisation energy is lost. This should be
more than compensated by the additional 7-7 interactions between the four
additional phenyls and the graphite. For the larger molecules, the mismatch
between the bond lengths and angles of the dendrimer, and the graphite be-
comes more noticeable. It was much more challenging to get stable images
of the second generation dendrimer. Only relatively small, ordered domains
were found, such as shown in figure It is absolutely necessary to scan
with very low tunnelling currents. The achieved resolution was somewhat
lower than for the first generation. Nevertheless, two different conformations
could of the molecule be distinguished. Using averaged images of two neigh-
bouring domains two conformations were distinguished. Figure shows
these measurements with overlayed molecular models to display the differ-
ent conformation and orientation. A conformation analysis was performed,
similar to the first generation. Only the two domains shown in figure [5.14]
were sufficiently resolved to allow a definite association with a conforma-
tion. No reason is known, why those two conformations should be more
stable than most of the other possible conformations, but those two are the
only ones that could be identified. It can not be excluded, that the others
were formed, or even measured. It may be solely due to the instability of
the measurements, that only these two conformations could be identified.
The alkyl-chains were not modelled, and therefore overlap with neighbour-
ing molecules in this simple picture. The chains are expected to lie flat and
straightened in an interdigitating pattern. A lot less two-dimensional crys-
tallisation energy can be gained, compared to the lamellar domains of the
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Figure 5.13: Two images showing the relatively small domains formed by the second
generation bipy dendrimer. Different orientations with different internal structures can
be recognised. Parameters: (a) Upias = —750 mV; I, = 0.65 pA; size= 60 nm X 60 nm; z-scale
= 0.15 nm; (b) Upias = —750 mV; I; = 0.65 pA; size= 50 nm X 50 nm; z-scale ~ 0.15 nm.

Figure 5.14: Averaged images of the two domains seen in fig. (b), with one
molecular model of each of the corresponding conformations. The relative orientation
here reflects the orientation found on the sample. The alkyl-chains were not modelled,
and are drawn in an all-trans conformation, that would overlap with the neighbouring
molecules. Some chains will probably be folded back between the molecules. Parameters:
Upias = —750 mV; Iy = 0.65 pA; size= 10 nm X 10 nm; z-scale ~ 0.15 nm (a) averaged over 48

and (b) over 70 positions.
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first generation, because in this case, the molecules do not form lamellar
domains. The alkyl-chains are not aligned in stripes between stripes of the
aromatic centre. Some of the chains seem to be folded back between the
aromatic centres of the molecules.

The central region of the molecules around the bipy seems to have a pre-
ferred conformation. The inner part of the second generation molecules, that
is their first generation part, shows the same two conformations that were
found for the first generation (compare to fig. on page . Interestingly,
no molecules were found displaying a Z-like conformation, that is with a bipy
that is lying “on the other side”. The question arises, wether a pure lamellar
phase could be formed with a second generation molecule comprising a dif-
ferent centerpiece. To address the possibility that a smaller centre could help
to prevent a back-folding of the chains, and therefore increase the stability
of the monolayers, by increasing the total two-dimensional crystallisation
energy another dendrimer, having a smaller centre, was measured.

5.2.2 A chiral DDB derivative, expanded with two alkoxylated second
generation Fréchet-dendrons

An apolar, dendritically expanded derivative of .S,5-1,4-bis(dimethylamino)-
2,3-dimethoxybutane (5,5-DDB) has been synthesised by P. Murer in the
group of D. Seebach, to study its catalytic properties. No x-ray character-
isation was possible because the dendrimer does not crystallise. The S,5-
DDB was covalently bound in a dendrimer, that mimics an inverse micelle,
and its synthesis is described in [123, [124]. T. Butz (group of D. Seebach)
found, that with the 5,5-DDB dendrimer as chiral modifier, the catalysis of
the addition of methanol to methylphenyl chains to 2-phenylpropionic acid
methylester proceeds significantly more enantioselectively than with pure
S,5-DDB [120]. The second generation of the S,5-DDB dendrimer was stud-
ied with STM in the scope of the diploma thesis of I. Widmer and this PhD
thesis. Despite its flexibility, it is found to lie flat on a graphite surface.

This dendrimer was dissolved in dichloromethane or hexane, and a droplet
of the 0.2 mM solution was put on a freshly cleaved HOPG substrate to study
its assemblies with STM.

5.2.2.1 Results and discussion

Without any further external influence, the molecules assembled in regular
domains, that is to say, they were observed from the first scan line, and no
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Figure 5.15: A boundary between two dif-
ferently oriented domains of the DDB den-
drimer. Parameters: Upiqs = —700 mV;
I: = 0.65 pA; size= 140 nm X 140 nm; z-scale

~ 0.2 nm.

domain-formation in unordered regions was observed after scanning repeat-
edly over them.

Domains and superstructures All observed DDB-dendrimers were organ-
ised in lamellar domains, similar to the first generation bipy-dendrimer.
Already the first scan line after the approach of the STM tip showed the
ordered domains. The S,5-DDB dendrimers appeared as bright stripes, that
could be resolved down to submolecular resolution. Three orientations of
these domains were observed, with an angle of 120° between them (figure
5.15)). The space between the domains is filled with highly mobile molecules.
The DDB-dendrimer formed monolayers of a stability similar to those of
the second generation bipy-dendrimer, therefore, very “soft” scanning pa-
rameters had to be applied. Applying more than about 1 pA results in the
destruction of the layers.

Two different superstructures were observed on the stripes. At a peri-
odicity of two molecules perpendicular to the stripes, the protrusions were
higher. The superstructures become most obvious when an image is heavily
fourier-filtered (lowpass), as figure (b). Along the stripes, every fifth
and sixth molecule was imaged slightly higher. In the past, similar patterns
have been observed due to a lattice mismatch of some (rigid) layer on top of
a substrate with a slightly different periodicity, similar to a Moiré-pattern.
One example of such a superstructure, caused by the lattice mismatch of
alkanes on graphite was observed by J. Rabe in [I0I]. As explained in the
introduction to this chapter and in [101] IT4], the adsorption energy for long
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Figure 5.16: (a) A domain of the DDB-dendrimer showing both the superstructures,
and (b) an extremely lowpassed version of the same image, to show the superstructures
more clearly. Every fourth stripe (half of every second molecule) appears higher;
and every fifth and sixth molecule along those stripes appear higher. Parameters:
Ubias = —700 mV; I = 0.9 pA; size= 30 nm X 30 nm; z-scale =~ 0.15 nm, measured by I. Widmer

alkanes on graphite is larger than the 2D crystallisation energy by a factor of
about two. The DDB-dendrimer has a higher interaction with the graphite
due to the w7 overlap of the benzylethers with the graphite. In addition to
this, the alkyl-chains cannot form a packing as dense as in the 3D-crystal or
in a pure alkane layer. Therefore, an incommensurability can be excluded
as the cause of the superstructure. The superstructures were not always ob-
served as regularly as in figure but often they showed mismatches and
faults. Many measurement did not show any superstructure at all. This is
a further clue, that the superstructure is caused by different molecular con-
formations rather than lattice mismatches between the molecules and the
graphite (see below).

Defects On rare occasions, single molecular vacancies in the monolayers
were observed. One is shown in figure Domain mismatches with half a
molecule offset between the domains were also observed (not shown).

Conformational analysis Each DDB molecule showed two triangular pro-
trusions, consisting of three benzene rings each. The aromatic moieties of
the molecule are expected to be in the positions where the atoms of the next
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Figure 5.17: A domain of
the DDB-dendrimer with a
single molecular vacancy.
Parameters:  Upjas = 700 mV,
I; = 1.1 pA, 34 nm X 24 nm,
z-scalexx 0.2 nm; measured by
. Widmer and M. Stéhr.

graphite layer, which was cleaved off prior to measuring, used to be. Due
to the overlap of the m-orbitals of the molecule with the substrate a higher
conductance results, which is imaged as protrusion. The alkyl chains could
not be imaged in the range of the applied tunnelling parameters (namely in
the T range). To image the alkyl chains, much lower tunnelling resistances
would be needed, at which the STM tip destroys the domains and moves the
molecules around. In addition, a chemically modified tip, able to interact
with the chains, might show more contrast in such a case. The aliphatic
centre of the molecule was not seen with the applied scanning parameters.
In some images, a small deformation of one protrusion can be seen. This
might be the case, when the lone pair of the nitrogen overlaps with the
graphitic m-orbitals, that is to say, the methyl groups point upwards and
away from the graphite. Using averaged images, a higher resolution was
achieved. One molecule shows clearly six protrusions, which can be assigned
to the benzene rings. Figure shows an example, where the conformation
of the molecule could be assigned. By fitting different conformationsﬁ of the
molecule, the conformation could be determined. Different domains with
different internal structure were observed. Figure [5.19] shows a pseudo-3D
representation of a domain, that clearly shows the superstructure discussed
above. The conformation of the molecules forming this structure could be
successfully elucidated. The structure is built from molecules displaying two
different conformations that alternate every second row of molecules. Figure
5.20| (b) shows the same measurement in a topview representation, overlayed
with two molecular models.

4 All probable conformations resulting from flipping the benzylether bridges were tested.
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Figure 5.18: A pseudo-3D representation of an averaged STM image with a high-
contrast colouring, overlayed with a molecular model showing the conformation. Pa-
rameters: averaged over 246 positions in a 50 nm X 50 nm image. Upiqs = —700 mV; Iy = 1 pA;
size= 10 nm X 10 nm; z-scale &~ 0.2 nm. The semitransparent image was combined with the molecular
model with POV-Ray.

Stereochemistry Studying the DDB-dendrimer, only domains with a A -

like conformation were observed. Never was a vA—like conformation mea-
sured. At first sight, it is not surprising, that the chiral molecules should
display one preferred chirality on the surface. This preference is easily ex-
plained with the fact that the molecules lie on that side, in which the central
part can point away from the surface. In this way, the maximal 7-7 over-
lap between the benzyl-ethers and the graphite is obtained (see formula in
figure (b) (page[65). But even with the stereo-centres forcing a central
S-shaped conformation, if both the conformational switches directly con-
nected to it would point inwards, a “A-like conformation would result. Even
though this conformation was never observed with the bipy centre, it remains
an interesting fact, that it was also not observed with the DDB centre. Up
to today, the other enantiomer could not be successfully synthesised by a
commercial company or any collaborator. Hopefully, the near future will
provide the answer to these questions. It will be a very interesting study to
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Figure 5.19: A pseudo-3D representation of a domain of the DDB dendrimer, that
has the superstructure discussed above. Every second molecule seems to be different.
Parameters: Up;as = —730 mV; I; = 1 pA; size= 10 nm X 10 nm; z-scale &~ 0.1 nm averaged over

21 positions.

see which patterns the other enantiomer of the DDB dendrimer will form.
Also very promising seems to be the study of a racemic mixture. Another
question related to this topic is what single, alkoxylated Fréchet-dendrons
will do on a surface without a centre, that forces them into lamellar domains.
The examinations of the DDB dendrimer show, that the second generation
of the Fréchet-dendrons still form a lamellar phase on a surface, even if a
small enough centre is used. The function of the centre in the chirality of
the arrangement and the question of the arrangement without centre will be
answered in the next section.
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Figure 5.20: Two averaged images with overlayed molecular models. (a) A structure
formed by molecules that have all the same conformation, and therefore no super-
structure. (b) A measurement with molecules of different conformations. The den-
drimers have two conformations in an alternating pattern. Every second row shows
the same conformation. The inset at the top left shows a lowpassed section of the
image (20 nm X 16 nm) to display the superstructure. Parameters: (a) averaged over 109
positions in a 50 nm X 50 nm image Upiqs = —700 mV; I; = 1 pA; size= 10 nm X 10 nm; z-
scale &~ 0.12 nm. (b) averaged over 127 positions of a 40 nm x 40 nm image Upias = —730 mV;

I; = 1 pA,; size= 10 nm X 10 nm; z-scale &~ 0.1 nm.
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Figure 5.21: The four conformations arising from the two ArOCH2Ar bridges. The
green triangles are a simple abstraction of the contrast, observed in STM images.

5.2.3 Aldehyde derivative of the alkoxylated second generation
Fréchet-dendron: a time-delayed molecular rearrangement,
accompanied by a conformational change on a graphite surface
probed by STM

As already discussed, the alkoxylated Fréchet-dendrons are nonpolar am-
phiphiles. The formula of the aldehyde derivative studied in this section is
shown in figure[5.12] (d) (on page[65) and figure[5.21] These amphiphiles can
form supramolecular aggregates, as most amphiphiles do. The dendrimers
studied in the previous sections have alkane chains on both ends, and can,
therefore, only form lamellar phases or patterns derived directly from them.
The aldehyde of a single dendron, however, can also form a disk-like or even
an inverse micellar phase. A carboxylic acid derivative of a similar Fréchet-
dendron, with longer alkyl chains, was observed to form a disk-like phase
on a graphite surface [125]. Figure shows the four conformations aris-
ing from the ArOCH2Ar bridges, resulting from the combination of the two
conformations that each bridge can adopt on a graphite surface. The STM
samples of the aldehyde derivative, studied in this section were prepared like
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Figure 5.22: (a) A representative image of the “nano-edelweiss’ pattern, formed by
the aldehyde shortly after the preparation. The structure is a disk-like phase, built from
trimers. (b) An abstraction of the pattern. The inset shows an enlargement of a single
trimer. The trimers have a rotational orientation and also the resulting hexagonal
pattern is chiral. Parameters: Up;jqs = —700 mV; I, = 1.1 pA; size= 30 nm x 30 nm; z-scale

~ 0.12 nm

all the molecular layers of this chapter. Up to three droplets of a 0.2 mM
hexane or dichloromethane solution were put onto a freshly cleaved graphite
surface. After evaporation of the solvent, the samples were mounted in the
room temperature STM in ambient air.

5.2.3.1 Results and discussion

The “nano-edelweiss” Immediately after the preparation and the approach
of the STM tip, a pattern as shown in figure (a) was observed, that
evoked the expression “nano-edelweiss”. No voltage pulses or prolonged
scanning was necessary to observe the pattern, formed by a self-assembly
process. The aldehyde self-assembles into a disk-like pattern, similar to the
one observed by P. Wu et al. for the acid derivative [125]. What remained
undiscussed in [125] was the irregularity of the structure and its chirality (see
below). A detailed analysis of this “flower” pattern shows, that the trimers
are not identical. All the four different conformations presented in figure[5.21
were found in the measurements. No large scale ordering was found, that is
to say, no real periodicity was observed. All conformations were observed,
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Figure 5.23: (a) An averaged image of the trimeric arrangement. Contour lines are
displayed to show the double peaks (marked with white arrows), indicating where two
conformations were averaged. (b) Molecular models derived from the measurement in
(a), transferred onto a graphite lattice. The different conformations are displayed by
two molecules in the same place. The alkanes are not modelled, and their arrangement
is discussed in the text. The abstraction in figure [5.24| shows a better model than the
chains in the model in (b) Parameters: averaged over 66 positions in a 200 nm X 200 nm image;
Upias = —800 mV; I; = 0.8 pA; size= 10 nm X 10 nm; z-scale =~ 0.12 nm.

but there was a slight preference for the asymmetric ones ((b) and (d) in
figure . It was probably this irregularity of the pattern, that reminds
one on a first look of the flower edelweissEl This irregularity means, that the
correlation averaging procedure used above, has to be employed with care.
It is still possible to increase the resolution, but in some locations, several
conformations are averaged. This can be recognised as double peaks of a
lesser height, as seen in figure (a). Contour lines are drawn to show the
double peaks. As above, the conformations were printed on transparencies
and fitted onto the measurement. The overall pattern is rather irregular,
and does not fit on graphite, as the patterns of the lamellar phases discussed
in the previous sections do. It was not possible to align all the aromatic
rings with the graphite, so that they are in the place of the next graphite
layer. A proposed arrangement on graphite is shown in figure (b). In
the observed lamellar phases, the molecules were always arranged to give

5 L. Ramoino, who pointed out this resemblance at the first sight of the pattern, is
acknowledged for the expression.
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the largest w-interaction with the graphite, and if possible a orientational
ordering of the alkyl-chains on the graphite. Here, however, the rotational
ordering is not reflecting the graphite lattice. Some molecules can be fitted to
be aligned with the graphite, but not all (without changing the pattern found
in the measurement). The ratio of adsorption energy to two-dimensional
crystallisation energy seems to be shifted in favour of the crystallisation
energy (in opposition to the lamellar phases discussed above).

Chiral domains, formed with a unit cell of seven molecules. Neglecting the
irregularities, the trimers form a chiral, but periodic pattern. Each trimer
has a rotational orientation, as can be seen in the inset of figure (b).
These chiral triangles are arranged in a pattern of hexagons that also show a
rotational order. Built from triangles oriented clockwise, the hexagons show
a counterclockwise orientation, and vice versa. This can best be seen, when
the edges pointing towards the centre are studied. In each trimer, the trian-
gles (representing the three phenyl-rings) do not point directly towards the
centre, but either to the left or to the right of it. The same is observed for
the triangles formed by the trimers. Each trimer-triangle points either to the
left or to the right of the centre of the hexagon. Figure (c) shows an ab-
straction of a hexagon of trimers. Both chiralities were observed. Figure[5.24]
shows two averaged images from two domains of different chirality, enlarged
from a single STM image. The fact that the molecules do not point towards
the centre of the trimer results in a hollow centre, where bare graphite is
visible. This rotated structure could be the result of a non-classical hydrogen
bond. In the pattern derived from the averaged measurements, an aromatic
hydrogen lies very close to the oxygen of the aldehyde, and the C-H---O
atoms lie in a straight line. Due to the drift, the angle between the two
domains of different chirality was difficult to measure, but was found to be
around 15°.

At low resolution, the flower pattern discussed above can be mistaken for
a trigonal pattern. The centre of the hexagons is roughly of the same size as
a single trimer. In highly resolved images (or in the averaging process) it is
clearly recognisable, that no trimer is located in the centre. The central part
of each hexagon is very noisy. That the noise is random noise is confirmed
by the smooth structure that results upon averaging, seen e. g. in figure [5.23
(a). Nevertheless, the central part is neither as flat, nor as low (in z) as the
blank graphite, that was observed at sub-monolayer coverages between the
ordered domains. The noisy centre reminds of the mobile phases discussed
in the previous chapter. The obvious speculation is, that one or several
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Figure 5.24: Two averaged enlargements of an STM image displaying both chiralities.
(a) A hexagon with a counterclockwise orientation. (b) A hexagon from the other
domain, showing a clockwise orientation. Thermal drift elongates both images in
one direction (top left to bottom right). The white triangles are drawn to show the
orientation. (c) An abstraction of a hexagon, forming a clockwise orientation. The
angle between the domains in (a) and (b) was about 15°. Parameters: (a) averaged over
12 and (b) over 16 positions. Upiqs = —700 mV; I; = 0.9 pA; size= 13.9 nm X 13.9 nm; z-scale

~ 0.16 nm

molecules are trapped in the hexagon, but are highly mobile. Rotation
and translation inside the hexagon prevent molecular resolution. The fact
that these molecules are not “crystallised” like those, that form the hexagon
around, can probably be explained as follows. As already drawn in the
abstracted models, the trimers form two-dimensional analogues of inverse
micelles (see inset of figure . They form a centre, consisting of the
aromatic region of the molecules and display the alkyl-chains towards the
outside. In order to maximise the two-dimensional crystallisation energy,
the alkyl-chains are expected to form interdigitating patterns with the alkyl
chains of the neighbouring trimers. As seen in the abstracted images as
well as in the measurements, the trimers form roughly equilateral triangles.
When these form a hexagon, they display a side parallel to the side of the
neighbouring triangle. Like this, the interdigitation reaches a maximum. As
can be seen in the abstraction of a hexagon in in figure (c), this results
in a hexagon formed of alternating aromatics and aliphatics. No (or at
most very few) alkyl-chains are left to dangle into the centre of the hexagon.
The mobile molecule in the centre simply has no “partner” to form a two-
dimensional alkane-crystal. It has no fixed lattice space, and therefore a high
mobility at higher speeds than the STM measurements. More conclusive
arguments, explaining why exactly one molecule is located in the centre, are
given two paragraphs below. Neglecting the randomness of the orientation of
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Figure 5.25: (a) A measurement, displaying a trimeric pattern with some embedded
rows of dimers (marked with arrows). (b) Abstraction of the pattern. Note, that single
molecules (red, white ellipses in (a)) are filling up the pattern, so that a space-filling
arrangement results. Parameters: Up;qs = —700 mV; I; = 0.9 pA; size= 80 nm x 80 nm,;

z-scale &~ 0.16 nm

the central molecule and the variations of the conformations, these hexagonal
patterns have a unit cell of seven molecules. This unit cell comprises two
trimers and one centre.

Rows of dimers The domains formed from the hexagons were always rather
small. Some domains were interrupted with a different molecular pattern.
Single rows of dimers were observed embedded in the hexagonal pattern of
trimers. Figure [5.25 shows a measurement with such a row of dimers and
an abstract model of the arrangement. These rows of dimers were observed
in three orientations, as expected for such a pattern on graphite. Some
measurements even showed two rows in parallel with only one row of trimers
between them. The single molecules, that complete the space-filling pattern
in two dimensions are neither part of the dimers nor of the hexagons (marked
red in fig. [5.25| (b)). They are located in the centre of half a hexagon. They
have less space available, and, what seems more important, they have a
“partner” available to form an interdigitating alkane-grid available. One
molecule of the row of dimers extends its alkyl-chains towards this molecule,
and the molecule is fixed in its location and can therefore be imaged with
STM. These molecules have their aromatic region towards the half-hexagon,
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which is a further indication, that no alkyl-chains are extended towards the
centre of the hexagons. However, despite those single rows of dimers, no
lamellar phase could be observed on freshly prepared samples.

Conversion into a lamellar phase. The hexagonal pattern, consisting of
trimers and one mobile molecule in the centre, was not stable over time.
After about one hour, the disk-like phase changed into a lamellar phase. The
conversion could be followed by STM. A domain, consisting of dimers, ap-
peared from outside of the observed window in the measurement, and spread
over all the observed area. The dimers formed a lamellar phase, similar to
those formed from the DDB-dendrimers. It is worth emphasising, that the
conversion always started outside of the measured range and spread to areas
much larger than it. This was noted, when the scan range was enlarged,
after the observation of the conversion, and when locations millimetres (!)
away from the previously measured area where measured. Figure shows
a series of sequential images to document the transformation.

The newly formed domain is built from dimers, that is to say, the lamellae
are built of two molecules that are close together with a larger separation to
the next neighbours. Because the two molecules of a dimer do not face each
other directly, but are closer together with a lateral offset, this pattern also
displays an orientation, similar to the one observed in the lamellae formed
from the DDB-dendrimer. The two triangles formed by the aromatic parts
of the molecules can either face the left or the right side of the other, forming

a pattern resembling a - or a A-like form. The pattern is not formed
from simple rows, but clearly from dimers, that compensate their dipole
moments. Figure shows an averaged measurement and a model of the
proposed arrangement. The lamellar phase was analysed and the molecular
conformation was determined. It is interesting, that only one conformation
of the molecules was found. The rows of dimers all consist of molecules in
the same conformation. Probably due to the chemical composition of the
STM tip, in figure m (a), even the alkyl-chains are resolved. They can be
recognised in the raw measurement, and appear even clearer in the averaged
enlargement that is shown. This means, that even the alkyl-chains have the
same conformation for each molecule. The one chain, that points towards
the next neighbour in the row, is bent to lie as parallel as possible to the rest
of the chains in the lamella. This corresponds nicely to the crystal structure
published by B. Rheiner et alﬂ [126]. The lamellar phase was observed to

6 Note, that the publication claims to show the x-ray structure of an alcohol, although
the C-O bond length corresponds to an aldehyde.
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Figure 5.26: Four sequential images, that show the conversion of the irregular, disk-like
phase into the regular lamellar phase. About 1 hour after the preparation, the flower
pattern, built from trimers, was changed into a stripe pattern, built from dimers.
Parameters: Upiqs = —700 mV; Iy = 0.9 pA,; size= 100 nm X 100 nm; z-scale ~ 0.15 nm
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Figure 5.27: (a) The dimeric form, arranged in a lamellar phase, after about 2 h.
Averaged over 82 positions in an 50 nm X 50 nm image. Parameters: Upiqs = —700 mV;
I: = 0.82 pA; size= 10 nm X 10 nm; z-scale = 0.2 nm. (b) A model of the proposed
arrangement.

be stable over several days.

Thanks to the observed spontaneous conversion, the question of the mo-
bile centre of the hexagons could be answered. The surface coverage was
calculated for both arrangements. By comparison of the coverage, it could
be established, that exactly one molecule must form the mobile centre of
the hexagons. The assumption, that no huge flow of molecules (a molecular
tsunami?) takes place during the conversion, was used. The newly formed
domain was always much larger than the small, hexagonal domains, which
it was conversed from. The lamellar domains were very well ordered, up to
400 nm x 400 nm could be observed without any irregularity. On a larger
scale, the molecules were not recognisable anymore at the technical resolution
of 512 x 512 pixels that was available, therefore no end of the domain could
be found. Only in one occasion, a domain mismatch was observed. Only
three samples were studied so far, but all these showed domains formed from

a YA pattern. Even at different macroscopic places (millimetres apart), only
this chirality could be found. This could be attributed to the low number of
tested samples. So far, therefore the statistical data available is not signifi-
cant. Nevertheless, we are confident, that the ongoing research of this topic
will settle the question of the existence of the other chirality. There is no
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known reason, why only one chirality should be formed. So far, it can be
concluded, that only very few initiators trigger the conversion, and that the
conversion really “flows” over the surface, rearranging the molecules.

Further discussion of the conversion. From the observations made, the
hexagonal phase seems to be metastable. Only after about one to one
and a half hour, the conversion could be observed. The hypothesis, that
inverse micelles formed in solutions of hexane are imprinted directly in two-
dimensional analogues on the graphite, could be disproved. Measurements
from dichloromethane solutions show the same metastable trimeric domains,
that are conversed into a dimeric domain after a delay. The fact that the con-
version was only observed after a long time, and that the resulting domains
were very large, leads to the conclusion that only very few initiators start
the conversion. The obvious proposition, that the rows of dimers, that are
found in the trimer phase, initiate the conversion could never be confirmed.
The embedded rows of dimers proved stable over the observed time, and
were even conversed into the lamellar domain with a different orientation,
as can be seen in figure Another self-evident idea for a possible trig-
ger, was the temperature. Freshly prepared samples are slightly cooler than
their environment, due to the evaporation of the solvent. Since this should
be levelled after much less time than one hour of measurement, this cannot
be a plausible explanation for a trigger. Additionally the low thermal drift
that was observed during the measurements indicates, that at least the tem-
perature of the STM and the sample were almost homogeneous. If a trigger
temperature would be reached over a homogeneously warm sample, many
more initiators would be expected. The STM itself could be excluded as a
trigger, because shortly after the conversion was observed, a manual offset
of more than a millimetre was made. A place of the sample was measured,
that was too far away to be influenced by the previous measurements, and
the conversion was already complete there. The search for the initiators of
this conversion certainly needs more experiments, to narrow the possibili-
ties. An incredible loss of entropy accompanies the observed conversion. It
is in a similar range as the entropy loss of most self-assembly processes. Is it
time-delayed self-assembly? A short list of entropy-losses, occurring in the
self-assembly process, will be given. First, four different conformations of
the molecules are conversed into only one. Second, the “seventh molecule”
with many degrees of freedom is fixed into one conformation and one lattice
space. This is directly comparable to self-assembly processes taking place
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1 Figure 5.28: The calculated HOMOs

" (HOMO 0-5) for the alcohol derivative of
Al the alkoxylated Fréchet-dendron. Again,
‘9 9‘ S at the highest energy a cluster of filled or-
) ‘ bitals is found on the aromatics, extend-

) - ing to the oxygens. The colours pur-
ple and green denote the sign of the
wavefunctions.

on a surface, after vapour-phase deposition. Third, many small domains of
different chirality are conversed into one large domain with only one chirality.

Many questions still remain unanswered. A few will be discussed in the
outlook, and one will be answered in the next section: can the metastable
hexagonal pattern, formed by trimers, be stabilised into a stable arrange-
ment? Or in other words, is it possible to stop the conversion?

5.2.4 Alcohol derivative of the alkoxylated second generation
Fréchet-dendron

In an attempt to fix the trimeric flower pattern, described above, the alcohol
derivative of the dendrons was used. The formula can be seen in figure
5.12| (d) (page or figure The preparation of the patterns with the
alcohol derivative should result in hydrogen-bonded trimers, similar to those
observed for the acid of a similar dendron [125]. The structure of the HOMOs
was found to be the same as for the aldehyde, as shown in figure 5.28] The
STM samples were prepared in the same manner. One or two droplets of a
0.2 mM solution were put onto a freshly cleaved graphite substrate. After
the evaporation of the solvent, hexane or dichloromethane, the sample was
mounted in the STM.

5.2.4.1 Results and discussion

Again, as for the aldehyde derivative, the structures self-assembled without
any further external interaction. The expected hexagonal pattern could be
observed from the first scanline onwards. Also with the alcohol derivative,
the formed pattern was chiral. Both chiralities could be found. Figure [5.29
(b) shows a boundary between two domains of different chirality. The ob-
served trimeric pattern was stable over days, and no transformation into any
other phase was observed. Astonishingly, single rows of dimers, embedded
in the trimeric pattern, were observed. One is shown in figure (a). This
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Figure 5.29: (a) A monolayer of the alcohol derivative of the second generation Fréchet-
dendron. Many domains and a row of dimers (marked with an arrow) can be seen.
(b) At a smaller scale, the two different orientations can be recognised. The boundary
between the two domains is running from top left to bottom right. Parameters: (a)
Upias = —700 mV; I; = 1.5 pA; size= 100 nm X 100 nm; z-scale &~ 0.12 nm; (b) Upiqs =
—400 mV; I; = 0.8 pA; size= 50 nm X 50 nm; z-scale ~ 0.12 nm.

is a further indication, that the transformation of the aldehyde is not trig-
gered by these rows of dimers. The fact that the flower pattern remained
stable with the alcohol means, that it was possible to stop the conversion
by increasing the energy barrier height. Additional energy would have to be
spent to break the three hydrogen bonds, forming a trimerﬂ

Upon closer examination, the trimeric pattern looks slightly different
from the pattern formed from the aldehyde. The little hole in the centre
of each trimer seems less pronounced or missing. This is no surprise, as
the alcohol groups are expected to form a central six-membered ring, con-
sisting of O and H atoms bridged by hydrogen bonds. Figure [5.30] shows a
pseudo-3D representation of an averaged image of the hexagonal pattern of
the alcohol. No depression in the centre of the trimers is seen, indicating
that not the bare graphite, but the six-fold ring of hydrogen-bonds is ob-
served. The rather high tunnelling current of 10 pA, that could be applied,
indicates also an additional stability in respect to the pattern formed from
the aldehyde derivative. Although the resolution achieved was slightly lower,

7 The additional energy barrier height is even less than the three hydrogen bonds,
because the non-classical hydrogen bonds of the aldehyde are not to be accounted anymore.
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Figure 5.30: A pseudo-3D representation of the hexagonal pattern formed from trimers
of the alcohol. The centres of the trimers do not show a depression as the aldehyde
does, but are filled with a six-membered ring of the hydrogen-bonded alcohol groups.
Parameters: averaged over 63 positions of a 50 nm x 50 nm image. Up;qs = —1000 mV; I; = 10 pA;

size= 10 nm X 10 nm; z2-scale =~ 0.2 nm.

than with the aldehyde, a conformational analysis could still be performed.
Only three of the four possible conformations were observed. This might
be due to the low statistics. Again, no real periodicity was found, once the
conformations were considered. The domains were rather small (some 10 to
about 150 nm).
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6. AFM VISUALISATION OF TRIBLOCK-COPOLYMER
VESICLES

The STM reaches one of its limits when the molecules or molecular sys-
tems are about 100 times larger than those studied in the previous chapters.
Usually, only thin films or monolayers of organic molecules are conductive
enough to allow successful STM measurements. The atomic force microscope
stands in at these limitations. No electrical conduction is necessary and the
measured sizes can be as large as several hundred micrometres. The mode
of operation of an AFM is shortly explained in section [1.2.1

In this chapter, a preliminary AFM characterisation of polymeric vesi-
cles is presented. Parts of this chapter will be published in [65]. These
studies were done in close collaboration with J. Grumelard (preparation of
the vesicles) in the group of W. Meier.

From the perspective of applications, the nanocontainers formed from
polymer or lipid vesicles can be included in a more general group contain-
ing also the dendrimers since both systems show a globular structure
in solution and both are claimed to be able to encapsulate smaller entities.
Whereas the picture of a dendrimer is mostly associated to a lipidic micelle
(a so-called unimolecular micelle); the vesicular structures obtained from
amphiphilic polymers can be related to their lipidic counterparts, the lipo-
somes. Due to their inner void core and the possibility to manufacture larger
superstructures, vesicles are more obvious containers than dendrimers are.
Many variations of microcapsules and nanocontainers receive currently much
interest. Manipulations such as swelling and shrinking in response to changes
in the surrounding media, is studied [127]. Many of these hollow structures
are not stable when brought onto a surface, or dried, unless a cross-linked
polymerisation freezes their structure. Some even form monodisperse surface
micelles [128].

The group of W. Meier synthesises and manipulates amphiphilic triblock
copolymers and their superstructures in aqueous media. The used poly(2-
methyloxazoline)-b-poly (dimethylsiloxane)-b-poly(2-methyloxazoline)
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(PMOXA-PDMS-PMOXA) triblock copolymers form various superstruc-
tures in aqueous solutions depending on concentration and other variables.
At high concentrations, a cubic phase, that is studied as material for contact
lenses, and a lamellar phase were studied. At lower concentrations a vesicular
phase, that is examined as nanocontainer was found. The walls of these con-
tainers resemble biological membranes. Even membrane proteins can be in-
corporated and remain functional, providing for instance a way to overcome
their impermeability. For a recent review, see the chapter “Nanocontainers”
of the Encyclopedia of Nanoscience and Nanotechnology [129]. When the
polymer is functionalised with methacrylate end-groups, the formed vesicles
can be locked in their superstructure through UV-induced free-radical poly-
merisation and therefore keep their shape and size. These hollow sphere
polymers are then very stable and can be dried without change in the struc-
ture. As a subproject of this thesis, some non-crosslinked PMOXA-PDMS-
PMOXA vesicles were studied on a mica surface. The preparation technique
called “solution casting” (see section that was used to prepare sam-
ples of an aqueous solution of vesicles of about 120 nm diameter (measured
by TEM). As the vesicles were not polymerised, it was expected that they
either reorganise the secondary structure or collapse.

6.0.4.2 Results and discussion

The Vesicles where deposited from aqueous solution onto freshly cleaved
mica. A Nanoscope III was used in the tapping mode, with a standard
non-contact cantilever from pu-Mash, with a resonance frequency of 150 kHz.

As expected, below the critical vesicle concentration (CVC), that is the
lower concentration at which the vesicles are stable, no structure could be
observed on the surface. At concentrations of about 0.2 mg/ml, the vesicles
could be transferred to the surface. These preliminary studies were done in
a dry state, after evaporation of the solvent. Figure shows two measure-
ments of the dried vesicles. The vesicles are obviously randomly distributed
in a dense packing on the surface. With the evaporation of the water, the
vesicles collapsed. This could be derived from the observation that the cen-
tre of the circular shapes in figure [6.1] is visibly lower and the shape of the
vesicles resembles a deflated ball. The diameter of the vesicles was found
to be 136 nm with a very low polydispersity. The apparent height is only
a few nanometres, which is a further indication, that the vesicles collapsed
upon removal of the solvent. Further studies of vesicles and maybe tubes
formed from triblock-copolymers might proof interesting. Immobilisation of
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Figure 6.1: The triblock-copolymer vesicles are randomly distributed on mica. The
low polydispersity is clearly recognisable. The diameter of the vesicles was found to be
136 nm. The centre of each vesicle shows a depression, that indicates that the vesicles
collapsed upon drying.

vesicles on a surface can result in possible future applications, such as sen-
sors for biotechnolgy. For this purpose it is of key importance to study the
behaviour of these self-assembled structures upon adsorption (physisorption)
onto different substrates. Further insight gained in these studies might prove
effective in the future design of more advanced nanocontainers.
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7. CONCLUSIONS AND OUTLOOK

Different “assembly motives”, facilitating self-assembly on surfaces have been
investigated with STM.

It could be shown, that self-assembly is best achieved if the ratio of
molecule-substrate to intermolecular interactions is fine tuned. Self-assembly
is favoured when the molecules adsorb on the substrate by a weak physisorp-
tion, that is not very site-selective but fits in several geometries. The -7
interactions between aromatic parts of phthalocyanine or Fréchet-dendrons
were shown as examples on HOPG. In order to achieve self-assembled struc-
tures, the molecules should adsorb but remain laterally mobile. It was shown,
that weak but numerous intermolecular interactions are well suited to assist
the assembly. Moreover, alkylation of molecules greatly assists the assem-
bly. Overall shapes of the molecules, that can build a space-filling pattern
in two dimensions were shown to be more stable assemblies than molecules,
that can not form a space-filling pattern. These results contribute to the
understanding of self-assembly processes per se.

Even strongly repulsive intermolecular interactions can be overcome with
a strong chemisorption to a substrate. As an example of this, the assem-
bly of chemisorbed oligopyridine complexes on platinum was shown. The
surface coverage measured with STM was directly comparable to values cal-
culated from electrochemical experiments. The complexes were shown to be
assembled in a wide lattice, that allows a residual mobility, and thus pre-
vent submolecular resolution. One chemical bond to the substrate was too
weak to immobilise the molecules completely. Nevertheless, chemisorption
is able to couple molecules electrically to a metal substrate, and will be em-
ployed in the construction of molecular photovoltaic devices. Physisorption
was shown to be important for large molecules. A fullerene-ligand with a
free terpyridine was studied on platinum. Thanks to its strong physisorp-
tion submolecular resolution is achieved at room temperature in air. This
fullerene, that is also strongly bound through chemisorption, might be used
as single electron shuttle or in optoelectronic applications.
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A short study on the mobility of physisorbed molecules was presented.
To gain further insight into the self-assembly processes, it will be inter-
esting to study the molecular dynamics on surfaces in further detail. To
manipulate assemblies at the single molecular level, experiments with large
dendrimers at low temperatures were performed. A physisorbed dendrimer,
embedded in a monolayer of chemisorbed alkanethiols, was pushed out of
this layer, and back into it again. Up to date, this is probably the largest
molecule, that was ever moved in a controlled manner by an STM tip. This
proves, that it is possible to study mobility and interactions of even very
large molecules by STM. The detailed study of the balance of intermolecu-
lar and molecule-substrate interactions will play a crucial role for successful
assembly processes in applications.

Alkoxylated Fréchet-dendrons were used as sustituents, that facilitate
self-assembly of small molecules on graphite. These nonpolar amphiphiles
were shown to have a high tendency to form ordered monolayers, of either
disk-like, lamellar, or a related geometry. At room temperature in air, a
conformational divergency was studied and characterised with STM. Sub-
molecular resolution was achieved on these Fréchet-dendrons, and conforma-
tional analysis with STM was introduced. The studied dendrimers can adopt
several conformations on a graphite surface, which were analysed with the
STM. The conformation of a bipyridine dendrimer was successfully changed
after the adsorption by protonation with gaseous HCIl. Other variations of
the alkoxylated Fréchet-dendrimers revealed, that lamellar assemblies are
formed preferentially.

Also a complex, disk-like assembly, formed from aldehydes of the den-
dron was studied. The pattern was found to be pseudo-periodic with a unit
cell of seven molecules, and showed a conformational irregularity. A delayed
transformation of this disk-like assembly pattern into a lamellar organisa-
tion after about one hour was followed with STM. This transformation was
accompanied by a change of conformation of the adsorbed molecules. By us-
ing alcohol instead of aldehyde derivatives, the disk-like assembly could be
stabilised and the pseudo-periodic pattern remained unchanged over days.
On a short term, these results inspire many more experiments: on one hand,
it might be tried to trigger the transformation of the disk-like into the lamel-
lar phase by either a controlled change of the environment, or a chemical
reaction on the surface. It might be tried to form assemblies of the alco-
hol (or acid) derivative, that then are oxidised (reduced) to the aldehyde,
to initiate the transformation. On the other hand, it might be interesting
to stop the transformation by either embedding a different molecule, that
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fits selectively inside the hexagons, or by other means. A higher goal will
be to reverse the transition, by applying the suitable external parameters.
Furthermore, it will prove challenging to find the driving force for this trans-
formation. A higher generation of the alkoxylated Fréchet-dendrimers might
form a disk-like shape by themselves.

Another very promising result is the chirality of the layers formed with
the alkoxylated Fréchet-dendrimers. The irregular pattern with a unit cell
of seven molecules showed orientational ordering. Both resulting chiralities
could be observed. Also the lamellar phase, in which the pattern conversed
into, showed chirality. It remains to be tested, if the initiators that start the
conversion might be further reduced in numbers or chosen to initiate only
one chirality, so that only one orientation results on a macroscopic surface. It

will also prove interesting to see, if the R, R-DDB dendrimer will form “A- or

NV -like patterns, and what pattern enantiomeric mixtures of the dendrimer
will form. All the information gained in these studies might find application
in heterogeneous catalysis, either by covered catalyst particles, or by chiral
modifiers.

Finally, a short characterisation by AFM of polymer vesicles on a mica
surface was presented (chapter @ Vesicles of a diameter of 136 nm could
be imaged after they collapsed, due to removal of the solvent. It is interest-
ing to compare the results here obtained with previous light scattering and
TEM measurements. While measurements in liquid might provide a play-
ground for manipulation experiments, the further study of the adsorption
and immobilisation properties might prove useful for various applications.
Immobilisation could be facilitated with the introduction of functionalities
able to promote chemisorption. Nevertheless, prior to this, a study of the
intrinsic adsorption characteristics of the vesicular aggregates is needed.
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APPENDIX






A. SHORT LIST OF OTHER MEASURED MOLECULES

Parts of this chapter have been published in [I30], and will be published in
[65]. When measuring molecules in air, that were deposited from solution,
it is very important to reproduce results with different tips and on differ-
ent substrate pieces, to eliminate artifacts and contamination or substrate
effects. A large amount of time has to be applied to verify the results and
observed phenomena. Various different systems were studied in the scope
of this thesis. Many of the molecules showed distinguishable patterns, that
were reproducible and characteristic. But the interpretation of several sys-
tems did not rise above the level of speculations (however reasonable they
may be). Theoretical investigations will be necessary for a complete inter-
pretation of many of them. Some of the measured molecules are presented

in table [A 1l
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A. Short list of other measured molecules

Formula

Comments

Measurements

Tetra-Pyridyl-Porphyrin
could not be imaged, except
after addition of a silver
salt. Then, the striped
pattern seen on the right
was observed. Sizes: (left)
25 nm X 25 nm, (right)
5 nm X 5 nm.
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Six different Fujita-squares
were measured on HOPG.
Most showed striped pat-
terns. Some with very high
resolution. A self-assembly
process definitely took
place, but the molecular
arrangement could not
be solved. Hopefully a
theoretical study will solve
the puzzle. Note, that these
squares can be assembled in
a flat orientation by use of
a secondary template effect.
Chloride  ions  adsorbed
on a gold surface allow
the assembly. Sizes: (left)
40 nm x 40 nm, (right)
50 nm X 50 nm, (bottom)
100 nm x 100 nm.

Different generations of com-
mercial PAMAM dendrimers
were measured on gold sur-
faces. Due to the strong che-
misorption, PAMAM den-
drimers of different genera-
tions could be imaged as sin-
gle molecules, either embed-
ded in monolayers of HDT or
on pure gold surfaces. Sizes:
(left) 80 x 80 nm, (right)
120 nm X 120 nm.

Table A.1: Further studied systems.
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A.1 Artifacts and unresolved patterns

As mentioned above, measurements in ambient air have to be checked rig-
orously against artifacts and effects produced by contaminants. At the low
concentrations that have to be used, even very slight contaminations of the
solvent can be seen, if the contamination is not expelled by the assembly pro-
cess. Effects like the solubility of glass in ultra-pure water become a factor of
great importance. This section shows a small collection of striped patterns,
that could be caused by Moiré-patterns such as discussed in [54]. It might be,
that the patterns are caused by adsorbed molecules, but the assembly is not
dominated by any characteristic of the studied molecules. The measurement
becomes therefore useless to gain information about the molecule. Figure
[A7T] shows a small collection of stripes measured with different molecules.
Note, that sometimes, the same molecules give a nice resolution of a pat-
tern, that is characteristic and reproducible, but with other samples all that
can be seen are stripes.

Sometimes, even stranger patterns, that resemble the hard borders of
Moiré-patterns, described in [54] were seen. Figureshows a small collec-
tion of those. These measurements are included for completeness. Careful
studies are necessary when measuring in ambient air. The amazing fact, hat
even impurities can be beautiful, is shown in figure
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Figure A.1: Various striped patterns, that could not be shown to have any characteristic
of the measured molecule. (a), (b), and (c) are different Fujita-squares on graphite,
synthesised in the laboratory of C. Schalley in the group of F. Vogtle, (d) and (e) are
knotanes on graphite, synthesised by the group of F. Vogtle, and (f) is a tetrapyridyl-
porphyrin on graphite. Parameters: (a) Upias = —1770 mV; I; = 1 pA; size= 200 nm x 200 nm;
z-scale &= 0.2 nm; (b) Upiqs = —700 mV; Iy = 2 pA; size= 70 nm X 70 nm; z-scale & 0.15 nm; (c)
Upias = —850 mV; Iy = 1 pA; size= 100 nm X 100 nm; z-scale & 0.2 nm; (d) Upiqs = —639 mV;
I; = 1 pA,; size= 250 nm X 250 nm; z-scale = 0.3 nm; (e) Upjas = —700 mV; I; = 1 pA; size=
200 nm X 200 nm; z-scale & 0.2 nm; (f) Upias = —1700 mV; I; = 0.7 pA; size= 100 nm X 100 nm;

z-scale &= 0.16 nm.
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Figure A.2: (a) An image of a Moiré-pattern on graphite terraces that displays very
bright last rows. (b), (c), and (d) Three images of a sample prepared with molecular
knots. The pattern was also observed with other molecules and does not seem to
depend on them. The multiplicity of the stripes could be attributed to a multiple

STM tip. Parameters: (a) Upiqas = —700 mV; I; = 1 pA; size= 200 nm X 200 nm; z-scale
~ 0.2 nm; (b) Upias = —864 mV; I; = 1.2 pA; size= 100 nm X 100 nm; z-scale &~ 0.3 nm; (c)
Upias = —770mV,; I; = 20 pA; size= 200 nm X 200 nm; z-scale &~ 0.3 nm cut to 200 nm X 150 nm;

(d) Ubias = 770 mV; I; = 20 pA; size= 60 nm X 60 nm; z-scale &~ 0.3 nm cut to 60 nm X 45 nm.
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Figure A.3: Two images of “pure” graphite. The pattern could never be reproduced
after this measurement. Parameters: (a) Upias = 610 mV; I; = 360 pA; size= 1000 nm X
1000 nm; (b) Upiqs = 900 mV; I; = 100 pA; size= 170 nm X 170 nm.



B. MEASUREMENTS BY COLLABORATORS

B.1 Oligopyridine complexes on platinum

The oligopyridine complexes, discussed in chapter [3| were synthesised by
Y. Zimmermann and studied elecrochemically by E. Figgemeier. Figure
(a) shows the cyclic voltammogram, that was used to calculate the surface
coverage of the mono-ruthenium complexes on platinum. The area under
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Figure B.1: (a) Cyclovoltammogram of a monolayer of [Ru(terpy)(terpypy)]*" on
platinum. (b) The dependance of the peak current from the speed of the voltage
change for a dimer. Measured by E. Figgmeier

the oxidation and reduction peaks is proportional to the charge used for the
conversion. With a known area of the measured electrode, this knowledge
allows the calculation of the surface coverage. Typical for the measurement
of a monolayer, the peak has a nearly ideal form and the difference between
the oxidation and the reduction peaks is minimal. (b) Shows the linear
dependance of the peak current from the scan rate. This dependance is
linear for surface bound molecules. For molecules in solution, the peak
current would depend from the square root of the scan rate, see also [G3].
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Y. C. Zimmermann, E. Figgemeier, C. Housecroft, E. C. Constable,
P. Weyermann, F. Diederich, P. Murer, G. Greiveldinger, P. B. Rheiner,
T. Sifferlen, D. Seebach: Local Switching and Read-out of Supramolec-
ular Functional Assemblies by Scanning Probe Methods, Kick-off meet-
ing of the NRP47, Bern 2000.

e L. Merz, U. Hubler, J. Hitz, B. A. Hermann, and H.-J. Giintherodt;
P. Weyermann and F. Diederich; G. Greiveldinger, P. B. Rheiner,
P. Murer, T. Sifferlen, and D. Seebach: Macromolecules on the move:
Imaging and manipulation of dendrimers by STM, Edgar Liischer Sem-
inar, Serneus Feb 2001.

e L. Merz, D. Ammann, U. Hubler, B. A. Hermann, and H.-J. Giinther-
odt, Y. Zimmermann, E. Figgemeier, C. Housecroft and E. C. Con-
stable: A Comparative STM Study of Oligopyridine Ruthenium(II)
Complexes, Twannberg 2001 Workshop on Nanoscience, T'wannberg
October 16-19 2001.

e L. Merz, U. Hubler, J. Hitz, B. A. Hermann, and H.-J. Giintherodt;
P. Weyermann and F. Diederich; G. Greiveldinger, P. B. Rheiner,
P. Murer, T. Sifferlen, and D. Seebach: STM Investigations of Macro-
molecules and Molecular Assemblies, Spring School on Single Molecules
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in Physics, Chemistry and Biology, of the VW-Stiftung Priority Pro-
gram “Physik, Chemie und Biologie mit Einzelmolekiilen”, Hofgeismar
8.-12. April 2002.

L. Merz, 1. Widmer, M. Stéhr, H.-J. Giintherodt, and B. A. Hermann,
T. Miiller and C. A. Schalley, Self-Organisation of Molecular ”Squares”
Imaged with STM, Twannberg 2002 Workshop on Nanoscience, Twann-
berg September 30 - October 4 2002.

I. Widmer, U. Hubler, M. Stohr, L. Merz, H.-J. Giintherodt, P. Samori,
J. Rabe, D. Seebach, and B. A. Hermann, A Comparison of Different
STM Approaches on Hourglass-Shaped Dendrimers, Twannberg 2002
Workshop on Nanoscience, Twannberg September 30 - October 4 2002.

I. Widmer, M. St6hr, L. Merz, U. Hubler, H.-J. Giintherodt, P. Samori,
J. Rabe, D. Seebach, and B. A. Hermann, Investigation of an Hourglass-
Shaped Dendrimer with STM, Friihjahrstagung des Arbeitskreises Fest-
kérperphysik der DPG, Dresden 24.-28. March 2003.

L. Merz, I. Widmer, M. Stohr, D. Ammann, U. Hubler, B. A. Her-
mann, L. Scherer, Y. C. Zimmermann, E. Figgemeier, C. E. Housecroft,
E. C. Constable, G. Widmer, P. Nielaba, P. Weyermann, F. Diederich,
P. Murer, D. Seebach, Local Switching and Read-out of Supramolecu-
lar Functional Assemblies by Scanning Probe Methods, Kick-off meet-
ing of the second phase of the NRP47, Bern 2003, (Awarded 1st prize
of the poster award).

L. Merz, M. Stohr, I. Widmer, H.-J. Giintherodt, B. A. Hermann,
G. Widmer, P. Nielaba, P. Murer, D. Seebach, Arrangement of Hour-
glass-Shaped Dendrimers on HOPG, STM 03, Eindhoven July 21.-25.
2003.
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