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Kurzzusammenfassung:

Rotaxane sind mechanisch verriegelte Molekiile, die als exzellente Prototypen fir die Entwick-
lung von molekularen Maschinen gelten. Sie bestehen aus einer diskreten Anzahl an Moleku-
len, die Uber nicht-kovalente Wechselwirkungen miteinander binden. Mechanisch verriegelt
bedeutet, dass eine kovalente Bindung gebrochen werden muss, um die Molekile voneinan-
der trennen zu kénnen. Sind die Rotaxane auf3erdem mit unterschiedlichen Bindungsstellen
versehen, kdnnen sie tuber die Anwendung eines externen Stimulus eine Konformationsande-
rung und dadurch eine nanoskopische Bewegung durchfiihren. Diese Bewegung ist in Losung
jedoch nicht gerichtet und ein makroskopischer Effekt ist dadurch, wenn tberhaupt, nur sehr
schwer zu realisieren. Die Einbettung von Rotaxanen in ein Bezugssystem z.B. durch die Im-
mobilisierung auf einer Oberflache gilt als eine vielversprechende Moglichkeit, die erzeugte
nanoskopische Bewegung in einen makroskopischen Effekt umzuwandein.

Im Rahmen dieser Arbeit wurden Chlorid-schaltbare Rotaxane mithilfe verschiedener Metho-
den auf Oberflachen immobilisiert. Im Detail handelt es sich bei den angewendeten Methoden
um die metallinduzierte Schicht-auf-Schicht-Selbstassemblierung (layer-by-layer self-as-
sembly, LbL) und die kovalente Abscheidung mittels Click-Chemie, die gegensatzliche An-
satze darstellen.

Bevor jedoch die Rotaxane immobilisiert werden konnten, wurde zunachst auf Grundlage von
friheren Ergebnissen durch die Verwendung von verschiedenen Makrozyklus- und Gastmo-
lekilen die Anwendung der genannten Abscheidungsmethoden etabliert und sukzessive ver-
bessert. Dabei wurden unterschiedliche Templatschichten — so genannte self-assembled mo-
nolayers (SAMs) — verwendet, die je nach Gebrauch mit Pyridin oder Terpyridin (fiir die me-
tallinduzierte LbL-Abscheidung) oder mit Azid (fir den kovalenten Ansatz) terminiert sind.
Hierbei konnten folgende Ziele erreicht werden: Die Abscheidung von diterpyridin-funktionali-
sierten Makrozyklen in Multilagen mit einer Vorzugsorientierung wurde mit Transmission-
UV/Vis, Rontgenphotoelektronenspektroskopie (XPS) sowie Rdntgen-Nahkanten-Absorpti-
ons-Spektroskopie (NEXAFS) untersucht und nachgewiesen. Zur Herstellung der Multischich-
ten wurden abwechselnd Metallionen und Makrozyklen auf verschiedenen SAMs abgeschie-
den. Um eine weitere Prozesskontrolle fir die LbL-Abscheidung zu ermdglichen, wurde Flug-
zeit-Sekundarionen-Massenspektrometrie (ToF-SIMS) mit der Analysemethode Principal
Component Analysis (PCA) kombiniert und gezeigt, dass damit selbst kleinste Unterschiede
in der Abscheidungsprozedur nachgewiesen werden konnen. Durch die Verwendung von zwei
unterschiedlichen Makrozyklen und vier Metallen konnte eine gemischte Multilage hergestellt
werden, die sich durch die Abscheidungssequenz programmieren lasst. Bei der Behandlung
der Multilagen mit geeigneten Gastmolekiilen konnte einerseits gezeigt werden, dass die Mak-

rozyklen bis in die tiefgelegenste Lage durch einen externen Stimulus adressierbar sind und



andererseits, dass sie in der Lage sind —trotz ihrer dichten Packung — eine relativ grof3e Menge
des Gastes zu binden. Dartber hinaus konnte gezeigt werden, dass die kovalent abgeschie-
denen Supramolekile auch in der Lage sind, Gaste aufzunehmen und sich deren Struktur
anzupassen. In beiden Fallen wurde die Reversibilitdt durch geeignete Experimente belegt.
AbschlieRend konnte durch die Einfihrung von Pyridin-funktionalisierten Nanopartikeln in die
Multilagen die Gastaufnahme erhdht werden, was durch die Verringerung der Makrozykluso-
rdnung aufgrund der ungleichmafigen Oberflache der Nanopartikel zu erkléren ist.

Aufbauend auf diesen Ergebnissen wurde anschlielend die Abscheidung der Rotaxane mit-
hilfe von verschiedenen Analysemethoden wie Transmission-UV/Vis, XPS und Rasterkraft-
mikroskopie (AFM) etabliert und ein regelméafRliges Schichtwachstum gezeigt. Auf3erdem
wurde mithilfe von NEXAFS-Spektroskopie beobachtet, dass die koordinativ abgeschiedenen
Mono- und Multilagen durch Chlorid-Zugabe zwischen zwei geordneten Zustédnden geschaltet
werden kdnnen. Daraus lasst sich eine konzertierte Schaltung der Rotaxane auf der Oberfla-
che schlieBen. Die kovalent immobilisierte Rotaxanschicht dagegen zeigt nach der Chlorid-
Zugabe keinen linearen Dichroismus auf. Jedoch wurde der geordnete Zustand nach der Ent-
fernung der Chlorid-lonen wieder beobachtet, was wiederum auf eine konzertierte Schaltung
schliel3en lasst. Durch Kontaktwinkelmessungen konnte dariiber hinaus eine Veranderung der
Oberflachenbenetzbarkeit gezeigt werden. Durch die Verwendung von verschiedenen Temp-
latschichten wurde auRerdem gezeigt, dass flr eine geordnete Multilage sowie eine konzer-

tierte Schaltung eine dichte Packung der Rotaxane notwendig ist.



Abstract:

Rotaxanes are mechanically interlocked molecules (MIMs) that are considered to be excellent
prototypes for the development of molecular machines. They comprise a discrete number of
molecules that are bound to each other via non-covalent interactions. Mechanically interlocked
means that a covalent bond must be broken in order to separate the molecules from another.
If the rotaxanes are furthermore provided with different binding sites, they can perform a con-
formational change and thus a nanoscopic movement by the application of an external stimu-
lus. However, this movement is not directed in solution and a macroscopic effect is therefore,
if at all, very difficult to realize. The integration of rotaxanes into a reference system by, for
example, the immobilization on a surface is regarded as a promising approach to convert the
generated nanoscopic motion into a macroscopic effect.

The present work describes the immobilization of chloride-switchable rotaxanes onto surfaces
using a variety of methods. In detail, the applied methods are the metal-mediated layer-by-
layer (LbL) self-assembly and the covalent deposition using click chemistry, which can be con-
sidered as separate approaches. Before the rotaxanes were immaobilized, the deposition meth-
ods were first established and gradually improved on the basis of earlier results by using dif-
ferent macrocycle and guest molecules. Various template layers — so-called self-assembled
monolayers (SAMs) — were used. These are terminated with pyridine or terpyridine for the
metal-induced LbL deposition. Azide-terminated SAMs are used for the covalent deposition.
In the course of that, the following objectives were achieved: The deposition of diterpyridin
functionalized macrocycles in multilayers with a preferential orientation was investigated and
verified by transmission-UV/Vis, X-ray photoelectron spectroscopy (XPS) as well as near edge
X-ray absorption fine structure (NEXAFS). In order to produce the multilayer, metal-ions and
macrocycles were alternately deposited onto various SAMs. To enable further process control
for the LbL deposition, Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) has been
extended by use of Principal Component Analysis (PCA) which is capable of analyzing even
very small changes in the deposition procedure. By using two different macrocycles and four
metals, a mixed multilayer was fabricated that can be programmed by its deposition sequence.
The treatment of the multilayers with appropriate guest molecules showed that they are on one
hand addressable to the lowest layer by an external stimulus and that they are on the other
hand able to incorporate a relatively large amount of the guest. Additionally, the covalently
deposited supramolecules are also able to bind guests and to adapt to their structures. In both
cases, the reversibility could be shown by appropriate experiments. Finally, the introduction of
pyridine-functionalized nanopatrticles into the multilayers led to a higher guest uptake, which
can be explained by the reduction of the macrocycle-order due to the uneven surface of the

nanoparticles.



Based on these results, the deposition of the rotaxanes was established and a regular layer
growth was shown by various analytical methods such as transmission-UV/Vis, XPS and
atomic force microscopy (AFM). It was observed that the coordinately deposited mono- and
multilayers can be switched between two ordered states by the addition of chloride-ions. This
effect was ascribed to the presence of a coupled rotaxane-switching in the multilayer. In con-
trast to that, the covalently immobilized rotaxane-layer showed no orientational effect after
chloride addition. However, the ordered state was again observed after removal of the chloride-
ions, which in turn indicates a coupled switching. Furthermore, a change of surface wettability
was shown by contact-angle measurements. The utilization of different template layers
showed that a dense packing of the rotaxanes is necessary for an ordered multilayer and a

coupled switching.
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1. Introduction

The creation of miniature factories or machines was already envisioned in the late 1950s by
Robert Feynman when chemists and physicist did not have the necessary analytical tech-
nigues to investigate the proposed motion or fabrication at the nanoscale. In his lecture
“There’s plenty of room at the bottom”, he led the audience to all kinds of new possibilities,
forces, effects, and different manufacturing problems in the nano-realm.™! Since then, the abil-
ity to control and manipulate matter or processes on the atomic or molecular scale has inspired
a large number of scientists to unravel arising questions and problems in this field called nan-
otechnology. Therefore, it became one of the most promising future technologies in today’s
research — potentially delivering groundbreaking solutions to major problems in material sci-
ence, medicine, as well as data and energy storage. In particular, the development of sophis-
ticated analytical techniques like NMR, electron microscopy or mass spectrometry — just to
name a few — made a large number of breakthroughs in molecular nanotechnology possible.
Taking the scientific progress in the last three decades in the field of molecular nanotechnology
into account, it can be concluded that mechanical motion and the manipulation of objects at
the nanoscale is not a vision anymore. Outstanding examples of molecular nanotechnology
have been developed in the last years where single molecules can externally be addressed,
show intramolecular motion, are able to transport molecular or nanoscopic cargo, or catalyze
chemical transformations towards a desired product.”? For example, David Leigh and cowork-
ers have created a small molecule that is able to target a cargo molecule, pick it up, place it in
a new position and release it.®! While such a sequence of actions is trivial on a macroscopic
scale, synthetical achievement of this with small molecules is unique. Furthermore, the re-
searchers around Jong Hyun Choi have developed a synthetic DNA motor that transports na-
noparticles along carbon nanotubes over the course of 2 um responding to the increase of
Mg?* concentration and thus mimicking the path of the kinesin complex along a cytoskeletal
fiber.[

However, giving nanoscale motions a clear and determined direction on a larger scale let alone
harnessing this motion seems to be a major goal and a huge obstacle at the same time. Alt-
hough, the few examples that have been reported are sophisticated in their structure and arise
from a complicated synthesis, their performance is rudimentary and does not fulfill a useful
task above and beyond the molecular scale.® Obviously, individual molecules cannot move or
manipulate cargo that is several orders of magnitude larger than themselves. This is due to
the fact that molecular switches reported in solution underlie the principle of Brownian motion

which makes them move around randomly and therefore the mechanical motion is cancelled



out when a large number of molecules is considered. This is in fact the main distinction be-
tween a molecular switch and a machine: No net-effect is gained from molecular switches. A
macroscopic output (or net-effect) can only be achieved when a large number of molecular
switches is integrated into an array with a superior order where they can perform tasks, motion
or build up structures in concert, synchronous and aligned. In other words, the switches need
to have a certain reference system that minimizes the degrees of freedom hindering a me-
chanical, directional motion over larger arrays. This reference system gives rise to a feature
that is not achievable by conventional devices and that also enables future application: Possi-
ble movements of these machines cover the range of Angstrems which leads to an actuation
that has a molecular-scale precision.

A similar phenomenon can be found in natural molecular machines. Static complexes use lipid
membranes as reference systems in order to gain directionality. ATP synthase in particular
uses the energetically favored proton transport along a proton gradient in order to perform a
rotational motion within its synthase complex. This torsional moment is then used to liberate
previously formed ATP —energy is converted from one form to another. For a simple replication
however, this and biological molecular machines in general are far too complex. Therefore,
other approaches to produce artificial molecular machines have to be found.

In order to design suitable molecules for artificial molecular machinery, one has to break away
from the classical top-down approach where macroscopic devices are taken and miniaturized
for their implementation on a much smaller scale. This worked well for transistors in data stor-
age which have excessively been reduced in their size in the last decades. However, this de-
velopment has its limits: Different problems and properties arise when mechanical elements
work on the molecular scale. For example, switching or actuation differs very much from that
at the macroscopic level and no clear separation of cause and effect is present anymore. In
fact, the activation of a molecular switch leads to the change in relative energies of two possible
conformational states but the actual switching between the two states is ultimately driven by
thermal noise.

The bottom-up approach serves as an alternative. As in natural systems, molecular self-as-
sembly is exploited to fabricate functional architectures from small molecules. Stimuli-respon-
sive mechanically interlocked molecules (MIMs) such as bistable rotaxanes, that share the
same topology as ATP synthases and bacterial flagellar motors, are assembled in this way.
They comprise at least two different components that are able to move relatively to each other
when treated with an external stimulus. This makes them excellent precursors for the devel-
opment of artificial molecular machines that can deliver a macroscopic effect. Various of these
structures have already been designed that exhibit impressive and diverse machine-like be-

haviors. As already stated, they however need to be incorporated into a suitable reference



system to get a directional motion that can be harnessed. Several examples have been re-
ported where MIMs are either immobilized at interfaces, on surfaces!® or into metal organic
frameworks (MOFs).l"l A detailed understanding of the factors that induce a coupled or con-
certed switching should allow to determine the steps that are needed to achieve directional
motion or even a macroscopic effect.



2. Motivation

The fundamental idea behind this work is to provide evidence for a coupled molecular switch-
ing of chemically-addressable interlocked molecules in mono- or multilayers on solid supports.
The term coupled in this work refers to the switching of whole arrays of rotaxane switches that
are aligned in a well-ordered state before and after switching. Furthermore, a reversible switch-
ing is only provided when the initial order is completely restored.

On the basis of template layers that have already been established in the course of the overall
project, it is desired to fabricate multilayers of switchable rotaxanes on solid supports by a
layer-by-layer (LbL) approach. The utilized template layers either have pyridine- or terpyridine-
termini to deposit a linking metal-ion layer. Subsequently, supramolecules such as tetralactam
macrocycles, that are doubly functionalized with pyridines or terpyridines, can be immobilized.
If the last two steps are repeated in an alternate fashion, a multilayer of the used molecule can
be obtained. The main advantages of this layer-by-layer self-assembly lie in the convenience
of its utilization and that it delivers reproducible results as it uses the dynamic error correction
of self-assembly. If the molecules are — as a result — densely packed, the layers are expected
to be preferentially oriented which is one essential element for the development of a directional
switching. To ensure a thorough analysis of the rotaxane multilayers, it is desired to develop
and establish an efficient approach for the deposition of analogous macrocycle multilayers first

and follow their self-assembly with suitable analytical methods.

The following steps shall be taken to achieve this aim of the thesis:

()  Suitable macrocycles and rotaxanes for surface deposition shall be synthesized.

(I The macrocycles are deposited into programmable multilayer with different metal-ions
followed by X-ray photoelectron spectroscopy (XPS) and transmission-UV/Vis spectros-
copy.

() In order to ensure the deposition of high-quality layers, principal component analysis
(PCA) assisted time-of-flight secondary ion mass spectrometry (ToF-SIMS) shall be in-
troduced as a process control with a high sensitivity for impurities as well as imperfec-
tions in the layer structure.

(IV) Employing two differently functionalized macrocycles is ought to deliver multilayers of a
higher complexity and a designed sequence. This shall act as a proof-of-concept for
multilayers that are built up with different rotaxanes. The stepwise growth of these mul-
tilayers shall be also investigated by XPS, ToF-SIMS, and transmission-UV/Vis to ensure
the sequential programmability.

(V) Additionally, near-edge X-ray absorption fine-structure (NEXAFS) spectroscopy is used

to investigate whether the multilayers are preferentially oriented.
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(V) To show the accessibility of the multilayers for an external stimulus, they are treated with
squaraine guests that have an optical read-out for their incorporation into the macrocy-
cle.

(VIl) By integrating nanoparticles into the multilayers, their order shall be reduced which shall
lead to a higher uptake of guest molecules.

(VIIl) Different supramolecules such as crown ethers, tetralactam macrocycles, ammonium
ions, and diketopiperazines are covalently immobilized onto an azide-terminated self-
assembled monolayer (SAM) through a copper-catalyzed azide-alkyne cycloaddition
(CuAAC). The accessibility for an external stimulus shall be shown by the reversible
deposition of the particular counterpart which is then investigated by XPS and NEXAFS.
The covalent immobilization of supramolecules stands in marked contrast to the metal-
mediated self-assembly of multilayers on surfaces: An error-correction is not possible.

(IX) On the basis of the gained results, the desired mono- and mulitlayers of switchable ro-
taxanes are built by metal-mediated LbL self-assembly and the covalent click chemistry
approach. Furthermore, the switching behavior of these rotaxanes should be investi-
gated in terms of surface-wettability and well as orientation. Two different template layers
are available for that. One pyridine-terminated monolayer that has a rigid structure and

a terpyridine-terminated SAM with a flexible structure.

The long-term goal of the overall project is to establish programmable multilayers of rotaxanes
that can be switched by different stimuli as depicted in Figure 1. This should lead to an inde-
pendent switching in every layer that can therefore be addressed in an orthogonal fashion.
Depending on the rotaxane, the switching stimuli can be chemical, electrochemical or photo-
chemical. If the rotaxanes are further equipped with opposite stopper units, the direction of the
switching can be enhanced and lead to a macroscopic read-out such as bending of a cantile-
ver, lifting of a load or a simple change of color.

_Stimulus By,
<«

_Stimulus A,

Figure 1. lllustration of a multilayer comprising two rotaxanes that are addressable with different
stimuli. In detail, stimulus A switches the lower layer and stimulus B addresses the upper layer.



3. Theoretical Background

3.1. Non-Covalent Bonds in Supramolecular Chemistry

Supramolecular chemistry focuses on the association of molecules into superior structures as
for example host-guest chemistry, molecular self-assembly and mechanically interlocked mo-
lecular architectures. The molecules in these structures are held together by various intermo-
lecular, non-covalent interactions such as hydrogen-bond, Van der Waals, metal-ligand, cat-
ion-1T-, T1-TT-, ion-ion, ion-dipole, or dipole-dipole interactions. Supramolecular complexes may
also form via hydrophobic or solvophobic effects.® The bond strengths of intermolecular inter-
actions are often within a certain range (Figure 2).

Van-der-Waals interactions ([l  Ar---Ar ;

FyF
dipole-dipole interactions | F%/}F
TI-TT interactions [ F_F \—\:N/{
K* H
) 1 O
cation-Tr interactions I < </: \> ] 0(\ /E ))\_\— -
= R‘NJLR [ K j
hydrogen bonds I < | 0 0 \
Lo/
ion-dipole interactions . B=
ion-ion interactions
coordinative bonds e «— o
OH  ooH
covalent bonds
| T | T T >
0 100 200 300 400 500

binding strength [kJ/mol]

Figure 2. Typical ranges of non-covalent interactions including covalent bonding for compari-
son.

Non-covalent interactions also play a major role in biological systems. In enzymatic catalysis,
for example, a substrate is bound by an enzyme in a catalytic pocket with the lock-and-key
principle. That means, the specific binding moieties of the substrate fits in a way to the binding
sites of the pocket that it has the highest possible binding affinity.

From the principle of non-covalent bonds, core-concepts of supramolecular chemistry can also
be derived. One of which is called self-assembly. It refers to processes of structure and pattern
formation that autonomously proceed without external influences as a consequence of spe-
cific, local interactions among the components themselves. It is defined by the following crite-
ria: (I) The process addresses existing, separate components (eg. molecules). (1) The result

is a product of the information that the individual components themselves contain (eg., charge,
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mass, shape or surface properties) and thereby are decisive for their mutual interactions. Com-
mon examples include the formation of micelles, vesicles, liquid crystal phases, and Langmuir
monolayers of surfactant molecules. Further examples of supramolecular assemblies demon-
strate that a variety of different shapes and sizes can be obtained using molecular self-assem-
bly. In principle, "self-assembly" is clearly seperated from "self-organization". While self-organ-
ization describes the formation of non-equilibrium structures (dissipative systems) under con-
stant consumption of energy (“fuel”), self-assembly describes the formation of thermodynamic
minimum structures. In literature, this distinction is not always clearly followed, so that - despite
the clear definition - both terms are strongly mixed up. The reason could be that especially in
biological systems, a combination of both mechanisms often occurs at the same time.

Supramolecular chemistry has now long developed into a field of interdisciplinary research that
unites and appeals not only chemists, but also physicists, biologists and physicians. New, in-
dependent research fields have emerged, which extensively use the core concepts of supra-
molecular chemistry. These include areas of materials science and nanotechnology. Further-
more, the concepts of supramolecular chemistry have helped to create new chemical classes
of substances such as molecular machines, non-covalent polymers, metal-organic frameworks

(MOFs) and interlocked molecules.
3.2. Host-Guest Complexes

The core-concepts of supramolecular chemistry that are extensively used in this work and
therefore should be discussed in more detail are host-guest chemistry and the assembly of
mechanically interlocked molecules (MIMs). Here, two or more molecules are held together by
specific intermolecular bonds with a smaller guest (axle) molecule that coordinates into the
cavity of a larger host (macrocycle) molecule.®! Host-guest chemistry mainly includes the idea
of molecular recognition by non-covalent bonds. It should be noted that the different reception
of different hosts is hereby exploited. While, for example, crown ethers or cryptands are par-
ticularly suitable as host molecules for cations, cyclodextrins encapsulate various nonpolar
organic molecules through hydrophobic effects in water. Since cyclodextrins are water soluble,
the trapped organic guest molecules get an improved water solubility by the complex for-
mation.l® Therefore, they are used in food, pharmaceutical, and chemical industries, as well
as drug delivery, agriculture and environmental engineering.

Architectures of mechanically interlocked molecules (MIMs) can be regarded as an extension
of host-guest chemistry. They are referred to as supramolecular complexes in which two or
more molecules are joined together so that a covalent bond must be broken in order to sepa-
rate the complex. A number of structures are classified as mechanically interlocked molecules

which include rotaxanes or catenanes. Rotaxanes consist of at least one molecule with a linear



unit, also referred to as axle or dumbbell, and one or more cyclic molecules, the macrocycle.
Catenanes, however, are systems in which two cyclic molecules are mechanically intertwined.
Nomenclaturewise, it is important to know that a number in square brackets is placed in front
to the word rotaxane or catenane. It stands for every single molecule involved in the com-
plexes. In Figure 3, a pseudorotaxane is additionally shown as a precursor of a rotaxane, which

resembles also a classical host-guest complex and is not mechanically locked.

Figure 3. Schematic representation of mechanically interlocked molecules and a pseudorotax-
ane.

For the synthesis of rotaxanes, various methods have been developed. Four extensively used
template-directed methods are shown in Figure 4. A template is — in this special case — a
functional group, ion or molecule that can build up certain intermolecular forces and therefore
promotes a particular product.

In this work, the rotaxanes have mainly been synthesized using the capping method. This
involves the threading of an unstoppered axle into the cavity of a previously synthesized mac-
rocycle — i.e. a pseudorotaxane is formed. This process involves an intrinsic template which,
for example, utilizes hydrogen bonds or hydrophobic effects. The rotaxane is then formed by
reaction of the axle molecule with suitable stoppers which prevent its dissociation without
breaking a mechanical bond. The clipping method is comparable: Here, the dumbbell-shaped
axis is formed before the rotaxane synthesis and binds to an incomplete macrocycle which is
subsequently closed. In the case of the slipping method, both the macrocycle and the axle are
formed prior to the rotaxane synthesis. During the synthesis process, the energy is increased
by excessively increasing the temperature so that the kinetic barrier for the threading process
is overcome. The recently developed active-template method involves the catalytic influence
of a template ion to the threading of two (different) axle fragments into a cyclic molecule (mac-
rocycle) and the formation of a covalent bond, which results in a mechanical bond between

the macrocycle (host) and the axle (guest).™**!
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Figure 4. Overview of the main strategies for the synthesis of rotaxanes.

In this work, rotaxanes and host-guest complexes, that are based on the Hunter-Vogtle tetra-
lactam™? and the crown ether™® macrocycle, were investigated. The tetralactam macrocycle
is mainly characterized by the binding of anions** or dipoles*® to amides in the cavity of the
macrocycle via hydrogen-bonding. Furthermore, the formation of -1 interactions is possible
as a template for axle threading into the macrocycle.*¢l

In Figure 5, the first synthesis of a rotaxane with a tetralactam macrocycle is shown that uses
an anion template effect.l!”! Initially, the phenolate stopper, highlighted in red, binds into the
cavity of the macrocycle through hydrogen bonds — an anionic complex is formed. This sub-
sequently attacks the brominated methylene group of the second axle piece as it can act as a

nucleophile. Thus, the rotaxane is formed.
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Figure 5. Synthesis of a [2]rotaxane through an anion-templating effect by Vogtle.[*"]

For this project, the macrocycle is particularly appealing due to it conformational characteris-
tics. The fact that the macrocycle, despite its rigidity, has a remarkable conformational flexibility
and can thus build up an extremely dense packing in the solid state, is an essential factor.[*e!
Furthermore, it was demonstrated that they can form an orderly two-dimensional structure on
gold surfaces.*® Therefore, it is quite reasonable that they also exhibit a high order upon a
gradual deposition on self-assembled monolayers. At the terminal isophthalic-moieties, tetra-
lactam macrocycles can also be functionalized by organochemical cross-couplings in a
straightforward fashion.®?”! For the formation of macrocycle multilayers, (ter-)pyridine function-
alities are particularly suitable, as they form very stable complexes with e.g. iron and nickel for
terpyridines or palladium and platinum for pyridines.

In principle, the development of switchable rotaxanes is also possible with this macrocycle,
which makes it even more interesting for the present work. The field of molecular switches

based on rotaxanes will be subsequently discussed in more detail.
3.3. Artificial Molecular Switches

Molecular switches can be defined as molecules that are designed to change their shape in a
controllable and reversible fashion under the influence of different external stimuli. Moreover,

they possibly can be employed as devices that create motion (molecular motors), paving the
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way towards the smallest possible entities capable of performing useful work (molecular ma-
chines). The research on artificial molecular switches and motors is indeed interdisciplinary.
Organic chemists design and study diverse families of molecules capable of performing re-
versible switching motions. Computational chemists contribute to understanding these pro-
cesses and improve the molecular designs. Colloidal, polymer, and material chemists as well
as engineers provide the ability to integrate molecular switches into higher-order architectures,
giving rise to macroscopic devices (see chapter 3.4.5) which physicists help to quantitatively
understand (see chapter 3.5). Artificial molecular switches can also be employed in biological
systems, where they are used to study and alter various biological processes like insulin se-
cretion?t or mitosis and cell death?? in a field that has been named photopharmacology!?®!
due to the employed switching stimulus.

The class of light-switchable molecules is in fact the most prominently used in this matter.
There exist numerous simple (bistable) molecular switches that undergo various types of
chemical bond rearrangement upon light irradiation. One of the most widely used classes are
azobenzenes.?* |t isomerizes between the E- and Z-conformations around a double bond and
therefore can mimic a flapping motion. The overcrowded alkenes that have been established
by Feringa et al., however, behave as rotors that can revolve about a rigid internal axis.!?> Just
these two molecular switches show how simple molecules can exhibit complex behavior on
the nanometer scale upon an external stimulus. However, as the described intramolecular
conformational changes do not provide coupled let alone controllable motion on a larger scale,
the molecules have to be incorporated into arrays of more complexity as well a larger scale.
MIMs and especially rotaxanes are one possibility to gain at least more complexity and con-
trolled mechanical motion. In order to make rotaxanes switchable, their axles have to be em-
ployed with at least two different macrocycle recognition sites with different affinities. The sta-
tions should additionally reverse their affinity to the macrocycle when the rotaxane is treated
with a suitable stimulus which can be chemical, electrochemical, or photochemical.’?® Figure
6 schematically shows the general mechanism of a rotaxane-switching.l?” A distinction is made
between two stable states. In state a), the macrocycle binds to the preferred blue station. If an
external stimulus now acts upon the rotaxane, the relative binding constant of the macrocycle
to the stations changes and the second station (red — orange) becomes the preferred binding
site. Consequntly, the rotaxane located in state b) illustrates an energetically unfavorable tran-
sition state. Out of this state, the macrocycle does a translation to the second station and is
therefore again in a stable state (power stroke). Now, if a reaction occurs (triggered by another
external stimulus), which converts the second station to its initial state (orange — red), the
binding of the macrocycle to this station (state d) is again in disadvantage compared to the
binding to the blue station and the macrocycle travels back to its starting position (recovery

stroke).
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Figure 6. Switching mechanism of a bistable two-station [2]rotaxane.

The described intramolecular motion of one component in a rotaxane (MIM) relative to another
gives way to different co-conformational states, which have different stabilities, as well as spec-
troscopic and physical properties. On the right side of Figure 6, a devised potential energy
curve is schematically depicted in order to clarify the relative stability of the macrocycle bind-
ing-states: In order to discretely observe the two different binding states, they need to have
sufficiently high binding energy differences. As a result, at room temperature, an energy differ-
ence (AAG) of 8.4 kJ-mol*? between the binding of the macrocycle at the two axle-binding sta-
tions has to be present, so that the macrocycle binds to the better binding station in 95% of
the times.

The first examples of a switchable MIM represent two station rotaxanes or catenanes. Starting
from a molecular shuttle!?®! — a rotaxane that has two identical sites for the macrocycle — the
group of Fraser Stoddart reported a bistable rotaxane in 1994.2° Switching can be carried out
both chemically and electrochemically, utilizing a TT—1r donor/acceptor recognition motif. At
equilibrium, the cyclophane macrocycle preferentially encircles the benzidine unit (orange)
with a ratio of 84:16 due to the stronger 11-donor properties of this recognition site. However,
the macrocycle can be shuttled to the biphenol unit by oxidation (top) or protonation (bottom)
of the benzidine which leads to the reduction of its binding affinity. Once it is again reduced or
deprotonated, the benzidine station is again the better m-donor in comparison to the biphenol

and consequently the macrocycle translates back to the benzidine station.
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Figure 7. A bistable [2]rotaxane (middle), which can be switched through an electrochemical
stimulus (top) or an acid / base equillibrium (bottom).l?%

Leigh, Zerbetto and coworkers reported in 2003 a rotaxane with a benzylic amide-macrocycle
(smaller cavity than the Hunte/Vogtle macrocycle) that can be switched by light irradiation into
one state and with heat back to the initial state.*® The switching process is initiated by a pho-
toinduced isomerization of the double-bond that is incorporated in the fumaramide/maleamide
station. The trans-olefin bisamide acts as an excellent template for the formation of amide
macrocycle-based rotaxanes, because the amide carbonyl groups of the thread are held in
position so that they fit the hydrogen-bond-donating sites of the forming macrocycle. Irradiation
at 254 nm produces the corresponding cis-maleimide and the potential intercomponent hydro-
gen-bonds are reduced from four to two. Since succinamide is incorporated into the axle as a
second binding site, the macrocycle translates approximately 1.5 nm relative to the axle. The
succinamide can also form four hydrogen-bonds with the macrocycle. The — compared to
fumaramide — relatively small binding strength is due to a competitive intramolecular hyrdogen-
bond which results in a AAG of 15.1 kJ-mol? of the two stations in the ground state and a AAG
of -12.5 kJ-mol* in the excited state. Heating drives the rotaxane back to the initial state. All of
the mentioned features lead to a photo- and thermally responsive shuttle where the macrocycle
translates between two stations with remarkable positional integrity caused by matched and

mismatched hydrogen-bonding motifs.
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Figure 8. Bistable [2]rotaxane of Zerbetto and co-workers that is switchable by light irradiation.3%

A station that is very well suited for the formation of a switchable rotaxane with tetralactam
macrocycles is the squaraine unit, as the switching can be detected by simple spectroscopic

methods and even by the naked eye.
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Figure 9. Displacement of the squaraine-unit from a tetralactam macrocycle and the switching
of the corresponding rotaxane.



The deep red fluorescence of squaraine is shielded when it binds to the cavity of the macro-
cycle. Furthermore, the absorption of the squaraine molecule undergoes a change in wave-
length by about 10 nm, which can be recognized by a color change of the solution. Bradley
Smith and coworkers showed that when the squaraine is in a pseudorotaxane and exposed to
chloride ions, it is displaced from the macrocycle so that the initial fluorescence is detectable
again (Figure 9).BY If the squaraine station is part of a rotaxane with a second macrocycle
binding site such as a triazole, the macrocycle moves to the triazole upon chloride-addition
and the fluorescence — as in the free station — can be detected again (Figure 9b). In this case,
the chloride-ion together with the triazole binds stronger to the amides of the tetralactam mac-
rocycle than the squaraine unit. This detection mechanism could be demonstrated both in ro-
taxanes immobilized on silica plates and in solution.?

Analogous to squaraine, a rotaxane can also be set up as a molecular switch with one diketop-
iperazine and two triazole stations. Here, the binding characteristics are similar to a squaraine
rotaxane and can be analogously modified by the addition of chloride. The macrocycle is
shifted from the diketopiperazine to the triazole(s) by the binding of chloride to the amide pro-

tons of the macrocycle (Figure 10).5

Figure 10. Switching of a three-station diketopiperazine [2]rotaxane.(

These rather simple examples of switchable MIMs that admittedly exhibit relative wheel-trans-
location but apart from that do not deliver any function or a net amount of work. Therefore,
more complexity concerning structure, behavior, and function is needed. One recent molecular
machine, that is based on a rotaxane, mimics the biogenic non-ribosomal peptide synthesis.?*
Here, the macrocycle is covalently linked to a short peptide chain the first residue of which is
a cysteine (trityl-group protected) and tracks along an axle functionalized with three or four
amino acids. The macrocycle could randomly shuttle back and forth between the stoppered
end of the axle and the site of the first corresponding amino acid group on the thread. Following
deprotection, the thiolate group of the cysteine residue undergoes transacylation with the first
amino-acid blocking group, removing it from the axle. A subsequent reaction between the ter-

minal amine of the peptide chain on the macrocycle extends the peptide chain and regenerates
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the thiolate group. This process is repeated until the final blocking amino acid is transferred to
the growing peptide chain and the macrocycle dissociated from the axle. Finally, the complete

oligopeptide is cleaved from the macrocycle and the remaining protecting groups are removed.
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Figure 11. [2]Rotaxane-based synthetic ribosome analogue. It is in fact an artificial small-mole-
cule machine that travels along a molecular strand, picking up amino acids that block its path,
to synthesize a peptide in a sequence-specific manner.[34

The ribosome mimic is already very impressive as the macrocycle can move along the axle in
a guasi-directional fashion. However, it is not working against the thermodynamic minimum
and molecular machines should be able to drive multiple chemical processes uphill and away
from their “inherent” equilibria, just as motor molecules do in biological systems.®! A topologi-
cally interlocked molecule has recently been shown to act as a rudimentary molecular pump
mimicking the functionality of a transmembrane ion-pump in biological systems and therefore
working against a concentration gradient. The system comprises a molecular axle that can
store up to two macrocycles. When the positively charged viologen-units on both the macro-
cycle and the axle are reduced to their radical form, the repulsion between the macrocycle and
the axle is decreased. The macrocycle is then able to thread onto the partially reduced viologen
station on the axle. Following threading, the viologen units on the macrocycle and axle are re-
oxidized using NOPFs. The electrostatic repulsion between the macrocycle and the positively
charged end of the axle is now sufficient to overcome the steric barrier presented by the iso-

propylphenyl group such that the macrocycle becomes trapped on the stoppered alkyl chain.
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Repetition of the cycle of reduction, oxidation and reduction allows a second macrocycle to be

‘pumped’ onto the alkyl chain in an overall energetically uphill process.!
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Figure 12. An artificial molecular pump driven by external redox-switching conditions. a) Molec-
ular structures of the macrocycle and the axle, b) Behavior of the two components upon reduc-
tion and oxidation in two cycles, and c) energy profiles for oxidized and the reduced state.[3¢
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Credi et al. reported a synthetically easy example that resembles one key attribute of biological
molecular machines which is not present in the previous example: An autonomous nanome-
chanical operation in repetitive cycles that dissipate energy supplied by a chemical or electro-
magnetic potential.®”) Two components are involved in the system that is depicted in Figure
13: A 2,3-dinaphtho[24]crown-8 ether macrocycle (purple) and a molecular axle containing a
photoisomerisable azobenzene moiety (E green, Z red), a cationic ammonium recognition site
(blue) and a cyclopentyl terminus (grey). Although the macrocycle axle binding equilibria for
both the E and the Z axle isomers lay towards the complex, binding to the E-isomer is more
favorable. They also showed that the barrier of macrocycle threading over the E-azobenzene
moiety is lower than of the cyclopentyl group, while the macrocycle preferably unthreads over
the cyclopentyl group in comparison to the Z-azobenzene moiety. Additionally, the E-complex
was more sensitive to E/Z-photoisomerisation than the free E-axle and the lifetime of the Z-

complex was long enough that dethreading preferentially occurred over the cyclopentyl unit.
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As a consequence of the differing energetic barriers to threading/unthreading and the differing
rates of isomer interconversion, threading and dethreading proceed with a directional bias un-
der constant photoirradiation.
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Figure 13. Light-driven autonomous cycle of unidirectional supramolecular assembly/disassem-
bly.[37

Although the examples mentioned show a relative motion of the macrocycle on the axle, these
are far away from performing work as directionality is lost when summed over the random
orientations of the freely moving assemblies in solution. The following chapter successively
describes technigues to overcome this problem by the incorporation of the described (or anal-
ogous) switches into monolayers or even multilayers. This should potentially mimic the ori-

ented embedment of biological molecular machines into membranes.
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3.4. Organic Thin-Films

3.4.1. Self-Assembled Monolayers (SAMs)

Since the first systematic investigation of self-assembled monolayers (SAMs) started about 25
years ago,®® they have developed into an important section of research in the field of nano-
technology. The ease of preparation, the huge diversity, and the enormous potential of these
organic thin films continue to drive a number of new developments. These organic materials
can noticeably modify the interfacial properties and are able to increase the stability of the
coated metals or electrically insulate them. They can be referred to as arrays of amphiphilic
molecules that adsorb on certain metal surfaces from solution or gas phase by chemisorption
in which intermolecular forces play a crucial role. Each of the molecules has a terminal (func-
tional) group, a backbone (spacer unit) and a head group affinitive to metal surfaces which can
be both covalently and ionically bound to the surface (Figure 14). The head group guides the
self-assembly process on each type of metal substrate, linking the backbone to the metal with
a strong bond. The molecules can — due to the reduction in free energy between the surface

and its surrounding medium — spontaneously adsorb on the metal.
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Figure 14. General scheme of a chemisorbed self-assembled monolayer in a standing up config-
uration.

The interactions between the molecules in the backbone involve for example van der Waals
or hydrophobic forces, ensure an efficient packing of the monolayer, and stabilize the struc-
tures with increasing chain length. However, the effects of SAM-molecules on the properties
of the surface depend only on the end group which can also be used to anchor different mol-
ecules, biomolecules, supramolecules, or nanostructures by weak interactions or covalent
bonds (see chapter 3.5.2).B% The fact that it is possible to prepare SAMs with different terminal
groups (an important issue for many applications) make them the most important type of or-
ganic monolayer. Additionally, SAMs can be formed not only on planar surfaces, but also on

objects of all sizes and with a variety of shapes like nanopatrticles or nanotubes.
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They can also be regarded as the interface between “two worlds”: metals, semiconductors,
and inorganic compounds, on one hand, and simple organic compounds, polymers, complex
supra- and biomolecules, and even cells on the other.B¥ They thus represent an easy way to
link materials with totally different physical and chemical properties. Moreover, the self-assem-
bly process can involve different levels of construction, in a similar way to protein formation.
This is the reason why SAMs are so important in the “bottom-up” methods that are widely
used in nanotechnology involving very different areas of expertise. Among applications of
SAMs in nanotechnology are their use for stabilization and functionalization of nano-sized ob-
jects (nanoparticles, nanorods and nanowires),*t which in turn also have plenty of applica-
tions. Other important uses of SAMs are in the field of material protection as ultrathin layers
for corrosion prevention.?! In the area of device fabrication, SAMs are used as building blocks
in biosensors,*¥! actuators, and molecular motors.*4

The most popular SAMs are those of thiols and dithiols (or disulfides and sulfides) on different
oxide-free metals like gold due to their promising and current applications in several fields of
nanotechnology. In this particular case, SAMs are used in the field of device fabrication as inks
or resists in lithography for “writing” molecules and biomolecules on gold,**2 45 in molecular
electronics (as passive or active parts in transistors and switches),“?! in sensors and biosen-
sors (to immobilize different types of biomolecules, like DNA, enzymes, phospholipid mem-
branes, bilayers and hybrid membranes, either on planar or irregular surfaces, or in nanopar-
ticles and nanowires),*"! etc. In the synthesis of gold nanoparticles, thiol SAMs play an im-
portant role for stabilization of those nanostructures against aggregation“®! and to control the
cluster size by tuning the hydrocarbon chain length.“® Furthermore, thiol and dithiol SAMs are
used in the field of biomedicine as linkers or protective groups for biomolecule carriers (e.g.,
for drug delivery purposes),® and also to functionalize the surface of medical devices such
as gold stents.®Y Other applications include their use as chemical templates for crystallization
of salts.[2

The mechanism of thiol-monolayer formation on gold is generally divided into four different
phases (Figure 15). First, the disordered adsorption of the metal-affine head group takes place
(a). The intermediate phase is comprised of flat on the surface lying, disordered molecules,
which already form the first bonds to the substrate (b). Subsequently, isolated islanding by the
erection of the molecules is described (c), which then results into an ordered, densely packed
monolayer on the surface (d). Here, the already mentioned interactions between the back-
bones of the molecules, which have a strong influence to the resulting order of the monolayer,
play a crucial role.

The energy related to each part of the molecule has different orders of magnitude: in the area
of 200 kJ mol* for the thiolate bond; around 4-8 kJ mol* for the van der Waals interactions per

methylene between the arylic backbones; and only small energies for the interactions between
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the terminal groups.®™ However, all parts contribute to the structure as well as the properties
of the monolayer. Even though SAMs have been extensively studied with a huge variety of
analyzation methods, many aspects of monolayers remain controversial.® Indeed, the
knowledge of the thiol-Au bond is incomplete at best until today. There are two models on how
this moiety can occur in the monolayer. Against the classical picture of a static, unrecon-
structed Au(111) surface with molecules adsorbed at specific sights building up thiolate
bonds®® holds new experimental and theoretical data which suggest that the interactions be-
tween the monolayer molecules and the surface molecules are rather dynamical and that this
induces a strong reconstruction of the surface which involves the formation of thiolate-adatom
moieties.® For clarity, this work concentrates on the classical picture which is shown in Figure
16. The central bonding habit with a maximum coverage of thiols in this picture is based on an
overlayer with a 5 A x 5 A lattice where the sulfur atoms (red circles) are positioned in the 3-
fold hollows of the gold lattice (yellow circles) with an atom radius of 2.88 A.57]

a)

A
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Figure 15. Schematic illustration of the self-assembly processs of thiols on Au(111). a) First sur-
face-adsorption of thiol molecules that adopt the highly mobile lattice-liquid phase at very low
concentrations; b) Intermediate phase with flat on the surface lying, disordered molecules; c)
Isolated islanding and d) an ordered, densely packed monolayer is formed.

The SAMs formed by n-alkanethiols are described as thiolate overlayers (chemisorbed struc-
tures formed by the activation of the S-H bond at the gold surface). Despite the present order
of the molecules in a hexagonal packing, isolated errors emerge in the molecular composite
thiol-monolayers and the ‘perfect’ assembled monolayer depicted here is far from reality which

somehow limits their applicability. The orientation or the order of the SAM is highly influenced

21



by the choice of the molecule backbone. While alkyl groups exhibit a tilt angle of around 30°,"

aryl groups have an angle of nearly 0° to the surface normal.®!

Figure 16. Schematic illustration of the arrangement of decanethiolates on a Au(111) lattice when
maximum coverage of the thiolates is present. Left: Structural model of the commensurate
adlayer formed by thiols on the gold lattice where the thiols sit in the 3-fold spaces between the
gold-atoms. Right: Cross-section of the SAM formed from decanethiol with a as the tilting angle
and B as rotation angle.*a

For SAM formation on hydroxylated surfaces, well-studied alkoxysilanes are taken.®® Besides
silicon dioxide®® and glass,®Y! these monolayer precursors can functionalize aluminum ox-
ide,®? titanium oxide,®® and mical®! as well. The formation mechanism of these SAMs signifi-
cantly differs to that of thiol-SAMs. Not only a connection between the molecules and the sur-
face takes place; an intermolecular connection forms which leads to a polymerization of the
silanes. This causes to an adsorption of not only individual molecules but also of whole do-
mains that are preorganized and coalesce with increasing surface coverage. The molecular
distance is determined by the Si-O-Si bond to be 4.4 A which then also influences the tilting

angle of the monolayer to a smaller value of around 20° to the surface normal.3

Figure 17. Schematic illustration of a self-assembled monolayer with bulky terminal groups.

As the SAM serves as a template for many different chemical processes, it is hecessary to
functionalize the head group. This can for example be done with a moiety that enables a chem-

ical reaction, or with a functionality that allows to use coordination chemistry like pyridine.®
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Furthermore, bulky terminal groups like terpyridine can be used. However, these groups may
hamper intermolecular interactions between the molecular backbones due to their steric de-
mand. In this case, it happens that the molecules randomly distribute on the surface (Figure
17, right) and the end group is only partially or not at all available for functionalization (see
chapter 3.5.3).1¢! In order to solve this restriction, the functionalized SAM molecules can be
deposited together with non-functionalized SAM molecules in a specific ratio on the surface.
Thus, the order can be established with the aid of a mixed SAM and it can then be used as a
template for a subsequent (metal-) deposition (Figure 13, left).

3.4.2. Chemical Modification of Self-Assembled Monolayers

Besides the adsorption of pre-functionalized molecules onto surfaces, the subsequent modifi-
cation of monolayers represents an excellent possibility to prepare a large variety of differently
functionalized substrates.

Table 1. Overview of selected modification concepts to obtain functional self-assembled mono-
layers.17

reaction type substrate  reaction partner product
radical bromination!®®! --CHs Br,o/CCl, -CH3Br/-CHBr,
nucleophilic substitution®®  --Br NaNs; --N3
KSCN --SCN
Na.S --S--
--Br 1. Potassium phthalimide --NH:
2. CH3NH>
reduction(™ --CN LiAIH4/NaAI(OEtOMe),H2  --NH>
nucleophilic addition’ --NH; RNCS --NH2CSNHzR
Michael addition("? --maleimide RSH --maleimide-SR
thiol-ene reaction!” --SH CH,=CH-R --S-CH,-CH2-R
acylationt” Active ester NH:R, --CONHR,
(COR) NHR!R?2 --CONHR!R?
condensation!™ --OH RCOzH --O,CR
(imine formation)[®! --NH; OCHR =NR
(oxime formation)t” --COR! H.NOR? --CR!NOR?
Diels-Alder cycloaddition!’® quinone cyclopentadiene cyclohexene
1,3-dipolar cycloaddition™  --Nj HCCR, RCCR triazole

For the functionalization of SAMs, certain criteria must be fulfilled: (I) The reaction should work
in high yield under mild reaction conditions. (II) The end group should have certain compatible

reaction partners. (lll) No byproducts should be formed during the reaction. Additionally, it is
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advantageous — but not necessary — to have a reaction that does not require a catalytic acti-
vation. Table 1 summarizes a selection of reactions that have been established in recent years.
Out of this selection, the nucleophilic substitution and addition, the Michael addition, the thiol-
ene reaction as well as the catalyst-free 1,3-dipolar cycloaddition (‘click’-reaction) are most
frequently used and most important as they can for example be applied to immobilize biomol-
ecules onto the surface.®”

As seen in Table 1, the amino moiety offers a wide range of possibilities for functionalization.
In 2010, Dietrich et al.["*3 for example investigated the accessibility for functionalization of two
newly synthesized amino-terphenyl (ATPn) monolayers that contain alkyl linkers with different
lengths. The reaction they tested was a nucleophilic addition of an amine with an isothiocya-
nate derivative which was shown to be successful for aliphatic amines in an earlier study."*"!

The reaction leading to fluorine-containing thiourea ATPn-F products is shown in Scheme 1.

CFy

Fsc/@NH

A

NH, CF, S7 NH
FsC NCS
ITC
-
NEts, DMSO,
I rt, 3 h l
S }I'l S Jn
ATP2 (n=2) ATP2-F (n=2)
ATP3 (n=3) ATP3-F (n=3)

Scheme 1. Derivatization of ATPn SAMs with 3,5-Bis(trifluoromethyl)phenyl Isothiocyanate
(ITC).["A

As the SAMs used combine the advantages of saturated and aromatic thiols, their order is a
result of the strong interaction between the rigid aromatic parts and the flexibility of the alkyl
chains that permits the aromatic moieties to adopt ideal packing. Even hydrogen bonds, that
are known to cause significant disorder in aliphatic thiolate monolayers, are not able to break
this tight packing.®! Furthermore, the aromatic amino-function should not be protonated by
the thiol as it has a significantly lower pKa-value. For the reaction, it has to be also considered
that the amine could react with water which is minimized by the use of anhydrous conditions.
The reaction product was then studied with XPS and NEXAFS.
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The most important SAM maodification for this work is the 1,3-dipolar cycloaddition — in partic-
ular the copper-catalyzed azide-alkyne Huisgen cycloaddition (CUAAC) as the premier exam-
ple of a click reaction that has been reported first in 2002.% Its high regioselectivity towards
the 1,4-regioisomer as well as the fact that it usually works with quantitative yields under mild
conditions make it very attractive for the deposition of defined (bio-)molecular architectures.
The numerous examples in literature confirm that a wide variety of reaction conditions can be
successfully employed, too. Collman et al. reported a possibility to functionalize mixed azide
self-assembled monolayers that are prepared by mixing azidoundecanethiol amd decanethiol

as diluent with an alkyne-modified ferrocene in solution as shown in Scheme 2.
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Scheme 2. SAM modification by ‘click’-chemistry according to a procedure of Collman et al.l"®a

For the deposition of biomolecules however, the described reaction has to be altered as the
Cu-salts used are potentially cytotoxic. This has been achieved by the implementation of ring-
strained cyclooctynes and dibenzocyclooctynes in strain-promoted azide-alkyne cycloaddi-
tions.® In combination with a high retention of activity, this yielded a rapid reaction under mild
conditions. Although this modification offers a wide range of possibilities for biological applica-

tions, the present work focuses on the Cu-catalyzed version described above.
3.4.3. Microcontact Printing (LCP)

In the course of developing bottom-up methods for the fabrication of materials at the micro-
and nanometer scale, the most efficient and applied method is the self-assembly of molecules
and (nano)particles. For example, self-assembly applied to a solid surface leads to the creation
of structures with a vertical dimension of nanometers called self-assembled monolayers as
seen in chapter 3.4.1. However, the possibility of area and volume pattern fabrication by this
approach is very limited. This is why soft-lithography and microcontact printing (LCP) in par-
ticular was introduced. The combination of the self-assembly of SAMs with the capabilities of
top-down techniques to pattern large surface-areas opens up the way to cheap and easily

accessible nanofabricates.®
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The original idea behind this method was to find a fast and easy method to replicate patterns
generated by photolithography: The surface of a silicon wafer is usually coated with a thin and
uniform layer of a UV-light-sensitive polymer (photoresist) which is then exposed to light
through a metal photomask. As seen in Figure 18, the light passes through the mask only at
the non-metallized areas and generates an area-selective degradation of the polymer accord-
ing to the designed pattern on the mask. The remaining polymer is then used as a resist in the
subsequent etching step in order to get a patterned silicon surface. The novelty of uCP was
the use of an elastomer — usually a poly(dimethylsiloxane) (PDMS), casted from the above
described silicon master (Figure 18) — as a tool to generate a patterned SAM on a solid surface.
In the stamp-preparation step, the liquid vinyl-terminated precursor and the curing agent, which
consists of a short hydrosilane crosslinker containing a platinum complex as a catalyst, are
mixed and poured onto the patterned template.®

polymer
' deposition :::::  developing E etchin E cleaning
B = B e B s Bl o |
-_— -_— L —-_—
silicon lithographic developed etched silicon
wafer treatment polymer master

dryi eeling off
B—ERA-——HERAR“ R

. . -
conformal inked inking PDMS replica
contact stamp stamp molding

SAM wet
formation etching
/ inverse

. replica

patterned
SAM
layer-by-layer
self-assembly .

(supramolecular)
multilayer

Figure 18. Schematic representation of the photolithographic production of a silicon master and
the successive transfer of the pattern to a PDMS stamp that is used for a patterned SAM for-
mation. Subsequent uses are the production of an inverse replica by wet etching and also the
layer-by-layer self-assembly of supra- or biomolecular architectures.®

The PDMS is cured at higher temperatures that are usually around 60 °C, which forms a solid

but elastomeric polymer. After peeling it off, the stamp is cut to proper size and inked with a
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solution of the monolayer forming molecule. Wet inking is achieved either by immersion of the
stamp in the ink solution or by placing a few droplets of the solution on the patterned side of
the stamp. Hydrophobic long-chain molecules not only stay on top of the stamp surface but
they also diffuse into the bulk of the stamp material. After inking, the solvent (ethanol) is evap-
orated in a stream of nitrogen and the stamp surface is dried. By bringing the inked stamp in
contact with the gold surface, the molecule is transferred to the surface. Due to the patterned
structure of the stamp, only the jutted areas are able to contact the surface, and the SAM-
molecule is selectively transferred according to the pattern of the template. The order and
quality of the SAMs of long-chain thiols formed by printing are indistinguishable from those
formed in solution when a proper concentration of a few mM is used.®®

Apart from its use to pattern SAMs as etch resist on different substrates, microcontact printing
can also be used for chemical synthesis on gold and silicon as well as the deposition of supra-
or biomolecular assemblies.["°* 87 |n the field of the fabrication of micro-patterned surfaces,
the scientists at the University of Twente are world leading, and conducted and devised count-
less studies and applications. In 2006, they employed a Huisgen 1,3-dipolar cycloaddition in-
duced without any catalyst by uCP of acetylenes onto azido-terminated SAMs on silicon oxide
substrates.® Azido-terminated SAMs on silicon oxide were prepared by the substitution of a

bromo-terminated monolayer with NaN3 (Figure 19).6%
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Figure 19. Click chemistry by uCP. (Left) Bromo-terminated SAM on a Si/ SiO, substrate, (middle)
azido-terminated SAM and (right) triazole SAM after uCP of 1-octadecyne onto azido-termi-
nated.(®8l

Subsequently, the PDMS stamp is inked with a solution of 1-octadecyne in ethanol for 1 min,
then dried under a nitrogen stream, and brought into contact with the substrate SAM for 15
min with a load of 35 g in order to have good contact and constant load during the entire
printing time. After rinsing with ethanol, the deposition was confirmed by AFM (see chapter
3.5.5) and XPS (see chapter 3.5.2).
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In 2012, Ravoo and coworkers prepared micropatterned azide/benzaldoxime-surfaces by mi-
crocontact printing.[®% Subsequently, the areas with an azide terminal-group are modified by
reaction with a cyclooctyne-conjugate using strain-promoted azide—alkyne cycloaddition
(SPAAC). The benzaldoxime areas, however, are activated by in situ oxidation to the reactive
nitrile oxides and subsequent nitrile oxide cycloaddition with alkene- or alkyne-functionalized
bioconjugates is then carried out (Figure 20). In addition, orthogonal double immobilization
was achieved by consecutive and independent SPAAC and nitrile oxide cycloadditions. This
was then analyzed by ToF-SIMS (see chapter 3.5.4), XPS, AFM, and, after deposition of fluo-

rescing biomolecules, with fluorescence microscopy.
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Figure 20. Immobilization of cyclooctyne oxime linker by (a) pC-SPAAC, (b) surface modifica-
tions by nitrile oxide cycloadditions, and (c) Surface modification by SPAAC.[83

In this work, HCP is only used as tool for the analysis of the layer-thickness of layer-by-layer
self-assembled rotaxanes as it is necessary to know with which angle the rotaxanes are ori-
ented on the templating self-assembled monolayers. The underlying method will be described

in the following chapter.
3.4.4. Layer-by-Layer Assembled Metal-Organic Multilayers

Over the past few decades, layer-by-layer (LbL) assembly of thin films has been of consider-
able interest because of its ability to exert nanometer control over film thickness and its exten-
sive choice of usable materials for coating interfacial and colloid substrates. Additionally, the
choice of materials allows for responsive and functional thin films to be engineered for various

applications, including catalysis, optics, energy, membranes, and biomedicine.®
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In general, LbL assembly can be considered as a cyclic process in which a (charged) material
is adsorbed onto a substrate or template layer, and after washing, a material with opposite
properties is deposited on top of the first layer. For the implementation of layer-by-layer self-
assembly different binding motifs have already been employed like metal-to-ligand binding,®”
positively- to negatively-charged (macro-)molecules,®¥ hydrogen-bond binding ©2 or a click-
chemistry approach.®® This generates single bilayers with thicknesses in the nanometer scale.
Subsequently, the process can be repeated until a multilayer with the desired thickness is
achieved. The simplicity, versatility, and nanoscale control make LbL assembly a widely used
technology for coating interfacial as well as colloidal systems in a diverse range of applications.
The widespread use of the technology has led to the development of different assembly tech-
niques which include dipping (immersing),®¥ spraying®® or spinning® of which the first two
are most important for this work. The choice of method affects both the process as well as the
material properties and should therefore be well reflected. Due to its easy applicability, immer-
sive LbL-assembly is the most widely used method and referred as standard compared to
newer technologies. It is typically performed by manually immersing a substrate into a solution

of the desired material, followed by washing to remove unbound material (see Figure 21).[89

Immerse
layer 1 layer 2
substrate

material 1 wash material 2 wash
repeat process

Spray
substrate layer 1 layer 2
material 1 wash material 2 wash ‘

repeat process
Figure 21. Schematical illustration of the technology-categories relevant for LbL assembly in

this work. Adapted from J. J. Richardson, M. Bjdrnmalm, F. Caruso, Science 2015, 348, aaa2491
2491-2411 with permission from AAAS.

A second method to develop nano-assembled multilayers is the spraying technique. Here, the

material is applied by aerosolizing the solution and sequential spraying it to the substrate.
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Standard spray assembly is much faster than immersive assembly and can also be acceler-
ated by using vacuum. For the systems used in this work, this could be seen as a major dis-
advantage because their assembly time is much longer than that of charged polymers that are
usually used in this process and there is not sufficient material present for a longer exposition.
The method of dipping is based on a concept by ller et al. who applied oppositely charged,
colloidal particles on a glass substrate.®”l Here, the formation of multilayers is based on elec-
trostatic interactions between the individual particles. In order to form these multilayers, the
affinity of the particles to their oppositely charged particle is employed as with each coating
step only one layer should be deposited to the substrate. In this way, it is possible to display
defined layers with discrete thicknesses. In 1997, Gero Decher succeeded in the deposition of
negatively and positively charged polyelectrolytes on to a charged substrate.®¥ Like in the
work of ller, the formation of the multilayer is based on complementary charges and thus to
electrostatic interactions. As already mentioned, the concept can be extended to organic com-
pounds and also other interactions apart from electrostatic ones.

An in recent years very important concept for the construction of multilayers are coordination
complexes. Here, metal-organic complexes are formed that have octahedral, tetrahedral,
square planar or linear coordination spheres. The multilayers are constructed of alternating
layers of organic molecules and metal ions for which a SAM provides the basis (template).
Figure 22 shows the basic principle for the formation of a multilayer of organic ligands and
metal ions by means of LbL self-assembly using the example of sterically demanding organo-

metallic compounds.

@ metal precursor

§ organic ligand
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Figure 22. LbL self-assembly of a metal-organic framework on surfaces.

That this technology is in principle applicable to the immobilization of bulky molecules was
shown by Christof Wall et al. 8 through a stepwise growth of so-called metal-organic frame-
works (MOFs) on surfaces. A SAM with a terminal carboxylate moiety acts as the template
layer. Subsequent to the monolayer formation, the surface is dipped alternately into a solution

of the metal-precursor Cu(ll)-acetate and the organic ligand benzene-1,3,5-tricarboxylic acid
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to produce a three-dimensionally connected framework which is characterized by a high order

and stability.
@® -z
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Figure 23. Metal-organic multilayer capped with TOAB gold-nanoparticles according to Rubin-
stein et al.[%!

Another example of a multilayer with metal-organic complexes represents the work of Rubin-
stein et al.®® They showed that not only organic molecules can build multilayers on coordina-
tion complexes, but also core-shell gold nanoparticles could be integrated into a molecular
multilayer as depicted in Figure 23. Nanoparticle mono- and multilayers prepared in this man-
ner were characterized by UV-Vis spectroscopy, AFM, and cross-sectional transmission elec-
tron microscopy (TEM) showing a regular growth of NP layers.

Figure 24. LbL self-assembly according to Licciardello et al.[*%
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For the present work, especially multilayers are interesting, which are constructed by metal-
organic complexes whose organic ligands have a terpyridine or pyridine as binding units. In
recent years, quite a few reports have been published.*° 101 Especially, the work of Lic-
ciardello et al.’% js of great interest. In this study, multilayers of highly fluorescent perylene-
diimides could be deposited on gold surfaces by LbL self-assembly (Figure 24). It was shown
that the metal-ligand chains grow approximately perpendicular to the gold surface.

An example of multilayers, which use two different interactions, was established by Ishida et
al.’%2l Here, both coordination chemistry as well as hydrogen bonding are used as the connec-
tions between different layers. However, van der Boom et al.!%! used linearly coordinating
palladium(Il) metal-complexes for the LbL self-assembly to connect pyridyl-terminated organic
ligands with each other. The multilayer structure shown in Figure 25 was obtained by an iter-
ative two-step deposition method using identical template layers. The functionalized substrate
was immersed in a solution of PdCI,(PhCN)., washed, and subsequently dipped into a solution
of the chromophore depicted in Figure 25. This was repeated until the desired layer number

was obtained.
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Figure 25. LbL deposition of pyridine-terminated compounds with trans-coordinating PdCl; ac-
cording to a work of Milko van der Boom et al. with (a) template layer formation, (b) deposition
of the metallic adhesion layer, and (c) deposition of the chromophore.[1%

Zharnikov et al.’% described the preparation of ordered multilayer assemblies, namely multi-
component coordination-based oligomer films on siloxane-based template layers by an immer-
sive LbL deposition process. They combined optically rich iron and ruthenium polypyridyl-com-
plexes with pendant pyridine groups and copper- or silver-ions as metal connector between
the polypyridyl-complex moieties depicted in Figure 26. The multilayers showed a linear in-
crease in the film thickness upon addition of every next layer, which suggests that the long-
range order of the system is determined by the octahedral structure of the metal-ligand and

square-pyramidal/tetrahedral geometry of the metal linker.
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Recent works of van der Boom et al.[*® 1% could also show the preparation of multicomponent
coordination-based multilayers with several different metal centers as the connecting units.

The discussed examples show that a technique, which is easy to handle, also delivers repro-
ducible results with chemical compounds of a huge variety. Therefore, LbL self-assembly pro-

vides the perfect basis to build up surface-bound molecular machines in a bottom-up fashion.
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Figure 26. Multicomponent coordination-based multilayer as introduced by Zharnikov et al. (i)
Chemisorption of trichloro-(4-chloromethyl-phenyl)-silane on hydrophilic substrates to form a
“coupling layer”; (ii) covalent assembly of the first metallo-ligand to form a “template layer”; (iii)
coordination of silver/copper nitrate with the terminal pyridyl groups of the template layer; (iv)
repetition of steps (ii) and (iii); and (v) coordination of the second metallo-ligand with the metal-
terminated oligomers. Adapted with permission from P. C. Mondal, J. Yekkoni Lakshmanan, H.
Hamoudi, M. Zharnikov, T. Gupta, J. Phys. Chem. C 2011, 115, 16398-16404. Copyright 2011
American Chemical Society.

3.4.5. Host-Guest Chemistry and Switchable Rotaxanes at Surfaces

The in chapter 3.3 mentioned molecular switches represent systems in relative isolation. With-
out a suitable reference system, even systems capable of contracting and expanding in mi-
crometer scale as for example described by Stoddart®®! and Giuseppone®” are difficult to
utilize for practical applications. These motions are independent from each other and therefore

lack the direction needed for the application of work or force. In order to direct the mechanical
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motion of ensembles of molecules, certain coupling is needed to overcome the chaotic motion
and therefore its reciprocal cancellation. Like already stated, monolayers assembled on sur-
faces should deliver the desired direction and order as they mimic the directional function of
biological membranes. Three approaches to gain macroscopic effects from (supra-)molecular
switches embedded into mono- and multilayers on surfaces should be discussed here: (1) A
molecular switch is synthesized, provided with surface active functional group and then de-
posited onto the surface. (ll) A reversible host-guest-complexation including pseudorotaxane
formation can be established on the surface. And (lll) a stimuli-addressable mechanically in-
terlocked molecule is formed in solution prior to surface deposition. Especially the group of
Ben Feringa has been pioneering on the deposition of simple molecular switches directly on
the surface with three outstanding examples using overcrowded alkenes. They for example let
a molecular car move a path along a surface;*°® a micrometer-sized glass rod could be direc-
tionally rotated when a liquid crystal of the switch underneath is irradiated by light;*°? and
when a tripodal monolayer of the alkene switch equipped with a perfluorinated alkyl chain is
deposited on a gold surface the hydrophobicity of the surface can be affected by the irradiation
of UV light.*1°% Moreover, Gwénaél Rapenne and coworkers showed that a molecular motor
that comprises a piano-stool Ru-complex is able to perform a unidirectional rotational motion
induced by the electrons from an STM tip.'*Y This approach does not play a big role for the
research in this work. Therefore, the focus will be on the other two approaches which use the
methods of supramolecular chemistry: The first of which is the formation of host-guest com-
plexes directly on the surface. Switchable host-guest complexes gained more and more atten-
tion in the last years. Numerous examples exist with a diverse number of hosts or guests. Two
strategies exist: First a suitable macrocycle is immobilized on a surface and then a fitting axle
or guest is deposited to form the desired host-guest complex or pseudorotaxane. Second, it is
also possible to first deposit an axle molecule on a substrate, and then a macrocycle to bind
the axle.

A macroscopic effect can be already achieved by the implementation of simple host-guest
complexes. For example, numerous studies have been reported recently where the hydropho-
bicity can substantially be altered by different host-guest pairs.**? This makes it potentially
available for the sensing of pesticides. Li et al. recently published a study where calix-crown —
a calixarene equipped with a partial crown ether — is deposited onto the surface by CuAAC
and is the exposed to a solution of Carbaryl (G), which is a widely used and well known insec-
ticide.™¥ When the host is ‘clicked’ to an azide-monolayer, the contact angle has a value of
~160° and after the guest is deposited, the contact angle drops to the value of ~20°. The guest
is then released by adding potassium ions and then a crown ether to remove the potassium.
Consequently, the surface can be switched between a superhydrophobic and a highly hydro-

philic state.
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Figure 27. lllustration of the calixcrown deposition-process and the subsequent reversible host-
guest experiments which lead to a significant change in surface wettability.1%l

The same group very recently reported a pillararene-functonalized surface which is slippery
for pure water but when the solution contains a tiny amount of methylviologen or paraquat,
which is used as contact herbicide, the water droplet sticks to the surface as a result of the

dynamic host-guest complex formation.[*4
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Figure 28. (a) Schematic illustration of the dual-responsive micropump on a glass surface re-
ported by Sen and coworkers. (b) Illustration of the direct functionalization of glass surfaces by
covalently tethering azobenzene-containing molecules and the reversible formation of the host-
guest complex with a-cyclodextrin. (c) Solution with trace particles before light-irradiation and
(d) after 60 min of irradiation.[9



Another example, where a macroscopic effect is achieved by the implementation of host-guest
chemistry or molecular recognition on interfaces, was published by Patra et al. in 2014.**° The
They demonstrated that host-guest molecular recognition between a- and 3-cyclodextrin and
trans-azobenzene can induce the movement of small particles in a solution and thereby con-
structed a micropump. The host-guest complexes can form both within hydrogels and on sur-
faces. Both hydrogels and surface coatings based on the host-guest partners were used as
scaffolds to devise the micropumps. These soft micropumps are dual stimuli-responsive and
can be actuated either by light or by introducing guest molecules. Upon UV light absorption,
the azobenzene molecules isomerize into their cis-isomer which leads to the dissociation of
the host-guest complexes. The cavities of the cyclodextrin-hosts are then filled with water mol-
ecules which induces a steady flow of fluid around the surface towards the gel at the rate of
~2 pm/s. The same happens when a chemical stimulus is applied: An adamantane guest is
able to replace the azobenzenes from the cyclodextrins and thus as well creates a fluid flow.
The micropumps can also be recharged through reversible host guest interactions.

reduction oxidation
+4e -4e d

Scheme 3. Molecular structure of the redox-switchable [3]rotaxane that can be deposited onto
gold surfaces via the attached lipoic acids.[**!

An outstanding example of the third approach was presented by the group of Fraser Stoddart
in the year 2005.* 1161 Here, a switchable [3]rotaxane, which consists of an axle and two me-

chanically mobile macrocycles, is deposited onto a gold cantilever.
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The axle has two different binding sites, of which four are arranged symmetrically on the axis.
The cyclobis(paraquat-p-phenylene) (CBPQT4") macrocycles are also symmetrical coordi-
nated on the axis. In the reduced initial state, they are located on the outer tetrathiafulvalene
(TTF) binding sites. If the TTFs are now oxidized, the macrocycles move to the inner naphtha-
lene (NP) stations (Scheme 3). This leads to a decrease of the distance between the two
macrocycles from 4.2 nm to 1.4 nm. In order to make the rotaxane available for surface depo-
sition, the macrocycles are functionalized with lipoic acids. A monolayer of these rotaxanes is
then deposited onto a gold cantilever.

oxidation

\ reduction

Figure 29. Schematic representation of the electrochemically controlled bending and relaxation
of cantilever on top of which a monolayer of the previous described [3]rotaxane is deposited.*

If the TTF binding sites are oxidized, the macrocycles move inwards and the cantilever is
forced into a bending position which leads to a curvature of up to 35 nm (Figure 29). 'Relaxed'
by a subsequent reduction of the TTFs, the cantilever returns into its initial position again. This
electrochemically controlled contraction and relaxation process may be repeated in several
cycles and emulates the movement of a natural muscle.

When the rotaxane discussed in chapter 3.3 (Figure 8) is modified in a certain way it can be
deposited to a monolayer of 11-mercaptoundecanoic acid and its switching can lead to a mac-
roscopic effect.!*” By irradiation of the surface-deposited rotaxanes, it is possible to move a
diiodomethane droplet uphill. The switching mechanism obviously resembles the one of the

previously described rotaxane. However, the weaker binding diamide-station was equipped
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with fluorines instead of hydrogens in order to have a significant polarity difference between
the stations. The terminal pyridines at the macrocycle enable the rotaxane’s surface-deposi-
tion. The switching process is again initiated by a photo-induced E/Z isomerization of the dou-
ble bond in the fumaramide-station, which affords a 50:50 mixture of E/Z isomers, so that about
half of the macrocycles translate along the axles. If this rotaxane is deposited onto a surface,

the wettability of the surface should be significantly influenced by the switching process.

%%%ﬂ

UV light
240 400 nm)

Y

Figure 30. Uphill movement of a droplet along a surface functionalized with a switchable surface
when its irradiated with light. Reprinted and adapted by permission from Macmillan Publishers
Ltd: Nature Materials (J. Bern4, D. A. Leigh, M. Lubomska, S. M. Mendoza, E. M. Pérez, P. Rudolf,
G. Teobaldi, F. Zerbetto, Nat. Mater. 2005, 4, 704-710.) copyright (2005).
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The described rotaxane was deposited in an organized fashion and was switched by light with
a wavelength of 254 nm. Due to the isomerization of the double bond, 50% of the macrocycles
bind to the perfluorinated station. This significantly changes the wettability resulting in the up-
hill-movement of the diiodomethane (Figure 30). Back-switching only occurs upon heating the
system.

These examples clearly demonstrate that there are quite already useful applications for switch-
able rotaxanes. However, the mechanical energy generated could not be harnessed and it has
not yet been proven to be ordered or even directional. Therefore, new approaches must be
developed and followed, that can help to accomplish the set goal.

Recently, Stephen Loeb and coworkers reported a possibility to put the rotaxanes in line by
incorporating them into a metal-organic framework (MOF).[*18 They applied the method of
modifying the organic strut in a way that it can be utilized as the axle of a rotaxane. In fact, it
is a molecular shuttle that operates inside a Zn-based MOF where a [24]crown-8-ring performs
a degenerate shuttling motion between two benzimidazole recognition sites on an H-shaped
organic molecule with two triphenyldicarboxylic acid struts. Consequently, the dynamical mo-
tion of the crown ether has a significantly higher energy barrier when the rotaxane is incorpo-

rated into the framework than in solution.
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Figure 31. Molecular structure (left) and X-ray structural characterization (middle) of the rotaxane
linker used by Loeb et al. to construct a well-ordered framework with an incorporated molecular
shuttle. Right: Two cubes of the lattice formed by the triphenyl struts (green and yellow) with
connecting crossbar MIMs (axle in blue and wheel in red); only crossbars actually connecting
these two cubes are shown. Reprinted by permission from Macmillan Publishers Ltd: Nature
Chemistry (K. Zhu, C. A. O'Keefe, V. N. Vukotic, R. W. Schurko, S. J. Loeb, Nat. Chem. 2015, 7,
514-519.) copyright (2015).

A second example also shows how rotaxanes can be embedded into the ordered structures of
MOFs subsequent to the formation of the frameworks. Omar Farha and Fraser Stoddart and
coworkers developed a strategy for the organization of MIMs within the channels of a MOF by
a postsynthetic approach.*¥! A pseudorotaxane, which first forms in solution, binds to the co-
ordination site of the MOF. In this way, it is immobilized in the structure of the MOF and also
undergoes the transition to a kinetically trapped rotaxane under relatively mild conditions,
which possibly makes it applicable for also other supramolecular systems. Although the de-
scribed rotaxane does not undergo a mechanical switching, the study showed that the rotax-
ane incorporated in the MOF is in principle electrochemically addressable to some extent.

The understanding of the assembly of artificial molecular machines at interfaces or in the solid
state is crucial for their implementation into bigger systems. For that, it is necessary to find
suitable methods to get an insight into the processes happening in/at the aimed phases. In the
solid phase, X-ray crystallography as well as solid-state NMR are necessary to solve the dy-
namic/static features of (interlocked) molecules. For surfaces as used in this work, various
methods are available. The ones utilized to get an understanding of the assembly process as
well as the behavior upon an external stimulus of the used supramolecules, will be extensively
described in the following chapter in order to comprehend the importance of the gained results

in this work.
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3.5. Characterization of Organic Thin-Films

A detailed and reliable understanding of molecular geometric and electronic properties is highly
important for a fundamental analysis of the macroscopic and microscopic behavior of materi-
als. For functionalized interfaces this rather general statement is even more accurate as the
enormous importance of molecular properties for the general behavior of nano-, macro- and
micro-scaled systems is accompanied by a huge experimental challenge to gather this infor-
mation. These problems are caused by the fairly small amount of material, which governs the
properties of an interface.l!?%) Therefore, a reliable characterization of interfacial properties re-
quires the utilization of highly surface-sensitive methods. Regarding the elemental as well as
chemical characterization of interfaces, the development of energy dispersive analyzers
(1960s) in succession of the quantum mechanical interpretation of the photoelectric effect and
ultra-high vacuum (UHV; <10"" mbar) techniques as a consequence to improved pumping sys-
tems lead to the introduction of X-Ray photoelectron spectroscopy (XPS). This discovery had
the largest impact to the improvement of surface characterization. Following that, imaging
techniques for surface analysis like scanning tunneling microscocopy or atomic force micros-
copy in the 1980s have been developed which made the analysis easier to conduct and to
interpret as they delivered direct results in the form of images that show direct results. In order
to gain a proper picture of the processes, it is necessary to apply a number of complementary

methods.
3.5.1. Transmission UV/Vis-Spectroscopy

UV/Vis spectroscopy — usually used for liquids/solutions — is subject to the principle that elec-
trons of a chemical compound are excited by electromagnetic radiation in the ultraviolet and
visible region (A = 200 nm - 800 nm) into a high energy state. Hereby, it is important that the
energy of the irradiant light is exactly equal to the energy gap between binding (occupied) and

antibonding (unoccupied) orbital.

[monochromato [sample cuvette

light source

Figure 32. Schematic representation of a single-beam UV/Vis-spectrometer.
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Light of the appropriate wavelength is absorbed by the sample, which is then detected and
can give an indication of the investigated compound. In a UV/Vis experiment, the intensity
change (I = lo - lans) Of @ monochromatic light beam (initial Intensity lo) with the wavelength A,
that is directed through a homogeneous solution with the layer thickness d and the concentra-
tion c, is measured. Figure 32 shows how this is done in a single-beam spectrometer. The

extinction E, of the solution can be calculated following the Lambert-Beer law.

I

Elzlg( )=£,1-c-d

Iabs

Equation 1. Lambert-Beer-law; €,: molar attenuation coefficient, lo: intensity of the incident
beam, laps: intensity of the emerging beam, c: concentration, d: layer thickness.

The radiation excites transitions of molecular electrons with different properties in organic mol-
ecules. While m — 11* transitions occur because of their smaller splitting at wavelengths in the
far-ultraviolet range up to the visible range, 0 — ¢* transitions occur due the comparatively
large splitting at shorter wavelengths and thus usually out of the spectrometer range. Thus,
especially T — TT* transitions but also electron excitations into non- or anti-bonding orbitals
(HOMO-LUMO transitions) are detected by UV/Vis spectroscopy.
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Figure 33. Simplified MO diagram for a generic transition metal complex and relative spectro-
scopic excitation transitions.
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In metal-organic complexes, three additional transitions can play an important role — for exam-
ple, the electron transitions from the metal to the ligand (metal-to-ligand charge transfer,
MLCT), where the metal acts as the electron donor (d-orbital) and the ligand as acceptor (17*-
orbital). These are primarily present in charge-transfer complexes with metal ions that have a
low oxidation number and with ligands having low-lying T* orbitals, especially aromatic ligands.
In the opposite case, in which a charge-transfer from ligand to metal (ligand-to-metal charge-
transfer, LMCT) takes place, electron-poor and therefore highly charged metal-ions are partic-
ularly the reason for the transfer and therefore for occurring colors. Finally, the already de-
scribed m — 11 transitions (ligand-centered, LC band) and also the d-d-transitions at the metal
center occur (Figure 33).

Usually, UV/Vis spectra are recorded for substances in solution. In order to investigate the on-
surface formed complexes in this work, semi-transparent surfaces instead of the usual cu-
vettes are placed in the sample chamber of a commercially available spectrometer. A wide
variety of substrates are used, such as quartz-glass slides*%® 121 gr thin films (up to 20 nm) of
gold films deposited by chemical vapor deposition on glass.*?? For the examination by trans-
mission UV/Vis spectroscopy, very large systems that possess a strong absorption band, such
as biomolecules or nanopatrticles, are particularly suitable, because otherwise the intensity is
too low to make appropriate observations regarding the amount of compound that is deposited.
In the present work, this method was used to investigate the layer-by-layer growth since the

increase of a possibly present absorption band in the layer growth can be detected.
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Figure 34. Metal-organic multilayer with a capping nanoparticle layer and the corresponding
transmission UV-vis spectrafor the coordination self- assembly of gold-nanoparticle multilayers
according to Rubinstein et al. (&) Spectra obtained using a semitransparent continuous gold
substrate; the lowest curve is the spectrum of the bare gold substrate, with spectra of increasing
intensity corresponding to consecutive NP binding steps. (b) Difference spectra obtained by
subtracting the spectrum of the bare gold from the other spectrain part a. Reprinted and adapted
with permission from Y. Chaikin, H. Leader, R. Popovitz-Biro, A. Vaskevich, I. Rubinstein,
Langmuir 2011, 27, 1298-1307. Copyright 2011 American Chemical Society.
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Previous works by van der Boom et al.'%! and Rubinstein et al.*®! have successfully applied
this procedure (See also sec. 3.4.4). While van der Boom et al. used an alternating deposition
of linearly coordinating palladium and pyridine-functionalized organic compounds, Rubinstein
et al. could produce multilayers which contain both organic ligands as well as gold-nanoparti-
cles and examine them with UV/Vis spectroscopy. Figure 34 shows an organic multilayer ter-
minated with a layer of gold-nanoparticles. Based on their gradually increasing absorption —
with a characteristic maximum at 570 nm — the layer-by-layer growth of the nanoparticle mul-
tilayer can be detected.

Figure 35 shows UV/Vis measurements of the PdCl,-based assembly described in chapter
3.4.4 (Figure 25) that exhibit a linear correlation between the absorption at Amax and the number
of organic layers, indicating that this deposition scheme results in the formation of a micro-
structurally regular multilayer. Another prominent feature is the progressive bathochromic shift
in the absorption maximum with each additional layer from 337 nm for the template layer to
379 nm at layer 13, indicating electron communication between the topmost layer and the

substrate, and possible J-type aggregation.l*?®!
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Figure 35. UV-vis spectra from van der Boom et al. for selected layers of a PdCl,-based assembly
showing a shift in Anax from 337 to 379 nm for layers 1-13, including a linear fit of the 23 nm shift
for layers 2-13 (dotted line). Inset: Optical absorption at Anax Nm for layers 1, 2, 3,7, 8, 12, and 13
of a PdCl,-based multilayer. Reprinted and adapted with permission from M. Altman, A. D.
Shukla, T. Zubkov, G. Evmenenko, P. Dutta, M. E. van der Boom, J. Am. Chem. Soc. 2006, 128,
7374-7382. Copyright 2006 American Chemical Society.

Another example for the use of transmission UV-Vis spectroscopy of LbL self-assembled mul-
tilayers prepared on semi-transparent gold substrates delivers the work of Licciardello et al.l*%%
The UV/Vis spectra of the films show that the typical band of the perylene bisimide iron com-
plex at 580 nm grows with the number of coordination steps (a) on top of the broad gold plas-
mon band centered at ca. 600 nm. Moreover, the linear correlation between the maximal ab-
sorption at 589 nm and the nominal number of layers (b) indicates the formation of a constant

number of iron complexes per step.
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Figure 36. (a) UV-Vis spectra acquired from an increasing number of layers (4-24) and (b) optical
density of the characteristic multilayers band at 589 nm as a function of the nominal number of
layers. Reproduced from N. Tuccitto, I. Delfanti, V. Torrisi, F. Scandola, C. Chiorboli, V. Ste-
panenko, F. Wirthner, A. Licciardello, Phys. Chem. Chem. Phys. 2009, 11, 4033-4038 with per-
mission from the PCCP Owner Societies.

3.5.2. X-Ray Photoelectron Spectroscopy (XPS)

While UV/Vis-spectroscopy is only exceptionally used for the analysis of surfaces, photoelec-
tron spectroscopy can be considered as an information-rich, classical method for surface anal-
ysis. It can give — among others — qualitative as well as quantitative information on all the
elements present at concentrations > 0,1 atomic-% (except for H and He), semi-quantitative
determination of the approximate elemental surface composition (error < £10%) and infor-
mation about the molecular environment (oxidation state, covalently bonded atoms, etc.). Fur-
thermore, it is possible to measure non-destructive elemental depth profiles 10 nm into the
sample, to do a surface-heterogeneity assessment using angle-dependent XPS studies, and
also lateral variations in surface composition (down to a resolution of 40 nm) can be detected.
The method in general is based on the outer photoelectric effect, in which photoelectrons can
be excited and liberated out of a solid by electromagnetic radiation (photons).*?Y Three events
may occur when a photon impinges on an atom present on the surface: First, the photon can
pass through with no interaction. Second, it can be scattered by an atomic orbital electron
resulting in partial energy loss — referred to as Compton scattering — important for high-energy
processes. And third, the photon interacts with an atomic orbital electron with a total energy

transfer to the electron leading to its emission from the atom. This characterizes the essential
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element of the photoemission process that is the basis of the XPS experiment.*?5 Depending
on the energy of the photons, there are various fields in photoelectron spectroscopy. In the
case of ultraviolet-photoelectron spectroscopy (UPS), solids are irradiated by ultraviolet radia-
tion (5 - 50 eV), which has enough energy to excite the valence electrons of a compound or
an atom giving information. X-ray photoelectron spectroscopy (XPS) uses excitation energies
of about 100 up to 10° eV, which is enough to extract underlying core-electrons from the sur-
face.

Eg = hv — Epip — ¢

Equation 2. The modified Einstein-equation with Eg as the binding energy, hv as the energy of
the X-ray source, Exin as the (measured) kinetic energy and ¢ as the sample specific work func-
tion.

The emitted photon electrons have a certain kinetic energy which is linearly proportional to the
frequency of the exciting photons — if photons with higher energy than the needed threshold
value are used, the excess photon energy is transferred to the emitted electrons. To obtain the
characteristic binding energy, Equation 2 is applied, where the kinetic energy and the specific
work function @ of the spectrometer are subtracted from the incident photon energy hv.

The binding energy Eg corresponds to the binding energy of the electron in a certain atom-
orbital that is characteristic for the present chemical element(s). For this reason, XP-spectros-
copy is also frequently referred to as Electron Spectroscopy for Chemical Analysis (ESCA).

% photo-emitted '
C1s electron emitted
X-ray photon photon
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Figure 37. Left: The X-ray photon transfers its energy to a core-level electron imparting enough
energy for the electron to leave the atom (photoemission); middle: The atom in an (n-1)-electron
state relaxes by dropping an electron from a higher energy level to the vacant core hole; right:
Emission of an electron (Auger-electron) or a photon (fluorescence) resulting from the excess
energy due to the electron transition.[*?%
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In Figure 37 (left), it is shown that an energetically unfavorable core-electron hole remains after
the emission of a photoelectron. To compensate this state, the hole is filled with an electron
from a higher energy level, first. The energy is then released as radiative (fluorescence) or
non-radiative (Auger electron) relaxation decay of the core hole which can be referred to as
so-called secondary processes. Auger electrons have a kinetic energy which is independent
from the excitation energy, can also be detected by an XPS detector and therefore give evi-
dence for the emissive element in the same way. Both processes are also the subject of other
spectroscopic methods (AES, XRF) that are not described in this work.

The development of techniques that achieve a vacuum of up to 10 mbar provides an
essential factor for the development of XP spectroscopy. The generated photoelectrons can
not be detected under normal conditions as they would be inelastically scattered by the mole-
cules in the atmosphere. There have been admittedly recent advances leading to spectrome-
ters which are working at pressures of up to 100 mbar. This is achieved by planting the ana-
lyzer directly above the surface with a distance in the pum-area and using multiple steps of
differential pumping.i?§! For traditional XPS experiments however, the vacuum chamber

shown in Figure 38 is the core element, where a vacuum of ca. 10° mbar is present.
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Figure 38. Schematic representation of an XPS-experiment.

At the beginning of a measurement an X-ray beam is focused on the sample. The energy of
the beam can be both monochromatic (Al-Ka radiation has an hv of 1436.6 eV) or have a wide
range (synchrotron radiation (See chapter 3.5.3)). Subsequently, photoelectrons are emitted
from the sample and then taken up by the inlet opening of the lens system. This array is —
depending on the analyzer — composed of successively mounted magnetic and electrostatic

lenses. It is positioned at a certain angle to the sample and used for focusing the electrons. By
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changing the positional angle 6, the level of surface sensitivity can be adjusted. For example,
the analysis is substantially more surface-sensitive at 8 = 60° than at 8 = 0°. Additional to
collecting the photoelectrons, the lens system also retards their kinetic energy (KE) to a certain
value. Subsequently, electrons that are not retarded completely by the lens due to their higher
kinetic energy enter the hemispherical electron-analyzer, which consists of two concentric
hemispheres and is adjusted to detect only electrons within a certain energy window (pass
energy of the analyzer, PE). After passing the analyzer, the electrons hit the detector.

In order to allow a sufficient analysis by XPS, it is important to understand the influence of the
chemical environment to both, the spectral characteristics, as well as the binding energy. Usu-
ally, the electron count rate is depicted in an XP spectrum in dependence of the binding energy,
which is calculated as shown in Equation 2 and is therefore inversely linear dependent on the
kinetic energy of the emitted photoelectrons. The resulting picture is characteristic for every
element and can thus give qualitative and semi-quantitative indications for the elements pre-
sent.

Figure 39 shows a survey spectrum with an energy range of 1200eV. In the spectrum, a step-
wise increasing background — schematically traced by the red dotted line — is visible which
rises after every intense element signal and then slowly decreases at higher binding energies.
This background portrays the electrons that lost a part of their energy due to inelastic scattering
but are able to escape the surface. These can therefore be detected and have a continuous

kinetic energy.
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Figure 39. Survey spectrum of a terpyridyldodecane thiol monolayer on a gold-substrate (hv =
Al-Ka, pass energy =80 eV, 8 = 0°).

Furthermore, there are two kinds of signals visible. Those can be divided into the already men-
tioned photoemission signals that are corresponding to the photo-induced ionization of the
atoms and the thereby induced Auger electrons. While latter have an excitation source inde-
pendent kinetic energy and therefore can be observed at different values in the binding-energy

spectrum, the kinetic energy of the photoemission electrons is shifted dependently on the
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source’s energy. To further explain the spectrum’s features, gold is taken as an example. It
becomes clear that several spectral lines are possible for a single element. In this special case,
(strong) emissions should be visible at binding energies of 759 eV (4s), 644 eV (4pir), 546 eV
(4par2), 352 eV (4ds), 334 eV (4ds2), 87 eV (4fs), and 84 eV (4f72). Especially when the most
prominent signals at 87 and 84 eV cannot be observed, it can be assumed that gold is not
present on the surface — at least in the detectable depth; the upper most 10 nm. Gold can
serve also as an example for the following observable feature: Photoelectrons emitted from
atomic orbitals with an azimuthal quantum number larger than O (open shell) — like p-, d- and
f-orbitals — undergo a spin-orbit splitting.

In Figure 40, the initial state and the final states of an electron pair in a 3p-orbital are schemat-
ically illustrated. Two energetically equivalent final states are possible which are either parallel
(spin up, s= +1/2) or anti-parallel (spin down, s = -1/2) to their corresponding orbital angular
momentum. If there is an open shell (see above) with two states of the same energy, a mag-
netic interaction of the electron spin and the orbital angular momentum called spin-orbit cou-
pling or j-j coupling (quantum number j = || + s|) occurs and leads to a splitting of the degenerate
state into two components. Figure 40 also shows common spin-orbit pairs. The ratio of their

degeneracies (2] + 1) then determines the intensity of the signals.
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Figure 40. Schematic illustration of the spin-orbit splitting process.[*?]
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On a second glance at the spectrum in Figure 39, more elements apart from gold can be
identified. For example, the characteristic signals at around 400 eV representing the nitrogen
1s photoelectrons and at ca. 285 eV for the carbon 1s emission. In order to get additional
information about these elements, high-resolution spectra are measured as the binding ener-
gies of the corresponding electrons can be investigated in more detail. General speaking, the
binding energy of a photoelectron can be considered as the energy difference between the
initial state and the final state of the emitting atom. For the initial state of the atom, the effects
of the chemical environment play a crucial role as the alteration of it leads to a different binding
energy. If, for example, the formal oxidation state of an atom is increased, the binding energy
of the resulting photoelectron usually rises, too. Thus, the binding energy of a carbon 1s elec-
tron in an amide group lies at 288.2 eV due to the higher formal charge of the atom while the
binding energy of a 1s electron in an aliphatic carbon lies at 285 eV.'?® This is in general called
the chemical shift in XP spectra. In the course of the ionization, the resulting electron density
redistributes in the emitting atom to minimize the energy. The resulting energy is called relax-
ation energy E;, which also contributes to the resulting calculated binding energy as it has an
influence on the final state of the emitting atom and consists of internal and external relaxation.
The internal relaxation originates from the reorganization of the electron in the core and va-
lence shells. The external relaxation, on the other hand, depends on the investigated material.
While the electron holes can be rapidly filled in electronic conducting materials, insulators in-
hibit a quick compensation of those. In this work, the effects on the final state do not play a
significant role as similar material is used for the presented studies.

Often, a photoemission consists of several components that add up to a total signal. In order
to enable a qualitative and quantitative description of the individual components, a peak-shape
model function is adapted to the measured spectrum, which represents the sum of the func-
tions of the individual components. This is called peak fitting. A detailed explanation of the
theoretical background of peak fitting is given elsewhere.[?7]

In a recent study, the Schalley group investigated the potential of pyridine-terminated SAMs to
coordinate Pd-complexes with a competitive protonation of the pyridyl nitrogen in a detailed
XPS study. In order to do that, the high-resolution N 1s XP spectra of the particular chemical
modification steps had to be investigated and the N 1s spectra were interpreted by fitting suit-
able nitrogen peaks into the spectrum and evaluate them concerning their chemical shift and
therefore their molecular properties. The pristine SAM (Figure 41a) exhibits one large compo-
nent peak at BE = 399.7 eV characteristic for the unmodified pyridyl nitrogen accompanied by
minor components at higher BEs. These minor components can be assigned to H-bonded
(400.9 eV) and protonated (402.3 eV) pyridyl nitrogens.*?8 After treatment of the SAM with

sulfuric acid, a significant binding energy shift of the major N 1s component to 401.9 eV is

49



observed indicating the protonation of the pyridine (Figure 41b) while a small amount of un-
modified nitrogen at BE = 399.8 eV remains. Rinsing with ethanol restores the major peak for
unmodified pyridine nitrogen at BE = 399.7 eV which implies a successful deprotonation step
(Figure 41c). However, a part of the pyridyl nitrogens remains protonated or H-bonded. The
SAM exhibits significant changes of the N 1s peak after deposition of the Pd(ll) complex (Fig-
ure 41d): The major component is now observed at a higher BE of 400.8 eV which is assigned
to pyridyl and acetonitrile nitrogens coordinating to Pd(Il) ions and reveals complex formation
with a yield of roughly 90%. The protonated sample shows a different behavior (Figure 41e):
Only few of the pyridyl nitrogens coordinate. Only less than 60% of the pyridine nitrogen atoms
were complexed by the metal. As also expected, after deprotonation of the PDT SAM, almost
complete coordination of pyridines to Pd(ll) is possible again (Figure 41f).
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Figure 41. N 1s core level spectra of a pyridine-terminated SAM in different states: a) pristine, b)
protonated with H,SO4, c) protonated with H,SO, and deprotonated with EtOH, d) Pd(Il)-coordi-
nated, e) Pd(ll)-coordinated after protonation, f) Pd(ll)-coordinated after a complete protona-
tion/deprotonation cycle obtained by Al Ka excitation laboratory XPS at 60° emission angle. Re-
printed from J. Poppenberg, S. Richter, E. Darlatt, C. H.-H. Traulsen, H. Min, W. E. S. Unger, C. A.
Schalley, Surf. Sci. 2012, 606, 367-377, Copyright (2012), with permission from Elsevier.
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The protonation and deprotonation of the terminal pyridine with sulfuric acid proves this pro-
cess to be a reversible cycle without serious damage of the SAM, demonstrating stability of
the monolayer. Furthermore, the study showed that the protonation acts as competitor to metal
deposition to the monolayer as most pyridyl nitrogens are occupied by protons. This reduces

the binding sites.

Table 2. Binding energies (BE), relative intensities and FWHM values of the detected compo-
nents (PyN, PyN-Pd, PyNH+) in the N 1s core level spectra of PDT SAMs before and after palla-
dium coordination.

PyN PyN-H+ PyN-Pd
sample FHWM
BE (eV) area% BE (eV) area% BE (eV) area%
pristine SAM 399.7 86 402.3 7 - - 11
protonated SAM 399.8 3 401.9 97 -- -- 14
deprotonated SAM 399.7 69 402.1 18 -- -- 1.1
pristine SAM after
o 399.7 3 - - 400.8 97 1.2
Pd-coordination
protonated SAM after
o 399.8 - 401.9 59 400.6 41 1.2
Pd-coordination
deprotonated SAM after
399.7 - 402.2 21 400.7 79 1.3

Pd-coordination

Table 2 summarizes the occurring nitrogen peaks for the different monolayers and shows their
peak area ratios in the spectra.

Zharnikov et al.*%l used XPS in a study of the bottom-up assembly of multicomponent coordi-
nation oligomers or in other words multicomponent metal-organic multilayers. First, the under-
lying template layer, which was assembled in a two-step process, was analyzed. As already
shown before (see chapter 3.4.4, Figure 26), silicon surfaces were functionalized with (4-
chloromethyl-phenyl)-silane and subsequently modified with the Ru-diterpyridine complex.
This could be confirmed by clearly identifying the signals of Ru 3ds, in the C 1s spectrum (a)
and pyridine nitrogen at 400.4 eV in the N 1s spectrum (b) shown in Figure 42. They could
also confirm the formation of the multilayer by XPS. Especially, the N 1s spectrum shown in
Figure 42c exhibits characteristic emissions for both the Ru-coordinated terpyridine-nitrogen
(assigned as N) at 400.3 eV and the Cu-coordinated pyridine-nitrogen (N*) at 402.8 eV plus
pronounced peak at 406.2 eV for NO3 (NO") of copper nitrate. Additionally, the spectra of the
AgNO3 and the CuNOs terminated multilayers showed the expected signals for Ag 3d (d) and
Cu 2p (e) respectively.
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Figure 42. (a) C1s/Ru3d and (b) N1s XPS spectra of the template layer 1 acquired at the synchro-
tron BESSY Il. Some of the characteristic peaks are marked. The Ru 3ds-» peak is merged with
the C 1s emission. (¢) The N1s XPS spectrum (Mg Kq irradiation) of metallo-ligand 1-terminated
Cu-based oligomer film, along with the (d) Ag 3d spectrum of the AgNO3 terminated oligomer
film, and (e) the Cu 2p spectrum of the Cu(NO3), terminated oligomer film. Reprinted and adapted
with permission from P. C. Mondal, J. Yekkoni Lakshmanan, H. Hamoudi, M. Zharnikov, T. Gupta,
J. Phys. Chem. C 2011, 115, 16398-16404. Copyright 2011 American Chemical Society.

3.5.3. Near-Edge X-Ray Absorption Fine Structure (NEXAFS)

To obtain more information about adsorbate systems on surfaces, X-ray absorption spectros-
copy (XAS) can be utilized. The particular variant of X-ray absorption spectroscopy to be dis-
cussed here — near-edge X-ray absorption fine structure spectroscopy (NEXAFS) — was de-
vised in the 1980s. The technique, which can also be referred to as X-ray absorption near
edge structure (XANES), was developed in order to provide information on the electronic struc-
ture and conformation of molecules bound to solid surfaces, mostly that of metals. When it
comes to determining the chemical nature and the orientation of the molecular species on a
solid substrate, the most important method is infrared (IRRAS) spectroscopy. But considering
sensitivity, NEXAFS is far more applicable as IR applied to metal surfaces only completely
detects vibrations with a transition dipole moment perpendicular to the surface, leading to the
surface selection rule.[*?%

Similar to XP spectroscopy, the photoelectric effect acts as the fundamental basis of XAS.
However, this type of synchrotron-based photoelectron spectroscopy needs a continuous in-
cident photon energy. This leads to the disadvantage that it cannot be used in a connection to
a laboratory X-ray source that has a fixed photon energy. This technique requires a high per-

formance synchrotron source that provides the needed polarized, monochromatic light. Major

52



research facilities such as BESSY Il (abbreviation for Berliner ElektronenSpeicherring-Gesell-
schaft fur Synchroton-strahlung) in Berlin-Adlershof provide such synchrotrons. Here, elec-
trons are vigorously accelerated through a linear accelerator and then forced by strong mag-
netic fields into a circular orbit. This leads to the release of a lot of their energy in form of
electromagnetic radiation that is available on a wide energetic window, from infrared via the

UV and visible range through to (hard) X-ray radiation.
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Figure 43. Schematic illustration of the synchrotron at BESSY 11.112°]
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Figure 43 shows a schematic picture of the electron storage ring BESSY II. Starting from a hot
cathode (70 kV acceleration voltage), electrons are pre-accelerated in a microtron and subse-
quently injected into the synchrotron ring where the electrons will be further accelerated up to
1.7 GeV followed by their injection to the storage ring, in which the electrons packages achieve
a life time of about 8 hours. The quantity of electrons in the storage ring corresponds to a
current of 300 mA. Due to the extremely high acceleration voltage, the orbiting electrons reach

nearly the speed of light (v(electrons@BESSY) = 299792.44 km*s!, in comparison: v(light) =
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299792.458 km*s™). In the storage ring, the electrons are kept on track by large dipoles with
installed quadrupole and sextupoles in order to keep the electron beam stable over a longer
period of time. The emitted radiation is linearly polarized in the plane of the ring — above and
under this level it is circularly polarized. During an XAS experiment, the radiation is directed
by so called beamlines onto the sample of interest inside of the analysis chamber.

As already mentioned, Auger-electrons and/or fluorescence photons are emitted from the
atom/molecule when core electrons are excited by X-ray irradiation and the remaining hole is
filled with higher shell electrons (see chapter 3.5.2, Figure 37). For the detection of the fluo-
rescence, the fluorescence yield is applied which has an informational depth of a few pm.
Therefore, it is not applicable for systems generated in this work and will not be discussed in
detail. For the detection of the secondary electrons, some things have to be considered: During
their travel through the solid, the excited or secondary electrons experience inelastic scattering
to some extent, which leads to single, as well as multiple scattering processes (back scatter-
ing). Therefore, the electrons emitted from the surface have different kinetic energies (Exin(Au-
ger) > Exin(electrons)) but can still subsequently be detected. The more electrons are emitted
from the surface the higher is the absorption of photons by the surface-attached architecture.
Two principal techniques exist for detection of the electron emission: First, the detection of
every single emitted electron is possible (total electron yield, TEY) and second by applying a
certain retardation voltage, electrons with a lower energy are retarded so that they do not reach
the collector (partial electron yield, PEY). Compared to the TEY, the PEY has shown to create
much more reproducible results due to an enhanced signal-to-noise ratio and also provides an
enhanced surface sensitivity. Therefore, a PEY-detector is used for all experiments published
in this work.

Depending on the spectral region that is measured, there is a distinction in the field of X-ray
absorption spectroscopy between near-edge X-ray absorption fine structure (NEXAFS) and
extended x-ray absorption fine structure (EXAFS). A NEXAFS spectrum reflects the depend-
ence of the photo absorption cross-section on the photon energy for values from just below
the core level ionization threshold up to around 50 eV above. With EXAFS, the electronic
structure far above this threshold is investigated (see Figure 44).

The shown step is caused by the excitation of core electrons by X-ray photons that at least
have to have the same energy as the binding energy of the electrons to excite them into both
the vacuum continuum or the unoccupied valence and Rydberg states. When this energy is
reached, a sudden increase in absorption of photons - the X-ray absorption edge - is observed.

This edge resembles the energy of the ionization potential (IP, vacuum level) of the system.
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Figure 44. lllustration of the X-ray absorption of a molecular surface-assembly and the areas of
XAS.

A typical NEXAFS experimental setup needs a monochromator in order to transmit only light
with predefined energy to the sample. The shape of the beam is defined by a set of horizontal
and vertical slits. A gold grid (typical transmittance 85%) is placed in the optical path making it
possible to monitor the intensity (lo) of the X-ray photon beam incident on the sample. This is
mainly done with highly oriented pyrolytic graphite (HOPG) to calibrate the energy scale. The
X-ray beam then enters the analysis chamber and hits the sample that is mounted on a special
manipulator to control the sample orientation with respect to the incident beam (polar as well
as in azimuthal angles). The detector is positioned close to the sample and also should have
an as wide as possible acceptance angle in order to guarantee a good signal-to-noise ratio.
Further features of the used detector are explained elsewhere.[*?

The excitations from the core orbitals either into the continuum or in unoccupied molecular or
Rydberg orbitals provide the crucial contributions to a NEXAFS spectrum that is therefore
composed of the element-characteristic X-ray edge and a superimposing fine-structure. The
absorption behavior upon monochromatic scanning of the photon energy around the ionization
energy gives detailed insights into the electronic structure of the adsorbed molecules. For a
simplified case of a core level electron and in the absence of any other unoccupied electronic
states, the spectrum would resemble a step function (Figure 45 right, the dashed purple line).
No absorption would take place below the core electron binding energy (IP). However, beyond
this threshold a transition of the electron from the core level to the continuum would lead to a
sudden increase of photon absorption. This gets significantly more complicated already for a
free single atom due electrostatic potential of the positively charged nucleus leading to a sig-
nificantly higher number of electronic states — below (bound states) and above (unbound
states) of the ionization potential. The bound state excitations either occur into valence states
at lower energies in vicinity of the core (Figure 45, green) or into Rydberg states (Figure 45,
blue) that converge to the vacuum level and give sharp resonances. However, the transitions

into unbound states that identify with a (molecular) antibonding state have signals located well
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above the ionization threshold with a large energetic half-width. In other words, theses transi-

tions give broad signals in the NEXAFS-spectrum due to their short life time.
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Figure 45. Electronic transitions in a two-atomic molecule (CO) at the X-ray edge and their con-
tribution to a NEXAFS-spectrum.[120]

The resulting spectral features are well explained and understandable for the case of a dia-
tomic molecule, which is shown in Figure 45. The effective electrostatic potential and the cor-
responding K-edge spectrum are also shown. Around the ionization threshold, resonant tran-
sitions are superimposed on the step-like absorption edge as shown in Figure 45, right. The
unsaturated 1-bonds in the C-K edge correspond to electronic transition from the C 1s core-
shell into the unoccupied ™ molecular orbitals. In this case resonances at a photon energy of
~285 eV are observed. Of course, these so-called 1r-resonances can only be observed for
molecules with 1r-bonding, i.e. double and triple bonds or aromatic systems and not for single
bonds. The anti-bonding o* orbitals that lie well above the vacuum level show signals at higher
energies than that of the absorption edge. In the energy area between these two transitions,
the excitations into the Rydberg-orbitals additionally occur that are however sometimes indis-
tinguishable from other transitions. In CH single bonds for example, a mixing between the
Rydberg- and the hydrogen-derived antibonding orbitals with the same symmetry leads to hy-
bridization and therefore to their superimposition. The measured width of a resonance is then
a result of the resolution of the instrument (leading to a Gaussian line shape), the life time of
the excited state (leading to a Lorentzian line shape), and the vibrational motion of the mole-
cule that results in an unsymmetrical broadening;*?% 139 as a rule of thumb, the higher the
resonance lies in the continuum the larger is its line-width.

Besides the information about the electronic structure of a surface-bound molecule or molec-

ular fragment, NEXAFS provides data about their conformational nature and therefore helps
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to determine a preferential orientation of molecules or certain functional groups relative to the
surface due to an effect called linear dichroism. It describes the anisotropic (directionally de-
pendent) absorption of linearly polarized light by the highly directional bonds or their corre-
sponding molecular orbitals. According to that, the absorption intensity of linear polarized light
by an electron excitation depends on the overlap between the electronic transition dipole mo-
ment (TDM) and the electric field-vector (E) of the incident light which is perpendicular to the
direction of the photons. Therefore, the intensity is also dependent on the angle the light hits
the surface. The mathematical background is provided by Fermi’s golden rule, which describes
the dependence of the absorption intensity (I) on the vector product of the polarized light elec-

tric field-vector with the TDM of unoccupied orbitals.™3!

Equation 3. Fermi’s golden rule. | = absorption intensity, P;: = transition probability, f =final state,
I = initial state, E = electric field-vector, TDM = transition dipole moment.

To show a preferential orientation by showing a linear dichroism, multiple measurements at

different angles — sample to incident light — are required.

6=90° 6 = 55° 6=30°

<—> TDM for C1s — ¥
<—> TDM for C1s — ¢*
E E E
¢ atoms
-
9 ‘% Q
*I* .O o U AN VS

norm. norm. norm.
absorption absorption absorption

~ N
rd

hv hv hv

Figure 46. lllustrating the behavior of the *- and o* absorption intensities in dependence of their
angle to the incident light.*?7d

A gedanken experiment helps to clarify this effect: In Figure 46, a diatomic molecule with a -
bond that lies flat on a substrate is considered. While the transition dipole moment of the m*-

orbital is perpendicular to the bond and surface, the TDM of the c*-orbital lies parallel to the
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bond and surface. When the incident light hits the surface with an angle of 90°, the field vector
E completely overlaps with the TDM of the o* molecular orbital (MO) and not at all with the one
of the *-MO. This leads to the observation that the absorption intensity of the o*-transition is
very strong while the 1m*-band completely vanishes. By reducing the angle of the incident light,
the absorption intensity of the 1r*-transition increases and the one of the o*-transition de-
creases.

In two quite recent studies, the Schalley group has shown how NEXAFS can be used (together
with XPS) to show on one hand the composition and conformational structure of a monolayer
that is deposited on the surface and on the other hand how a template influences the orienta-

tion of the subsequently deposited layer.
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Figure 47. Angle-resolved C K-edge NEXAFS spectra (in units of normalized PEY [au]) of (a) 1:0-
and (b) 1:3-(TDT/DT)-SAMs. The =* resonance shows the expected peak splitting that is charac-
teristic for the pyridine-carbons. Reprinted with permission from C. H.-H. Traulsen, E. Darlatt, S.
Richter, J. Poppenberg, S. Hoof, W. E. S. Unger, C. A. Schalley, Langmuir 2012, 28, 10755-10763.
Copyright 2012 American Chemical Society.

First, the group has developed binary terpyridine-terminated monolayers with different molar
solution-ratios that comprises of 12-(2,2".6',2"-terpyridine-4"-yl)dodecane-1-thiol (TDT) and 1-
decanethiol (DT) that are shown in Figure 47.¢! In an interplay of XPS and NEXAFS, they
could observe that the composition of the (TDT/DT)-SAMs and with it the surface density of
terpyridyl groups correlates linearly with the relative concentrations of the two compounds in

the solution used for depositing them. However, the amount of terpyridine-coordinated Pd"
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ions does not follow this trend and has a peak at a 1:3 ratio of TDT/DT. As this indicates a
major fraction of the terpyridines in TDT-rich SAMs not to be accessible for ion coordination,
NEXAFS spectroscopy was measured with a TDT-only SAM as well as the supposedly best
ratio SAM of 1:3 for an explanation. Both SAMs exhibit resonances for the excitation into
orbitals at photon energies of 284.9 and 285.6 eV which correspond to the terpyridyl moiety.
They also show the electron transition into the CH* orbital at 288.0 eV. However, the CH*
resonance of the aliphatic backbone in the monomolecular SAM does not increase from a 30°
to a 90° incident light angle with respect to the surface plane. This indicates that there is no
order present in this moiety. The 1:3-ratio TDT/DT SAM shows a different picture: The CH*
transition exhibits a distinctive linear dichroism that suggests an upright orientation of the ali-
phatic chains of both the TDT as well as the DT. In both cases, the terminal terpyridines of the
SAMs do not show a preferential orientation as there is no linear dichroism present. In conclu-
sion, a large fraction of the monomolecular SAM exhibits backfolding and therefore the terpyr-
idines are not accessible for Pd"-coordination. The missing preferential orientation in terpyri-
dines for the mixed SAM however indicates a certain flexibility of the terminal groups. The fact
that more Pd"ions can be deposited on the optimized SAM than on a pure TDT-SAM also
supports the assumption that intermixed phases are formed.

In a second study,**? the group studied the directional effects on an organic adlayer of mac-
rocycles and rotaxanes that occur when different template layers (SAMs) show different prop-
erties in orientation as well as flexibility. For the monolayer of (E)-4-pyridine-4-yl)stilbenethiol
(PST) introduced in this study, angle-resolved N K-edge and C K-edge NEXFAS revealed a
linear dichroism for the T*-transition which gives evidence for a preferentially oriented mono-
layer. The preferential orientation of the terminating pyridines, however, lies in marked contrast
to the flexibility of the pyridines in the PDT monolayer.®® After the metal-mediated self-assem-
bly of the macrocycle and rotaxane onto both of the templating monolayers, the adlayers were
compared with respect to density as well as orientation. In terms of density, the PST SAM with
a rigid pyridine template showed a higher coverage of macrocycles and rotaxanes as shown
by ToF-SIMS. In terms of orientation, the results showed the rotaxane to be ordered after
deposition onto both of the monolayers. The macrocycle, however, only exhibits a preferential
orientation when deposited onto the PST template. The intensity change upon angle change
in the 1 resonances remains more or less constant before and after the deposition of the
macrocycle which indicates that the preferential orientation of the PST is not affected by the
macrocycle layer. Yet, the shape of the signal changes upon angle change as it is clearly
visible in Figure 48a. The deposition of the macrocycle onto the PDT SAM delivered different
results (Figure 48b): The intensity ratio does not change at different angels of incidence. These
gualitative observation of the intensity-ratio behavior upon angle change is then confirmed by

fitting the two signals and plotting the change of the peak area ratio C2/C1 (C1: intensity of the
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peak at 285.1 eV, C2: intensity of the peak at 285.4 eV) over the angle of incidence shown in

Figure 48c.
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Figure 48. Top: Angle-resolved NEXAFS C K-edge spectra of the * regions of the macrocycle
coordinated to (a) PST and (b) PDT, and the rotaxane coordinated to (d) PST and (e) PDT. Bottom:
differences of C2/C1 peak area ratios of the depicted m* resonances at different incident angles
of synchrotron light for (¢c) PST, PDT, PST+Pd-MC, PDT+Pd-MC; and (f) PST+Pd-Rot as well as
PDT+Pd-Rot. Reprinted and adapted with permission from S. Richter, J. Poppenberg, C. H.-H.
Traulsen, E. Darlatt, A. Sokolowski, D. Sattler, W. E. S. Unger, C. A. Schalley, J. Am. Chem. Soc.
2012, 134, 16289-16297. Copyright 2012 American Chemical Society.

The same analysis was carried out with the rotaxane layers (Figure 48d-f). A small but clearly
detectable linear dichroism is observed for the rotaxane layer on both PST (d) and on PDT (e).
This is again demonstrated more clearly by the change in the peak area ratio C2/C1 using

different angles of incidence (Figure 48f). Like the macrocycles, the rotaxane wheels are ori-
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ented preferentially upright. In contrast to the macrocycles, the rotaxanes obviously pack suf-
ficiently well through lateral interactions on both SAMs to yield ordered arrays irrespective of
the template’s backbone rigidity and the flexibility of the terminal SAM pyridine groups. In con-
clusion, for efficient lateral interactions and a preferential orientation, rather densely packed

layers are required.
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Figure 49. (a) C and (b) N K-edge NEXAFS spectra of the template layer immobilized on function-
alized silicon substrate. Reprinted and adapted with permission from P. C. Mondal, J. Yekkoni
Lakshmanan, H. Hamoudi, M. Zharnikov, T. Gupta, J. Phys. Chem. C 2011, 115, 16398-16404.
Copyright 2011 American Chemical Society.

Zharnikov et al. also analyzed their template layer (see chapters 3.4.4 and 3.5.2) with NEXFAS
spectroscopy that confirmed the results from XPS of slightly tilted molecules in the mono-
layer.[°¥ As it is clearly visible in Figure 49, both C and N K-edge spectra exhibit characteristic
resonances that can be assigned to pyridine. Like in the cases discussed above, the C K-edge
spectrum exhibits a pronounced doublet in the T* region at ~285 eV and the N K-edge spec-
trum features a strong 1* signal at ~400 eV. Furthermore, the signals in both NEXAFS spectra
show a clear and pronounced linear dichroism. This proofs a preferential orientation and is
illustrated by the differences between the spectra acquired at 90° and 20°. By using a standard
theoretical framework™®!, the group could estimate the angle of the molecular backbone to the
surface normal to be ~41°. This value could be, however, overestimated because the different
torsions of the aromatics in the molecule prevent a larger effect and therefore the tilt appears

to larger than in reality.
3.5.4. Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

So far, the surface composition could be quantified by XP-spectroscopy, NEXAFS-analyses
delivered an insight into the preferential orientation and UV/Vis-spectroscopy showed the pres-
ence of different structure elements. For a complete surface analysis, more sophisticated

methods such as secondary ion mass spectrometry (SIMS) play a crucial role. It can find tiny
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guantities of molecular entities on the surface by analyzing characteristic molecule or fragment

ions which are generated by bombarding the sample with a primary ion beam.
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Figure 50. lonization process during a Tof-SIMS experiment.

In the process of shooting primary ions to the sample, energy is transferred to the molecules
or atoms on the surface by elastic scattering collision processes. A cascade of collision
emerges between the surface molecules, which leads to the emission of ionized molecules,
fragments and atoms from the surface lattice. ToF-SIMS uses a focused, pulsed particle beam
to dislodge chemical species on a materials surface. Besides the energy of the primary ions,
the fragmentation pattern also depends on the location of the molecules and the material they
are embedded in. Particles produced closer to the site of impact tend to be dissociated ions
(positive or negative). Secondary particles generated farther from the impact site tend to be
molecular compounds, typically fragments of much larger organic (macro-)molecules. To pre-
vent multiple bombardment of the same region on the surface and therefore a gradual disinte-
gration of the surface, the primary ion density is substantially reduced so that, statistically, the
same surface region is hit just once by a primary ion. This method is called static-SIMS and is
used for the investigation of macrocycle multilayers and rotaxanes as it has delivered reliable
results for similar systems. 233

The principle setup of a ToF-SIMS experiment is depicted in Figure 51. First, an ultra-high
vacuum system is required to increase the mean free path of the generated secondary ions
and therefore enable them to enter the mass analyzer. The primary ions, which can be atomic
(e.g. Cs* or Ga*) or cluster-like (e.g. Bis*, Biz®"), are generated in the primary ion source, emit-
ted in very short pulses and then focused to the sample. The pulsing is applied because a non-
continuous flight time analysis shall be conducted. Secondary ions are captured by the electric
field of the extractor and equally accelerated independently of their mass by an applied poten-
tial. In the present case, the flight path of the ions has a linear design using a reflective ion
mirror. The detection of ions by means of time-of-flight is based on the principle that ions with
variable weights fly at different speeds when they are accelerated with the same kinetic energy.
Thus, they arrive at different times at the detector and their mass-to-charge ratio can then be
determined on the basis of their time of flight with a simple relationship. The ion mirrors are

used, as that enables a better separation of the ions by enlarging the flight distance and thus
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a higher resolution of the spectrum is possible. The electron flood gun is used for charge neu-

tralization as sample charging can lead to spectra that do not give the real picture.
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Figure 51. Schematic representation of the experimental setup of a ToF-SIMS measurement.

There are numerous advantages, which make ToF-SIMS a highly applicable method for sur-
face analysis. It is highly sensitive for trace elements or compounds down to the ppm range,
makes elemental as well as chemical mapping on a sub-micron scale possible,*34 the analysis
is non-destructive in the static mode, conducting as well as insulating samples can be ana-
lyzed, and depth-profiling in the near surface environment can be conducted. However, it has
also a small number of limitations: Generally, it does not produce quantitative analyses, optical
capabilities are typically limited, making it difficult to find regions of interest, and even for very
simple systems very complex spectra are generated, which makes an analysis of multilayers
especially of large and complex (supra-)molecules difficult. Therefore, Principal Component
Analysis (PCA) can be used for a better understanding of the big resulting data.

PCA is a statistical procedure that uses an orthogonal transformation to convert a set of pos-
sibly correlated variables into a set of values of linearly uncorrelated variables called principal
components. In other words, PCA can identify the major directions of variation in a given da-
taset. A dataset is defined as a matrix where the rows contain samples and columns contain
variables. In the case of ToF-SIMS data, samples are the mass spectra and the variables are
the individual m/z ratios. The PCA is calculated from the covariance matrix of this original data
set. It is an axis rotation that aligns a new set of axes, called principal components (PCs) with
the maximal directions of variance within a dataset. PCA creates three new matrices, contain-

ing the scores, the loadings, and the residuals. Its purpose is to structure, simplify and illustrate
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extensive data. The analysis of surfaces with ToF-SIMS is greatly simplified by this method

especially regarding the analysis of biomolecules.*%

H\

"(} 2: CH,N'
30: CHN'
\ / CH.N® 86 CHN
| 120: C;H,N"
[ il 110; CH,N,’
‘ i (I l /\n CHN

fostt L lj bl
100 125 150 175 200

Ala 70, Pru 7* Val
86: lle/Leu

3 Lys
110: His
/ 120: Phe
/ /\U Trp
.- all .i” Iiu I.tLuiu.. L :

100 125 150 175 200

Intensity (Arbitrary Units)

m/z

0.06

Hemoglobin
15(1
0.04

0.02 Flhrnnc-.lm ' y-Globulins
s’ BSA

Papain ~——a
-

\1)nginbm

Transferrin

-0.02 “ollage: og ? -
Collagen 2%, a 2 @ Lactofernn
B o g=
o g
2@ / x ¥ Fibrinogen

0.04
o
Lysozyme fﬂ&)(‘)'hnhrnmc c

PC 2 (19%)

-0.06

-0.08
-0.15 0.1 -0.05 0 0.05 0.1

PC 1 (53%)

Figure 52. Top: Comparison of the ToF-SIMS spectra of bovine hemoglobin and horse heart my-
oglobin adsorbed onto mica from a 100 pg/mL single component protein solution. Bottom:
Scores plot from PCA of the positive ion spectra of proteins adsorbed onto mica from 100 ig/mL
single component protein solutions. Note the excellent separation of several of the protein spec-
tra shown in this figure. Reprinted and adapted with permission from M. S. Wagner, D. G. Cast-
ner, Langmuir 2001, 17, 4649-4660. Copyright 2012 American Chemical Society.

For example, the distinction of different proteins adsorbed to the surface can be extremely
enhanced by the usage of PCA when ToF-SIMS is applied. ToF-SIMS can be a powerful
method for the characterization of adsorbed proteins on biomaterial surfaces due to its chem-
ical specificity and surface sensitivity. However, the SIMS fragmentation patterns for proteins
are quite complex due to the heterogeneity of the protein sequence. Therefore, PCA is exces-

sively used to obtain a more detailed interpretation of the protein SIMS spectra. Typically, a
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fewer number of orthogonal principal components than the original variables (SIMS peaks),
that are in fact correlated, is needed to conceive the essential information in a particular data
set.

The work of David Castner and coworkers can be taken as an example.*3¢! Figure 52 shows
how PCA can simplify the analysis of different molecular assemblies with similar spectra. The
top half shows two SIMS spectra in positive ion mode of two different compounds adsorbed
on mica that are almost identical apart from some differences in signal intensity. Similar spectra
are obtained when ToF-SIMS is applied to other proteins adsorbed to the surface. If PCA is
now used, the data get somewhat easier to interpret. Even if a large number of different pro-
teins with a large number of data points are investigated, the protein spectra can easily be
distinguished from each other.

The imaging capabilities of ToF-SIMS can provide elemental and molecular information from
defects and particles on the micron scale. If the aim of the measurement is to obtain composi-
tional images of the surface formed from the secondary ion spectrum with minimum possible
damage to the surface, then the main problem is to ensure that sufficient signal is obtained at
the desired spatial resolution whilst minimizing the ion flux incident on any part of the surface.
This is most easily achieved by switching from the traditional approach of using continuous-
flux ion guns to using pulsed ion sources. Additionally, ToF mass spectrometers are an efficient
way of acquiring spectral data, and also provide good resolution and sensitivity up to very high
masses. Using such instruments, SIMS images with a spatial resolution of down to 50 nm are
obtainable.*%7]

This imaging technique is especially useful for analysis of surface-patterned SAMs. The
workgroup of Bart Ravoo showed how it can be applied in order to investigate the quality of
the successive deposited (and orthogonal) monolayers, the resulting pattern, and their chem-
ical composition.[38 As shown in chapter 3.4.3, they immobilized a cyclootyne oxime linker by
metal-free strain-promoted azide-alkyne cycloaddition (SPAAC).% The resulting azide/oxime
pattern was verified by the formation of several oxygen-containing fragments like C,HsO0",
C7HsNO*, and CgHsNO:" in the positive ion mode as it is shown in Figure 53A. The generation
of the aromatic ions C7H7*, C;H4N*, and C7HsNO can be attributed to the presence of the ter-
minal benzaldoxime on the surface. The fragment CgHsNO->* represents exactly the benzald-
oxime with an attached carbonyl group. Moreover, the immobilization of the cyclooctyne oxime
linker is indirectly visualized by the Si* signal. Si* cations are preferentially observed in the
interspaces, since the thicker organic layer within the dotted structure leads to enhanced
shielding of the underlying SiO- against the primary ion beam. Besides fluorescent microscopy,
the subsequent immobilization of the biotin residue was investigated by ToF-SIMS imaging,

too. In contrast to the azide/oxime-modified surface, SIMS analysis of the same surface after
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reaction with biotin alkyne showed significant formation of sulphur containing anions such as
S-, HS™and **S~ within the dotted pattern.

)
C/HyN CgH N + C;H¢NO CgHgNO,
me:11 te:33171 me:11 tc:29337 mc:40 tc:141667

S “HS g
mc:27 tc:111850  mc:60 tc:250895  mc:5 tc:8018

Figure 53. ToF-SIMS analysis of patterned silicon substrates. Analysis of an azide/oxime-pat-
terned silicon substrate in the positive ion mode (A) and analysis of the surface after immobili-
zation of biotin alyne (2) by NOAC in the negative ion mode (B) (mc: maximum counts, tc: total
counts). The dots are 10 um in diameter Reproduced from C. Wendeln, I. Singh, S. Rinnen, C.
Schulz, H. F. Arlinghaus, G. A. Burley, B. J. Ravoo, Chem. Sci. 2012, 3, 2479-2484 with permission
from The Royal Society of Chemistry.

In a recent publication, Unger et al. showed that ToF-SIMS imaging can also be combined with
PCA and together with scanning electron microscopy (SEM) help to analyze the degradation

prcesses in duplex steels.[*39
3.5.5. Atomic Force Microscopy (AFM)

In order to have a sufficient analysis of an interface, its topographical properties have to be
analyzed. Atomic force microscopy (AFM) can do that by mechanically scanning the surface
and measuring the atomic forces on the nanometer scale. The technique was introduced in
the late 1980s by Gerd Binnig, Calvin Quate, and Christoph Gerber*4% and can therefore be
regarded as a relatively young method for surface analysis. AFM is one kind of scanning probe
microscopes (SPMs) that are designed to measure local properties, such as height, friction,

magnetism, with a probe. To acquire an image, the SPM raster-scans the probe over a small
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area of the sample, measuring the local property simultaneously. AFMs operate by measuring
force between a probe and the sample. Normally, the probe is a sharp tip, which is a 3-6 pm
tall pyramid with 15-40 nm end radius that is mounted onto a cantilever. During collection of
sample data, the cantilever bends dependent on the structure of the surface on the specific
position due to the physical interaction of the tip with the surface. These deflections are meas-
ured and used to compile a topographic image of the surface. Microscopes have also been
designed to monitor interactions due to a range of forces, including electrostatic magnetic
forces.Y The most widely used approach in commercial instruments to measure the bending
of the cantilever is to adjust a laser beam to it and measure its deflections with a photo detector
behind the cantilever like it is depicted in Figure 54.

photodiode

laser] ’

tip-cantilever|
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piezoebIeCtl'iC z regulation
tube (feedback)

Figure 54. Schematic representation of an AFM-experiment.

However, other methods are also applied like electrical detection methods based on piezoe-
lectric devices. The measured signal is used to control movements of a piezoelectric crystal,
on which the sample (cantilever) is mounted, by a feedback system (z regulation) in order to
regulate the tip-sample distance and to scan the microscope in the x,y plane. The latter
also being true for the methods which use the laser as measuring instrument. In contact mode,
the microscope can operate in two different conditions — constant height or constant current
mode. In the classical constant height mode, the needle is held at a constant height to the
surface. The occurring forces corresponding to the surface structure then cause the deflection
of the cantilever which is quantified by the instrument. Since the resulting forces are the higher
the bigger the irregularities are, this mode is suited best for smooth as well as hard surfaces.
Furthermore, the scanning speeds can reach up to ten seconds per line as no adjustments

have to take place perpendicular to the surface. The so-called constant force mode, however,
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is realized by manipulating the position or deflection of the cantilever with a piezoelectric ele-
ment to keep the occurring force between tip and sample constant during the whole experi-
ment. To achieve this, the deflection signal of the cantilever is fed as a control variable in to a
control loop which determines the movement of the cantilever spring. Since these control loops
have only a finite speed, this method is limited to lower speeds of about 3 to 4 lines per second.
Although the pressure applied to the surface forces can be reduced by this approach, still a
residual stress remains. In a good regulation, the information about the topography of the sur-
face is included in the manipulated variable of the piezoelectric actuator element.

One of the main advances of AFM and the main distinction to — for example — Scanning Tun-
neling Microscopy (STM) is that the sample does not have to be an electrical conductor. Ef-
fectively, it delivers high resolution microscopy for insulating samples under ambient and liquid
conditions. Though the lateral resolution of AFM (in contact mode) is rather low (~30nm) due
to convolution, the vertical resolution can be up to 0.1 nm. Both the lateral and the vertical
resolution are dependent on the tip size. The end of the tip is ideally one single atom to ensure
the highest possible resolution. However, this also increases the possibility of tip-induced dam-
age during the measurement. In reality, contact areas are typically a few nm in diameter which
lowers the resolution quality.

An alternative was provided by the development of tapping mode imaging which is considered
as a dynamic excitation method. The excitation is applied externally with a fixed frequency
near the resonance frequency of the cantilever. Interaction forces between the tip of the can-
tilever and the sample surface change the resonant frequency of the system and thus reduce
the vibration amplitude and the phase change (between excitation and vibration). A control
loop tries to keep the amplitude constant between the tip and sample beams by adjusting the
distance and therefore the force interaction. In other words, the vibrational amplitude is taken
as regulation in the course of the scan. Tapping mode is commonly used in measurements
under ambient conditions or in liquids and has thus found widespread use. Another approach
to realize the potential of this technique is to use frequency or amplitude modulation (non-
contact mode) that uses a fixed drive frequency. The cantilever is excited by an external peri-
odical force and changes in the frequency (amplitude) of oscillation, that act as a feedback
signal, are measured when the tip approaches the sample. This method bears, in fact, some
similarity to tapping mode. However, it yields much higher resolutions and is therefore most
usefully applied to well-defined surfaces to utilize this feature best.[*4?

Especially the soft-lithographic pCP approach of depositing molecular architectures onto the
surface can be investigated with AFM. Reinhoudt et al. could show the localized click reaction
of 1-octadecyne with an azide-terminated surface (see also chapter 3.4.3).18 Figure 55 shows
the pattern made by printing 1-octadecyne onto 11-azidoundecylsilane. Visibly, the 3x5-mm

line features of the stamp are reproduced on the substrate. The average height of the 3-mm-
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wide lines in the pattern is approximately 1 nm which corresponds to a tilted alkyl chain of the

deposited alkyne.

B 1-octadecyne

mmmm 11-azidoundecylsilane

height / nm »

10 20 30 40
surface distance / um —»

Figure 55. Tapping-mode AFM image (50 x 50 mm) and line section of a 3 x 5-mm line pattern
obtained by printing 1l-octadecyne onto azido-terminated SAM on a silicon oxide substrate.
Adapted with permission from D. I. Rozkiewicz, D. Janczewski, W. Verboom, B. J. Ravoo, D. N.
Reinhoudt, Angew. Chem. Int. Ed. 2006, 45, 5292-5296. Copyright 2006 John Wiley and Sons.
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4. Published Results

4.1. Programmable multilayers of nanometer-sized macrocycles
on solid support and stimuli-controlled on-surface pseudoro-

taxane formation

J. Poppenberg, S. Richter, C. H.-H. Traulsen, E. Darlatt, B. Baytekin, T. Heinrich, P. M. Deu-
tinger, K. Huth, W. E. S. Unger, C. A. Schalley
Chem. Sci. 2013, 4, 3131-3139.

Submitted 26 February 2013, published on 15 May 2013.

Published by The Royal Society of Chemistry and reproduced in the present work with kind
permission (Copyright © 2013).

The journal article is electronically available (http://dx.doi.org/10.1039/C3SC50558H).

4.1.1. Summary of the Publication
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Figure 56. Schematic representation of the layer-by-layer deposition of the macrocycle multi-
layers; Box: The bisterpyridine-macrocycle, the iron complex, and the underlying template layer
used.
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In this work, the first successful deposition of tetralactam macrocycles in ordered multilayers
on gold is covered. In order to build up these multilayers, the macrocycles were functionalized
with terpyridines that can link with octahedrally coordinating metals like iron(Il) or nickel(ll). In
this context, the purification of the compounds by means of dialysis was developed and estab-
lished. In principle, cobalt(ll) and zinc(ll) are also available for this kind of multilayer. But as
their diterpyridine-complexes are not stable enough, it is not possible to build up multilayers
with those metals. As a template layer serves the already described, mixed TDT/DT 1/3
SAM.1®8 The subsequent alternating deposition of metal-ions and macrocycles resulted in the
desired multilayers. The programmability is achieved by further deposition of the metal ions in
an alternating way. This layer-by-layer approach led to a multilayer with a height of more than
50 nm and more than 30 macrocycle layers. The growth of the multilayers was examined by
transmission-UV/Vis and XP spectroscopy. In order to conduct transmission-UV/Vis spectros-
copy with the surfaces, semitransparent slides were used consisting of a 20 nm thick gold layer
that is vapor deposited onto a glass slide. After each coating step, a spectrum was recorded,
to monitor the layer growth by the intensity increase of the particular absorption bands that
also observed in the solution spectra (Figure 57a). A plot of the absorption intensity at 270 nm
— the #-rt* transition — against the number of macrocycle layers showed a linear increase of
the intensity (Figure 57a, inset). This indicates that a controlled layer-growth is present, so that
for each step exactly one macrocycle layer is deposited. The analysis by XP spectroscopy
verified these results: The layer growth could be confirmed by the expected regular increase
of the C 1s/Au 4f;; peak area ratios after each deposition step (Figure 57b). By an approxima-
tion based on the Lambert-Beer law, the layer thickness could also be estimated to be ~1.5
nm which corresponds to a macrocycle tilting-angle of ca. 32° as the macrocycle has a ligand-
to-ligand length of 3.55 nm.
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Figure 57. Surface characterization of the macrocycle multilayers. (a) Transmission UV/Vis spec-
tra and (b) C/Au peak area ratios gained from XP spectroscopy for every macrocycle deposition
step. Insets: (a) absorption intensity at 270 nm and (b) calculated layer thickness.
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MM2 force field calculations of the first macrocycle layer with a metal layer on top supported
this approximation. Furthermore, they revealed that the macrocycles are densely packed and
arrange to optimize lateral interactions and minimize steric hindrance. The lateral interactions
between the macrocycles provide highly stable multilayers that are not even damaged when
treated with alkaline EDTA solution for 12 hours. The multilayers also exhibit a clear preferred
orientation, which could be detected by means of angle-dependent C-K edge NEXAFS meas-
urements that confirmed the tilting of the macrocycles of about 30° to the surface.
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Figure 58. On-surface host-guest experiments. (a) Schematic representation of the squaraine-
guest and its behavior in the macrocycle multilayers according to the gained experimental re-
sults; (b) UV/Vis spectra of a squaraine-rotaxane and the free axle in solution, and the squaraine
incorporated into the multilayers.; (c) C/Au and (d) N/Au peak area ratios before (red) and after
(blue) squaraine deposition determined by XPS. The peak area ratios of the one- and three-lay-
ered multilayers are multiplied by 5.

In order to investigate the accessibility of the macrocycles in the multilayer for external stimuli,
a UV-active squaraine-axle (SqA) was synthesized and embedded into the macrocycle multi-
layer (Figure 58). The successful incorporation of SqA into the macrocycles on the surface
could be detected by UV/Vis and XP spectroscopy. While the absorption of free SgA in solution
is at 632 nm, it shifts to 640-650 nm when SgA is bound into the macrocycle. By using a

competitive guest/solvent such as CI- or DMF, the guest uptake can be reversed as confirmed
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by the disappearance of the absorption band from the multilayer. Thus, a reversible guest
uptake could be observed, which can be repeated over several cycles. Furthermore, monitor-
ing C 1s/ Au 4f7, and N 1s / Au 4f7, peak area ratios enabled the tracking of guest uptake by
XPS. In both cases the peak area ratio increases significantly when SqA is binding into the
multilayers. As the ratios are constant for several layers, it could be concluded that the guest
not even binds to the top-most layers but also to the macrocycles in the underlying layers.
From the N 1s XP-spectra, it was calculated that the ratio of macrocycle to squaraine is ca.
5:1 in the multilayer which is well in line with the structure of the SgA as it requires the space
that is offered by three macrocycles. One, in which the center piece is bound by hydrogen
bonding and two adjacent macrocycles in whose cavities the side-chains reside.

4.1.2. Personal Contribution to this Publication

The synthesis of the macrocycle, the production of multilayers with iron or nickel, as well as all
test reactions with other metals and host-guest chemistry experiments on the surface were
carried out by Johannes Poppenberg. The preparation of the multilayer with various metals in
a sequence was done by Sebastian Richter. The manufacturing of the monolayer, the synthe-
sis and study of the test complex was performed by Christoph H.-H. Traulsen. The synthesis
of the squaraine derivative was conducted by Johannes Poppenberg in collaboration with
Katharina Huth. The UV/Vis measurements of the multilayers were conducted by the author in
cooperation with Johannes Poppenberg and Peter M. Deutinger. The force field calculations
(MM2) for the structural model were done by Sebastian Richter and Christoph H.-H. Traulsen.
The XPS and NEXAFS measurements were carried out by Erik Darlatt and the author. The
interpretation of the results was done by Johannes Poppenberg, Christoph H.-H. Traulsen,
Erik Darlatt, and Sebastian Richter. Creating the concept and writing of the manuscript was

done by Johannes Poppenberg. All authors contributed to the final version of the manuscript.
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4.2. Principal Component Analysis (PCA)-Assisted Time-of-Flight
Secondary-lon Mass Spectrometry (Tof-SIMS): A Versatile
Method for the Investigation of Self-Assembled Monolayers
and Multilayers as Precursors for the Bottom-Up Approach of

Nanoscaled Devices

Markus Holzweber, Thomas Heinrich, Valentin Kunz, Sebastian Richter, Christoph H.-H.
Traulsen, Christoph A. Schalley, and Wolfgang E. S. Unger
Anal. Chem. 2014, 86, 5740-5748.

Submitted 6 January 2014, published 15 May 2014.

Published by the American Chemical Society and reproduced in the present work with kind

permission (Copyright © 2014).

The journal article is electronically available (http://dx.doi.org/10.1021/ac500059a).
4.2.1. Summary of the Publication

ToF-SIMS is sensitive enough to provide the process control needed to produce high-quality
layer systems yet data analysis is very demanding. This work shows how a large amount of
data generated by a standard ToF-SIMS measurement can be simplified by PCA. It provides
the possibility to identify key fragment peaks characterizing a given sample type, a survey of
the point-to-point reproducibility across the sample set, and a summary of the relationship be-
tween different sample sets. The approach used in this work ensures that the variance in the
given data set is due to real sample differences. Two examples were investigated to show how
PCA-assisted ToF-SIMS can help to get high-quality mono- and multilayers.

The first example features that different cleaning methods can result in a varying deposition
quality of a monolayer. A pyridyldodecane silane (PDS) SAM on hydroxyl-terminated silicon is
investigated that can be taken as a template for a further coordinative layer-by-layer deposi-
tion. Subsequently, a layer of Pd" ions using Pd(CH3sCN)4(BF4): is deposited. Figure 59a shows
the PDS-SAM and the corresponding ToF-SIMS mass spectrum obtained in positive-ion mode
in the mass range from m/z 0 to 300 which shows the expected fragmentation pattern and
therefore indicates the successful formation of the SAM. Initially, a significant contamination of
sodium sulfate was detected after the deposition of the SAM. Therefore, three different clean-
ing procedures of the surfaces before SAM-deposition were developed in order to minimize

this contamination. The initial cleaning by rinsing the surface with deionized water for 30 s
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(procedure 1) was first extended to 2 min (procedure 2), and then to 2 min of rinsing with an
additional immersion of the surface in Millipore water (procedure 3). The score plot from a PCA
of the positive secondary ions in a range of m/z 0 to 300 of the PDS-SAM by the three different
cleaning methods was then investigated (Figure 59b). It appears that procedure 1 is clearly
separated to the other two procedures and shows a poor point-to-point reproducibility which is

reflected by the large scattering of the data in addition to the sodium-sulfate contamination.
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Figure 59. a) Positive-ion-mode ToF-SIMS spectrum of the PDS SAM. Peaks in red correspond
to PDMS residues from the preparation procedure. b) Scores plot of the first two principal com-
ponents for the 3 different cleaning procedures. The percentage in the brackets denotes how
much variance is caught by the corresponding principal component. Black squares: procedure
1, blue triangles: procedure 2, red circles: procedure 3. The ellipses show the 95% confidence
limit.

The positive loadings — a measure that more secondary ions are generated — highlight frag-
ment ions that are characteristic for the formed PDS SAM (i.e., CsHzN+and C;HgN*) for proce-
dure 2 and 3 which indicates a more regular and well-oriented SAM and, as a result, a major
advantage for these cleaning procedures. In order to distinguish the two improved cleaning
procedures, a PCA just with the corresponding data sets was carried out. This lead to the
unexpected conclusion that the additional rinsing with Millipore water in cleaning procedure 3
did not improve the quality of the SAM as it is also visible in the scores plot in Figure 59b due
to the larger scattering. A PCA was also carried out for the coordination step of Pd" to the PDS
SAM. In principle, it would be enough to just check for the presence of Pd* secondary ions. In
fact, these are clearly observable at m/z = 105.90 with the typical isotope pattern. However, a
ToF-SIMS mass spectrum usually contains much more information that can be found and in-
terpreted with help of PCA. Indeed, the separation is not just due to the Pd* ions but also due
to ions from the ligand CHsCN and adducts containing the acetonitrile ligand in the positive
loadings (for the PDS+Pd-SAM). In contrast, the suppressed signals in the negative loadings
clearly correspond to molecular units of the PDS-SAM. This not only shows that Pd(ll) is pre-

sent on the surface but that it sits on top of the PDS-SAM.
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The second example in this study focuses on the LbL self-assembly of macrocycles and the
corresponding stepwise surface modification (see chapter 4.1, Figure 56). Therefore, each
deposition step is monitored by ToF-SIMS. The scores plot of the entire data set in Figure 60a
revealed that the individual samples are well separated although deviations in the mass spec-
tra are not easily assignable when using a univariate approach. The clustering of the samples
with Fe coordinated to terpyridine as the top layer as well as the samples with just terpyridine
as the top layer with nearly the same value in the scores plot also indicates that these samples
exhibit similar spectra. However, when the PC1 scores are plotted versus the PC2 scores like
in Figure 60b, a separation of the TDT/DT-SAM with coordinated Fe to the deposition step with
a similar surface chemistry becomes visible. This can be explained by the different orientation
of the terpyridines in the monolayer compared to a macrocycle layer which is also reflected by
clear separation of the pristine TDT/DT SAM. Although the third FeMC layer exhibits the same
surface chemistry — the terpyridine end-group points toward the surface — which should lead
to a similar clustering to the previous macrocycle deposition, it is separated from them. This
could be due to a change to a more-tilted orientation of the macrocycle layers or due to an

accumulation of defects in the course of the multilayer formation.
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Figure 60. PCA scores plot of the whole layer-by-layer data set; a) PC1 scores versus the sample
number and b) PC1 versus PC2 scores.

4.2.2. Personal Contribution to this Publication

Markus Holzweber conducted the ToF-SIMS measurements and processed the data with Prin-
cipal Component Analysis. The author synthesized the macrocycles under study, deposited
them into multilayers and helped with the interpretation as well as processing of the data. Val-
entin Kunz and Christoph H.-H. Traulsen synthesized the PDS molecule and developed the
different deposition procedures of the SAM. Sebastian Richter synthesized the TDT molecule.
Markus Holzweber and the author conceived the concept and wrote the article. All authors

contributed to the final version of the manuscript.
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4.3. Sequence-Programmable Multicomponent Multilayers of Na-

nometer-Sized Tetralactam Macrocycles on Gold Surfaces
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lene Leppich, Markus Holzweber, Wolfgang E. S. Unger, and Christoph A. Schalley
J. Phys. Chem. C 2013, 117, 18980-18985.
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4.3.1. Summary of the Publication
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Figure 61. Deposition procedure of the sequence programmable multilayer with a schematic il-
lustration of the organic and metallic compounds used in this work.

In this work, the extension of the sequence programmability of the multilayers was achieved
by two differently functionalized macrocycles and four different connecting metal layers for the
layer-by-layer deposition of multilayers. As illustrated in Figure 61, the macrocycle used is
either functionalized with terpyridine (TMC) or the new pyridine-motif (PMC). In order to con-
nect these ligands, metals with different coordination spheres are needed: Two terpyridines
can be connected by an octahedrally coordinating metal ion like Fe" or Ni"; two pyridines are
connected with the linearly coordinating trans-PdCl, metal connector; and a terpyridine is con-

nected to a pyridine with square-planarly coordinating Pd" and vice versa. As the template, the
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pyridine-terminated PST-SAM was used for every multilayer described in this work. Towards
a fully sequence-programmed multilayer, four intermediate steps were taken. First, a dipyri-
dine-terminated macrocycle PMC was deposited into a multilayer with trans-PdCl; as the metal
connector. This multilayer was analyzed with transmission-UV/Vis and XP spectroscopy.
UV/Vis revealed that, although the multilayer grows regularly with every deposition step — also
shown by XPS, a self-propagating growth is present for this multilayer. This can be due to the
additionally stored metal ions in underlying layers which then contribute to the growth of the
subsequently deposited layers. Furthermore, layer thickness calculations gave a mean layer
growth of 1.2 nm with every step. This corresponds to a macrocycle tilt angle of ca. 28° to the
surface. In a second step, it could be shown that it is in principle possible to deposit multilayers
of terpyridine-functionalized macrocycles TMC onto the pyridine-terminated template layer. In-
terestingly, this multilayer does not exhibit self-propagation. Consequently, no additionally
stored metals contribute to the layer-growth.
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Figure 62. Analysis of the sequence programmable multilayer. (a) lllustration of the idealized
programmed multilayer sequence. (b) UV/vis spectra after each macrocycle deposition; inset:
intensity growth at 272 nm. (c) XPS peak areas of Pd 3dsy, Fe 2ps2, and Ni 2pszas well as (d) ToF-
SIMS intensities for B*, Fe*, Ni*, and Pd* normalized to the total ion yield after each deposition
step.
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The third step consisted of the deposition of an alternating multilayer of PMC and TMC. In
order to connect the macrocycles, square-planarly coordinating Pd" metal ions are used.
UV/Vis analysis show that the multilayer exhibits a self-propagating growth due to the use of
just one metal as a connector.

Finally, a more sophisticated multilayer was designed in which all mentioned components were
applied in a sequence to achieve the highest possible complexity (Figure 62). Therefore, the
type of macrocycle was changed after every second macrocycle layer to produce a multilayer
sequence consisting of 16 layers that can be expressed as follows:
PST—(Pd'->TMC—-Fe'-5TMC—Pd'->PMC—trans-PdCl,-»PMC—Pd"->TMC—Ni'-TMC—
Pd'"'-PMC—trans-PdCl,—PMC),. The sequence of different macrocycles and metals can be
excellently followed by transmission-UV/Vis, XPS and ToF-SIMS. The continuous growth of
the = — =* band at 272 nm and the red shift of the surface plasmon resonance from 467 to
485 nm in the transmission UV/vis absorption spectra (Figure 62b) provide clear evidence for
the multilayer growth. The = — n* absorption band changes accordingly to the different ab-
sorptions of the macrocycles: When TMC is located on top of the multilayer, a more intense
increase of the absorption band at 280 nm is observed and when PMC is on top of the multi-
layer, a stronger increase is observed at 272 nm. Furthermore, no self-propagating effect is
detected. By determining the peak areas, we could show with XPS that the metal connectors
can be programmed and are located mainly in their destined layer. This was also confirmed
by ToF-SIMS which could also distinguish between the different Pd-ions by investigating B*
fragments which should only appear with Pd" as this has two BFs as counterions
(PA(NCCHz3)4(BF4)2). The multilayer growth, determined with XPS, also showed a linear be-
havior. The average layer thickness approximately corresponds to a tilt angle of ca. 24° to the
surface. A preferred orientation could be demonstrated for these multilayers. The combination
of the carried out UV/Vis, XPS and ToF-SIMS studies shows the programmability of the mixed
multilayer. In conclusion, a sequential deposition process has been developed that yields pro-
grammable macrocycle multilayers. This is particularly important regarding the long-term goal

of the project that is the construction of multilayers of differently switchable rotaxanes.
4.3.2. Personal Contribution to this Publication

The synthesis of the metal-macrocycle complexes in solution, the preparation of the mixed
multilayers, all UV/Vis experiments, as well as the planning and coordination of the project
were carried out by Sebastian Richter. The synthesis of the dipyridine-functionalized macro-
cycle and the corresponding multilayer was done by Christoph H.-H. Traulsen in cooperation

with Charlene Leppich. The preparation of the TMC multilayers with Fe'-ions on the PST-SAM
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was performed by Johannes Poppenberg. All XPS and NEXAFS measurements were per-
formed by the author. The interpretation of the results was done in cooperation with Sebastian
Richter, Johannes Poppenberg, and Christoph H.-H. Traulsen. Markus Holzweber conducted
ToF-SIMS measurements and interpreted the data. Sebastian Richter conceived the concept

and wrote the manuscript. All authors contributed to the final version of the manuscript.
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dine-Functionalized Gold Nanoparticles and Tetralactam Mac-

rocycles on Silicon Substrates
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penberg, Wolfgang E. S. Unger, and Christoph A. Schalley
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4.4.1. Summary of the publication
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Figure 63. (a) Synthesis of pyridine-terminated templates and preparation of mixed-shell PDT/HT-
NPs from hexanethiol-capped HT-NPs. (b) Deposition of PDS on a hydroxylated silicon surface
to yield a surface covered with a PDS-SAM, along with (c) the terpyridine-functionalized macro-
cycle MC and (d) the used metal complexes.

In this work, the synthesis of pyridine-capped gold nanoparticles and their incorporation into
composite multilayer on glass and silicon is presented. Furthermore, the uptake of a squaraine

axle into macrocycle multilayers that are either capped with a nanoparticle monolayer or into
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a mixed multilayer with alternately deposited macrocycle and nanoparticles was studied.
Again, the earlier introduced terpyridine-functionalized macrocycle MC was used for multilayer
formation (Figure 63c). The pyridine-capped nanoparticles PDT/HF-NP were obtained by par-
tially exchanging the ligands of previously synthesized hexanethiol-protected nanoparticles
HT-NP to 12-pyridyl dodecane-1-thiol ligands PDT (Figure 63a). Particles of different sizes
were prepared and analyzed by TEM, DLS, UV/Vis, NMR and IR measurements. For the dep-
osition of these nanoparticles into multilayers on the surface, a suitable template is needed.
As the deposition on gold would lead to a rather complicated analysis by XPS as well as UV/Vis
experiments, a triethoxysilane with a dodecane backbone and a pyridine terminus PDS was
used for the deposition on glass or silicon. The successful deposition of the template layer as
well as its high quality and order was demonstrated with XPS, ToF-SIMS, AFM, and NEXAFS
measurements. The subsequent deposition of multilayers was initially done and investigated
with separately deposited nanoparticles or macrocycles. Similar to the previous study, the
macrocycle multilayer was anchored on the template with Pd"-ions and the following layer
growth was done with Fe'-ions as connecting metal. For the deposition of the nanopatrticle
multilayer, only Pd" was used. Both multilayers were analyzed with transmission-UV/Vis spec-
troscopy in order to follow the layer growth corresponding to their characteristic absorption
band at 290 nm for the macrocyles (n — ©* transition) and 560 nm for the nanopatrticles (surface
plasmon resonance). The nanoparticle multilayer was also further investigated by XPS which

confirmed the regular growth.

[
—

nanoparticle
layer on top

absorption intensity [a.u.]

plasmon reso-
nance band

320 370 420 470 520 570 620 370 470 570 670 770
wavelength [nm] wavelength [nm]
Figure 64. (a) Transmission UV/Vis spectra of MC multilayers on a PDS-SAM recorded after each
MC (black) deposition step. The spectrum depicted in red corresponds to a ten-layer stack of
macrocycles on top of which Pd"ions followed by a layer of PDT/HT-NP nanoparticles (red) were
deposited. (b) Transmission UV/Vis spectraof an alternating MC/PDT/HT-NP multilayer on a PDS-
SAM recorded after each NP (black) and MC (blue) deposition.

Moreover, composite multilayers were obtained that, as already stated, differ in their compo-

sition. First, the macrocycle multilayer was capped with a nanoparticle layer. The success of

82



the process was confirmed by a large absorption increase with a strong plasmon band in the
UV/Vis spectrum when the nanoparticles are deposited on the multilayer (Figure 64a). In the
second case, a mixed multilayer was deposited that contained an alternating sequence of na-
noparticles and macrocycles. The composite multilayer showed the expected behavior: With
every deposition of the macrocycle, the absorption at 290 nm increased and when the nano-
particles were deposited, their plasmon resonance gave a strong absorption at 540 nm (Figure
64b). XPS showed that the C 1s/Si 2p peak area ratio increases with each deposited layer
while the C 1s/Au 4f7, ratio revealed an alternating behavior with a decrease upon nanoparticle
and an increase upon macrocycle immobilization.
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Figure 65. Uptake experiments of two types of multicomponent multilayers with the SqA-axle. (a)
Transmission UV/vis spectra of the (MC)10—PDT/HT-NP2 multilayer before (blue line) and after
(black line) immersion into a 1 mM solution of SqA in DCM. Intensities were normalized to the
MLCT band to facilitate comparison. (b) Transmission UV/vis absorption intensity 667 nm plotted
versus SgA deposition time for (MC)1o— PDT/HT-NP2 (blue line) and (PDT/HT-NP2—MC)10—

PDT/HT-NP2 (black line) multilayers. Langmuir adsorption kinetics were used to fit the obtained
data points.

In the end, the latter two examples were investigated concerning their guest uptake ability and
pseudorotaxane formation with the squaraine axle SgA. Interestingly, the composite multi-
layers are able to incorporate more guests than the capped macrocycle multilayers while the
uptake rates are not significantly different between the two multilayers as was shown by UV/Vis
studies on the time-dependent increase of the SqA absorption band at 667 nm that arises
when the multilayers are treated with a SqA solution (Figure 65a and b). This was ascribed to
the introduction of the nanoparticles which leads to a lower order and therefore more space
between the macrocycles.
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4.4.2. Personal Contribution to this Publication

The synthesis of the nanoparticles functionalized with only PDT was carried out by Christoph
H.-H. Traulsen in collaboration with Larissa K. S. von Krbek. The synthesis of SgA, its depo-
sition into composite multilayers, and their preparation was done by Christoph H.-H. Traulsen.
Valentin Kunz synthesized PDS, all particles used for surface deposition, and carried out the
deposition of these substances into multilayers. The author synthesized the macrocycle under
study, conducted all XPS and NEXAFS measurements, and did the theoretical evaluation of
the Langmuir absorption kinetics. Sebastian Richter deposited the pure macrocycle multilayers
on PDS. The development of an appropriate procedure for monolayers on glass or silicon
surfaces using triethoxysilanes was carried out by Johannes Poppenberg in collaboration with
UIf T. J. Scheuschner. Markus Holzweber conducted ToF-SIMS and Andrea Schulz AFM, SEM
and TEM measurements. The interpretation of the results was done by the author in collabo-
ration with Christoph H.-H. Traulsen, Valentin Kunz, Sebastian Richter and Johannes Poppen-
berg. Creating the concept and writing the manuscript was done by Christoph H.-H. Traulsen.
All authors contributed to the final version of the manuscript.

84



4.5. The versatility of ,,click” reactions: molecular recognition at

interfaces

Thomas Heinrich, Christoph H.-H. Traulsen, Erik Darlatt, Sebastian Richter, Johannes Pop-
penberg, Nora L. Traulsen, Igor Linder, Andreas Lippitz, Paul M. Dietrich, Baha Dib, Wolfgang
E. S. Unger, and Christoph A. Schalley

RSC Adv. 2014, 4, 17694-17702.

Submitted 27 February 2014, published 31 March 2014.

Published by The Royal Society of Chemistry and reproduced in the present work with kind
permission (Copyright © 2014).

The journal article is electronically available (http://dx.doi.org/10.1039/C4RA01730G).
4.5.1. Summary of the Publication

Although the previous reported LbL self-assembly shows promising results, the transfer of su-
pramolecular structures and processes from solution to solid supports is still challenging. The
approach showed in this work combines SAMs, that can be covalently functionalized, with
molecular recognition and should therefore act as an example for the covalent deposition of
supramolecular switches on to surfaces. An azide-terminated undecanethiol SAM is covalently
functionalized by CuAAC-reactions with host or guest molecules which allow the specific non-
covalent attachment of another layer through supramolecular interactions.

Before the click reactions are realized, the X-ray induced decomposition of the azide-terminus
had to be investigated. The irradiation damage has earlier caused major characterization prob-
lems as it yielded a new nitrogen compound which interfered with the newly built triazole and
the additional nitrogen signals of the deposited molecules. To have a deeper insight and clearly
assign the products that can arise, 35 N 1s XP spectra were recorded in 4 min intervals at the
same spot. This was sufficient to follow the time course of the decomposition until just a small
part of intact azide remained. The observed decomposition behavior led to the conclusion that
a highly reactive nitrene compound is formed followed by a 1,2-hydrogen shift from the adja-
cent carbon to the nitrogen that leads to the formation of an imine. This assumption could be
supported by N 1s XPS and N-K edge NEXAFS measurements.

After the determination of the decomposition product, the deposition of an overlying supramo-

lecular layer via click chemistry and subsequent host-guest complexation experiments were
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studied. On-surface CUAAC reactions were performed using different alkyne-substituted su-
pramolecules such as tetralactam (TLM1) and crown ether (CE1) macrocycles, as well as
diketopiperazine (DP1) and ammonium (AM1) guests. In order to clearly assign all observed
XPS peaks, an unfunctionalized alkyne (HEX) was included in this series as a reference
(Scheme 4).

TLM2

Scheme 4. The molecules used in this study. Left: Alkyne-functionalized host and guest mole-
cules and control compound HEX. Middle: The corresponding guests and host. Right: Mono-
layer-forming AUD.

The N 1s XP spectra of all compounds revealed the formation of a compound with three or
more different nitrogens that are in line with those of a newly built triazole. Furthermore, the N-
K edge NEXAFS spectra revealed three new nitrogen signal for all conducted cycloadditions
except for TLM1 (Figure 66, left). However, the cycloaddition could also be verified for TLM1
by additional irradiation experiments. In addition, the C 1s spectra of the different compounds
reveal new signals that can be assigned to the carbons that are characteristic for the particular
compounds. (Angle-resolved) C-K edge NEXAFS measurements showed new signals for all
deposited compounds except for HEX. Additionally, CE1 and DP1 seem to exhibit a certain
preferential orientation as their spectra show a linear dichroism. In conclusion, the azide-alkyne
cycloaddition worked for every compound under study. However, the tetralactam macrocycle
showed low azide turnover as it has the highest steric demand and the clicked AM1 did not
show the presence of an ammonium ion but of an unprotonated amine which can be due to
the deprotonation of the ammonium as a result of rinsing after the click reaction. As amines
are not able to strongly bind crown ethers, AM1 can be taken as a reference for the subsequent
four different host-guest experiments that are possible: To TLM1, a CFs-functionalized diketop-
iperazine (DP2) was added, to DP1, another tetralactam macrocycle TLM2 can be added, a
CFs-functionalized ammonium compound can be deposited to the CE1 layer, and AM1 can be

treated with a crown ether (CE2).
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Figure 66. Left: Qualitative N 1s XP spectra of the surfaces of HEX, CE1, AM1, DP1 and TLM1in
comparison to that of the pristine AUD SAM (hv = 500 eV and 0° emission angle) and the corres-
ponding NEXAFS spectra. Right: Qualitative N 1s XP spectra of the four host—guest pairs (hv =
500 eV and 0° emission angle) and their corresponding NEXFAS spectra (55° incident angle).

Again, the N 1s XP spectra as well as the N-K edge NEXAFS give a detailed insight (Figure
66, right). The CE1-AM2 surface for example shows a prominent feature (AMM) in the N K-
edge NEXAFS spectrum which is a clear sign for the presence of an ammonium-ion and there-
fore also AM2. Deposition of the tetralactam macrocycle TLM2 to DP1 can also be clearly
observed in the N 1s XP spectra: The intensity of the peak representing the amides in DP1 as
well as TLM2 experiences a significant increase after TLM2 treatment. The picture is not as
clear when the opposite pairs are analyzed. Therefore, the C 1s XP spectrum has to provide
more detailed insight. In fact, it gives a clear indication for the presence of DP2, as the signal
for its CFs-group is clearly visible in the corresponding spectrum. This is also true for the CE1-
AM2 host-guest pair. Furthermore, the presence of TLM2 is confirmed by the altered C 1s XP
spectrum that significantly differs to the one of the untreated DP1. Again, these results give a
clear indication that the experiments were successfully conducted with the expected results.
When the surfaces are analyzed by angle-resolved C-K edge NEXAFS spectra, it becomes
apparent that just the CE1-AM2 pair retains its preferred orientation: Only here, the linear di-
chroism is even more pronounced and the 1r*-resonance exhibits a new angular dependency.
Reversibility was shown with the DP1-TLM2 pair and the corresponding N 1s as well as C 1s
spectra. After rinsing with DMF, the surface resembles the initial spectra again. This is a clear

indication that the macrocycle is washed off again.
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4.5.2. Personal Contribution to this Publication

The author was responsible for the conceptual development and the coordination of project.
He also performed the click reactions on the azide-terminated SAMs, conducted the XPS and
NEXAFS experiments of the host-guest experiments, and interpreted the resulting spectra.
The author also conceived and wrote the article. Christoph H.-H. Traulsen helped with the
conceptual development and interpretation of the XPS and NEXAFS spectra, and conducted
the on-surface host-guest experiments. E. Darlatt conducted the XPS and NEXAFS experi-
ments on the decay of the azide terminus as well as the click reactions, and interpreted the
results. Sebastian Richter, Johannes Poppenberg, Nora L. Traulsen, Igor Linder, and Baha
Dib contributed to the synthesis of the compounds under study. Andreas Lippitz and Paul M.
Dietrich helped with XPS and NEXAFS measurements. All authors contributed to the final ver-

sion of the manuscript.
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4.6.1. Summary of the Publication

An unambiguous analysis of the structural changes inside rotaxane mulitayers on surfaces
that come with their stimuli-induced switching is crucial for understanding these processes. A
chemical stimulus in fact unavoidably brings impurities into the system and it is not sure if it
addresses the rotaxanes even in the lowest layers. In this work, photochemically switchable
molecules were designed and synthesized to incorporate them into the previously described
macrocycles in solution as well as in multilayers on solid support to enable pseudorotaxane
studies. The molecule was designed in such a way that the cis-trans photoisomerism of azo-
benzene is able to control the threading and dethreading of the diketopiperazine axle-piece
into a tetralactam macrocycle. The photoswitch as well as the diketopiperazine were attached
to a rigid xanthene backbone which keeps them in a fixed position to each other. This enables
the azobenzene to influence the binding strength of the the diketopiperazine by steric hinder-
ance: When the azobenzene is in its trans-configuration, the binding-site is blocked, but in the
cis-isomer, the binding-site becomes available. The axle was synthesized over ten steps in a
14% vyield. Methylation of the diketopiperazine-NH was carried out in order to prevent addi-
tional hydrogen bonding. Crystal structures revealed that the azonbenzene is in its trans con-
figuration almost coplanar to the xanthene-unit while the diketopiperazine is almost perpendic-
ular to the backbone due to steric hinderance. This facilitates a binding into the macrocycle
cavity when the azobenzene is in its cis configuration as revealed by MM2 calculations of the
pseudorotaxane complex.

In a first step, the pseudorotaxane formation was investigated in solution by UV/Vis and NMR
spectroscopy. Photoisomerization of the axle from trans to cis was carried out by irradiating a

solution of it in CH2Cl, with a wavelength of A; = 365 nm for 10 min to get the photostationary
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state. The back isomerization to the trans configuration was performed by either irradiation
with an LED lamp at A, = 470 nm or by equilibration in the dark at room temperature for 24
hours. The UV/Vis spectrum of the axle in the trans configuration (Figure 67b) shows the char-
acteristic absorption band for the T—1* transition of the azobenzene at 323 nm, which expe-
riences a decrease when irradiated at A4, indicating the formation of the cis configuration. After
irradiation at A for 10 minutes or equilibration in the dark over 24 h, the spectrum resembled
the initial state. Reversibility was tested by alternating irradiation over five cycles (Figure 67c).
UV/Vis analysis was also carried out with a 1:1 mixture of the axle and a tert-butyl-substituted
macrocycle. No shifts of absorption maxima could be observed due to the small influence of
the chromophor’s electronic properties by the binding.
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Figure 67. Solution-phase studies. a) Photoswitchable pseudorotaxane formation. b) UV/Vis
spectra of the axle in CH2Cl, in cis and trans configuration. c) Reversible photoswitching in
CH.ClI,, tested by alternating irradiation at A; = 365 nm and A, =470 for 10 min in each step. d)
NMR analysis (298 K, CDCIs3) of pseudorotaxane switching. I: TLM. Il: TLM + axle, 1:1. lll: TLM +
axle after 10 min irradiation at A:. IV: TLM + axle after 24 h in the dark at r.t.

NMR spectroscopy was applied to gain structural information and evidence for switchable
pseudorotaxane formation. It revealed that the amide protons of the macrocycle only undergo

a small shift upon addition of one equivalent trans axle (Figure 67d, | to Il). After 10 minutes
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irradiation at A1 (Figure 67d, 1), a second set of signals for the cis configuration appears with
a ratio of cis- to trans of approx. 2:1. Due to hydrogen bonding, the macrocycle protons a and
b are now significantly shifted downfield and the diketopiperazine protons c, d, and e are
shifted upfield as they are shielded by the macrocycle aromatics. This clearly confirms the
pseudorotaxane formation of the axle in its cis configuration. Equilibrium in the dark for 24 h
yielded a spectrum equal to the initial one which shows reversible binding. NMR titrations pro-
vided binding constants of <15 M for the trans and 1,650 + 165 M for the cis configuration.
After the successful demonstration of reversible pseudorotaxane formation, the concept was
transferred to well-established macrocycle multilayers and with that to surface. Multilayers
were obtained by layer-by-layer self-assembly with pyridine-terminated PDS on glass and Pd"

and Fe' ions as metal connectors like it was shown in chapter 4.4.
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Figure 68. Transmission-UV/Vis investigations. a) Di-terpyridine-TLM, PDS-SAM, metal ions used
for the self-assembly of macrocycle multilayers. b) Transmission-UV/Vis spectra showing multi-
layer deposition. c) UV/Vis spectra of surfaces before and after immersion in trans axle solution.
d) UV-Vis spectra of surfaces before and after immersion in cis axle solution.

First, transmission-UV/Vis experiments were conducted in order to follow the multilayer as-
sembly as well as the binding of the axle to it. Multilayer assembly was confirmed by the meas-
urement of UV/Vis spectra after each macrocycle-layer deposition. To see whether the axle
binds to the multilayer, the one-, three- and five-layered systems were investigated and the
pristine SAM was taken as control. The surfaces were immersed into a solution of the axle

either untreated to show the binding behavior of the axle in its trans configuration or under
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constant irradiation at A1 to do the same for the cis configuration. Subsequent, immersion of
the surfaces into CH.Cl, for 10 minutes ensured that no unspecifically bound material re-
mained. The then recorded UV/Vis spectra revealed different behavior for trans and cis: The
spectra of the surfaces with one, three and five layers of TLM showed a substantial increase
of the absorption around 350 nm when immersed in cis solution, while no change was ob-
served for the same surfaces immersed in trans solution. This indicates that the axle could be
deposited in its cis configuration. Interestingly, the axle does not — unlike the squarain axle —
bind to the lower layers when more than three macrocycle layers are deposited as revealed
by the difference spectra. This can be explained by the different structures of the two guests:
While the squarain has a somewhat linear structure and is therefore able to slip through the
multilayer into the macrocycle cavities, the axle described here is stoppered at one end through
the xanthene backbone which makes it sterically demanding for it to diffuse through the multi-
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Figure 69. C K-edge NEXAFS spectra acquired at an incidence angle of the linearly polarized
synchrotron light of (grey) 55° and (black) the difference between the spectra acquired at 90° and
30° of (a) athree-layered macrocycle multilayer, (b) the multilayer treated with a solution of trans
axle, (c) the multilayer treated with a solution of cis axle, and (d) the drop-coated axle.

The surfaces with three layers of macrocycles were also analyzed by means of XPS and
NEXAFS. While XPS just showed a small hint for the presence of axle by an altered ratio of
different N 1s signals, NEXAFS displayed some interesting results. By comparing the N-K edge
NEXAFS-spectra of the pristine multilayer, multilayers either treated with a solution of trans or
cis axle-configuration, and the drop-coated axle, it was concluded that the cis axle was indeed
deposited to the multilayer. Although, there is a substantial overlap between the signals pre-
sent, the spectra clearly support the results gained from UV/Vis studies. Angle-dependent
C K-edge NEXAFS spectra provide a more detailed picture (Figure 69). The spectra of the

pristine macrocycle multilayer clearly exhibit a linear dichroism, showing that a preferential
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orientation is present. The multilayer treated with the solution of trans axle shows the same
signals as well as a similar dichroism, indicating that no incorporation of axle is taking place.
In contrast, the spectrum of the multilayer treated with a solution of cis axle exhibits two peaks
that are superimposed by two new signals. The spectrum of the drop-coated axle shows that
these signals are due to the additional axle on the surface. Moreover, the increased linear
dichroism confirms a higher order in the multilayer and therefore indicates an incorporation of
the axle into the cavities of the macrocycle.

Finally, the reversibility of the pseudorotaxane-formation on the surface was tested by irradi-
ating the surfaces with bound axle at A» which showed no changes in the UV/Vis spectra and
therefore indicating that not cis-trans isomerism is taking place. Immersing the surfaces in
CHCl for 24 h also had no effect. When the surfaces are immersed in DMF, which is a strong
hydrogen-bond competitor, the guest could be removed from the multilayers.

4.6.2. Personal Contribution to this Publication

Felix B. Schwarz was responsible for the conceptual development and wrote the article. To-
gether with J. Ole Kaufmann, he synthesized the axle. He also conducted the solution-phase
as well as transmission-UV/Vis studies, MM2 calculations, and crystallized the axle. The au-
thor synthesized the macrocycles, conducted the NEXAFS and XPS measurements, inter-
preted the data and helped with the conceptual development as well as writing the article.
Andreas Lippitz helped with NEXAFS and XPS measurements. Rakesh Putreddy measured
the crystal and calculated the structure. All authors contributed to the final version of the man-

uscript.
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4.7. Coupled Molecular Switching Processes in Ordered Mono-
and Multilayers of Stimulus-Responsive Rotaxanes on Gold
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4.7.1. Summary of the Publication

The basis of this work is the idea that functional multilayers of molecules in ordered arrays can
easily be fabricated on surfaces through layer-by-layer self-assembly. Moreover, the well-con-
trolled axle shuttling of stimuli-responsive, ordered rotaxanes is an excellent candidate for a
coupled mechanical motion. The present work demonstrates the successful deposition of or-
dered mono- and multilayers of chemically switchable rotaxanes on gold surfaces. In order to
transfer the switching process in solution of the well-studied rotaxane to surfaces, it is neces-
sary to functionalize the rotaxane with terpyridines (Rot6) similar to the previous reported mac-
rocycle (MC3) or an alkyne function (Rot3). The well-studied diketopiperazine is used as an
axle. When triazole-moieties are attached to the central axle-piece, the addition of chloride
induces a translation of the macrocycle from the diketopiperazine to the adjacent triazoles.
The macrocycle then shuttles from one triazole to another. When chloride is removed, the
macrocycle translates back into its initial state (see chapter 3.3). 'H NMR studies revealed that
chloride addition to the rotaxane Rot6 in CDCls induces significant signal shifts of hydrogens
on both the axle and the macrocycle (Figure 70). This strongly indicates that the proposed

translocation of the macrocycle indeed takes place.
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Figure 70. *H NMR data confirming chloridemediated switching of the rotaxane Rot6. Top: Chlo-
ride-induced switching within the rotaxane. Bottom: partial *H NMR spectra (4 mM, CDCls, 298 K)
of (a) the rotaxane before addition of 1 equiv of tetrabutylammonium chloride ((TBA)CI), (c) ro-
taxane Rot6 after addition of 1 equiv of (TBA)CI, and (c) Rot6 after chloride removal by precipi-
tation of NaCl with 1 equiv of sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF.).

The alkyne- and tert-butyl-substituted roaxane Rot3 was deposited onto the azide-terminated
monolayer of bis(11-azidoundecyl) disulfide AUD by CuAAC (Figure 71a). Rot6 however is
deposited into mono- and mulitlayers by a coordination-based layer-by-layer self-assembly
process onto a rigid template functionalized with pyridine (PST) or onto a flexible, terpyridine-
functionalized template with diluted coordination sites (TDT/DT 1/3). The connecting metal
layer is composed of tetrahedrally coordinating Pd'-ions for PST or octahedrally coordinating
Fe'-ions in case of the TDT/DT-SAM (Figure 71b).

Mono- and multilayer formation could be shown by XPS, transmission-UV/Vis and AFM meas-
urements. Similar to the previous studies dealing with the macrocycle multilayers, the
C 1s/Au 4f7;, peak-area ratios showed an increase after every deposition step which is due to
the attenuation of the gold signal by the increasing organic layer. Analogous, the multilayer
formation was followed by transmission-UV/Vis spectroscopy. All bands initially observed in
the solution spectrum of the complex reappeared in the spectra of each layer deposition and
the absorption also increases in a linear fashion, which indicates that a constant amount of
rotaxane was deposited with every deposition step. When a micropatterned surface is investi-

gated by AFM, the thickness of one rotaxane layer was determined to be ~1.6 nm which very
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well matches the layer thickness of the macrocycle multilayers where the macrocycles have a
tilting angle of ca. 35° (see chapter 4.1). In conclusion, the rotaxanes behave very similarly to
the macrocycles when deposited into multilayer on the surface with a similar tilting-angle. One
additional observation is worth noticing: The C 1s/Au 4f;, peak area ratios of the rotaxane
multilayer on PST have much greater values than those of the rotaxane multilayer on TDT/DT.
This indicates that the rotaxanes are more diluted on the TDT/DT-template and that close

packing is not present in this case.
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Figure 71. Fabrication of mono- and multilayers of switchable rotaxanes. (a) Monolayers of co-
valently fixed Rot3 are made by first depositing an azide-terminated SAM of AUD onto a gold
surface. Afterward, the acetylene-substituted rotaxane Rot3 is “clicked” to the azides. (b) On a
(ter-)pyridine-terminated SAM, Pd"-ions are deposited and then mediate the connection to the
first layer of Rot6 deposited from dichloromethane solution. Subsequently, this monolayer can
be converted into multilayers by an alternating deposition of Fe'- ions and Rot®6.

The on-surface switching process was initially investigated with contact-angle measurements.
These revealed that chloride addition to the mono- and multilayers leads to a decrease of ~20°
for all rotaxane layers which is reversed when the chloride ions are removed. In order to rule
out that this observation was just due to the presence of chloride-ions, the same experiment
was done with a macrocycle multilayer. Here, just a small angle change of ~3° was observed
which indicates that the polarity change is due to an axle-translocation in the rotaxane multi-
layers. The observed linear dichroism effects in angle-resolved NEXAFS spectra delivered
evidence for a reversible switching of the rotaxanes bound to the surface in a coupled manner.
Such a concerted switching process is observed only when the surfaces are well packed, while
less densely packed surfaces lacking lateral order do not exhibit such effects. In detail, the

mono- and multilayers are switchable between two ordered state when deposited on the rigid,
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pyridine-terminated template. When deposited onto the flexible template with more diluted ter-
pyridine binding-sites, the rotaxane multilayers do not exhibit a linear dichroism before and
after chloride addition. In conclusion, no coupled switching takes place in this multilayer. To
show that the observed orientational effects are not due to the incorporation of the counterion
tetrabutylammonium (TBA), the switching was repeated with a smaller counterion tetrame-
thylammonium (TMA). These experiments showed a similar linear-dichroism and therefore
also orientational behavior. The alkyne-functionalized rotaxane Rot3 clicked to the surface
exhibits a linear dichroism similar to the one of Rot6 on PST. When chloride is added, this
effect almost completely vanishes but is retained after chloride is removed from the monolayer.
Consequently, this rotaxane also exhibits a coupled switching.

a Rot3 monolayer on AUD / TBACI b Rots monolayer on PST / TBACI vs. TMACI C Rot6 monolayer on TDT/DT / TBACI

norm. intensities / a.u
norm. intensities / a.u.
norm. intensities / a.u
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284 288 —30° 284 = 288 284 288 284 288
photon energy / eV = 88,,_300 photon energy / eV photon energy / eV

Figure 72. Investigation of the chloride-induced switching process. Angle-resolved NEXAFS
spectra of (a) a Rot3 monolayer on AUD and (b) a Roté monolayer on PST. Left: Switching in-
duced by (TBA)CI; right: Switching induced by (TMA)CI). (c) NEXAFS of a Roté monolayer on
TDT/DT (1:3). In each case, the NEXAFS results obtained for the pristine layer, that after chloride
addition, and that after chloride removal with NaBArF4 are shown (top to bottom). Red and black
lines represent the NEXAFS spectra obtained at 30° and 90° angles of the incident synchrotron
light beam, respectively. Difference spectra are shown in green.

Finally, the triple layer of Rot6 on PST again exhibits linear dichroism effects on the 1" reso-
nance that change with chloride addition and removal. The concept of concerted switching
observed for the PST-Rot6 monolayer is consequently transferable to multilayers of Rot6 on
PST as well.

4.7.2. Personal Contribution to this Publication

The author conceived the synthethic route and synthesized MC1, MC2, MC3, Rot5, Rot6, and
all needed precursors. In cooperation with Sarah K. Kastner, the author also synthesized Rot1,

Rot2 and Rot3. Furthermore, the author deposited the mono- and multilayers of the rotaxanes,
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and conducted all XPS, NEXAFS, UV/Vis, as well as contact angle experiments and inter-
preted the data. Christoph H.-H. Traulsen did the uCP approach in cooperation with Sven O.
Krabbenborg and analyzed the samples by AFM. Markus Holzweber measured the ToF-SIMS
images. Sebastian Richter synthesized the SAM molecules and Valentin Kunz synthesized
Rot4. The author was responsible for the conceptual development and the coordination of the
project as well as conceiving and writing the article. All authors contributed to the final version
of the manuscript.
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5. Conclusion and Outlook

In the course of this thesis, mono- and multilayers of different supramolecules were obtained
as well as analyzed and their behavior upon the addition of suitable binding partners or an
external stimulus was investigated. It is particularly noteworthy that it could be shown that
switchable rotaxanes were deposited onto solid supports and switched in a coupled manner
between two well-ordered states when treated with an external stimulus such as the addition
of chloride ions.

As a part of a greater project, this work has first focused on the improvement and the assur-
ance of the surface analysis by transmission-UV/Vis, XP, and NEXAFS spectroscopy as well
as ToF-SIMS. Based on earlier results that resulted in the generation of suitable monolayers,
the deposition of nanometer-sized macrocycles in multilayers was investigated with transmis-
sion UV/Vis, XPS and NEXAFS which confirmed a regular growth and also a preferential-
orientation. Then, (PCA assisted) ToF-SIMS was established as an analytical tool to ensure a
high-quality deposition of SAMs and the already established macrocycle multilayers due to its
high sensitivity to impurities as well as a survey of the point-to-point reproducibility of a certain
sample set. Furthermore, a (sequence) programmable multilayer with different metals as well
as functionalized macrocycle was developed and investigated with XPS and ToF-SIMS. It
could be shown that the metals are discretely distributed in the multilayer which confirmed the
sequential multilayer assembly which can act as a proof-of-principle for the fabrication of mul-
tilayers comprising differently addressable rotaxanes. Additionally, angle-resolved NEXAFS
measurements provided an indication for their preferential orientation. A reversible host-guest
complex formation was also successfully carried out in mono- and multilayers of different su-
pramolecules both covalently and coordinatively bound to the surface. This proved that these
assemblies are in principle available for an external stimulus. It could be also shown that the
macrocycle-multilayer is available for pseudorotaxane or host-guest formation all the way
down to the lowest layer. By introducing roughness to the multilayer after the incorporation of
nanoparticles, the uptake of guests could be increased due to a decrease of order. Pseudoro-
taxane-formation experiments with photoswitchable axles were also successful and showed
even an increase of preferential orientation after guest incorporation.

These studies delivered the basis for the subsequent part of the project, where rotaxanes, that
exhibit axle translocation in the wheel to the presence of chloride, were synthesized, effectively
deposited on gold substrates, and switched. It was not only shown that the rotaxanes are or-
dered in the multilayer but also that chloride-addition induces the generation of an even more
ordered state. Subsequent chloride removal leads to the recovery of the initial order — i.e. the

structural change is reversible. Various control experiments and the comparison between dif-
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ferent layers led to the conclusion that the occurring electronic (structural) effects can be as-
cribed to the axle translocation in the wheel and are not from other possible origins like the
incorporation of the chloride counterion. Furthermore, the significant change of surface wetta-
bility upon chloride addition is only present for the rotaxane but not the macrocycle multilayers
which indicates that the change in hydrophobicity is not solely due to the presence of the ap-
plied salt. Consequently, the switching of the applied rotaxane has successfully been trans-
ferred from the solution to the surface.

In order to generate a directional switching of mechanically interlocked molecules in the future,
one key aspect has to be taken from this work: A dense packing of the rotaxanes induces order
and a coupling between the individual switches. It also results in limited degrees of freedom
for the axles of each rotaxane through spatial constraints caused by the next neighbors. The
switching of the rotaxanes in the multilayer is therefore probably able to deliver a unidirectional
switching process that can later be harnessed to produce a macroscopic effect such as lift-
ing/transport of a cargo caused by the tilting-up of the rotaxanes in a coupled fashion. How-
ever, a perfectly simultaneous switching of all rotaxanes in a domain is unlikely, because the
overall barrier would be expected to be very high. Therefore, the switching process presumably
follows a nucleation/growth mechanism. To overcome the probably high barrier of synchro-
nized switching, one could think of the introduction of side chains or stoppers with opposing
properties such as dipoles, hydrogen-bond donors/acceptors or electron-poor/electron-rich ar-
omatic systems. In a very recent study, Hla and coworkers could show that the rotation of a
molecular 2D-assembly can be coordinated and synchronized by the incorporation of a dipole
into a hexagonal rotor that is deposited onto a gold surface leading to potential application in,
for example, information transport on the mesoscale.*? If the axle can be equipped with the
mentioned oppositely constituted molecular units, the switching can also be coordinated and
synchronized. Furthermore, the hydrogen-bonding moieties used by Giuseppone and cowork-
ers for their self-assembled supramolecular, muscle-like fibers can be employed as stopper
units to connect the axles with each other.**4 This will probably lead to an amplification of the

structural change during the switching process and therefore to an increase of its directionality.
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Scheme 5. Suggested modification of the squaraine unit in order to gain more stability.

For an easier analysis and even an optical read-out of the switching, a rotaxane with a

squaraine dye as described in chapter 3.3 was employed. However, stability and synthetic
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issues made it impossible to deposit such a rotaxane on the surface. The squaraine dye pro-
posed now contains two electron-donating 2-aminothiophene units, which diminish the elec-
trophilicity of the central C40- core so that it resists nucleophilic attacks by aqueous media.l**®!
This was a major issue before as water was shown to be always present in the course of the
mono- and multilayer fabrication. Such a rotaxane shall be deposited by the already employed
click approach as the diiodo-functionalized macrocycle used for the rotaxanes-synthesis in this
work is not soluble enough to form a complex with the squarain-axle.

Additionally, switchable rotaxanes are supposed to be used that only possess two distinct
binding sites, so that the directionality of the surface-bound switching is facilitated and can be
better determined. This was already done with a diketopiperazine rotaxane that is shown in
Scheme 6 (right). When it is deposited onto solid support in multilayers, it however showed no
structural change upon chloride addition. We ascribe this to the flexible and rather long linker
between the diketopiperazine and the stopper or triazole which increases the degrees of free-
dom of the rotaxanes and therefore diminishes probably occurring structural effects. Conse-
guently, an analogous rotaxane was designed that has a shorter as well as more rigid linker

(Scheme 6, middle). This should lead to a reduction of the degrees of freedom, and therefore

to an amplification of the order as well as switching directionality.

Scheme 6. Proposed modification of the rotaxane used in this work in order to gain a direction
within the molecule.

The conformational change of these rotaxanes is however rather small which also probably
leads to a smaller effect on the macroscale. Thus, rotaxanes should be designed that have a
larger conformational change which can be realized by the incorporation of longer but rigid

linkers or even a poly- or oligomerized axle.
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Obviously, the stimulus should also be changed to a ‘noninvasive’ one — i.e. the chemical
stimulus leads to more and more contaminations inside of the multilayers and therefore to a
probable rearrangement of the switches. This could be overcome by applying a photochemical
— analogous to the pseudorotaxane studies in the most recent publication — or an electrochem-
ical stimulus. In particular, redox-switchable crown-ether rotaxanes can be incorporated as
organic linkers in multilayers in order to use them as functional electrodes and potential data
storage devices and to translate the molecular motion from the nanoscale to macroscopic
property changes. Additionally, photoswitchable rotaxanes, that contain the tetralactam mac-
rocycle, have optical properties, and can be deposited into a monolayer on the surface, have
already been designed and synthesized.

To further reduce the degrees of freedom that the rotaxanes have to assemble, the cross-
linking of the metal-connector should also be considered. This will not only lead to a more
determined assembly of the switches in the multilayers and therefore probably a higher order
but will also pave the way for an alternative analytical method which is namely X-ray diffraction
(XRD) which was not applicable for the multilayers produced in this work. The in this manner
fabricated SurMOFs are particularly interesting. They represent highly stable scaffolds where
the employed switches can evenly be distributed throughout a regular grid that can easily be
adjusted to the length of the axle or macrocycle molecule enabling not just a coupled but also
synchronous switching.

However, even if the proposed seminal steps help to improve the switching and we gain a
certain simultaneity and alignment of the molecular motion, it does not certainly generate a
directional movement displayed by a macroscopic effect. The last examples from Leigh and
Stoddart, in which rotaxane switches are incorporated into larger arrays that give a macro-
scopic effect, have been reported more than a decade ago and the molecular motors, rotors,
switches, and machines reported in recent years are not more than rudimentary. This raises
the question whether a molecular motion is able to have an impact on a macroscopic level at
all and therefore whether molecular machines are able to deliver the desired applications. In
detail, the stability as well as the mechanical performance is limited, which prevents them to
fulfill a useful task. The community has therefore reached a crossroads. It will be important to
decide whether seminal steps to provide improvements to the switching process or complete
new approaches have to be considered. This will be the crucial part of future integrations of
molecular machines into larger devices. This work can deliver a substantial contribution in
understanding the factors that direct the switching or mechanical processes inside the desired

devices and therefore should help in finding an answer to the questions that arise in the future.
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