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Abstract
Stabilizing molecular catalysts bound onto various substrates is one of the main challenges that needs to
be overcome to enable efficient electrocatalytic transformations with well-defined species. In this thesis,
we have addressed this challenge in two different approaches.
In the first part, we investigated the use of atomic layer deposition (ALD) protection layers to stabilize
molecular water oxidation catalysts based on ruthenium and iridium that were connected to a
mesoporous metal oxide electrode via classical anchoring groups, carboxylic acids. Specifically, we
designed these catalysts to survive the harsh conditions that are required for the ALD process to be
applied. This was achieved by replacing the aqua ligands that are normally present on water oxidation
catalysts through chloride ligands in a protecting group approach. Using spectroscopic techniques, we
were able to understand the effect of increasing thickness of ALD-TiO2 protection on the stability of the
carboxylic acid anchoring groups on the substrates and the accessibility of the catalysts’ active sites. The
electrocatalytic properties of the stabilized catalysts was compared for the complexes with the chloride
ligands and their unprotected aqua ligand counterparts. We observed that the ruthenium-based catalysts
did not show improved performance using our protecting group strategy and were unstable over a 30
minute period under operation at pH 1. Under the same experimental conditions, the chloride-protected
iridium-based catalyst was effectively stabilized and showed an earlier onset for water oxidation.
Reasonable explanations for all our observations could be provided using additional characterizations.
In the second part, we propose a new strategy to stably attach molecular catalysts onto different
electrode materials based on host-guest complexes. Using modified cyclodextrins as host sites bound on
the support surfaces, a selective and strong binding of catalyst guest molecules equipped with a
naphthyl-based binding group could be achieved. We designed, synthesized and characterized
ruthenium-based complexes that function as electrocatalysts for different reactions in aqueous and nonaqueous conditions that incorporate such a binding motif. With diverse spectroscopic and analytical
techniques, we first show that we were able to form host-guest complexes in solution. We developed
strategies to connect the cyclodextrin hosts onto gold and metal-oxide based electrodes and then
showed that we could use this to immobilize the catalyst molecules on the surfaces. We provide evidence
for catalysis in aqueous media with the oxidation of phosphines to phosphine oxides and in organic media
with the oxidation of ammonia. The experimental results are supported by both DFT calculations and
additional surface characterization under UHV conditions. With the promising results that we acquired
with this system, we provide a new strategy for the stable connection of molecular catalysts to surfaces.
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Zusammenfassung
Die Stabilisierung molekularer Katalysatoren, die auf verschiedenen Substraten gebunden sind, ist eine
der grössten Herausforderungen, die überwunden werden muss, um effiziente elektrokatalytische
Transformationen mit wohldefinierten Spezies zu ermöglichen. In dieser Dissertation wurden zwei
verschiedene Ansätze genutzt, um die Stabilität von Molekülen auf Oberflächen zu verbessern.
Im ersten Teil der Arbeit wurde die Stabilisierung von auf Ruthenium und Iridium basierenden
molekularen Katalysatoren für die Oxidation von Wasser zu Sauerstoff (WOKs) mit Hilfe ultradünner
Schichten, die mit der ALD Methode hergestellt werden, untersucht. Die Katalysatoren, die über
Carbonsäuregruppen an mesoporösen Metalloxidsubstraten gebunden sind, wurden mit dem Ziel
konzipiert, während der rauen Bedingungen der ALD stabil zu sein. Dafür wurden die Aqua-Liganden, die
normalerweise bei WOKs vorhanden sind, durch Chlorid-Liganden ersetzt, welche die Rolle einer
Schutzgruppe einnehmen. Mit Hilfe von spektroskopischen Methoden konnten die Auswirkungen der
zunehmenden ALD-TiO2 Schichtdicken auf die Stabilität der Ankergruppen und die Zugänglichkeit der
Metallzentren untersucht werden. Die elektrokatalytischen Eigenschaften der stabilisierten Komplexe mit
Aqua und Chlorid-Liganden wurden für beide Metalle verglichen. Während bei den RutheniumKomplexen kein Unterschied festgestellt werden konnte und die Stabilisierung über 30 Minuten bei pH 1
nicht erfolgreich war, beobachteten wir, dass die Iridium-Komplexe mit Schutzgruppe effektiv stabilisiert
waren und der die Wasser Oxidation, im Vergleich zum Komplex ohne Schutzgruppe, an einem
geringeren Potential startet. Mit Hilfe von zusätzlichen Experimenten konnten wir unsere Beobachtungen
zufriedenstellend erklären.
Im zweiten Teil dieser Arbeit haben wir eine neue Methode entwickelt, molekulare Katalysatoren an
Oberflächen zu binden, die auf Wirt-Gast-Komplexbildung basiert. Als Wirtmoleküle können modifizierte
Cycodextrine benutz werden, die an die Oberflächen gebunden sind. Sie ermöglichen durch starke und
selektive Wechselwirkungen mit Naphthylgruppe an den molekularen Katalysatoren die Fixierung dieser
Gastmolekülen an die Oberflächen. Die Synthese und Charakterisierung von mit Naphtylgruppen
modifizierten rutheniumbasierender Komplexe, die verschiedene Reaktionen in wässrigen und
nichtwässrigen Lösungen katalysieren können, wurde erfolgreich durchgeführt. Zunächst wurde die
Bildung von Wirt-Gast-Komplexen in homogener Phase mit verschiedenen analytischen Methoden
untersucht. Dann wurden Strategien entwickelt, um die Cyclodextrine mit Gold- und
Metalloxidoberflächen zu verbinden, und dann auf diesen Oberflächen die Gastmoleküle zu
immobilisieren. Die katalytische Aktivität der immobilisierten Katalysatoren in Wasser durch
Phosphinoxidation und in organischem Lösungsmittel durch Ammoniakoxidation konnte gezeigt werden.
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Um unsere experimentellen Befunde besser zu verstehen, wurden DFT Berechnungen sowie
Oberflächencharakterisierungen unter UHV Bedingungen durchgeführt. Unsere vielversprechende
Resultate erlauben es, die Wirt-Gast-Komplexbildung als neue Strategie zur stabilen Fixierung von
molekularen Katalysatoren vorzuschlagen.
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2 Introduction
As the title of this thesis implies, the work performed here focusses on different aspects of connecting
molecules with surfaces. The molecules in question are transition-metal catalysts for different chemical
transformations driven by electrical potential known as electrocatalysts. This relatively short introductory
chapter will guide the reader through important definitions and basic concepts of catalysis and catalysts
and will put the research into perspective by providing a global setting that motivates the work. For the
two main projects that are described in detail in this thesis, separate introductions will be given. Due to
the large variety of different disciplines and techniques that were used during this work, a chapter
motivating and introducing certain aspects that may be less known to the reader (with a synthetic
inorganic chemist’s background) can be found after this general introduction.

2.1 Catalysis and electrocatalysis
2.1.1 What is a catalyst?
A short introduction on the concept of catalysis and catalysts can be found in 1. The definition of a
catalyst is given by the International Union of Pure and Applied Chemistry as: “A substance that increases
the rate of a reaction without modifying the overall standard Gibbs energy change in the reaction; the
process is called catalysis. The catalyst is both a reactant and product of the reaction.” 2 A catalyst can be
in the same phase as the reaction that is taking place, making the catalyst homogeneous, or in a different
phase than the reactants making it heterogeneous. Homogeneous catalysts can appear in many different
size scales, from as small as a single electron to the size of a complex biological molecular structure; the
latter is known as an enzyme.3,4 For heterogeneous catalysts, it is more difficult to define the extent of
which part of a solid material for instance is truly catalytic, and which part is an inert spectator to the
reaction. An important feature of a catalyst is the active site, that is the location on the molecule or
surface on which the reactions occur that enable the catalytic reaction. In enzymes for example, catalysis
of a reaction only occurs at a very specific location inside of the large biomolecule. This is also the case for
heterogeneous catalysts, where the reaction takes place at specific locations on the surface of the
catalyst. A schematic representation of a catalyzed reaction is shown in Figure 1. As the catalyst is not
consumed during the reaction, the catalyst may participate in a new reaction after the product is formed.
From this one can obtain a repeating cycle involving the catalyst, the catalytic cycle.
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Figure 1. Schematic representation of a catalytic cycle for reaction between reactants A and B giving product P. Reprinted with
permission from 1 © 2019 Elsevier.

Catalysts can further be categorized by their mechanism of action. There are a few examples which may
be familiar with chemists from different disciplines of chemistry. Acid-catalysis and base-catalysis uses
acids and bases to accelerate specific reactions and is wide-spread in many synthetic reactions in organic
chemistry. Transition-metal catalysis is based on the rich chemistry of transition metals (and their filled or
unfilled d-electrons), which is also widely applied in synthetic chemistry, for example in carbon-carbon
cross-coupling reactions.5 In the last 20 years, use of small organic molecules to catalyze certain reactions
has seen increased importance in synthetic chemistry; these catalysts are called organocatalysts.6,7
In this work, the focus for catalysts will lie on so-called electrocatalysts. Although there is currently no
IUPAC definition, we can propose one to meet our descriptive needs: an electrocatalyst is a substance
that facilitates electron transfer to or from one or more reactants leading to the formation of reduced or
oxidized products. In this context, electrons can be considered as one of the reactants or products.

2.1.2 Catalytic reactions – effects of thermodynamics, kinetics and transport
The effect of a catalyst on a generic chemical reaction is shown in Figure 2. The red curve represents the
reaction without catalyst, and the green curve shows the reaction in the presence of a catalyst. These
curves represent the total energy of all reacting entities during the progression of the reaction (described
by the reaction ordinate). The reactants undergo changes in their molecular geometry and electronic
structure during a reaction, which requires an input of energy. The highest point of the curve is the
transition state and represents the highest energy configuration during the reaction. After this point is
overcome, the atoms and electrons rearrange forming the products of the reaction. In the schematic
presented here the energy of the products is lower than the energy of the starting materials, therefore
the reaction releases energy into the environment in the form of heat, work or light. The difference in
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energy between product state and reactant state, ΔGrxn, is a thermodynamic parameter and does not
depend on the presence of a catalyst. The presence of a catalyst will therefore not affect the equilibrium
of a chemical reaction.

Figure 2. Energy diagram showing the effect of a catalyst on a very simple generic chemical reaction. In this case, an exergonic
reaction with no intermediates is depicted.

Instead, a catalyst will influence the rate of a reaction. This is achieved by lowering the activation energy
(EA) of the reaction, compared to its uncatalyzed counterpart. As the activation energy relates directly to
the rate of a reaction following the Arrhenius equation 𝑘(𝑇) = 𝐴 ∙ 𝑒

−𝐸𝐴⁄
𝑅∙𝑇 ,

where k(T) is the reaction

rate, R is the universal gas constant and T is the temperature, decreasing the activation energy leads to
faster reactions.
At this point, a point may be made that there are catalysts that simply speed up a reaction and catalysts
that enable a reaction in the first place. The latter can be reconciled with the former by considering
reaction rates of certain uncatalyzed reactions as so low that they cannot be observed in useful
timescales unless a catalyst is used. Another important concept is selectivity: the catalyst provides a
clearly preferred reaction pathway (lower in energy) leading to a select product. This prevents reactants
from undergoing other reactions which may occur by applying a lot of energy to the system (for example
strong heating). An efficient catalyst can decrease the activation barrier for a certain pathway so far that
other reactions virtually do not occur. Selectivity and activity are the two main factors determining the
efficiency of a catalyst.
Thermodynamics and kinetics are two very important factors determining if and how fast a reaction will
take place. Another factor that influences reactions and especially catalysis is transport. Transport and
diffusion determine how quickly two components required for a reaction (in this case reactant and
12

catalyst, for example) find each other. This becomes important when considering heterogeneous
catalysts, especially if they are nano-structured, as diffusion to the active sites may be significantly
slowed down. Transport processes are also responsible for gradient formations in solution and need to be
considered in practical applications. In this thesis transport processes will not be discussed in detail.

2.1.3 Source of energy for reactions: heat, light, electric potential
As is evident from Figure 2, an input of energy into the system is required to overcome the activation
energy barrier. In most cases, the energy is introduced in the form of heat. In some cases, the energy can
be introduced in other forms, such as electromagnetic radiation (photochemical reaction) or electrical
potential (electrochemical reaction). As the work in this thesis is based exclusively on electrocatalysts, the
focus of this chapter will be on electrochemical reactions and parameters.
To illustrate this, we will focus on the water splitting reaction: 2 𝐻2 𝑂 ⇄ 2 𝐻2 + 𝑂2 . This reaction is
strongly endergonic, meaning that energy has to be added to the reactants to form the product, with
°
Δ𝐺𝑟𝑥𝑛
= +475 kJ mol-1 under standard conditions. In terms of an electrochemical reaction, this process

corresponds to an overall transfer of 4 electrons (two electrons from each oxygen atom in the water
°
molecules transferred to the four hydrogen atoms in the water). A simple transformation from Δ𝐺𝑟𝑥𝑛
to
°
°
°
𝐸𝑟𝑥𝑛
making use of the relation Δ𝐺𝑟𝑥𝑛
= −𝑛 ∙ 𝐹 ∙ 𝐸𝑟𝑥𝑛
gives us a value of -1.23 V (per electron) for the

water electrolysis reaction. In other words, we need to transfer four electrons with the energy of 1.23 eV
each to the two reactant water molecules to have enough energy to form the oxygen and hydrogen
products.8 Using electrolysis to split water, we divide the reaction into two half-reactions: the oxidation
of water and the reduction of water. For these half-reactions, a standard reduction potential is given. By
definition, the potential for the reduction of protons (in an ideal solution with 1 M H+ ions, using platinum
electrodes and bubbling H2 at 1 atm) is 0.00 V. All other reduction potentials can be reported to this
reference value (this scale is called SHE, standard hydrogen electrode). For the case of reducing oxygen to
water (the reverse reaction of water oxidation to oxygen), the standard reduction potential is 1.23 V.
Although the thermodynamic value is reported for the overall reaction, it is also possible to evaluate the
energies needed for the transfer of one, two or three electrons to form intermediate products of the
oxidation of water. This is shown in Figure 3. The total energy needed to oxidize water to O2 is four times
1.23 V, depicted in an idealized sequence of four consecutive electron transfer steps with the necessary
energy (in blue). In reality, the energy needed for the single electron transfers can differ strongly from the
1.23 eV, indicated in the schematic by the red arrows and orange lines. From this picture, we can see that
the overall reaction may be dominated and slowed down by the electron transfer step with the highest
required energy; this then becomes the rate-determining step of the overall reaction. Effective catalysis
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relies on minimizing the energies of single reaction steps by providing the reaction with a lower energy
pathway, especially lowering the energy of the rate-determining step, as this leads to a faster overall
reaction.

Figure 3. Schematic showing that the single oxidation step energies are different from values obtained by dividing the overall
energy needed for the full oxidation of water to oxygen by the total number of transfered electrons. Blue curves show the ideal
case wher the energy required for each electron transfer step is equal. In orange, a non-ideal case is shown where energies of
individual electron transfer steps are very different.

2.2 Applications: Storage of solar energy & green chemistry
After introducing what catalyst are, it is vital to provide a background on why we need to study and
develop them. On the one hand, catalysis is perhaps the most important concept in modern industrial
chemistry, as over 90% of all chemicals produced today have at some point undergone a catalytic
transformation.9 On the other hand, catalysis is one of the key features that enabled (and enables) life on
earth. Some of the most famous catalyzed reactions occurring in nature can be found in the
photosynthetic process. This process is responsible for transforming energy that falls onto our planet in
the form of sunlight into biomass and oxygen. From the 120’000 TW of terrestrial solar radiation, 130 TW
are used and transformed by biological processes.10 Using solar energy in a similar fashion may also be
the key technology to allow us to overcome the many problems that we currently are experiencing due to
the ever-increasing energy demand and consumption of fossil fuels.
As was stated before, with catalysis we have the ability to run chemical reactions under conditions that
require less energy input and produce less waste than their corresponding non-catalyzed counterparts.
Using catalysis in chemical synthesis is one of the approaches towards green chemistry, which has as
target to make chemistry as a whole safer and more sustainable.11 Therefore, the study of catalytic
transformations that further improve sustainability and efficiency of synthetic chemical transformations
is one of the most important and most researched fields in chemical research.
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2.2.1 Global energy challenge: finite resources and emissions from burning fossil fuels
Since the industrial revolution 200 years ago, the global consumption of energy has increased by over 20
times, as can be seen in Figure 4. The majority of the energy is obtained from finite resources, the fossil
fuels coal, oil, and gas as well as the finite resources for nuclear energy production, uranium. Not only is
the anthropogenic consumption of fossil fuels severely affecting global climate and ecosystems,12 the
nature of finite resources is that they will run out.

Figure 4. Global energy consumption between 1800 and 2010 by resource. Data for this chart was obtained from 13.

According to different calculations and models, the reserves of fossil fuels will be depleted in the coming
50 to 100 years if current consumption is continued. The predictions on the remaining amounts of fossil
fuel reserves for a select few basic models are displayed in Figure 5. These models take into account the
increase of population, energy consumption, resource availability and economic growth at different
rates.14 Even for the most optimistic models, exclusive use of fossil fuels as energy resource will not be
able to sustain humankind with the energy that is needed a hundred years from now. Therefore there is a
great interest to develop alternate methods of powering our society and producing fuels that are
renewable and do not cause further deterioration of global climate.
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Figure 5. Predicted rates of fossil fuel depletion. Reprinted with permission from 14 © 2019 Elsevier.

2.2.2 Solar energy – the most abundant renewable energy source
Sunlight is arguably the largest and cleanest energy source that is available to us. With 166’000 TW of
incident solar irradiation, 85’000 TW of which can be collected on our planet’s surface, we have a source
of energy large enough to fuel the yearly global energy demand within less than two hours.15 Of course,
this would require full conversion of that incoming solar radiation into a useful form of energy, such as
electricity. With a global consumption of 18.6 TW (2018),16 we would need to collect only 0.022 % of the
yearly global incident solar radiation to completely run on solar energy. The sun is expected to shine for
another 5 billion years, slowly increasing its radiative output, providing the human race with a
quasi-unlimited source of power.17
However, there are challenges related to solar power that need to be addressed. The sun shines only a
certain amount of time per cycle on a given location on earth. This means that there are periods of
complete darkness and peak radiation intensity on a daily basis (day-night cycle) but also on a yearly basis
(seasonal cycle). The lack of constant solar flux requires a buffering mechanism to balance these cycles.
Furthermore, as the solar energy comes in the form of light, it first needs to be converted into other
forms of energy which entails transformation losses.

2.2.3 Conversion of light to storable forms of energy – electricity and chemical fuels
Transformation of solar radiation into other forms of energy requires a process that produces electricity,
heat or fuels. For electricity, the use of photovoltaic devices is the most straightforward strategy to
convert sunlight. In a photovoltaic device, light that is absorbed by a so-called photoabsorber is
converted into electrical charges in this material that are collected to give electric current. Over the past
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50 years, new and more efficient materials that can be used in photovoltaic devices have been developed
and are gaining traction industrially as competitive technologies for energy production.18 The importance
of photovoltaic devices and solar cells in electricity production has been recognized globally, however the
production of electricity that is not directly consumed requires storage of the produced energy. This
could be achieved through batteries, by mechanical energy storage devices, as heat, or in the form of a
fuel. The latter represents perhaps the most useful form of stored energy for many applications, as the
energy is stored in chemical bonds inside the fuel providing a high density and simple on-demand
release.19
This brings us back to catalysis and its applications for efficient solar fuel production. With the help of a
certain type of catalyst, electrocatalysts, the electrical energy produced through photovoltaic devices can
be used to drive chemical reactions. This can be achieved directly on a device that absorbs light in a
photoelectrochemical approach, or simply by coupling a normal solar cell to an electrolytic device that is
powered by the electrical output of the solar cells. In the context of solar energy storage and large scale
applications, using the energy to electrochemically split water (by far the most abundant raw material
that can be used for chemical fuel production) leads to the production of solar hydrogen with oxygen as
the “byproduct”. Apart from improving materials that convert light into electrical energy, there is a strong
need to develop better catalysts to convert this energy into hydrogen. With significant improvements in
these fields, we may see a permanent replacement of fossil fuels in a so-called hydrogen economy.20,21
Motivated by the idea of using better catalysts for solar energy storage, we devoted our research to
improving some of the aspects that define the usefulness of catalysts. The two main properties dictating
the value of a catalyst that can be improved are efficiency and stability. The efficiency of a catalyst can be
increased by decreasing the energy and time needed to run the desired reaction (decrease of activation
energy). Improving the stability leads to a longer lifetime of the catalyst, which is crucial in any
application that is to be scaled up to a global level (solar hydrogen production, for example). Since a lot of
research has previously focused on improving catalyst efficiencies, we pursued strategies to extend the
catalysts’ lifetimes. Furthermore, we improved and developed strategies enabling us to bind molecular
catalysts (i.e. homogeneous catalysts) onto surfaces, making them heterogeneous. The simple logic
behind this is that we want to use electricity to drive our reactions, which requires electrodes. Connecting
the catalyst molecules directly to electrodes can be tricky but provides clear benefits, such as
simplification of the reaction system by separating catalysts and reactants leading to easier isolation of
products, reducing side reactions and faster electron transfer.
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3 General considerations and special analytical methods
3.1 Substrates
For the projects that were investigated in the course of this thesis, choosing an appropriate material as
the substrate for the molecular catalysts is one of the first and most important steps in experiment
design. The substrate is at the same time the support for molecules bound to the surface and the
electrode for electrochemical experiments. In general, for the direct connection of a catalyst to the
substrate, the anchoring group of the molecule will be chosen according to the substrate material:
Carboxylic acids or phosphonic acids are used for titania supports, siloxanes are used on silica and thiols
are used on gold or silver.22
The substrate will also determine which analytical techniques can be used to characterize the molecules
and the surface. For instance, silicon with a low doping level can be used as a substrate for transmission
IR spectroscopy, and wide bandgap metal oxides such as SiO2 or ZrO2 are well-suited for UV/Vis
spectroscopy. Furthermore, as we are interested in characterizing the molecules that are on the surface,
the very low amounts can limit available analytical techniques. The use of mesoporous substrates or
highly sensitive analytical tools can overcome these limitations.
In this chapter, the choice and general properties of substrates as well as non-standard analytical tools
(for synthetic chemists) will be discussed.

3.1.1 Metal oxides
Metal oxides are very useful and widespread substrates for a variety of catalytic applications.23,24 In the
context of electrocatalysis, we can focus on a few key materials that have been used widely: titanium
dioxide (TiO2), doped tin oxides (fluorine-doped: FTO; or indium-doped: ITO) and oxides of the first row
transition metals such as iron oxide, nickel oxide or cobalt oxide.25–27 While the latter have been reported
to be active catalysts for reactions in water splitting, we are more interested in TiO2, FTO and ITO as
(semi-)conducting transparent materials.
Both the tin oxides and TiO2 are large bandgap materials, with a bandgap of 3.5 and 3 eV respectively.28,29
Furthermore, they are transparent in the visible spectrum and can be used to pass electrical charge. The
use of these materials in combination with molecular dyes has led to the development of dye-sensitized
solar cells (DSSCs).30 This was possible because molecules with binding groups such as carboxylic acids
(R-COOH) or phosphonic acids (R-PO3H2) can bind strongly on TiO2, FTO and ITO,31 enabling the transfer of
electrons from molecules connected to the metal oxide to the electrodes. TiO2 and tin oxides are also
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highly stable under oxidizing conditions, making them ideal candidates as substrates in molecular
oxidation reactions; these materials, however, have a limited use in reduction catalysis due to
degradation under strongly reducing conditions. Specifically with regard to water oxidation, TiO2 and
FTO/ITO are excellent substrates due to their very high overpotentials for the oxidation of water,32
allowing reliable assignment of activity of bound molecular species.
TiO2 and ITO are commercially available as nanoparticles that can be used to prepare mesoporous films.
These films have a significantly higher surface area compared to flat films,33 which enables more catalyst
molecules to bind per geometric area of the electrode. This approach was largely used in this thesis to
enable analytical techniques such as external reflection IR spectroscopy and gives significantly larger
signals during electrochemical measurements. The preparation and characterization of mesoporous
metal oxide substrates is briefly detailed below, details of the fabrication process (which are highly
significant for successful electrode preparation) can be found in the experimental section (see Chapter
6.4.1 and 6.4).

3.1.2 Gold
The other main substrate used in this thesis is gold. Gold has been used extensively in electrical and
electrochemical applications due to its inertness as a noble metal. It has a well-defined although complex
electrochemistry in water.32 The oxidation of gold leads to the formation of a monolayer of gold oxide,
the potential of the individual oxidation reaction depends on which facet of gold is being oxidized. For
instance, the Au(111) surface is oxidized at a potential of 1.3 V vs RHE, while Au(100) is oxidized at 1.2
V.34 The gold oxide monolayer is reduced upon sweeping back to more negative potentials. The
integrated charge passed during the reduction of gold oxide can be used as a precise measure of how
many gold atoms were exposed to the electrolyte; this has been used to determine the degree of
monolayer formation on gold electrodes.35
In general, gold is extremely well investigated for binding of molecules via thiol or selenol linking 36 and
therefore a good starting point to investigate the attachment of molecules to the surface. The desorption
of thiols bound to the gold under electrochemical reducing conditions can be used to quantify the extent
of monolayer formation.37,38 One simple yet highly sensitive technique that can be used to measure the
adsorption rate of thiols on thin gold layers was also successfully used in this work.36,39 It relies on the
change in conductivity of ultrathin gold films (<50 nm) upon chemical binding of thiol groups to the
surface (see Chapter 3.3.2 for details). Another technique that works very well on gold substrates is
tip-enhanced Raman spectroscopy (TERS). The details of TERS can be found in Chapter 3.3.5. This
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spatially-resolved spectroscopic technique gives access to molecular spectral information of submonolayers on the gold surface, which no other analytical method can reveal.
Despite the many advantages of gold as substrate, there are a few critical limitations to its application as
electrode support for molecular catalysts. Firstly, binding of thiols (the strongest adsorbate on gold) is
unstable under reductive and strongly oxidative conditions,35,40 thus limiting the potential range for stable
binding to around -0.2 to 1.3 V vs RHE. This limitation is severe, since most molecular catalysts for water
oxidation and water reduction have more than 200 mV overpotential. The second main drawback to gold
is its intrinsic catalytic activity to reduce water and to form the oxide under oxidizing conditions.32 This
makes it challenging to distinguish the activity of adsorbed molecular catalysts from that of the bare
substrate.
Initial experiments to prepare high-surface area gold substrates were performed, with the synthesis of
gold nano-dendrites following literature procedures.41,42 These nano-dendrites (Figure 6 a) were found to
exhibit high surface area but were mechanically unstable. Later, experiments were performed on
electron-beam evaporated gold on ITO substrates with a thin Ti binding layer (Figure 6 b and c). These
substrates are very reproducible, have a relatively low roughness and exhibit good mechanical stability.
These substrate are well-suited for TERS experiments as they can give additional enhancement due to
surface structuring, which creates additional hotspots under TERS conditions (see Chapter 3.3.5).

a)
b)

c)

μm
66 μm

Figure 6. a) SEM image of a gold-nanodendrite formed by electrodeposition, an example of a rough and high surface area gold
substrate. b) and c) AFM images of gold substrates prepared by e-beam evaporation of gold onto ITO-coated glass, showing
relatively flat films comprised of gold grains with 30 - 80 nm grain size.

The combination of metal oxide and gold as support was also achieved, by sputtering a very thin layer of
ITO onto the e-beam evaporated gold films. These substrates are highly interesting as they maintain the
substrate enhancement during TERS measurements (with ITO film-thicknesses < 1 nm) but allow
investigation of metal-oxide anchored molecules. This is discussed further in Chapter 4.7.

3.2 Preparation techniques
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3.2.1 Mesoporous substrates
Mesoporous metal oxide substrates offer significant advantages over their flat thin-film counterparts.
However, successful preparation and utilization of these substrates required extensive optimization in
terms of nanoparticle source, preparation of particle suspensions and deposition technique. The
structure of mesoporous metal oxide nanoparticle films resembles that of a sponge, with many pores and
channels between individual nanoparticles (Figure 7).

a)

b)

1 μm

200 nm

Figure 7. Mesoporous TiO2 layers on an FTO substrate. The top-view images a) and b) were measured by SEM and show the
porous structure of the films. Scale bars are shown in yellow.

Fabrication of mesoporous substrates is described thoroughly in literature.43,44 The main approaches for
making mesoporous metal oxide films using a suspension of the appropriate nanoparticles are doctorblading, spin-coating and screen-printing.45–47 The best results in terms of reproducibility and film
morphology of mesoporous TiO2 (meso-TiO2) and ITO (meso-ITO) in this thesis were obtained using the
spin coating technique. To effectively use spin coating, the nanoparticle suspension needs to be
optimized for viscosity and homogeneity as well as in terms of additives. The annealing step after
deposition of the particle suspension is also an important factor for the control of mechanical stability
and electronic conductivity of the mesoporous metal oxide films.
An example of a spin-coated meso-TiO2 sample with non-optimized nanoparticle suspension is shown in
Figure 8 a). The mesoporous film shows cracks in the layer and low homogeneity. This sample was
prepared by spin-coating a commercial screen-printing paste diluted with ethanol. Very homogeneous
and well-defined films were obtained when the spin-coating suspension was prepared by making a homemade paste described in 6.4.1 from commercially available TiO2 nanoparticles (Figure 8 b and c). The
homogeneity was achieved by ball-milling of the particles as a key step in the paste-making process and
use of an appropriate filler material as well as α-terpineol as main solvent. The filler material is required
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to control the porosity of the mesoporous layer as it leaves empty channels in the layer after being
burned away in the annealing step.

a)

20 μm

b)

c)

3 μm

3 μm

Figure 8. a) SEM top-view image of a meso-TiO2 film made with diluted commercial screen printing paste; the layer shows
significant cracks and inhomogeneity. b) Cross-sectional SEM image of a meso-TiO2 film prepared with a home-made spin-coating
suspension. The film is homogeneous and free of cracks. c) Enlarged cross-sectional image showing the sponge-like structure of
the mesoporous nanoparticle film.

Using the spin-coating method to prepare mesoporous films, the layer thickness could easily be
controlled by the number of spin-coating cycles. The thickness varies linearly with the number of
depositions, as can be seen from Figure 9. The thickness increase per cycle of spin-coating is around 250
nm, giving the films a thickness of 750, 1000 and 1500 nm (Figure 9 a, b and c respectively).
a)

b)

c)

500 nm

500 nm

500 nm

Figure 9. Side-view SEM images of meso-TiO2 films fabricated by 3 cycles of spin-coating (a), 4 cycles of spin coating (b), and 6
cycles of spin-coating (c).

Increasing the mesoporous layer thickness leads to an overall increase of real surface area per geometric
area of electrode surface. This results in higher catalyst loading, but also increasing effects of transport
limitations into the films, which may be observed in the form of lowered currents, as well as increasing
resistance for electrical current through the layer. Therefore, experiments performed in this thesis were
performed using either 3 or 4 cycles of spin-coating, both for meso-TiO2 and meso-ITO.
Finally, the mechanical stability of the mesoporous films could be enhanced by treating the films with
dilute solutions of the corresponding precursor compounds after the annealing step. ITO films could be
made more robust by spin-coating a solution of indium(III) chloride and tin(IV) chloride after annealing of
meso-ITO. For meso-TiO2, a TiCl4 solution was used.48 This treatment did lead to improved mechanical

22

stability, however this was accompanied by a decrease in surface area and loading. Therefore, this
additional treatment was employed only for long measurements where stability of the substrate was
crucial.

3.2.2 Atomic layer deposition
Atomic layer deposition (ALD) is a technique used to prepare thin-films of compounds with extremely
precise thickness control. The working principle of ALD relies on self-limiting reactions of monolayers
formed by the individual precursors, as is shown in Figure 10. For a detailed description of the process
and its intricacies, a lot of literature is available.49,50 Briefly, a first precursor A (usually a highly reactive
organometallic compound), is brought into contact with a substrate under vacuum (low mbar range) and
reacts with surface functional groups, i.e. hydroxyl groups and adsorbed water. This leads to the
formation of a monolayer of A, which is no longer reactive towards A present in the gas phase. Excess gas
phase precursor is removed under vacuum and a second precursor B is added. B is a molecule such as
water or H2S which reacts with A, removing volatile components and forming an oxide or sulfide layer of
type AB. After fully reacting surface groups with B and removal of excess B in the gas phase under
vacuum, the substrate (+ deposited layer) is once again covered in functional groups (R-OH, R-SH, etc.)
and the process is repeated.

Figure 10. Schematic representation of the ALD growth process for a layer AB. Reprinted from 50. In the first step of the cycle (a),
the substrate is covered in reactive functional groups (hydroxyl groups, adsorbed water molecules). Then precursor A (red) is
brought into contact with the substrate, reacting with the functional groups (b). After fully reacting with the surface (c), the gas
phase side products and excess precursor A are removed, then precursor B is introduced, reacting with A on the surface (d). This is
followed by again removing side products and excess gas-phase B, leading to the surface being covered in functional groups once
more (e). The process is then repeated (a-e) to grow a layer of AB with desired thickness.
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ALD is most commonly used to deposit metal oxides with well-defined thicknesses.49 In the context of
catalysis and material discovery for photoabsorbers, it is used to deposit ultrathin layers that form
semiconductor junctions or that protect underlying materials.51,52 The benefits of ALD compared to other
methods are the excellent control of layer thickness, the availability of this method for a variety of
different materials and also the possibility of using it on substrates that are very rough.53 The
homogeneous coating can be achieved on all materials, if the deposited film is thick enough (>50 nm).52
To illustrate this, 50 nm of ALD-TiO2 were deposited on short gold nano-dendrites (Figure 11). Using a
high accelerating voltage for the acquisition of the image by SEM, the gold and TiO2 layers can be easily
distinguished. A homogeneous coating of all gold surfaces was observed even on the rough dendrite
structure.

a)

b)

1 μm

500 nm

Figure 11. SEM images of gold nano-dendrites coated with a 50 nm layer of ALD-TiO2. The difference in contrast between gold
and TiO2 gives rise to the core-shell structure seen in the images.

ALD was used to coat the surface of mesoporous substrates with anchored molecules. The molecules may
be affected by the ALD process, as the latter requires highly reactive precursors for film growth. This is
discussed in detail in Chapter 4. Although there is some literature on the effects of having molecules
present at the surface of a substrate,54,55 this remains poorly investigated. Ongoing research elucidating
these effects are currently ongoing in the group of Prof. Peter Hamm at UZH, however, at the time of the
writing of this thesis, results have not yet been published.

3.3 Analytical methods for molecular catalysts on surfaces
3.3.1 External reflection Fourier-transformed infrared spectroscopy
Infrared spectroscopy has wide application in molecular and heterogeneous catalysis.56 To use this
technique for a monolayer of molecular catalysts on the surface of an electrode, attenuated total
reflection (ATR) or external reflection (ER) modes of Fourier-transformed infrared spectroscopy (FTIR) are
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the most useful. For the ATR technique, using an IR-transparent prism as light-carrier is necessary.57 This
limits the application of the technique due to more challenging preparation of samples, material
limitations and also high cost of optical-grade prisms. Therefore, the ER-FTIR mode was chosen for most
of the experiments performed during this thesis. With ER-FTIR, mesoporous films on glass or FTO-coated
glass can be used, eliminating the requirement for prisms.
A schematic of the setup used in ER-FTIR is shown in Figure 12. The sample is placed on a holder in a
chamber that is purged with nitrogen gas to remove signals from gaseous environmental species like
water or CO2. A broadband IR beam from the lamp is focused onto the sample (with the mesoporous
layer facing downwards) using mirrors with tunable angles and position. During a measurement series,
the angles and position are kept fixed. The light reflected from the sample is measured with a liquid N2cooled detector.

Sample

Lamp

Detector
Tunable Mirrors

Figure 12. Schematic setup of the external reflection FTIR spectrometer used in this thesis. The sample is placed into the holder in
an inert gas (N2) chamber, the angle of incident and reflected IR light is controlled by the tunable mirrors.

Using ER-FTIR, actual electrodes can be directly measured. However, there are only a limited number of
examples where this technique is employed in literature.58 Challenges in terms of spectrum
interpretations arise from the fact that ER-FTIR relies on the reflection at several interfaces of a sample
with a strong dependence of the signal not only on the absorption coefficients but also on the refractive
indexes. A detailed description of the mathematical formulation of ER-FTIR can be found in.59 In this
thesis, measured intensities of light are presented as absorbance (in OD) although this is actually, to a
first approximation, the convolution of the reflectance of the substrate and the absorbance of molecular
species that are present.
Using mesoporous substrates, this spectroscopic technique is useful for analyzing monolayers of
adsorbed or anchored molecules which would not be detectable using a flat film. However, the influence
of the angle of incidence of incoming IR light, the thickness of the layer and the ratio of air to
nanoparticle in the film is reflected in the spectra. To further complicate the spectra, thin film
interference is also observed, with a combination of all these effects leading to a strong distortion of the
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measured signal. This can be easily seen in Figure 13. A sample of mesoporous TiO2 was measured as a
baseline (Blank), followed by stepwise deposition of ALD-TiO2. 10 cycles correspond to the deposition of a
0.5 nm layer of TiO2 onto the mesoporous material, as was determined using a reference silicon wafer
and ellipsometry. Here, the variation of the background signal is due to a change in the ratio of TiO2 to air
inside the mesoporous layer. The deposition of 4 nm of ALD-TiO2 (80 cycles) alters the reflectivity
drastically.
Blank
10 cycles ALD
20 cycles ALD
30 cycles ALD
50 cycles ALD
80 cycles ALD

Absorbance / OD

0.25
0.20
0.15
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-0.05
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1000

-1

Wavenumber / cm

Figure 13. ER-FTIR spectra of meso-TiO2 on FTO with increasing thickness of an ALD-TiO2 layer deposited onto the particles. 10
cycles ALD-TiO2 correspond to a 0.5 nm thick layer (measured on a reference Si wafer).

Molecular vibrational bands are sharp features in the acquired spectra, as the molecular IR absorption
can, to a first approximation, be considered a separate source of signal in the spectrum to the substrate
reflection. However, due to the presence of strong baseline shifts and distortions, interpretation of bands
must be performed with caution. Figure 14 shows the spectra of meso-TiO2 with an anchored rhenium
complex Re(CO)3(bda)(NCS),60 which has three carbonyl ligands, with increasing thickness of a layer of
TiO2 that was deposited by ALD. The CO ligands give rise to two very intense absorption bands between
1850 and 2050 cm-1. The substrate reflectivity changes relative to the layer thickness (from the change in
TiO2 to air ratio) can again be observed, and weaker bands from the complex are observed between 1650
and 1100 cm-1. Because the carbonyl group vibrations are so intense and in a region where the change of
substrate reflectivity is smooth with increasing ALD-layer thickness, it is possible to interpret these bands
in terms of chemical changes to the molecule. The weaker bands in the 1650 – 1100 cm-1 region, overlap
with small variation in the baseline that are observed even without the presence of the molecule (see
Figure 13). Therefore, it is not clear what causes certain feature in the spectrum and “chemical”
interpretation is not possible. We therefore interpreted ER-FTIR spectra only in regions between 1800
and 2400 cm-1, where smooth curves from reference measurements with mesoporous substrates were
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observed. To simplify the interpretation of molecular vibrations, baseline subtractions and linear
modeling in the regions of interest were performed. This will be particularly important for the discussion
of data in Chapter 4.
Blank
Re(CO)3 complex
ALD 10 cycles
ALD 20 cycles
ALD 30 cycles
ALD 50 cycles
ALD 80 cycles
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Figure 14. ER-FTIR spectra of complex Re(CO)3(bda)NCS anchored onto meso-TiO2 on FTO with increasing thickness of an ALD-TiO2
layer deposited onto the particles. Bands corresponding to the CO stretching vibrations can clearly be seen between 1850 and
2050 cm-1.

3.3.2 4-point probe conductance for adsorption kinetics on gold
As mentioned previously in Chapter 3.1.2, gold is an ideal substrate for the adsorption of thiols. A specific
tool which measures the conductivity of a thin gold strip can be used to understand and quantify
adsorption kinetics of thiols. This method has been successfully employed by different research groups to
detect the kinetics of adsorption for a multitude of thiols from aqueous or organic solutions.36,39,61–63
A schematic of the measurement cell we fabricated is depicted in Figure 15. The vertical fingers represent
electrodes made out of gold (200 nm thickness), and the horizontal strip is a thin gold layer deposited by
sputtering, with a thickness of 10 – 20 nm. The device is submerged into solvent into which a thiol is then
added. The measurement is performed by applying a constant current (in the range between 10 and 50
mA, depending on the thickness of the measuring Au strip) between the two outer electrodes and
measuring the potential difference between the two inner electrodes. The potential difference and
applied current can be used to calculate the resistivity of the gold strip, which in turnis related to the
1

1

conductivity σ by the following relation: 𝜎 = 𝜌 = 𝑅 × 𝑐 =

𝐼×𝑐
𝑈

, where ρ is the resistivity, R is the resistance,

I is the applied current, U is the potential difference and c is a constant containing the geometrical
parameters of the gold strip.
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V

Figure 15. Schematic representation of a 4-point probe conductance cell used for adsorption kinetic studies of thiols. The
horizontal strip corresponds to a thin (10-20 nm) gold detection layer. The four vertical strips are thick (200 nm) gold electrodes
used to apply a current through the thin strip (between the outer two) and measure the voltage drop (between the inner two).

Increasing potential differences between the two electrodes correspond to decreasing conductivity,
which is expected when strong binding interactions between an adsorbate molecule and the gold layer
are present, as in the case of thiols. As each electrode is unique in terms of absolute thickness of the thin
gold strip, comparing results for different electrodes is only possible by normalizing conductivities. The
decreased conductivity is represented as a percentage variation relative to the (equilibrated) conductivity
𝜎

before thiol adsorption (𝜎 ). In the literature, resistivity changes are also used in place of conductivity.
𝑜

Typical adsorption curves from the literature and measurements performed during the course of this
thesis are presented in Figure 16. A steady baseline is necessary to properly calibrate the normalized
𝜌

resistivity increase that is caused by thiol adsorption. The rise of 𝜌 after addition of the thiol to the
0

solvent corresponds to the formation of a covalently linked molecular layer on the gold. The kinetics can
directly be determined from the curve,36 and the steady state resistivity after absorption corresponds to a
full coverage of thiols.
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Figure 16. Typical response curves obtained during 4-point probe measurement of thiol absorption kinetics. a) Data obtained from
absorption of a thiolated cyclodextrin (see Chapter 5 for details) in DMF. b) Adsorption curve for octadecanethiol (a) and
benzendimethanethiol (b) in EtOH. Reprinted with permission from 63. © 2019 American Chemical Society.

3.3.3 X-ray photoelectron spectroscopy
X-Ray photoelectron spectroscopy (XPS) is a spectroscopic technique used in surface science to analyze
the composition and chemical binding of surfaces.64,65 The working principle of XPS is the photoelectric
effect, which is the emission of an electron from an atom after absorption of a photon. Figure 17 shows a
schematic representation of the photoemission process. A core level electron is excited into the vacuum
level after absorption of an X-ray photon. The kinetic energy of the photoelectron, Ekin, is measured and
gives information about the binding energy Ebind by application of the relation 𝐸𝑏𝑖𝑛𝑑 = ℎ𝜐 − Φ − 𝐸𝑘𝑖𝑛 ,
where Φ is the work function of the material (equal to the difference between the vacuum level energy
Evac and the fermi level EF) and ℎ𝜐 is the energy of the incident photons. The binding energy of the core
level electrons is element specific and small differences from various chemical environments of the atoms
can be used to analyze oxidation state and binding.64 Of course, this is a very simplified picture, and for a
full description of all processes, interested readers are referred to more detailed documentation.65
XPS is highly surface sensitive, with penetration depths of around 0.5-2 nm. This requires measurements
to be performed under ultra-high vacuum (UHV) conditions. Advanced adaptations of XPS, such as
ambient pressure XPS and angle resolved XPS can give even more information on surface chemistry. 66,67
XPS was successfully employed to analyze molecular species on surfaces,68–70 which was also used in the
experiments in this thesis. XPS of molecular species is in general more challenging, as there are fewer
atoms in molecules on a surface compared to the substrate. Furthermore, overlapping signals from
different elements with similar binding energy levels can make interpretation difficult. This is discussed in
more detail in Chapter 4.
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Figure 17. Schematic representation of the photoemission process in XPS. A core level electron is excited into the vacuum level by
an X-ray photon. Evac is the vacuum energy level, EF is the Fermi level, Φ is the work function of the material, Ekin is the kinetic
energy of the photoelectron and Ebind is its binding energy.

3.3.4 AFM and STM
Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) are two high-resolution
topographical analysis techniques. The working principles of the two techniques are schematically
depicted in Figure 18. In AFM, the tip is located at the end of a cantilever which has a reflective coating
on the top side. Using a laser, the deflection of the cantilever can be measured very accurately. The tip is
brought into close proximity with the sample and a bias potential is applied, which exerts a force
between the sample and the tip. The sample is then scanned and the force or deflection curve is
recorded. AFM can be performed in contact mode, where the tip is physically touching the surface, or in
tapping mode, where the cantilever is oscillated and changes of the oscillation when the tip is very close
to the surface are measured. Details can be found in this review.71
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Figure 18. a) Schematic description of AFM, where a tip at the end of a cantilever experiences a force from the surface and
deflects the cantilever depending on the distance to the sample surface. b) Schematic description of STM, where a tip is brought
into close contact with a conductive substrate and electrical potential is applied. A tunneling current is measured depending on
the distance between sample surface and tip.

In STM, the main requirement for samples is that they are conductive. A tip is brought into close distance
of the substrate and a bias voltage that is applied between them leads to a tunneling current. The change
in tunneling current is proportional to the distance between the tip and the sample surface as well as the
local density of states of the substrate.
For both techniques, the sample is moved in the x-y plane relative to the tip using extremely precise
piezo-controlled scanners. The distance between tip and surface is kept constant and the change in
applied potential required to keep this distance is measured. This allows both techniques to have
resolution in the atomic range and smaller (0.1 nm). STM can under ideal conditions have a resolution
that allows for detection of single atoms with z-dimension resolutions of <0.01 nm.72
Both AFM and STM can be combined with other analytical techniques, such as scanning Kelvin probe
microscopy 73,74 or tip-enhanced Raman spectroscopy (discussed in Chapter 3.3.5), allowing for high
spatial resolution while collecting other analytical information on a surface.

3.3.5 Tip-enhanced Raman spectroscopy
Tip-enhanced Raman spectroscopy (TERS) is an advanced analytical technique that combines the high
spatial resolution of AFM or STM with Raman spectroscopy, a form of vibrational spectroscopy based on
inelastic scattering of light.75 Figure 19 shows the idealized picture of a TERS experiment. Incoming light
(red laser) is concentrated in the tip by the so-called lightning rod effect and creates a surface plasmon at
the tip apex, which leads to highly enhanced field strengths directly between tip and substrate. If the
substrate is plasmonic (as is the case with gold), further intensity increases of the electric field are
obtained. The confinement of the electrical field between tip and substrate, known as the gap-mode,
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leads to enhancement of the electromagnetic radiation by several orders of magnitude, but localized in a
very small volume under the tip (on the order of some nm3). Under this strong field, Raman scattering is
strongly enhanced and highly intensified Raman signals of molecules in the tip-substrate gap can be
detected.76

Figure 19. Schematic representation of TERS. A plasmon induced by the laser at the apex of the tip causes strong enhancement of
the electric field at the hotspot on the substrate with emission of a strongly enhanced Raman spectrum from molecules in this
region of the substrate.

Due to the enhancement effects of tip and substrate, TERS is an extremely sensitive technique, allowing
for measurement down to the single-molecule level.77 TERS can be used to obtain the rich Raman spectra
with less than a monolayer of the molecule on an appropriate substrate.
High resolution in terms of spectral signals and lateral resolution are obtained routinely in UHV
conditions. However, TERS can easily be used at ambient conditions and even in solution. This allows for
combination with other analytical applications or the possibility of applying external biases to the sample.
In the context of this thesis, TERS combined with electrochemical measurements (EC-TERS) is a powerful
technique for analyzing electrode surfaces or molecular layers on electrodes under operating
conditions.78
During the course of this thesis, we made extensive use of TERS for analysis of molecular species on
surfaces (Chapter 5). During this time, an EC-TERS instrument was also built up, but data could not be
obtained before submission of this thesis. A short introduction will be given in Chapter 4.7.

32

4 Molecular water oxidation catalysts on mesoporous metal oxide electrodes
stabilized by atomic layer deposition
4.1 General Introduction
This chapter addresses work on stabilizing molecular electrocatalysts on electrode surfaces. Parts of this
work have been published in 2018.79
Water oxidation is the bottleneck reaction in the electrochemical water splitting process.80 The
development of catalysts that can efficiently and rapidly oxidize water is therefore crucial to improve the
overall efficiency of water splitting, which is necessary if it is to be used on large scales as a source of
renewable hydrogen. Even more importantly, any industrial application of these catalysts is limited by the
need for stability on the scale of years.81 Molecular water oxidation catalysts can offer significantly higher
reaction rates and atom efficiencies than their heterogeneous counterparts.22 However, in terms of
stability both in solution and on electrode surfaces, molecular catalysts cannot compete. Improving the
stability of anchored catalysts was and still is therefore one of the most important tasks for researchers in
the molecular catalyst community.
This chapter will first introduce homogeneous water oxidation catalysts, with a selection of catalysts that
may serve as benchmark in the field. The mechanism of molecular water oxidation will then be discussed,
followed by an overview of research into heterogenization of molecular water splitting catalysts. From
this, the rationale guiding the design of experiments is provided, followed by the results obtained for Ru
and Ir based catalysts.

4.1.1 Homogeneous water oxidation catalysts
This chapter gives a (very) brief overview of homogeneous transition metal-based water oxidation
catalysts. An excellent and detailed review of these can be found in 82.
In the photosynthetic apparatus used in Nature, water oxidation is achieved in plants and bacteria in the
so-called Oxygen Evolving Complex, a [CaMn4] oxide cluster embedded in the Photosystem II protein
complex (Figure 20).83,84 The first synthetic compound that showed catalytic water oxidation reactivity
was reported by Thomas Meyer et al.85 The blue ruthenium dimer, as this catalyst was later coined,86
consists of a dimeric complex with two Ru(bpy)2(OH2)2 units linked by a bridging oxo-ligand. The complex
was shown to evolve oxygen from water after addition of a strong chemical oxidant, a Ce(IV) salt. This
discovery led to a multitude of different ruthenium-based complexes that could catalytically oxidize
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water. A recent review highlighting the historic development and highlights of Ru-catalysts can be found
in.87

Figure 20. Structure of oxygen involving complex in its protein environment. Reprinted with permission from 84 © 2019 American
Association for the Advancement of Science.

In the case of ruthenium-based catalysts, early works concentrated on the synthesis of dimeric
complexes, as this was thought to be critical for fast catalytic conversion of water in a bimolecular
reaction mechanism.88–90 In 2005, Thummel and coworkers showed that mononuclear Ru-complexes
could also be efficient water oxidation catalysts.91 Following this development, the trend of catalyst
development turned to single-centered complexes.92 This led to the discovery of the Ru(bda)(L)2 catalyst
by the Sun group,93,94 which is considered the modern benchmark for molecular water oxidation. Since
then, a new Ru-based catalyst developed by Llobet et al. has broken all previous records: the singlecentered ruthenium complex of the structure Ru(tda)(L)2 was reported to have turnover frequencies of
up to 50’000 s-1, which is two orders of magnitude faster than the Oxygen Evolving Complex. 95 An
overview with some selected Ru water oxidation complexes in a historical sequence of development is
shown in Figure 21.
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Figure 21. Selected representative structures in ruthenium-based molecular water oxidation catalysis, developed in the past 35
years, highlighting the work of the groups of Meyer, 85 Thummel, 91 Sun 93 and Llobet 95 in the field.

Interestingly, one of the first ruthenium complexes that was reported for single site water oxidation has
received significant attention as a model catalyst benchmark. The Ru(tpy)(bpy)(OH2) system (Figure 22 on
the left) has been thoroughly investigated in terms of ligand modifications.96,97 In these studies, the effect
of ligand modification with electron-donating and withdrawing substituents on the redox potentials and
activity of the catalysts was reported. This benchmark system is often used to evaluate new complexes
that function as single site catalysts (see Chapter 4.1.2.1 for details).
Iridium based molecular water oxidation catalysis has evolved after an initial publication by Bernhard et
al. describing oxygen evolution after Ce(IV) addition to Ir(bpy)2(OH2)2 and other similar complexes.98 In
heterogeneous water splitting catalysis, iridium oxide nanoparticles have been used as electrocatalysts in
acidic environments.99,100 Molecular Ir-based catalysts have been developed mainly around the Cp*
ligand.101 Significant progress in this field has been achieved by the groups of Crabtree and Brudvig in
Yale, as well as by the group of Macchioni.102–105 However, nearly all iridium-based molecular catalysts
should in fact be considered rather as precatalysts (see Chapter 4.7 for more details on this). Degradation
of the Cp* ligand has been experimentally verified in solution by different methods and different
groups.106–109 Nevertheless, in most cases, nanoparticle formation could be excluded, leaving the active
catalyst species to be an iridium complex on which the Cp* has been oxidatively removed and replaced
by water ligands. In fact, dimer formation has been observed in several cases with bridging oxo ligands.82
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Figure 22. Chemical structures of benchmark catalyst Ru(tpy)(bpy)(OH2) 96; Cp*Ir(phpy)Cl, one of the first iridium catalysts
reported for homogeneous water oxidation 101; and Fe(mcp)(OTf)2, an iron-based water oxidation catalyst.110

Apart from Ru- and Ir-based complexes, first row transition metal complexes have recently gained
increasing interest in the molecular water oxidation field. Metal oxides of nearly all transition metals have
been shown to catalyze water oxidation.111,112 This fact leads to believe that efficient molecular
complexes that are scalable and cheap could be designed; the Oxygen Evolving Complex in Photosystem II
is also based on first-row transition metal Mn (and Ca). A review focusing on first-row transition metal
based catalysts for water oxidation is recommended to the interested reader.26
Iron-based water oxidation complexes have been described by several groups, with early reports based
on macrocyclic amido and amine ligands.25,113 Development of amine-pyridine based ligands and a study
of complex geometry that allows for water oxidation catalysis to occur was reported by the groups of
Costas and Lloret Fillol.110 Most iron-based systems however show a general lack of stability,
decomposing to form (potentially still active) iron oxide nanoparticles, especially under neutral or basic
conditions.114 A very recent publication by the Lloret-Fillol and Costas group shows that increased stability
for iron-based complexes can be achieved by deuteration of oxidation-sensitive parts of the ligand, while
maintaining the catalytic activity of the complex.115
Cobalt based catalysts have been reported in many cases, however only in a few of these was the cobalt
in a classical coordination complex.116,117 Cobalt salts and labile coordination complexes have been shown
to form active catalysts after degrading into cobalt oxide particles, however for the cobalt-pentapyridyl
complex reported by Berlinguette et al. a homogeneous water oxidation complex was demonstrated to
be active.118 Supramolecular cobalt structures are well-known homogeneous water oxidation catalysts,
which have been shown to be active in the form of polyoxometalates 119–121 or cubane structures.122,123 In
the case of cobalt catalysis, detailed investigations are necessary to confirm whether or not water
oxidation occurs through the homogeneous catalyst used or if nanoparticles are formed.124
Manganese complexes were investigated in hopes of generating biomimetic complexes inspired by the
Oxygen Evolving complex. An early success was reported by the Yale group with the manganese
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terpyridiyl dimer, a binuclear complex where the two manganese centers are bridged by two oxoligands.125 Chemical oxidation with oxone led to mixed valence state manganese centers followed by the
evolution of oxygen.126 Other attempts at Mn-based molecular catalysts have been much less successful,
with observations of manganese oxide formation upon degradation of the ligand framework.127
Other transition metal complexes have in a few cases been shown to catalyze water oxidation. Nickel in
polyoxometalate clusters have been shown to be active.128 Copper complexes with macrocyclic ligands
have been reported by Meyer et al. to be active water oxidation catalysts,129 however simple copper salts
were also shown to form active intermediates during electrochemical water oxidation.130 This leads to the
question whether truly homogeneous and well-defined nickel and copper complexes can achieve water
oxidation. A recent publication by the Llobet group suggests that although a homogeneous mechanism is
reasonable, most first-row transition complexes will finally decompose to a (possibly more active)
heterogeneous catalyst.131
As an outlook, development of molecular water oxidation complexes is a steadily growing and expanding
field of research. The trend to move towards non-noble metals (away from Ru- and Ir-based catalysts) is
clear. However the best systems that work today under homogeneous conditions are ruthenium and
iridium water oxidation catalysts. Future work in catalyst development should focus on designing welldefined heterometallic complexes. This could potentially overcome limitations in the mechanism and
presents a new class of homogeneous water oxidation catalysis, inspired by approaches from the
heterogeneous water oxidation community.

4.1.2 Reaction mechanisms and catalyst designs for homogeneous water oxidation
4.1.2.1 O-O bond formation – the critical step in oxygen formation
For the evolution of oxygen from water with a transition metal complex in solution, one of the main
bottle-necks is the formation of the oxygen-oxygen bond. This process can happen in two separate ways:
nucleophilic attack of water on a metal-oxo species or the combination of two metal-oxo species.87,132 The
first process is referred to as water nucleophilic attack (WNA) and the latter as a bimolecular radical oxocoupling (I2M). The WNA mechanism requires one metal-oxo complex and water molecule while I2M is
based on the bimolecular reaction between two metal-oxo complexes, which can happen inter- or
intramolecularly. This allows catalysts to be sorted into two distinct categories: single-site catalysts with
the WNA and binuclear catalysts with the I2M mechanism. Other mechanisms have not been reported for
true homogeneous catalysts and will not be discussed here.
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The description of the mechanism is best given with the example of ruthenium based catalysts, as these
have been investigated in detail and are well understood. Figure 23 a) shows the possible reaction
between one metal-oxo site and water, forming an O-O bond with the WNA mechanism, and two
metal-oxo sites, forming the O-O bond via the I2M mechanism. In Figure 23 b) the two cases for the WNA
differ in the type of base needed for this reaction. For the O-O bond to form, one proton from the
attacking water molecule needs to be removed. This can happen using an external base, for example
another water molecule or a base such as OAc- or HPO32- from the electrolyte solution (in the case of
electrochemical water oxidation). On the other hand, an internal base in the form of another metal-oxo
center can also be used. This behavior was observed in the blue ruthenium dimer.85 Adding other internal
bases is a strategy which has successfully been employed to design faster catalysts, this is discussed in
Chapter 4.1.2.2.
a)

b)

Water nucleophilic attack

c)

Radical-oxo coupling

Figure 23. a) Pathways of O-O bond formation using the water nucleopilic attack (WNA) mechanism or the radical-oxo coupling
(I2M) mechanism. b) WNA on a single-centered metal-oxo species aided by an external base (top) and WNA on a two-centered
double-metal oxo with one of the centeres acting as an internal base (bottom). c) intermolecular I2M mechanism between two
separate metal-oxo radicals (top) and intramolecular I2M mechanism between two metal-oxo species in a single complex
(bottom). Adapted from (Ref Shaffer & Concepcion 2017) © 2019 Royal Society of Chemistry.

In Figure 23 c) the two cases for O-O bond formation under the I2M mechanism are shown. The first case
(on the top) is the most commonly observed case of a bimolecular reaction between two separate metaloxo species. For this mechanism, a second-order dependence of the reaction rate on the concentration of
catalyst is observed. To overcome this limitation, complexes with adequate geometries placing the two
metal-oxo sites pointing towards one another were synthesized.133 This complex geometry then enables
the O-O bond formation to occur between the two metal-oxo units in an intramolecular I2M mechanism
(Figure 23 c, bottom row).
Especially in the context of electrochemical oxidation of water, the redox properties of the complexes
and the pKA values of associated aqua ligands are very important. If water is coordinated to the metal
center, then oxidation or reduction of the complex will potentially be coupled to proton transfer. A
proton-coupled electron transfer (PCET) can be observed for example when a Ru(III)-OH species is
oxidized to give a Ru(IV)=O species. The analysis of the reaction mechanism for the formation of the
metal-oxo species requires careful consideration of PCET, electron-transfer and (de-)protonation steps.
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Figure 24 a) gives an overview of different species that may need to be considered when a Ru-center is
oxidized and a water ligand is coordinated. Electron-transfer steps are represented along the vertical
direction, with increasing oxidation state of the ruthenium atom going downwards in the table.
Horizontal steps correspond to coordination of water and deprotonation steps, and PCET are displayed as
blue arrows. All catalysts must at one point coordinate water, then sequentially remove electrons and
protons to form the active site metal-oxo complex. In a Pourbaix diagram, as is shown in Figure 24 b) for
the Ru(tda)(OH2)(Py)2 complex,95 the electrochemical potentials for the complex oxidations and reduction
is represented as a function of pH of the solution. From this diagram, the individual steps in the
transformation from Ru(II) to Ru(V) can be inferred. For instance, the lowest black curve represents a pH
dependent oxidation process from Ru(II) to Ru(III). The pH dependence implies that this step is coupled to
proton transfer, so the transformation of Ru(II)-OH2 to Ru(III)-OH is a PCET. In comparison, the lowest
blue line is flat (no pH dependence), implying a redox reaction (Ru(II) to Ru(III)) with no protons involved.

a)

b)

Figure 24. a) Overview of electron-transfer, proton transfer and proton-coupled electron transfer steps that can occur on a
ruthenium catalyst site. Reprinted from132 © 2019 Royal Society of Chemistry. b) Pourbaix diagram of the Ru(tda)(OH2)(Py)2
complex and related species in water. Reprinted from 95 © 2019 American Chemical Society.

Apart from the O-O bond-forming step, reaching the necessary oxidation state at the metal center which
forms the metal-oxo complex that can react is often considered as the main limitation of the catalyst.
Some reports suggest the Ru(III)/Ru(IV) oxidation step, assuming it is a PCET with a coordinated water
ligand, to be the actual limiting step.134 This redox couple is often kinetically inhibited; this can be seen
from appropriate cyclic voltammograms.132 The reorganization of the complex on a molecular level upon
the Ru(III)/Ru(IV) oxidation is claimed to be more significant than for other redox couples, as this is the
step at which an oxo (double-bonded oxygen) ligand needs to be formed from a single bonded ligand.135
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An important factor that determines the activity of catalysts in general is the relation between kinetics
and overpotential: catalysts with active species’ redox potentials significantly higher than the
thermodynamic potential of the reaction display faster kinetics.136 This leads to a trend generally
observed in molecular water oxidation: catalysts with high Ru(IV)/Ru(V) redox potentials are generally
fast. Although Ru(IV)-oxo species have been shown to be active for water oxidation, they are orders of
magnitude slower than their Ru(V) counterparts. In many cases, Ru(IV) species are considered inactive for
water oxidation, since the redox potentials are usually close to the thermodynamic potential for the
water oxidation reaction.
Taking into account the factors that determine the kinetics of the catalyst can help design better and
faster versions. A good example is the Ru(bda)(isoq)2 complex (shown in Figure 25). The active species of
this molecule is a Ru(V)-oxo (which forms at a very low 1.25 V vs NHE), and a I2M mechanism was found
to be dominating, requiring two of the active forms of the complex to make oxygen.94 The isoquinoline
ligands on the complex were designed to improve π-stacking and point the oxo-ligands towards each
other; this effect on the enhanced reaction rates of the Ru(bda) type catalysts was recently confirmed by
DFT calculations.137

Figure 25. Dimeric structure of the active species of the Ru(bda)(isoq)2 complex. Reprinted from 94 © 2019 Springer Nature.

4.1.2.2 Design principles for homogeneous water oxidation catalysts – towards molecular catalysts for
surface functionalization
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For the design of molecular catalysts for water oxidation, one needs to consider the stability of any ligand
towards the harsh oxidizing conditions. For this reason, the main ligands in molecular catalysts are
pyridines and their derivates.138 The most common coordinating atoms are nitrogen and oxygen,
although carbene ligands have also been reported.139 The logic behind NHC-type ligands is another design
criterion: strong donor ligands increase the electron density on the metal center, leading to a lower
oxidation potential.140 Increasing electron density and incorporating negatively charged ligands led to the
development of the benchmark catalysts Ru(bda)(L)2 and Ru(tda)(L)2, which are currently setting the bar
for next generation water oxidation catalysts.141 Another strategy which has been successful is the
incorporation of proton-shuttles and internal bases to increase the reaction kinetics. This has been
achieved with carboxylate and phosphonate groups placed in proximity of the active metal-oxo
centers.142 In fact, the effect of pendant bases had previously been observed,91 ultimately leading to the
design of Ru(tda)(L)2 type catalysts.
With improved mechanistic insight and the observation that molecular catalysts can be highly stable and
rapid catalysts, researchers began combining the homogeneous catalysts with electrode surfaces of TiO2
and ITO.143 Previous results from the DSSC community showed that simple anchoring group approaches
were sufficient to connect molecular complexes and oxide surfaces.144 Initially, the heterogenized water
oxidation complexes were used for C-H activation of organic molecules 145 before being successfully used
for water oxidation.146 Improved results in the following years from the groups of Meyer,147,148 Sun 149 and
Llobet 150 allowed for the heterogenization field to advance.

4.2 Challenges to combine molecular water oxidation catalysts with electrodes
Approaches to heterogenization of molecular catalysts have been described in detail in a recent review 22
and anchoring group strategies have also been reviewed.31,151 For metal oxide substrates, anchoring
groups such as carboxylic acids, phosphonic acids or silatranes can be incorporated into the outer side of
the ligand framework of a molecular catalyst. Large aromatic systems have been shown to work well on
carbon-based electrodes through non-covalent linking by π-stacking.150 Figure 26 gives a broad overview
of methods currently employed for immobilizing molecular catalysts onto different electrode materials.
Anchoring on gold using thiols (described in Chapter 3.1.2) and chemical bonding to carbon materials are
the other strategies for covalently attaching molecules to substrates. Another possibility to attach
catalysts close to or onto electrodes involves polymerization directly on the surface.152
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Figure 26. Overview of different approaches for the immobilization of molecular catalysts onto different electrode materials.
Reprinted from 22 © 2019 American Chemical Society).

Effects of incorporating anchoring groups or modifying ligands to attach molecular catalysts on surfaces
on the properties of the molecules must be considered carefully for the development of heterogenized
catalysts. The electronics of the ligand and complex may be severely affected and efficient electron
transfer pathways from the metal center to the electrode surface through the ligands should be
incorporated into the catalyst design. Also, the orientation of active sites in anchored molecules relative
to the surface can significantly affect their catalytic properties.153 In the field of DSSCs, dyes are designed
specifically to inject electrons into the substrates by tuning the respective parts of the molecule.154 Simply
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adding an anchoring group onto an effective homogeneous catalyst does not always lead to the desired
heterogeneous catalysts one may hope for (see Chapter 4.3.1).
After successfully designing and synthesizing molecular catalysts that can bind to the desired electrode
surfaces, actually anchoring them is a minor challenge. The chemistry developed for anchoring has been
shown to be very reliable and reproducible,155 and most attachments are achieved by dipping the
electrodes into dilute solutions of the appropriate catalysts.
The stability is perhaps the most critical issue for the immobilization of molecular catalysts.151,156
Anchoring groups such as carboxylic acids or phosphonic acids are moderately stable only in certain pH
regimes (in water), but eventually desorb from the surface by hydrolysis or in some cases by oxidative
degradation.157 Other anchoring groups such as hydroxamic acids and silatranes have been shown to be
stable in a wider range of pHs, but are not suited for strongly acidic or basic conditions.158 These
conditions are however the best for overall water splitting in devices, which takes into consideration
other effects such as mass transport and diffusion layers.159
Different strategies for stabilizing anchored catalysts have been reported in literature. One such strategy
is the use of a hydrophobic coating on top of anchored catalysts.160 Another approach is the
electropolymerization of a polymer overlayer; this was shown to stabilize anchored Ru complexes on
mesoporous electrodes.152,161 In 2013, the Meyer group first reported that ALD could be used to stabilize
molecular catalysts on oxide surfaces.55,162 This stabilization strategy was also successfully used for
polyoxometalate catalysts.163
With the successful development of heterogenized catalysts, we decided to venture into this field with
the target of combining some of the (at that time) most recent and potent molecular catalysts and
(photo-)electrode surfaces.

4.3 Heterogenization of water oxidation catalysts – same strategy for all?
4.3.1 Heterogenizing Ru(tda)(L)2 complexes – modification of ligand shuts down reactivity
With the recent report of the new homogeneous water oxidation record holder, the complex Ru(tda)(Py)2
developed by the group of Llobet,95 we were motivated to create a heterogeneous system on metal oxide
electrodes that could perform on a similar level. One property of this catalyst makes it very promising to
work on a surface: the reaction mechanism for water oxidation follows the WNA pathway, meaning that
a single-site is necessary for effective catalysis. Using a metal oxide substrate, specifically TiO2 and ITO,
led the design of the modified catalyst to contain an anchoring group. The logical placement of this
anchoring group is the multi-dentate tda ligand, as this will bind the ruthenium metal center very tightly.
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Modifying the axial ligand is also feasible, however monodentate pyridyl ligands have been demonstrated
to be labile under acidic conditions.139
We designed a new ligand based on the tda motif with an intermediate aryl bromide substituent, as is
shown in Figure 27. This ligand, referred to as tda-Ph-Br, could be synthesized starting from 4(4-bromophenyl)terpyridine in three steps, where the two outer pyridines were first selectively oxidized
to the N-oxides using m-chloroperbenzoic acid, forming 1.164 The pyridine N-oxides were then converted
to 2-cyanopyridine derivate 2 using reported procedures with trimethylsilyl cyanide and benzoyl
chloride.165,166 tda-Ph-Br could then be obtained by acid hydrolysis of the cyano-groups.

Figure 27. Synthetic scheme of the tda-Ph-Br ligand in three steps from known precursor tpy-Ph-Br.

The aryl bromide substituent that was incorporated into the tda ligand allows for further synthetic
modification using cross-coupling chemistry. This approach was chosen to prepare the phosphonic acid
version of the tda ligand (Figure 28). First, the free carboxylic acids were esterified using SOCl2 in MeOH,
yielding 3. C-P cross-coupling was achieved using a palladium catalyst and diethyl phosphonate in a Hirao
coupling procedure to give 4.167 The ester groups on the phosphonic acid and carboxylic acids were finally
cleaved to give tda-Ph-PO3H2.

Figure 28. Synthetic scheme for the synthesis of tda-Ph-PO3H2 in three steps from the previously synthesized tda-Ph-Br.

With the two ligands in hand, the ruthenium complexes could be synthesized from Ru(dmso)4(Cl)2, a
useful precursor in synthetic Ru coordination chemistry.91,168 The precursor was refluxed with the
corresponding ligand in methanol in the presence of a base (Figure 29 a). The intermediate product was
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then refluxed in pyridine/water yielding the corresponding complexes Ru(tda-Ph-R)(Py)2, where R is Br or
PO3H2. A crystal structure of Ru(tda-Ph-Br)(Py)2 could be obtained and is shown in Figure 29 b). The
phosphonate complex did not crystallize despite several attempts.
The solid state structure of the complex shows the substituent phenyl bromide twisted by 34 ° with
respect to the terpyridine plane. One of the carboxylates is coordinating the ruthenium metal center,
while the other is rotated nearly perpendicular to the terpyridine plane. The bite-angle between the two
outer pyridines is 159 °.
a)

b)

Figure 29. a) Synthetic scheme for the synthesis of the complexes Ru(tda-Ph-R)(Py)2, where R is either Br or PO3H2, from the
precursor Ru(dmso)4(Cl)2. b) Crystal structure of Ru(tda-Ph-Br)(Py)2, thermal ellipsoids at a 50 % probability level.

With the structure of the Ru(tda-Ph-Br)(Py)2 complex being very similar to that of the reported
Ru(tda)(Py)2, the electrochemical properties of the two complexes were expected to reflect those of the
known catalyst. Cyclic voltammograms of Ru(tda-Ph-Br)(Py)2 in acetonitrile (Figure 30 a, red curve) shows
two reversible redox peaks around -0.24 V and 0.40 V vs Fc/Fc+, as well as an additional, not fully
reversible peak at 0.65 V vs Fc/Fc+. The first two redox peaks are attributed to the Ru(II)/Ru(III) and
Ru(III)/Ru(IV) redox couples. The additional peak could not be definitely attributed, but a ligand-based
oxidation of the complex may be an explanation of this redox peak. Addition of 5% water to the solution
was used to fully solubilize the complex (blue curve). The effect of water on the positions of the redox
peaks can be seen: the first oxidation is shifted by 110 mV to -0.13 V vs Fc/Fc+, while the second
oxidation stays at the same potential. The additional oxidation peak is no longer clearly visible, instead a
partial peak at higher potential was observed, which was completely irreversible.
The electrochemistry of Ru(tda-Ph-PO3H2)(Py)2 was tested in an aqueous system using a Britton-Robinson
buffer (an equimolar mixture of boric acid, acetic acid and phosphoric acid in water at 0.04 M each) as
supporting electrolyte. This electrolyte is useful because a wide pH range can be accessed by simple
titration with concentrated base.169 Using this system, the redox properties could be evaluated over a pH
range of 4-12. Figure 30 b) shows the CVs of Ru(tda-Ph-PO3H2)(Py)2 from pH 4.0 to pH 11.7. The redox
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pairs corresponding to Ru(II)/Ru(III) and Ru(III)/Ru(IV) are pH-independent and at potentials 0.58 V and
1.08 V vs NHE, respectively. The redox-potentials staying unchanged over this broad pH range is
reasonable as the complex should not display any PCET-type of electrochemistry. This also shows that
water is not coordinating to the ruthenium center even when it is highly oxidized, which it has shown to
be doing in the case of Ru(tda)(Py)2.170 The additional oxidation peak at 1.4 vs NHE may hint towards an
additional oxidation of Ru(IV) to Ru(V), which should be an active water oxidation catalyst. However, a
reference measurement without Ru-complex present at pH 11.7, displayed as black dotted line in the
figure, shows catalytic oxidative current at potentials higher than 1 V. A lack of early onset makes
interpretation of any catalytic data from the complexes critical. We conclude therefore that both
modified Ru(tda)-type complexes are not active for water oxidation in homogeneous solution.
Ru(tda-Ph-Br)(Py)2
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Figure 30. a) CVs of Ru(tda-Ph-Br)(Py)2 in pure MeCN (red) or with 5% water added to the electrolyte solution. Conditions: glassy
carbon working electrode, Pt counter electrode, Ag/AgCl (in MeCN) reference electrode, TBAPF6 0.1M conducting salt. b) CVs of
Ru(tda-Ph-PO3H2)(Py)2 in aqueous solutions at different pHs, adjusted by titrating a Britton-Robinson buffer with KOH. The black
dotted line represents the CV of the blank electrode at pH 11.7, showing background water oxidation and electrode oxidation
current. Conditions: glassy carbon working electrode, Pt counter electrode, Ag/AgCl reference electrode, Britton-Robinson buffer:
H3BO3 0.04M + H3PO4 0.04M + CH3COOH 0.04M, titrated with 4.5 M KOH to adjust pH.

Despite the lack of catalytic activity in solution, we prepared meso-ITO electrodes with anchored
Ru(tda-Ph-PO3H2)(Py)2 to evaluate possible activity in the heterogenized form. Soaking the mesoporous
electrode overnight in a methanolic solution of the complex was sufficient for effective anchoring. Figure
31 shows the cyclic voltammogram of the complex anchored on meso-ITO at pH 2.4 as well as the
homogeneous CV at pH 4.0 (same data as in Figure 30 b) for comparison. The Ru(II)/Ru(III) and
Ru(III)/Ru(IV) redox peaks of the anchored catalyst are shifted slightly negatively with respect to those in
solution. Furthermore, the forward and backward waves of the scan are nearly overlapping (less than 59
mV difference between oxidation and reduction peaks). This behavior of the redox peaks has been
reported previously for redox couples that are strongly coupled to the electrode material.171 For the
anchored sample, a weak additional reversible redox pair is observed at around 1.1 V vs Ag/AgCl.
However, the anchored sample is catalytically just as inactive as homogeneous counterpart in solution.
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Figure 31. CVs showing a comparison between Ru(tda-Ph-PO3H2)(Py)2 anchored on meso-ITO (blue) and in solution (red) at pH 4
(same data as in Figure 30 b). Conditions (anchored): meso-ITO working electrode, Pt counter electrode, Ag/AgCl reference
electrode, pH 2.4 Na2SO4 0.1 M electrolyte, Ar purged.

Comparing the electrochemical data that was acquired for Ru(tda-Ph-PO3H2)(Py)2 with literature data 95
gives insight into the effect of adding the substituent to the tda ligand. No shift of the redox potentials of
the Ru(II)/Ru(III) and Ru(III)/Ru(IV) is observed relative to the complex with the unsubstituted ligand. This
is reasonable assuming the substituent on the pyridine is not a strong donor or acceptor. On the surface,
the shift to lower potentials could be interpreted as decreased electron density on the complex due to
conjugation to coupling to the surface.
The lack of water oxidation activity is likely due to the inability of water to coordinate to the ruthenium
center. Although conclusive evidence is lacking, we propose that modification of the ligand changes
electronic structure and charge distribution in the complex, especially for the highly oxidized species.
Along with possible geometric effects (which cannot be excluded despite strong structural similarity to
the parent complex), the change in electronics prevents the formation of a true Ru(V) species by instead
presenting another domain of the complex to be oxidized: the substituted tda ligand. Contrary to the
reported behavior of Ru(tda)(Py)2, the Ru(IV) state of the Ru(tda-Ph-R)(Py)2 complexes is not able to
coordinate water. This seems to be a reasonable assumption according to recent findings.170

4.3.2 Ru-OH2 and Ir-OH2 – active catalysts, unstable anchor
Following the setback that simply adding an anchoring group to a catalyst is not a generally applicable
strategy, we sought to focus on other water oxidation catalysts which had been previously shown to be
active even after modification of the ligand with an anchor. We envisioned to investigate catalyst
complexes that carried possible anchoring groups but had not yet been used for heterogeneous
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molecular water oxidation. The requirement for a single-site reaction mechanism (WNA pathway) still
stands.
From the literature, the class of Ru(tpy)(bpy)(OH2) complexes with a rich substitution portfolio for both
the tpy and the bpy ligands was known and presented a good starting point for investigations. 96,97,172 We
chose to test a version of this ruthenium complex with a modified bpy ligand containing two carboxylic
acids for surface anchoring. A relatively recent report from the group of Macchioni on iridium Cp* based
complexes also inspired us to attempt heterogenization of a carboxylic acid-substituted catalyst.173
Both complexes have the same anchoring carboxylic acid type anchoring group and were therefore
suspected to show similar behavior towards anchoring and stability on the surface. These anchoring
groups are typically not very stable in aqueous solutions, especially at elevated pHs.151 Despite this
drawback, carboxylic acids have several advantages as substituents and anchoring groups: these groups
are electron withdrawing, decreasing the potential required to oxidize the metal center, they display
good electronic coupling with the substrate, and they are generally relatively easy to prepare.

4.3.3 Strategy: ALD overlayer to prevent desorption & protecting groups on the molecular
catalysts
To stabilize carboxylate-bound catalysts, several options are available (see Chapter 4.2). Having the
instrument available and reliable layer growth procedures in our group, we chose to use atomic layer
deposition of ultra-thin TiO2 to protect the anchoring groups on the surface. The benefits of ALD (see also
Chapter 3.2.2) are the precise control of film thickness down to the sub-nanometer range and the ability
to grow these ALD films on high surface area substrates. However, there are drawbacks with this method.
To grow metal oxide films, the ALD precursors need to be highly reactive towards water (the second
component) for the self-limiting reaction step. One of the precursors that is commonly used for TiO2 films
and is used routinely in our group is tetrakis(dimethylamido)titanium, or TDMAT. This amide complex is
highly reactive towards water, but also organic functional groups such as alcohols and carboxylic acids.174
Considering the reactivity of the titanium precursor, functional groups of any molecules anchored to a
surface where ALD is used could potentially be attacked during the deposition. If this is the case, water
oxidation catalysts on surfaces are especially sensitive to deactivation by undesired reactions with the
ALD precursor because they often contain a coordinated water molecule (as an aqua ligand). This
prompts two questions: does ALD protection of catalysts lead to deactivation by side-reactions of the
active site aqua ligand; and is there a way to circumvent the undesired reaction if this is the case?
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An elegant solution to potential deactivation by side reactions would be the use of protecting groups that
are highly stable under ALD conditions, which could later be removed to release the active and stabilized
catalysts. Figure 32 shows different possible protecting groups that could be used to ensure that the
active site of the catalyst is not degraded during ALD. An alkoxide ligand, such as tBuO, could serve as a
relatively bulky group. However, because this type of ligand is typically prone to hydrolysis, it was
discarded from our approaches as the ALD process uses water vapor with elevated temperatures and
reduced pressure. Another idea was based on protecting groups used in organic synthesis: installing silyl
ethers by treating the aqua complex with a silyl transfer reagent.175,176 The bulky alkyl groups around the
silicon atom would serve as a “protecting umbrella” by sterically protecting the active site. This method is
synthetically challenging and deprotection may require very harsh conditions (fluoride or strong acid)
that may degrade the deposited ALD protection layer or even the substrate.

Figure 32. Possible protecting groups that could be incorporated into a water oxidation catalyst, in this case ruthenium-based.

The perhaps simplest approach was based on using a halide as ligand on the metal complex. In the
synthesis of many water oxidation steps, the final step is the removal of a halide (usually a chloride) and
replacing it with an aqua ligand, commonly achieved by using silver salts to precipitate the free halide.85
With the halide in place, we expected no reaction towards the ALD precursor and therefore no
deactivation during the deposition procedure. The ligand exchange from halide to aqua should also be
possible after ALD, assuming that the active site of the complex is still accessible from the solution, which
is required anyway to ensure that catalysis can take place. Furthermore, using the chloride ligand as a
protecting group simplifies synthetic protocols for metal complex synthesis.
With the chloride-based protecting group, we devised the synthesis of a ruthenium-based and an iridiumbased protected water oxidation catalyst bearing the carboxylic acid anchoring motif. To better
understand the effect of ALD on the complexes and also have a spectroscopic handle for anchored
species on the surface, we added a cyanophenyl substituent to the ruthenium complex ligand framework.
Figure 33 shows the structures of the complexes used, with anchoring groups marked in blue and the
active site ligand in red. The protected versions of the complexes were compared to their aqua
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ligand-containing counterparts. In the case of the Ir-based catalysts, a spectroscopic tag on the ligands
could unfortunately not be incorporated.

Figure 33. Structure of complexes used in this chapter, with anchoring units shown in blue and active site ligand (aqua or chloro)
in red. Reprinted from 79.

The experiments were designed in three steps. In a first step, the complexes were anchored to a
mesoporous substrate and investigated by ER-FTIR and UV/Vis spectroscopy. During this step,
optimization of the protecting layer thickness in terms of stabilizing the anchored complexes on the
surface and accessibility of the active site was performed. With optimized thicknesses, the second step
was the electrochemical characterization of the catalysts after ALD protection. Here, the effect of the
overlayer on performance could be evaluated. Finally, we used XPS to acquire information on the
catalysts before and after ALD and electrochemical measurements.

4.4 Results
4.4.1 Catalyst synthesis and characterization
The synthesis of the tpy-PhCN ligand was easily achieved using a Kröhnke-type reaction with
4-cyanobenzaldehyde.177 The synthetic scheme of this ligand and the complexes is shown in Figure 34.
Complexation to form the Ru-Cl complex was achieved in two steps by first refluxing tpy-PhCN with RuCl3
in methanol. The intermediate product was then suspended in a methanol/water mixture with one
equivalent of 2,2’-bipyridine-4,4’-dicarboxylic acid (bdaH2) in the presence of excess trimethylamine as
reductant. Care had to be taken during workup of the reaction, as hydrolysis of the nitrile group was
observed upon strong acidification or addition of Lewis acids. Furthermore, the carboxylic acids
hampered extraction of the product. Crystals could be obtained by slow evaporation from a methanolic
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solution. To synthesize Ru-OH2, the Ru-Cl complex was treated with AgClO4 in water. The ruthenium
complexes were obtained as red-brown solids and characterized by 2D-NMR spectroscopy.

Figure 34. Synthesis of the tpy-PhCN ligand and the associated ruthenium-based water oxidation complexes Ru-Cl and Ru-OH2.

The iridium complexes were synthesized according to literature procedures by the reaction of [Cp*IrCl2]2
with 2,4-pyridinedicarboxylic acid (pic-COOH) (Figure 35).173 Addition of one equivalent base was
necessary to achieve dissolution of the ligand into methanol. To convert the chloride complex to the aqua
complex, Ir-Cl could then be treated with AgClO4 in a mixture of water and MeCN to obtain Ir-OH2.
Despite several attempts, only Ir-Cl could be crystallized until now.

Figure 35. Synthesis of the iridium-based water oxidation complexes Ir-Cl and Ir-OH2.

The crystal structures of the protected version of both complexes could be obtained and are shown in
Figure 36. In the case of Ru-Cl, a slightly distorted octahedral coordination is observed, with the
terpyridine ligand displaying a bite angle of 159 °. The bond between the central nitrogen of tpy and
ruthenium is significantly shortened to 1.95 Å, with the other pyridyl nitrogens at 2.02 – 2.07 A. A
deformation of the nitrile is also observed. In this case, the crystal was found to contain small amounts of
complex in which the nitrile was hydrolyzed to a carboxylate species. Appropriate care was taken to fit
this model with the best available precision.
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Figure 36. Crystal structures of a) Ru-Cl and b) Ir-Cl.

The Ir-Cl complex shows a distorted pseudo-octahedral piano-stool structure, which is expected from the
η5 binding from the Cp* ligand. The pic-COOH ligand is completely flat.

4.4.2 Optimizing ALD protecting layer thickness – ER-FTIR analysis
After successful synthesis of the complexes, anchoring of the complexes on mesoporous metal oxide
substrates and application of the ALD overlayers were the next targets. The same anchoring process was
used for all complexes, with the substrates being submerged overnight into the respective methanolic
solutions. Successful anchoring on the mesoporous could easily be seen by eye for Ru-Cl and Ru-OH2 as
these are strongly colored compounds. UV-Vis spectra of the anchored complexes are shown in Figure 37.
Using ER-FTIR on meso-TiO2 functionalized samples, we could gain insight on the anchored catalyst
molecules and the two sensitive parts of these molecules: the active site and the nitrile group used as
spectroscopic tag. For this, we started the analysis with the Ru-Cl complex, which was anchored on the
surface and then subjected to increasing numbers of ALD cycles. The data here is reported at 0, 10, 30
and 80 cycles of ALD to give a representative picture of possible effects at different overlayer thicknesses.
Calibrating these thicknesses using a silicon wafer, we determined the thickness of the films to be 0.5,
1.6, and 4.3 nm for 10, 30 and 80 ALD-TiO2 growth cycles respectively.
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Figure 37. UV/Vis spectra of Ru-Cl, Ru-OH2, Ir-Cl and Ir-OH2 anchored onto meso-ITO films.

First, we will discuss the effect of ALD on the nitrile group.
Figure 38 a) shows the CN triple bond stretching vibration at 2230 cm-1, which corresponds to the band
expected from aromatic nitriles.178 With increasing numbers of ALD cycles, the intensity of this band
decreases. A shift is not observed. From this, we can conclude that the nitrile group is not stable under
ALD conditions, however it does not decompose completely. After 80 cycles of ALD-TiO2, the nitrile CN
band is less than 10% of its initial intensity directly after anchoring of the complex. Nevertheless, as we
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Figure 38. a) ER-FTIR spectra of Ru-Cl anchored on meso-TiO2 films with increasing number of ALD-cycles used to grow the TiO2
protective film. b) ER-FTIR spectra after soaking the samples in NaCN as test for stability and accessibility of the active site.

In a next step, the samples were treated with a 1 M NaCN solution (pH 12.5). This strongly basic solution
will cause immediate desorption of any carboxylic acid bound to a TiO2 surface that is not adequately
protected.179 At the same time, the very high concentration of CN- ions should drive a ligand exchange
reaction with aqua or chloro ligands bound to the ruthenium center assuming that the coordination site
is accessible from solution. The NaCN treatment therefore allows us to determine the stability of the
anchored molecules and the accessibility of the active site at the same time.
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Figure 38 b) shows the Ru-Cl samples with different ALD protection layer thicknesses after soaking in
NaCN for 30 minutes. From the band at 2230 cm-1, we find that a 10 cycle protection layer does not
adequately protect the anchored molecules from desorbing. In the case of 30 cycles, we see the nitrile
band from the ligand (albeit weaker) as well as the appearance of new features at 2175 (broad) and at
2082 cm-1. The former was found to correspond to physisorbed cyanide ions on the TiO2 by a reference
measurement. The band at 2082 cm-1 is attributed to the Ru-CN complex, where ligand exchange was
successful.180 In the case of 80 cycles of ALD-TiO2, we see the nitrile band, but no signal for the cyanide
complex. We interpret this to be due to the growth of the ALD layer around and then above the anchored
complex, thereby burying it in the protection layer.
The schematic representation of the ALD thickness optimization study is depicted in Figure 39 c. Data for
Ru-Cl and Ir-Cl with 30 cycles of ALD-TiO2 is shown. As mentioned above, for Ru-Cl, the simultaneous
presence of the nitrile ligand-based and the coordinating cyanide-based C-N stretching modes indicate
the effective stabilization of the catalyst on the surface while maintaining access of the active site to the
solution. In the case of Ir-Cl, we do not have a ligand-based IR tag. However, after NaCN treatment we
observe a new band at 2113 cm-1. Similar complexes with cyanide coordinated to iridium have been
reported and show the CN band in a similar spectral region.181
UV-Vis measurements after 30 cycles of ALD deposition do not indicate significant changes to the
anchored catalysts on an electronic level (Figure 40). Degradation of the ligand, other than slow
decomposition of the nitrile group, could possibly influence the electronic properties to an extent where
the UV/Vis spectra are strongly altered. At this point the relatively weak intensities of the spectral
features need to be mentioned, which may be preventing us from gaining a deeper understanding to
what is happening to the catalyst molecules.
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Figure 39. ER-FTIR spectra of Ru-Cl (a) and Ir-Cl (b) at different stages in the protection and desorption study, schematically
illustrated step-by-step in (c). Reprinted from 79.
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Figure 40. UV/Vis spectra anchored complexes on meso-ITO after 30 cycles of ALD-TiO2 were deposited.
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We conclude from our experiments that the situation is as following (depicted in Figure 41): no protecting
layer or a very thin one, which is deposited with 10 ALD cycles, is not sufficient for stabilizing the
anchored catalyst in the strongly basic NaCN solution. With a 30 cycle ALD layer, corresponding to 1.6 nm
of TiO2, stabilization is observed. At the same time, the active site is still accessible from solution. The ALD
layer in this case is similar in thickness to the size of the anchored molecule. For 80 cycles, the anchored
complexes are prevented from desorbing during NaCN soaking but formation of the Ru-CN is not
observed, indicating complete coverage of the molecules.

Figure 41. Schematic showing the fate of anchored Ru-Cl with (from top to bottom) 0, 10, 30 and 80 cycles of ALD-TiO2 after
submersion in NaCN solution. The molecules are represented in pink, with green parts representing the chloride ligand and
grey/dark blue parts representing the cyanide ligand observed after ligand exchange. The ALD layers are shown a the blue layers
above the substrate (in grey).

4.4.3 Comparing the catalytic activity of protected vs unprotected complexes
With the optimized thickness of the ALD protecting layer, we could now focus on testing the anchored
complexes for their catalytic activity towards water oxidation. Samples for these experiments were
prepared using meso-ITO electrodes. Electrochemical measurements were performed in acidic aqueous
electrolyte using a 0.1 M H2SO4 solution (pH = 1). The catalysts were first subjected to CV scans, then to a
constant potential experiment for 30 minutes at high bias (1.95 V vs RHE = 1.7 V vs Ag/AgCl) before a
second round of CVs. Comparing CV data before and after the chronoamperometric experiment allows us
to analyze the stability and possible changes happening to the catalysts under prolonged operation.
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Figure 42 shows the CVs before and after chronoamperometry, while the latter is shown in Figure 43. To
compare the complexes with protecting groups versus those without, the curves are overlaid for both
ruthenium complexes and both iridium complexes. A blank measurement using meso-ITO with 30 cycles
of ALD-TiO2 is shown as black reference curve.

Figure 42. Cyclic voltammograms of Ru-Cl and Ru-OH2 with 30 cycles of ALD-TiO2 before (A) and after (C) chronoamperometry
and CVs of Ir-Cl and Ir-OH2 with 30 cycles of ALD-TiO2 before (B) an after (D) chronoamperometry. Black curves represent the
blank meso-ITO with 30 cycles ALD-TiO2. Conditions: meso-ITO working electrode, Pt counter electrode, Ag/AgCl reference
electrode, H2SO4 0.1 M electrolyte. Reprinted from 79.

From the data in Figure 42 A, we can see a reversible oxidation peak around 1.25 V, which corresponds to
the Ru(II)/(III) oxidation for both the Ru-Cl and the Ru-OH2 complexes. The Ru(III)/Ru(IV) peak is not
clearly observed, which has been reported to occur in the case of PCET redox features and other proton
dependent redox events (See Chapter 4.1.2.1). At 1.7 V, we observe the onset of catalytic water oxidation
for both complexes. As the overpotential for water oxidation is a suitable measure for the activity of the
catalyst, we observe that Ru-OH2 is not inhibited by the ALD overlayer when compared to its protected
counterpart Ru-Cl. A possible explanation for the similarity between the Ru-Cl and Ru-OH2 activity is
discussed in Chapter 4.5.2. During chronoamperometry, a rapid initial decline in current was observed for
both complexes, hinting towards rapid removal from the surface. Indeed we found that after
chronoamperometry, the CVs (Figure 42 C) show much smaller currents after the onset potential is
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reached and we no longer can clearly see the redox peaks of the anchored catalyst molecules. We note
that the stabilization due to the presence of the ALD layer is poor despite previously seeming promising
from the soaking experiments in NaCN. This indicates that instability may be due to the oxidizing and
acidic conditions, which is different from the basic cyanide exchange conditions.

Figure 43. Chronoamperometry of anchored catalysts with 30 cycles of with ALD-TiO2. Conditions: meso-ITO working electrode, Pt
counter electrode, Ag/AgCl reference electrode, H2SO4 0.1 M electrolyte, 1.7 V applied potential vs Ag/AgCl for 30 minutes.

The iridium complexes show a very different behavior in terms of catalytic activity. When we compare
the protected Ir-Cl complex with the unprotected Ir-OH2 complex directly after ALD, we observe a clear
difference in terms of onset potential (Figure 42 B). The onset for Ir-Cl is at around 1.6 V vs RHE while that
of Ir-OH2 is shifted over 200 mV to 1.8 V vs RHE. The later onset for the aqua complex is a strong
indication for some form of deactivation caused by the ALD growth process. Interestingly, during the
chronoamperometry experiments, we can observe the increase of catalytic current for the deactivated
Ir-OH2 catalyst. At the same time, a slow decay of Ir-Cl activity is observed, although later experiments
suggest that this is due to slow degradation of the meso-ITO substrate film rather than purely from
catalyst desorption. Post-chronoamperometry CVs reveal that both the Ir-Cl and Ir-OH2 catalysts show
similar onsets and catalytic curves after 30 minutes of operation under strong positive bias. The
regeneration of the Ir-OH2 catalyst during operation is discussed in detail in Chapter 4.5.1. From
electrochemical measurements, we see that the iridium complexes are both stable under operation for at
least 30 minutes at pH 1. Additional chronoamperometry performed at a later point showed that samples
prepared with Ir-Cl on meso-ITO with 30 cycles of ALD-TiO2 can oxidize water for over 20 hours.

4.5 Discussion
4.5.1 A molecular perspective – deactivation and regeneration of the Ir-OH2 catalyst
Figure 44 shows possible reactions occurring to the anchored Ir complexes and their active site ligands
during the deposition of ALD-TiO2. In the case of Ir-Cl, no inhibition of the catalyst for water splitting as
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well as successful ligand exchange of Cl- for CN- suggest that no reaction between the ALD precursor
TDMAT and the catalyst is occurring. For Ir-OH2 on the other hand, the aqua ligand may well be reacting
with the precursor, forming a direct bond between the ALD layer and the active site ligand. This
formation of a Ti-O-Ir species would explain why the catalyst is less active for water oxidation initially.

Figure 44. Schematic showing the possible reactions occuring on anchored Ir-Cl (A) and Ir-OH2 (B) during the deposition of ALDTiO2 with the TDMAT precursor. Reprinted from 79.

To explain the increase in activity of the deactivated Ir-OH2 catalyst, we propose two possible reactivation
pathways, schematically depicted in Figure 45. The first possibility for regenerating the active species is
the hydrolysis of Ti-O-Ir under the acidic operating conditions, leading to the formation of the active IrOH2 species. Another possibility would be oxidative degradation of the Cp* ligand under high positive
bias. This oxidative ligand has been shown to be necessary to obtain an active catalyst in solution.106,108,109
To gain further insight into which mechanism may be dominating, we performed additional experiments
using XPS.
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Figure 45. Possible mechanisms that can lead to (re)generation of the active Ir-OH2 catalyst species during chronoamperometry:
A) hydrolysis of Ti-O-Ir bond in acidic conditions or B) oxidation of the Cp* ligand. Reprinted from 79.

The XPS spectra of Ir-Cl and Ir-OH2 directly after anchoring on meso-ITO are shown in the top of Figure
46. The signal expected for the Ir 4f electrons is a doublet corresponding due to the spin-orbit coupling of
the f-electrons (with j = 5/2 or 7/2). We find that the XPS signal is best fitted by two iridium species, the
dominant one with a binding energy of ca. 63.2 eV (Ir 4f7/2). The other species could be attributed to IrO2
species based on the binding energy of 61.7 eV.182 The shifts of both Ir-Cl and Ir-OH2 4f7/2 peaks are quite
similar, suggesting a similar chemical environment for both species.
After 30 cycles of ALD-TiO2, the interpretation of the iridium XP spectrum is complicated by the
overlaying Ti 3s electrons. After fitting, we observe the Ir 4f7/2 signals at 63.1 eV for both complexes.

Figure 46. XPS spectra of (A) Ir-Cl and (B) Ir-OH2 before and after deposition of 30 cycles of ALD-TiO2.

60

The XPS spectra of Ir-Cl and Ir-OH2 before and after chronoamperometry is shown in Figure 47. The
difference spectrum for both complexes is shown as a green line. We observe no significant differences
for any of the two catalysts before and after the electrochemical measurements, which supports the
theory that hydrolysis of the Ti-O-Ir bond and not oxidative degradation of the Cp* ligand is the dominant
regeneration mechanism. However, the intensities of the spectra that were acquired are low and the
results of these experiments therefore not conclusive evidence barring ligand oxidation.

Figure 47. XPS spectra of (A) Ir-Cl and (B) Ir-OH2 with 30 cycles ALD-TiO2, before and after chronoamperometry. The green curves
represent the difference spectrum between before and after. Reprinted from 79.

4.5.2 Why do the Ru catalysts show different behavior compared to the Ir catalysts?
For the ruthenium catalysts, no deactivation of the Ru-OH2 catalyst compared to the protected Ru-Cl
version was observed, which is in strong contrast to the Ir catalysts. Although a conclusive reasoning of
why this is the case is not possible, we performed additional NMR experiments that may provide an
explanation for the similar behavior of Ru-Cl and Ru-OH2. Figure 49 shows the NMR spectra of Ru-OH2 in
deuterated methanol and DMSO. For the latter, the expected features for the complex can be observed.
With the measurement obtained in methanol, we observe two sets of peaks with slightly different shifts
which could be explained by formation of a Ru-OMe complex (Figure 48). Supporting this, a signal at 2.3
ppm with the expected peak ratio and position for a O-CH3 species can be seen (ratio to aromatic protons
on the tpy and bpy ligands).
The observed second series of peaks hint towards the existence of a 1:1 mixture between Ru-OH2 and
Ru-OMe in the methanol NMR solvent (which contains a small amount of non-deuterated methanol). If
this is the case, then it seems reasonable that using methanol as the solvent during the anchoring of the
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complex to the mesoporous metal oxide substrates will lead to the formation of an in situ protected
active site catalyst.

Figure 48. Formation of Ru-OMe from Ru-OH2 over prolonged periods in methanolic solutions.

As methanol and the more strongly complexating acetonitrile are commonly used as solvent for
anchoring, this may explain why most catalysts in literature that were submitted to ALD film growth for
stabilization retain their activity.55,183 Despite this, a detailed investigation could provide clearer
indications towards this in the future. Clearly, the 30 cycles of ALD-TiO2 were not sufficient to protect the
complex from desorbing during catalysis. Possible other deactivation or complex desorption processes
could lead to the fast removal of anchored catalyst species. Furthermore, the stability of the ALD-TiO2
layer in strongly acidic environment is not very high and an increased dissolution rate of this layer due to
the presence of the complexes could also explain the rapid decrease of water oxidation activity of these
samples.184
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Figure 49. 1H-NMR spectra of Ru-OH2 in deuterated methanol (top) and deuterated DMSO (bottom).

4.6 Conclusions
In this chapter, we have introduced molecular water oxidation catalysts and strategies for attaching them
on a surface. We first designed the Ru(tda-Ph-PO3H2)(Py)2 catalyst, an anchoring-group containing
modification of the highly efficient and active Ru(tda)(Py)2. This modification of the tda ligand was found
to severely affect the catalytic activity of the catalyst and shutting it down both in solution and anchored
to a meso-ITO electrode. We then turned to other catalysts based on ruthenium and iridium, designing
them to be anchored onto electrodes via carboxylic acid. With the target of keeping the active site of
these catalysts from degrading under the deposition of an ALD-TiO2 protection layer, we used chloride
ligands as protecting groups. We optimized the thickness of the overlayer and compared catalytic
activities of the catalysts bearing the protecting groups to those with coordinated water. We found that
ALD stabilization is successful for the iridium-based catalysts and observed deactivation for the
unprotected version. This deactivated catalyst could be reactivated under operation. For the ruthenium
complexes, stabilization was not very successful and no difference between protected and unprotected
catalysts were found. We presented reasonable explanations for the phenomena that we observed and
conclude that using the protecting group strategy in combination with ALD overlayers can be a useful
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strategy to stabilize anchored molecular water oxidation catalysts to electrode surfaces. However, careful
design of the complexes is necessary as modifications can lead to a possible loss of activity of catalysts.

4.7 Outlook and ongoing work
After successful completion of this project, we were interested in getting a better understanding for the
effect of the ALD overlayers on the anchored catalysts. Specifically, we wanted to understand how the
Ir-Cl catalyst was activated and what processes happen at a molecular level when the electrical potential
of the electrodes is increased from open circuit to operating conditions for water oxidation.
What happens to the Ir-Cl catalyst after being partially buried in an ALD-overlayer is an important
question, as the presence of this layer may well lead to very different properties of the catalyst in terms
of activation. Reports on similar Ir-based complexes describe an oxidative degradation of the Cp* ligand
and formation of dimeric Ir species.106,109,185,186 In most cases, activation of the iridium complexes was
achieved by chemical oxidation with reagents such as CAN and NaIO4. There are a few reports in which an
active catalyst containing the Cp* ligand (as well as the other bidentate ligand that is predicted and has
been shown to be stable even under strongly oxidizing conditions) was active for C-H activation and
water oxidation.102,103,187 Further investigations by other groups based on Cp*Ir complexes with carbene
ligands give mixed results, showing that a dimeric species is transiently formed but no degradation of the
Cp* is necessary for catalytic activity.188,189 As we suggested above (See Figure 44 and Figure 45), the
situation of molecular catalysts on a surface is generally different from being in solution, as formation of
dimeric species is not possible (especially if there is a metal oxide layer between individual molecules). A
detailed analysis of the ligands around the Ir center during electrochemical testing could provide valuable
information on the mechanism of water oxidation and may give insight into whether or not Cp* ligand
degradation is needed for single-site activity in water oxidation.
With access to new instrumentation, we may be able to analyze our Ir-catalysts on electrode surfaces
under operating conditions. The technique that can enable this analysis is electrochemical TERS (ECTERS), which is a combination of standard TERS (introduced in Chapter 3.3.5) with an electrochemical cell.
This tool allows for variation of the potential of the sample electrode versus a reference electrode in
solution under the STM conditions needed for TERS (bias between substrate and tip). A schematic
illustration of the EC-TERS setup is shown in Figure 50. The working electrode served as a substrate and is
connected to a potentiostat for the electrochemical measurements and the STM control (usually these
two are coupled in a bipotentiostat). STM measurements in electrolyte require the tips to be coated in a
polymer film, except for the apex, which is brought into close contact with the substrate.
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Figure 50. Schematic illustration of the EC-TERS setup, with the liquid cell holding the electrolyte as well as the reference electrode
(RE) and counter electrode (CE). The working electrode (WE) is contacted to the solution via an O-ring and connected to a
potentiostat and the STM controller. A water immersion objective is used to focus the laser onto the surface of the WE.

EC-TERS has already been demonstrated to be a powerful tool for in situ characterization of molecules on
surfaces, especially thiols on gold, under electrochemical bias.190–194 In our case, additional challenges to
be tackled are the use of anchoring groups that are not compatible with gold substrates and the
application of ALD layers, which represent an additional difficulty in terms of surface enhancement and
STM control. Nevertheless, overcoming these challenges is worthwhile as the knowledge we can gain
may be relevant for the understanding and design of improved molecular catalysts and protection
strategies.
As this work was ongoing at the time of redaction of this thesis, only preliminary results will be
presented. However, they serve as a strong basis for the future experiments planned for this project. As a
starting point, the Raman spectrum of Ir-Cl with the free carboxylic acid was calculated using DFT (Figure
51). Assignment of the bands was possible, relating them to individual molecular vibrations on
corresponding ligand domains. The relative variation of vibrations on the Cp* and pyridine ligands could
be used to measure changes happening on one of these ligands during electrochemical measurements.
To check whether or not the Raman bands obtained by our calculations would be able to serve this
purpose and were accurately calculated, we measured the bulk Raman spectrum of Ir-Cl powder. The
spectrum is displayed in Figure 52 and shows all features that were obtained from the calculated
spectrum.
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Figure 51. Simulated Raman spectrum of Ir-Cl obtained using DFT calculations.

We chose four of the more intense Raman bands from the Ir-Cl bulk spectrum that were in the region
between 1000 and 1700 cm-1 and could clearly be assigned to specific molecular vibrations. These bands
(numbered from 1-4) could be used to evaluate the resemblance to TER spectra of the complex directly
deposited onto a gold substrate by spin-coating.

1

Figure 52. Confocal Raman spectrum of Ir-Cl powder in the range of 100 to 1800 cm-1.
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The assignment of the bands 1-4 is given in Table 1, based on the Raman shifts obtained from the bulk
spectrum. Bands 1 and 3 are composed of vibrations specific to the Cp* ring and the pyridine ring
deformations. Band 4 corresponds to only pyridine-based vibrations, in this case the pyridine stretch at
1620 cm-1. Band 2 is a combination mode with contributions from the Cp*, the pyridine and the free
carboxylic acid. Using the bands 1, 3 and 4, it should be possible to gain information of changes related to
either the Cp* or the pyridine units by observation of relative changes in the intensities and shapes of
these bands.

Band number

Raman shift (cm-1)

Assignment

1

1030

Cp* methyl wagging + pyridine in-plane deformation

2

1350

Cp* + pyridine + COOH combination mode

3

1430

Cp* ring breathing + pyridine deformation

4

1620

Pyridine stretch

Table 1. Assignments of the marked bands of the bulk Raman spectrum of Ir-Cl, obtained by comparison with the calculated
modes.

As mentioned above, the gold substrate necessary for high quality TER spectra is not compatible with
Ir-Cl as the complex has carboxylic acid anchors designed for attachment onto metal oxide supports. We
therefore sputtered an ultrathin layer of ITO onto the gold substrates, with nominal thicknesses of <0.5
nm. These ITO layers have not yet been characterized in detail, we assume that small islands of the
material are formed on the gold substrate. Functionalization of the gold-ITO substrate with Ir-Cl could be
achieved by soaking in a methanolic solution of the complex. TER spectra of Ir-Cl anchored onto gold-ITO
could be obtained with excellent quality, showing that enhancement from tip and surface was still
possible despite the presence of the ITO anchor layer. Two spectra on different parts of the substrate are
displayed in Figure 53, indicating that the substrates are homogeneously covered by anchored Ir-Cl and
therefore with sputtered ITO. When comparing the TER spectra to the bulk Raman spectrum, we could
observe the 4 bands which were highlighted and assigned in Table 1 as clear bands. Interestingly, band 2
split into a doublet peak, presumably due to different effects of the complex being anchored on different
parts of the molecule (especially for ligands involved in the anchoring, here the carboxylate group). The
lack of the band at 1720 cm-1 observed in the bulk spectrum is attributed to the binding of the carboxylic
acid to the ITO layer.
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Figure 53. TER spectra of Ir-Cl anchored onto gold-ITO substrates. The two spectra were obtained on different regions of the
sample, suggesting consistent coating of the gold with ITO and anchored complex.

These results provide a good starting point for the EC-TERS measurements, which were not yet
performed by the time this thesis was written. As a brief outlook for this project, the next steps are the
acquisition of TER spectra of Ir-Cl after ALD protection of the catalyst molecules. We envision using ALDZrO2 as protecting layer for these experiments, as this material exhibits very similar chemical properties
as TiO2 (however with a much larger band gap). A major benefit of using ALD-ZrO2 is that zirconium does
not overlap with XPS bands related to iridium, which would enable us to measure and analyze XP spectra
of anchored and ALD-protected Ir-Cl in parallel to the EC-TERS measurements. With these tools, we hope
to obtain a solid understanding on the processes that happen on the surface of electrodes that are
functionalized with anchored molecular catalysts and protected by ultrathin metal oxide overlayers. We
would also show that EC-TERS is more versatile than it is considered today, as we expand its applications
to metal oxide substrates.
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5 Host-guest interactions on electrode surfaces for immobilization of molecular
catalysts
5.1 General Introduction
This chapter will describe recent results in the field of immobilizing catalyst molecules on surfaces. As of
the redaction of this thesis, the project was not fully completed.
The target of this project was to study and propose a new immobilization methodology for molecular
electrocatalysts on electrode surfaces. Initially inspired by the idea of having anchored molecules in
inorganic cavities on the surface of an electrode, much as in the idea of Figure 41, we found that a
specific binding of the immobilized molecules was perhaps a better way to stabilize them on the surface.
For an immobilization methodology to be attractive to the field of molecular and heterogeneous
catalysis, this method should have the following properties:
 It should be applicable to a broad scope of different catalysts.
 It should be stable under the conditions at which catalytic reactions are run.
 The binding motif should only minimally affect the electronic properties of the molecular catalyst,
thus making it possible to develop the homogeneous versions without worrying about changing
its properties to heterogenize it.
 The binding to the surface is ideally fully reversible under specific conditions orthogonal to
catalytically active conditions.
 This methodology should be applicable to a broad scope of substrates.
 Electron transfer from active center to substrate must be possible (and fast).
The challenge to combine all of these properties is yet to be overcome by a single system, although many
attractive approaches have been studied in more or less detail.22,151 As mentioned above, the starting
point of our approach to heterogenization of molecular catalysts was based on cavities in inorganic thin
films. When looking for similar systems, we discovered extensive research for organic cavities for small
molecules in the field of supramolecular chemistry and biochemistry.195,196 These organic cavities can bind
other moieties from the size of single ions to large constructs such as DNA or proteins.197 We therefore
focused on constructs known from supramolecular chemistry to construct an appropriate system that
allowed us to transfer the binding chemistry from molecular pockets in solution to surfaces and use these
to bind catalyst molecules. If this could be done successfully, we hope to implement this strategy in the
future where we can use specific binding site chemistry to fixate and then release on-demand the
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molecular catalysts, which would then lead to regenerative systems which could mimic the behavior of
molecular catalysts in Nature, such as the Oxygen Evolving Complex.
To begin this chapter, a brief review and highlights of solution-phase host-guest interactions in the small
molecule regime will be given. Then, an overview of approaches undertaken in transferring host-guest
chemistry to surfaces will be shown, with emphasis on electrochemical applications and surface
characterization. Next, we discuss requirements and considerations to keep in mind for our designs
before discussing various results we obtained. Finally, we give an outlook on the near and intermediate
future research based on the results.

5.1.1 Host-guest complexes in solution
A number of molecules, cavitands, possess cavities that interact specifically with other molecules in
solution by forming so called host-guest or inclusion complexes (Figure 54).198 Some of the heavily
investigated classes of cavitands are cyclodextrins,199,200 cucurbit[n]urils,201,202 calixarenes,203–205 and
pillar[n]arenes.206 The interaction between the cavitand host molecule and guest molecule is based on
non-covalent binding interactions, ranging from hydrogen-bonds, dipole-dipole interactions to van-derWaals interactions. Most importantly, when in water, one of the most important driving forces for hostguest formation is the hydrophobic interaction between host and guest molecule, the others being the
release of water or small solvent molecules increasing the system entropy and the release of strain.207
These driving forces can lead to very strong interactions and high equilibrium constants for host-guest
complex formation, with strong host-guest complex formation constants ranging from K11 = 104 M-1 for
cyclodextrins to 1015 M-1 for cucurbiturils.208 The equilibrium constants 𝐾 =

[𝐻𝐺]
[𝐻]∙[𝐺]

are reported in general

for 1:1 complexes between host and guest molecules (represented by the subscript next to the K),
although other stoichiometries are possible and observed for large guests (which can bind two or more
hosts) or large hosts. Importantly, these equilibrium constants are thermodynamic values, and they
describe the probability distribution of finding complexated versus free host and guest molecules in
solution. The formation of inclusion complexes is dynamic and reversible, meaning that the complexes do
not exist permanently but rather transiently.200 In terms of rates, host-guest complexes form very rapidly
with rate constants on the order of 106 - 109 M-1 s-1 and break up on the order of seconds.209,210
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a)

b)

Figure 54. Examples of (a) cyclodextrin-based and (b) cucurbit[5]uril-based host-guest complexes. Reprinted from 211,212.

Although there are many different types of host molecules, we will focus on cyclodextrin-based
chemistry, as cyclodextrins are well-developed in terms of application and chemical modification.199
Cyclodextrins (CDs) are oligosaccharides synthesized enzymatically from starch, with three common ring
sizes of six, seven or eight glucose units joined by α-1,4 glycosidic bonds.213 A schematic showing the
structure of the three different cyclodextrins, called α-CD, β-CD and γ-CD is presented in Figure 55, which
also gives the inner diameter of the cavities: 0.5, 0.63 and 0.79 nm for the three CDs. Guest molecules
need to fit into the cavity for binding to be possible, although distortion of the CD rings may allow for
very slightly larger guest to fit. The height of the cyclodextrin rings are 0.8 nm.
CDs can be described as having the shape of a donut, with a smaller primary face and a larger secondary
face. The two faces are terminated by seven primary and fourteen secondary alcohol groups, giving them
their respective names. The hydrophilic nature of the two faces enable CDs to be highly water soluble (for
α-CD and γ-CD) or moderately water soluble (β-CD). Solubility of native CDs in organic solvents is
generally very low with the exception of polar aprotic solvents such as DMF and DMSO. The differences
between the reactivity of the primary and secondary alcohols on the CD rims allow for selective
modifications.214
Cyclodextrins have found numerous applications both in research and industry, with uses as drug delivery
agents solubilizing hydrophobic molecules,215,216 in sensing applications,217,218 in chromatography 219 and
as additive in the food and fragrance industry.220 They have also found niche applications or are currently
being studied in catalysis as nanoreactors.221 Of the three CDs, Β-CD has been the most studied, despite
it’s relatively low solubility in water.
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Figure 55. a) Chemical structure of glycosidyl units in cyclodextrins. b) Three dimensional cone-like structure of cyclodextrin
showing the cavity at the center of the molecule. c) The three different cyclodextrin structures, α-CD, Β-CD and γ-CD with their
respective dimensions. Reprinted with permission form 222 © 2019 Springer Nature.

CDs typically bind small, relatively hydrophobic organic molecules. There are a wide range of possible
guest molecules, from linear alkyl chains over aromatic systems narrower than pyrene to even specific
organometallic species such as ferrocene. Binding constants are generally highest when good volumetric
fitting of the hydrophobic part of a guest molecule fills out the cyclodextrin cavity, as is the case with
adamantane derivatives (K11 on the order of 105 M-1).223,224 Typical guests used to study CDs are
adamantanes, ferrocene derivatives, substituted benzenes and fused (hetero-)aromatic systems such
naphthalene and anthracene.

5.1.2 Analytical methods for cyclodextrin host-guest complexes in solution
There are a large number of tools available for characterizing host-guest complex formation and
structure. NMR spectroscopy is one of the main methods used.225 As the guest and host molecules
interact and form inclusion complexes, the chemical environment of the protons close to the binding
partner changes slightly. As NMR spectroscopy is extremely sensitive towards changes in the chemical
environment, signal shifts can be observed and related to the formation of host-guest complexes. This
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technique can be used in a titration experiment where the molar ratios of both host and guest are varied
from pure compounds through binary mixtures. Plotting the difference in chemical shifts multiplied with
the guest concentration versus the molar ratio gives a so-called Job’s plot, from which binding
stoichiometries can be read out. An example of such a plot is shown in Figure 56, where the maximum of
the curve is found to be at a host-guest ratio of 1:1. This indicates the formation of 1:1 host-guest
complexes. Titrations of guest molecules with increasing equivalents of host molecules can also be
performed, with the measurement of the chemical shift evolution, determination of equilibrium
constants is possible.

Figure 56. Job's plot for ascorbic acid / Β-CD mixtures in D2O, where 𝑅 =
Reprinted from

[𝐴𝑠𝑐𝐴]
[𝐴𝑠𝑐𝐴]×[𝛽−𝐶𝐷]

and ΔA is the relative NMR-peaks shift.

226.

2D-NMR techniques can also be used to study host-guest interactions, where the orientation of guest
molecules relative to the host can be determined, especially with cyclodextrins as host molecules.227 This
is achieved by using NOESY or ROESY experiments, which are sensitive to spatially close protons
interacting with each other. From these spectra, the orientation of asymmetrical guests can be
determined by analyzing which of the guest protons interact with the H-3 and H-5 protons of cyclodextrin
(see Figure 55 (a) for the numbering of carbon and related hydrogen atoms). Temperature-dependent
NMR and relaxation time studies can be used to gain insight into the dynamics of complexation of
inclusion complexes.228
Another widely used tool to analyze inclusion complexes is spectroscopy, specifically UV/Vis absorption
and fluorescence spectroscopy.229 These techniques can be used to analyze kinetics and dynamics of
host-guest complex formation and properties of the inclusion complexes, as well as orientation of guest
molecules.230,231 Similar to NMR experiments, titrations can be used to determine complex formation
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equilibrium constants. In water, the change of the absorption or fluorescence spectra upon formation of
the inclusion complex is due to the different polarizability of the surrounding CD cavity compared to the
solvent.207,232 Fluorescence anisotropy has also been used to analyze different properties of inclusion
complexes, such as solvation and component analysis in systems where other ratios than 1:1 are possible
for host-guest complex formation.233 Fluorescence correlation spectroscopy has been used to analyze the
dynamics of host-guest complexes in solution, giving insight into the rates of inclusion complex formation
and dissociation.234,235

5.1.3 Host-guest interactions on surfaces
As research of host-guest chemistry of cyclodextrins expanded, the applications of these systems on solid
supports gained importance as well. CDs were used as mobile phases in specific chromatographic
applications such as separation of enantiomers and chiral molecules.236 Reversing the role of the CD
molecules could be achieved by connecting them to surfaces.237
Many different groups have investigated surface functionalization with CDs and other host molecules
with aims of solubilizing nanoparticles,238 modifying the surface to selectively bind guest molecules from
solution,239–241 and fabrication of sensors on different substrate materials.204,242,243 For gold substrates, a
large number of studies have been performed with cyclodextrin-based self-assembled monolayers
(SAMs), especially by the group of Huskens.244–246 One of the first reports for Β-CD SAMs on gold using a
thiol-functionalized variant was reported by the groups of Kaifer and Stoddart.247 In this work, the
synthesis of per-thio-Β-CD (6S-Β-CD) from the parent Β-CD was achieved (Figure 57) and the modified
host complex immobilized on gold electrodes. Surface coverages of the modified CDs were measured by
reductive desorption of the thiolate groups (see Chapter 3.1.2) and the number of thiol gold bonds found
to be on the order of 3·10-10 mol cm-2, which corresponds to 0.26 – 0.3 6S-Β-CD molecules per nm2.

Figure 57. Per-thio-Β-CD or 6S-Β-CD can be made from Β-CD in three steps, see 247.

With 6S-Β-CD functionalized gold electrodes, the formation of host-guest complexes on surfaces was
studied in detail with ferrocene and ferrocene-derived guests. Focus was laid on the electrochemical
properties of host-guest systems based on ferrocene guest molecules, with several studies on electron
transfer from substrates to guests and subsequent desorption of oxidized guests. For ferrocene, the
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oxidation to ferrocenium drastically reduces the host-guest interactions and provokes release of the
guest from the cyclodextrin core.248 This can be used as a tool to quantify the number of guest molecules
during the forward and backward sweep of a CV experiment (by converting the charge passed into the
number of molecules) and thereby be used to calculate the number of available sites, as well as the
electron transfer rates (through scan speed variations).249 Different modifications of Β-CD have also been
explored in terms of usability as anchoring groups for gold surfaces, ranging from cyanides to isonitriles
to thiocyanates.245
Other substrates have also been used for CD SAM formations. Silicon substrates have been modified with
hydrosilylation chemistry using alkene or alkyne substituted CDs, with the target of using the surface
host-guest constructs for sensing applications.250–252 Metal oxides have been functionalized directly with
cyclodextrins and other host molecules for different purposes.204,238,253–255 In recent years, development
of chemistry to combine CDs with carbon-based materials such as carbon nanotubes has received
increased attention, again with the focus of using these surfaces in sensory applications.239,242,256 Other
approaches for fabrication of host-functionalized surfaces include polymers containing cyclodextrin
moieties 257 and Langmuir-Blodgett films.258
An interesting feature of surface-bound CDs is that the host-guest complex formation constants are
higher than in solution by one order of magnitude.247,259 This implies that the desorption of the guest
from the inclusion complex is hindered by being close to a surface, which seems reasonable when looking
at CDs as cone-shaped molecules. Effectively blocking the back side (attached to the surface) from
solvent molecules makes desorption more difficult.

5.1.4 Analytical methods for cyclodextrin host-guest complexes on surfaces
Surface-bound hosts and host-guest complexes require more advanced tools for analysis. The main
methods used for these systems are surface plasmon resonance (SPM),244,246 contact angle
measurements,245 XPS,255,260 electrochemical impedance measurements 261 and topographical
measurements by AFM or STM.262–265 A very detailed analysis of host-guest thermodynamics without
solvent can be achieved by using dynamic force spectroscopy, where the force needed to remove guest
molecules from their hosts can be directly measured. Figure 58 shows two schematic representations of
such experiments: a gold-tipped AFM tip is functionalized with guest molecules bound by a thiol-capped
spacer. The functionalized tip is brought into close distance of the substrate, allowing host-guest
complexation to occur. The force experienced by the tip is measured when the tip is withdrawn and
decomplexation is forced. Data measured from these experiments can be used to calculate binding
constants and binding thermodynamics such as the Gibbs free energy.266–268
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Figure 58. Schematic representation of dynamic force microscopy used to analyze host-guest complex formation and
thermodynamic data of these systems. AFM tips are coated with functionalized guest molecules and brought into contact with CD
functionalized subtrates. Reprinted from 262 (a) and 268 (b) © 2019 American Chemical Society.

STM analysis of CDs on surfaces has been performed my many different groups (see the following
review 269). An extensive set of experiments were done used by the Shigekawa group to characterize
superstructures based on CD building blocks or components as well as structures resulting from
interactions between the CD hydroxyl groups.265,270 A highlight of this research was the characterization
of single supramolecular structures consisting of an end-capped polymer backbone to which six α-CD
molecules are tethered, dubbed the molecular abacus (Figure 59 b).264 The individual CD units are clearly
visible by STM and can be manipulated by the tip to move them relative to each other on the central
polymer strand. Thiolated CDs have also been investigated by STM, however without true molecular
resolution being achieved.263,271 An STM picture of a 6S-Β-CD monolayer is shown in Figure 59 a), the
structures seen on this image are however not the individual CD molecules. This sample was used to grow
tellurium clusters inside the CD cavities, which resulted in a clear change of the STM image.272 A very
limited number of reports on STM imaging of inclusion complex structures of surface bound CDs have
been published.243,265,273 One highlight was the report of the structure of a Β-CD – sulfonated
triphenylphosphine complex with the Β-CD sitting on its smaller rim flat on a HOPG substrate.274
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Figure 59. a) STM of a mixed 6S- Β-CD and hexadecanethiol SAM on gold immersed in electrolyte. Reprinted from 272 © 2019
Royal Society of Chemistry. b) STM image and schematic of a "molecular necklace" consisting of six α-CDs on an end-capped
polymer chain. Reprinted from 264 © 2019 American Chemical Society.

5.1.5 Can host-guest complexes on surfaces be used as catalyst binding approach?
Based on the reports showing successful formation of host-guest complexes on surfaces, we decided to
investigate the applicability of these systems to binding catalyst molecules to surfaces. The requirements
of a functioning catalytic system based on inclusion complexes were very demanding, especially with the
reports on desorption of guest molecules from surface-bound hosts. A catalytic system based on such
host-guest chemistry needs to show enhanced stability of the inclusion complexes when compared to
their solution counterparts. In the ideal case, desorption of the guest is not spontaneous but can be
selectively induced by controlling external parameters (such as solvent, temperature or additional
induced gradients). The improved binding constants of inclusion complexes previously reported are a sign
that surface-bound complexes can be stable, although desorption was still observed for nearly all
reported systems.
Another central requirement for successful implementation of host-guest binding of molecular
electrocatalysts is efficient charge transfer from the electrode substrate to the active center. Work by
Huskens and other groups shows that electron transfer to guests is possible even when the CD host
molecules are fixed to a gold electrode with a carbon chain spacer, which is good news for developing
similar systems for catalysis. It must be pointed out however that catalysts generally require more than
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one electron to be transferred as well as relatively high charge transfer rates for efficient catalysis. This is
significantly more challenging than a single electron transfer to a guest molecule in a redox process, as
the transfer of a second electron between the surface and a guest that has already undergone a redox
reaction may be strongly affected by said reaction. Taking the example of a ferrocene-like guest on which
another redox reaction could take place in a potential window that is not too extreme, the oxidation of
the ferrocene unit strongly alters the binding behavior and increases desorption rates of the guest.
Furthermore, it is possible that the electronics of an oxidized or reduced guest molecule is changed in
such a way that further electron transfer is hindered.
To overcome possible limitations of electron transfer, the guest molecule should be as close to the actual
electrode surface as possible (no long spacers on host), and the use of a conductive guest-unit could be
considered. The incorporation of the guest molecules into the CD cavity should also only cause minimal
changes to the active catalytic process in terms of steric effects. For this, the design of catalyst guest
molecules should focus on separating the binding site and the active sites. With this, the effect of
inclusion complex formation of the catalytic reaction could be minimized, while also decreasing the
influence of oxidations or reduction on the binding behavior of the guest.

5.2 Experimental design and approach
The design principles discussed in Chapters 5.1.1 and 5.1.5 were used as basis for the design of an
immobilization system for molecular electrocatalysts on different substrates using host-guest chemistry.
Figure 60 schematically shows the structure of the system we designed, which is based on cyclodextrin
host molecules tethered to metal or metal oxide surfaces via a surface linker. The guest is a molecular
electrocatalyst which is designed to have a spatially (but not electronically) separated binding unit.
Ideally, this system could work under both aqueous and non-aqueous conditions, for oxidation as well as
reduction catalysis.
In the coming parts of the chapter, we will first discuss the design of catalyst molecules to make them
suitable for host-guest complexation. This will be followed by characterization of host-guest complexes
with Β-CD or Β-CD derivatives in solution. After that, approaches for heterogenization and
characterization on surfaces will be discussed. Finally, we will demonstrate that these systems can be
used for catalytic transformations in both aqueous and non-aqueous environments.
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Figure 60. Schematic representation of our design of a host-guest immobilized molecular catalyst using cyclodextrin-based hosts.

5.2.1 Catalyst design for host-guest interactions with cyclodextrin
The starting point of catalyst design was inspired by the previously successful modification of
Ru(tpy)(bpy)Cl water oxidation complexes on both the tpy and the bpy ligands, where a 4-cyanophenyl
and two carboxylic acid substituents were incorporated, respectively. The straightforward synthesis of a
substituted tpy ligand by using a Kröhnke-type condensation of a suitable aromatic aldehyde was the key
to our design to incorporate host-guest binding domains to the catalyst.275 We chose to use the
2-naphthyl moiety as binding group, as it has shown high inclusion complex formation constants with
cyclodextrin (on the order of >103 M-1),276 presents a potential channel for electron transfer between the
surface and a metal center and is very easily incorporated as substituent into terpyridine. Another
suitable candidate for a binding group is the adamantyl structure, which has an even higher binding
constant (> 104 M-1), however they are less suited in terms of electronic transport through the molecule,
which may be detrimental to catalytic performances. Furthermore, naphthyl groups are well-suited for
analytical techniques such as fluorescence, which could be used to characterize the ligand in the context
of inclusion complex formation. The host-guest complexation of iron and iridium complexes with
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naphthyl-substituted tpy ligands with cucurbituril as hosts has been reported, strengthening our belief
that this ligand was suitable for our immobilization strategy.277
The structures of the modified terpyridine ligands we propose are shown in Figure 61, with the
2-naphthyl substituted version designated as tpy-np and the 1-adamantyl substituted version as tpy-ad.

Figure 61. Structures of terpyridines modified with 2-naphthyl (left) or 1-adamantyl (right) groups.

With a suitable ligand at hand, we need to consider which reactions are to be catalyzed using the hostguest immobilized catalyst strategy. To test the system in aqueous conditions, we turned to water
oxidation, which we had previously managed to catalyze with ruthenium-based complexes. At a later
stage of this project, the high potentials required to oxidize water using this type of catalyst were found
to be incompatible with the host-guest system (see Chapter 5.3.4). We discovered that with the same
catalyst, based on Ru(tpy)(bpy)Cl, we could oxidize phosphines to phosphine oxides at milder conditions.
This reaction was used to demonstrate the feasibility of host-guest immobilization of oxidation catalysts
for aqueous systems as a proof of concept. A recent report on homogeneous electrochemical oxidation of
ammonia based on a very similar Ru-based catalyst inspired us to attempt the same reaction
heterogeneously using our host-guest immobilization strategy.278
To simplify analysis of homogeneous host-guest complex formation and access the high sensitivity of
fluorescence measurements, we designed the synthesis of a zinc complex, as Zn(tpy) complexes have
typically been used in fluorescence applications.279 Our Zn complex should mimic the host-guest binding
behavior of the Ru complexes in terms of steric and electronic properties on the terpyridine unit, but
allow for fluorescence detection of the binding behavior. The structure of this zinc complex is shown in
Figure 62, where the axial ligands X are chosen according to the Zn starting material salt and are
monovalent anionic species such as Cl, Br, NO3- etc. These complexes are easily obtained by simply mixing
the precursor Zn salt with the tpy-np ligand in ethanol.280
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Figure 62. Structure of zinc-based complexes with the tpy-np ligand and different axial ligands (X= Br, NO3-).

The Ru-based complexes that were used in this work are shown in Figure 63. With the tpy-np ligand as
fixed tridentate unit around the ruthenium, modifications on the complexes to alter the electronic (and
thereby catalytic) properties needs to be controlled by substitutions on the bpy ligand. We envisioned the
use of electron-donating groups on bpy to increase electron density on the metal center and thereby shift
the Ru(II)/Ru(III) redox potential to less positive values. This was mainly inspired by the report of the
ammonia oxidation catalyst, which shows a clear shift of onset potential related to the electron-donating
substituents on the bidentate ligand.278 To achieve increased electron density at the metal center, we
designed three complexes with increasingly electron-donating bpy ligands, namely bpy-H, bpy-OMe and
bpy-NMe2, where the substituents are located at the 4-position on each of the pyridine rings (i.e. two
substituents per bpy ligand). To investigate the effect of the bpy-substituents on the electronic properties
of the metal complexes and to find the distribution of electronic states in these, we turned to
computational modeling of the complexes by DFT simulations using the CP2K/QUICKSTEP package.281,282
The electrochemical properties of the complexes would also be evaluated in solution to compare their
properties with the calculations and the surface-immobilized species.
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Figure 63. Structure of the Ru-based catalysts used in this work. The complexes Ru(tpy-np)(bpy-R)Cl have a modified bpy ligand,
with R = H, OMe or NMe2.

5.2.2 Homogeneous observations of host-guest interaction
The first step to establishing the success of the binding strategy using the modified ligand and
cyclodextrin is to measure inclusion complex formation in solution. As described in the first part of this
chapter (Chapter 5.1.2), a variety of techniques can be used to achieve this. Using the Zn(tpy-np)X2
complexes, we can access fluorescence spectroscopy, which is a highly sensitive technique. By titrating a
solution of Zn(tpy-np)(NO3)2 in aqueous solution with increasing amounts of Β-CD, formation of the hostguest complex should be observed by a shift and increase in the emission intensity. The binding constant
of the complex and Β-CD can be determined by this experiment and give us a value for the binding
strength under aqueous conditions, by plotting the change in fluorescence intensity versus the
concentration. The formalism used for this analysis can be the Benesi-Hildebrand equation 283,284:
1
Δ𝐹

=

1
𝑐∙[𝐺]

+

1
𝑐∙[𝐺]∙𝐾11 ∙[𝐵-𝐶𝐷]

,

or a modified form, known as the Scatchard equation 285–287:
Δ𝐹𝑚𝑎𝑥
Δ𝐹

=1+

1
𝐾11

∙

1
[Β-𝐶𝐷]

,

where ΔF is the difference between the fluorescence at a given Β-CD concentration and free guest, c is a
constant containing instrument parameters and quantum yield of the guest emission, [G] is the
concentration of guest molecules, ΔFmax is the difference between the fluorescence of the host-guest
complex and the fluorescence of free guest molecules, [Β-CD] is the concentration of the Β-CD host and
K11 is the equilibrium constant for inclusion complex formation at 1:1 binding stoichiometry. To
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determine the binding stoichiometry, we will use NMR spectroscopy in mixed organic/aqueous solutions.
The stoichiometry can be analyzed by making a Job’s plot analysis.227 In this case, we can use the more
easily soluble ruthenium based catalyst complexes for the analysis (solubility refers to the organic part,
these complexes are not water-soluble).
Finally, the effect of host-guest formation on the electrochemical properties of the complexes can be
evaluated to detect subtle differences that may be induced by the presence of a host-molecule. Along
with computational simulations of gas-phase host-guest complex formation, a solid understanding of
experimental and theoretical binding strength will help to support the analysis of immobilization via hostguest complexation on surfaces.

5.2.3 Heterogenized cyclodextrin on gold and metal oxides
The next step towards immobilizing catalyst guest molecules on electrodes surfaces is the preparation of
surface-bound cyclodextrin hosts. We focused on two types of electrode materials that are widely used:
gold (metal surfaces) and ITO or TiO2 (metal oxide surfaces). The surface linkage on these two substrates
is fundamentally different, whereas thiol binding directly onto gold is easily achieved, resulting in
relatively strongly bound molecules via Au-S bonds, metal oxides require groups such as carboxylic acids,
phosphonic acids or other similar structures for binding.
Binding 6S-Β-CD to gold could easily be achieved by simply soaking the gold substrates in a solution of the
host, both with organic and aqueous solvents (Figure 64). This process could be tracked by using the 4point probe technique described in Chapter 3.3.2 to determine immobilization kinetics.

Figure 64. Schematic representation of the immobilization of 6S-Β-CD onto gold substrates by submersion.

For metal oxides, 6S-Β-CD cannot be directly connected to the surface due to incompatible anchoring
chemistry between thiols and surface hydroxyl groups. Instead, we devised a two-step strategy to make
the surfaces reactive towards thiols. This strategy involves the use of propynoic acid (also known as
propiolic acid), which is the shortest carboxylic acid containing a terminal C-C triple bond. Similar reactive
C-C double bond functionalized surfaces have been used previously to attach thiolated carbohydrates
onto glass substrates.288 Figure 65 schematically shows the immobilization process. First, propiolic acid is
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anchored onto the metal oxide surface in a standard procedure for carboxylate anchoring. Due to the
small size of propiolic acid and the relatively high concentrations that can be achieved in acetonitrile
solutions, full surface coverage with propiolic acid should be achieved rapidly. Gas-phase
functionalization of metal oxides with propiolic acid have also been reported.289,290

Figure 65. Schematic representation of the two-step procedure to immobilize 6S-Β-CD on metal oxide surfaces, with the first step
being the decoration of the metal oxide with alkyne groups and the second step being the thiol-yne reaction between the 6S-Β-CD
and the surface alkynes in the presence of trimethylamine.

After covering the surface with terminal triple bonds, these can be reacted with the thiol groups on
6S-Β-CD in a thiol-yne click reaction. This reaction can be catalyzed by bases such as trimethylamine and
proceeds rapidly for electron-deficient triple-bonds such as propiolic acid.291,292
After successful attachment of the CD hosts on the different substrates, surface-bound host-guest
complexes could be prepared by soaking the substrates in solutions of guest molecules. The polarity of
the solvent during this step may be important, as efficient inclusion complex formation has been
reported almost exclusively with aqueous or mostly aqueous solvents (<5 % other solvents).245 Non-polar
solvents are believed to compete with guest molecules to bind the CD cavity, and lower equilibrium
constants of host-guest complex formation.207 To prevent problems arising from this situation during
inclusion complex formation on the surface, guest solutions should contain a large amount of water as
solvent, or methanol, as this has a higher polarity than the CD cavity.
The CD hosts are bound to the various surfaces by seven linkers (one on each of the seven glucose moiety
of Β-CD). This number of linkers is not ideal for highly symmetrical binding on surfaces (especially on welldefined substrates such as Au(111)), deformation of the CD structure upon binding may be observed
upon immobilization. To analyze this, we turned once again to computational simulations of 6S-Β-CD on
gold, using a 3-atoms thick Au(111) slab (with periodic boundary conditions). A benefit of having seven
linkers to the surface is the enhanced stability that one might expect to see for multiple binding units
between a molecule and a substrate. This may lead to the host being stably bound to metal oxides using
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carboxylic acid linker (as is the case here), despite the limited stability in water normally observed for
these binding groups.

5.2.4 Analytical tools for surface and catalysis
The key to understanding whether the host-guest immobilization strategy for molecular catalyst works is
a thorough understanding of the structure and stable catalytic conversion using this system. One of the
most fundamental aspects of this is the analysis of the surface. As mentioned above, the adsorption of
6S-Β-CD onto gold can directly be monitored by 4-point probe measurement. Analysis of the surface
grafting process on metal oxides requires a different approach. Using ER-FTIR spectroscopy as well as
ATR-FTIR, we can follow the different steps of the host-immobilization procedure on mesoporous TiO2
films.
To obtain a clearer picture of the surface-bound 6S-Β-CD molecules, surface sensitive analytical
techniques could be used. To this end, we chose to attach 6S-Β-CD onto a well-defined Au(111) surface
for analysis via STM and XPS. With this approach, the target was to obtain topological information on a
molecular scale which we could then relate to other macroscopic analysis methods. This well-defined
substrate was also used to prepare host-guest complexes on Au(111), which again were analyzed by the
aforementioned techniques.
Another technique which we applied to analyze the sample was TERS. This technique is suited to analyze
the very small amounts of molecules that are typically present on a self-adsorbed monolayer.
Furthermore, since gold can be used as a substrate to enhance TERS signals, we could profit from
measurements on the gold substrates on which 6S-Β-CD is directly bound. A drawback to the technique is
the low scattering cross section of the host as well as strong contributions from impurities or products of
photo-degradation observed under high laser powers. With the Ru guests, enhancement of the signal can
be achieved due to the resonance Raman effect, which provides strong spectral evidence for the
presence of the complexes. We used this strongly enhanced intensities obtained with the appropriate
metal complexes to probe inclusion complex stabilities on the surface by soaking experiments.
The activity of host-guest immobilized molecular catalysts was analyzed by electrochemical
measurements. Due to the low surface coverage when considering the area of a single CD molecule on
the electrode surface and one catalyst molecule, the currents of the catalysts that are used were low.
This makes the use of analytical techniques for product detection, such as gas chromatography and NMR,
impractical, as the products are evolved on the level close to the detection limits. Despite this, we
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attempted to analyze the products of the oxidation reactions that are discussed in Chapter 5.2.1, namely
the phosphine oxide as well as nitrogen and hydrogen evolved in the ammonia electrolysis reaction.
Finally, we again used extensive computational simulations to understand the binding of guest molecules
into the cavities of 6S-Β-CD on Au(111). The calculations could give insight into binding geometry,
distortions of the host due to the presence of the guest and effects on the electronic properties due to
inclusion complex formation. STM images were also simulated using the optimized geometries of hostguest complexes on the surface and compared to the data obtained under UHV conditions.

5.3 Results
5.3.1 Catalyst synthesis and structures
The tpy-np ligand was obtained, in a similar fashion as the tpy ligand in Chapter 4.4.1, from
2-naphthaldehyde. The ruthenium-based molecular catalysts were then prepared by reacting RuCl3 with
the tpy-np ligand followed by the appropriate bpy-R ligand as shown in Figure 66. Purification of the
complexes was easily achieved by column chromatography on silica gel, which was not possible for
complexes containing free carboxylic acid groups. To maintain coordination of the chloride during the
incorporation of the bpy ligands, we found that addition of a soluble chloride salt such as LiCl was
necessary.

Figure 66. Synthetic scheme for the tpy-np ligand and the corresponding Ru complexes Ru(tpy-np)(bpy-R)Cl, with R = H, OMe or
NMe2.

The complexes could be crystalized by slow vapor diffusion of diethyl ether into concentrated methanol
or acetone solutions. The crystal structures could be measured and are presented in Figure 67.
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Figure 67. Crystal structures of a) Ru(tpy-np)(bpy)Cl, b) Ru(tpy-np)(bpy-OMe)Cl and c) Ru(tpy-np)(bpy-NMe2)Cl.

The solid state structure of the complexes corresponds to the expected structures for all three
complexes. We observe only minor differences in bond lengths between the coordinating nitrogen atoms
and no clear trend for the Ru-Cl bond length depending on the bpy substituent (Table 2). An increasing
torsion angle between the terpyridine plain and the naphthyl substituent as a function of electron
donating strength of bpy-substituent was observed. This could however only be due to easier packing in
the solid state by allowing better stacking between molecules.

Figure 68. Schematic for the numbering of nitrogen atoms or the Ru(tpy-np)(bpy-R)Cl complexes.

Ru(tpy-np)(bpy)Cl

Ru(tpy-np)(bpy-OMe)Cl

Ru(tpy-np)(bpy-NMe2)Cl

tpy-np torsion (°)

14.04

15.22

28.05

N1-Ru-N2 angle (°)

79.65

79.81

79.27

N2-Ru-N3 angle (°)

79.31

79.40

79.41

N2-Ru-N4 angle (°)

99.49

98.44

98.15

N4-Ru-N5 angle (°)

78.40

77.81

77.21

Ru-Cl bond length (Å)

2.427

2.411

2.417

Ru-N4 bond length (Å)

2.025

2.046

2.042

Ru-N2 bond length (Å)

1.946

1.950

1.955

Ru-N5 bond length (Å)

2.083

2.097

2.100

Complex

Table 2. Selected parameters for the crystal structures of the Ru(tpy-np)(bpy-R)Cl complex series. The identity of the different
nitrogens is shown in Figure 68.
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In terms of solubility, all three ruthenium complexes showed similar behaviors. They were soluble in polar
organic solvents such as methanol, acetone, DMSO or acetonitrile. In pure water or pure aqueous
electrolyte, the Ru(tpy-np)(bpy-R)Cl complexes were completely insoluble. This may be an important
factor that affects the stability of host-guest complexes in aqueous solutions. To test any properties of
the complexes in aqueous solutions, we found that addition of at least 10 % organic co-solvent
(acetonitrile) was necessary, and solutions needed to be prepared by addition of the complex as a
solution in pure organic solvent. The exchange of the chloride ligand was observed under aqueous
conditions, and in the acidic environments we used for most of the characterization and catalytic
experiments (pH 2.4), a slow color change from deep purple to orange could be observed. Addition of
base to orange solutions regenerated the purple color slowly, therefore we assign the color changes as
protonation and deprotonation steps. For aqua ligands (which are expected to be present upon exchange
of the chloride ligands with water), the different degrees of protonation (Ru-OH3, Ru-OH2 and Ru-OH all
with the same oxidation state of Ru) may contribute to complicated CVs, especially after prolonged times.
The electrochemistry of the different Ru complexes was analyzed using cyclic voltammetry in an aqueous
solution (pH 2.4) containing 15 % acetonitrile for solubilizing the complexes. The CVs of the complexes
are presented in Figure 69. For all three complexes, a reversible Ru(II)/Ru(III) redox peak was observed at
0.84, 1.02 and 1.13 V vs RHE (bpy-NMe2, bpy-OMe and bpy complex, respectively). The shift of this redox
couple follows the expected trend of decreasing potential with increasing electron density induced at the
metal center by ligand substitution.96 Oxidation of the Ru(III) species could also be observed for all three
complexes, however this process is much less reversible. The potentials of these oxidations were 1.50,
1.47 and 1.13 V for Ru(tpy-np)(bpy)Cl, Ru(tpy-np)(bpy-OMe)Cl and Ru(tpy-np)(bpy-NMe2)Cl. Onset of
catalytic water oxidation was found to be at 1.7, 1.75 and 1.45 V vs RHE for the three complexes, with the
latter showing extremely early onset for this reaction. We note that Ru(tpy-np)(bpy-NMe2)Cl displays an
additional feature after catalytic onset, although we were at this point not able to determine the cause.
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Figure 69. CVs of Ru(tpy-np)(bpy-R)Cl complexes in a mixed organic/aqueous electrolyte. Conditions: FTO working electrode, Pt
counter electrode, Ag/AgCl reference electrode, 15% acetontrile in Na2SO4 0.1 M (pH 2.4) electrolyte.

The zinc-based complex Zn(tpy-np)(NO3)2 was obtained by reacting the tpy-np ligand with zinc nitrate.
The complex was found to exhibit strong fluorescence both in the solid state and in solution. It is soluble
in water and polar organic solvents (methanol, acetone) and slightly soluble in chloroform. A strong
bathochromic emission shift was observed with increasingly polar solvents (see Figure 70).

Figure 70. Visible light emission of Zn(tpy-np)(NO3)2 in diffent solvents (from left to right): chloroform, acetone, methanol and
water. A bathochromic shift of the emission is observed with increasing solvent polarity.

Using this emission shift, we were able to measure the inclusion complex formation of Zn(tpy-np)(NO3)2
with Β-CD in aqueous solution (discussed in Chapter 5.3.3).

5.3.2 Computational analysis of Ru catalysts
DFT was used to calculate the orbitals of the ruthenium complexes Ru(tpy-np)(bpy)Cl and
Ru(tpy-np)(bpy-NMe2)Cl with a charge of +2 (neutral complex), +3 (one electron oxidation of the
complex) and +4 (two electron oxidation of the complex). Figure 71 shows the HOMO to HOMO-3
orbitals, the four filled orbitals highest in energy, that were calculated for the neutral complexes
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Ru(tpy-np)(bpy)Cl and Ru(tpy-np)(bpy-NMe2)Cl, respectively. On a first look, the orbitals are very similar
for the two complexes. The HOMO is located mainly on the ruthenium center with contributions from the
bpy ligand and weakly from the two external pyridine rings of the tpy ligand. Interestingly, for the
HOMO-1 and HOMO-3 orbitals, a significant contribution is found to be from the naphthyl substituent of
the tpy ligand. The HOMO-2 is again dominated by contributions of the bpy ligand. For all these relatively
high lying orbitals, the metal center contributes significantly. The delocalization of the HOMO-1 orbital
across the substituent which later will be bound into the CD cavity suggests that oxidation of the complex
may efficiently be realized by removing charges through the naphthyl group. In this picture, the binding
group plays another role of a conductive channel from the catalytically active metal center to the
electrode substrate. For this process to be efficient, the energies of the HOMO-1 and HOMO-3 should be
close to that of the HOMO. In the case of the bpy complex, the separation between HOMO and HOMO-1
is very small, 0.05 eV, and the energy gaps between the next two filled orbitals are 0.35 and 0.13 eV
respectively. For the bpy-NMe2 complex, the relative gaps are 0.21, 0.23 and 0.38 eV, for HOMO to
HOMO-1, HOMO-1 to HOMO-2 and HOMO-2 to HOMO-3 respectively.
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Figure 71. Calculated molecular orbitals from HOMO to HOMO-3 for the Ru(tpy-np)(bpy)Cl (left row) and the Ru
(tpy-np)(bpy-NMe2)Cl complex (right row). Carbon atoms are represented in green, nitrogen in blue, ruthenium in red and
chlorine in yellow.

To get a better idea of the individual contributions, these were plotted for each element versus energy.
Figure 72 shows the individual contributions of the elements towards the filled and unfilled states of the
molecules. The ticks on the x-axis correspond to the energy levels of the discrete orbitals, and their
spread gives the density of binding states for the complexes. We observe a decreased HOMO-LUMO gap
for the bpy-NMe2 complex, smaller by 0.12 eV when compared to the bpy complex.
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Figure 72. Atomic contributions to the orbitals of Ru(tpy-np)(bpy)Cl (left) and Ru(tpy-np)(bpy-NMe2)Cl (right) as a function of
orbital energy. Orbitals are displayed as ticks above the x-axis.

To analyze the behavior of the two ruthenium complexes under simulated oxidation, one electron was
removed and the molecule was allowed to relax. With one unpaired electron, the Ru complexes are
open-shell systems and the HOMO as well as the HOMO-1 orbitals were calculated for both spin up and
spin down states (see Figure 73). Spin density plots were generated by subtracting spin down from spin
up orbitals. These plots represent the localization of the unpaired electron in the molecule. For the oneelectron oxidized complexes, we observe a significant difference in the spin densities. While for
Ru(tpy-np)(bpy-NMe2)Cl, the localization of the unpaired electron is mainly on the metal center and the
near-by atoms of the ligands, Ru(tpy-np)(bpy)Cl has contributions to the spin density located on the
naphthyl substituent. For the former complex, the calculated HOMOs for both spin states are quasi
degenerate (ΔE = 0.006 eV) with a significant energy gap to the next highest occupied orbitals (ca. 0.7 eV
for both spin states). In the bpy complex, spin up and spin down states have an energy difference of ΔE =
0.1 eV and similar HOMO to HOMO-1 separation of around 0.7 eV. Overall, except for the localization of a
part of the spin density on the substituent for Ru(tpy-np)(bpy)Cl, both complexes exhibit similar features.
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Figure 73. Spin density plots and the HOMO and HOMO-1 orbitals of each spin presented for the Ru(tpy-np)(bpy)Cl (left) and
Ru(tpy-np)(bpy-NMe2)Cl (right) oxidized by removing one electron from the initial states.

We then removed an additional electron from the complexes to obtain information on the doubly
oxidized ruthenium complexes. In this system ruthenium is formally in a +IV oxidation state and has a d4
electron configuration. Figure 74 shows the spin density plots for the two complexes, along with the
HOMO and HOMO-1 orbitals for both up and down spin states. The main differences between the two
complexes is the significant contribution of the dimethylamino-substituents of the bpy-NMe2 ligand for
the respective complex. For both complexes, the spin density is delocalized over the whole molecule,
with an important portion of the spin density on the naphthyl group. The energy difference between spin
up and spin down states is very similar for the two complexes at 0.45 and 0.47 eV for Ru(tpy-np)(bpy)Cl
and Ru(tpy-np)(bpy-NMe2)Cl, respectively.
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Figure 74. Spin density plots and the HOMO and HOMO-1 orbitals of each spin presented for the Ru(tpy-np)(bpy)Cl (left) and
Ru(tpy-np)(bpy-NMe2)Cl (right) oxidized by removing two electrons from the initial states.

5.3.3 Homogeneous host-guest complex formation with B-CD
After successfully synthesizing and characterizing the ruthenium and zinc complexes containing a binding
group on one of the ligands, the next step was preparation and analyzing of host-guest complexes under
homogeneous conditions. Along with calculations performed in the gas phase, this information would
then serve as basis for understanding and developing the host-guest bound catalyst system on surfaces.
Our analysis of host-guest complex formation started with the measurements of spectral shift of
Zn(tpy-np)(NO3)2 fluorescence in aqueous solution upon addition of B-CD (HNO3 1 mM, ensures constant
pH). Figure 75 shows that the fluorescence emission of the zinc complex exhibits hypsochromic shift with
increasing concentration of B-CD in solution. The excitation was kept constant at 345 nm for all
measurements. We observed that the emission maximum not only shifted from 489 nm to 457 nm, but
also that the fluorescence intensity increased. This type of blue-shift and enhancement has been
reported for a number of fluorescent dyes that undergo host-guest complexation.229 The shift can be
explained by the decrease in polarity inside the CD cavity compared to the polarity of the solvent (water).
By subtracting the emission of the complex without CD from the spectra obtained after addition of the
host (Figure 75 b), the growth the spectral signals from inclusion-complexated Zn(tpy-np)(NO3)2 could be
directly observed.
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Figure 75. Emission spectra of 56 μM Zn(tpy-np)(NO3)2 in HNO3 1 mM with increasing amounts of added B-CD (excitation at 345
nm). a) Concentration corrected fluorescence with a clear hypsochromic emission peak shift. b) Data after subtraction of the
initial fluorescence spectrum (No B-CD) shows the contribution to the fluorescence arising only from host-guest bound zinc
complexes.

To measure the equilibrium constant for the formation of the host-guest complex, we performed the
same B-CD titration experiments using a more dilute solution of the Zn complex, allowing us to achieve
substantially full complexation of all guest molecules (determined by reaching a constant emission with
ever increasing amounts of added CD). Figure 76 a) shows the evolution of the emission spectrum for a
2.8 μM solution of the zinc complex titrated by B-CD. At high B-CD concentrations, no additional increase
in emission intensity was observed, suggesting that all guest molecules were bound as inclusion
complexes with B-CD.

Figure 76. a) Emission spectra of Zn(tpy-np)(NO3)2 with increasing amounts of B-CD added to the solution, data corrected for
concentration (excitation at 345 nm). b) Normalized fluorescence intensity plotted versus the concentration of added B-CD at 457
nm (red), 420 nm (black) and 405 nm (blue). c) Inverse fractional fluorescence intensity as a function of inverse B-CD
concentration. Fits of these plots were used to determine the equilibrium constant K11 according to Scatchard’s method.

Analysis of these spectra was complicated by the fact that there still was significant fluorescence from
free complexes at the emission maximum of the inclusion complex. Therefore, we chose to analyze the
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spectra at 420 and 405 nm, where the contributions to the overall fluorescence signal are predominantly
due to the host-guest complex emitting. Normalized emissions at 420, 405 and also 457 nm are displayed
in Figure 76 b) and show that at high B-CD concentrations, the emission is constant (for 405 and 420 nm).
The data obtained at high CD concentrations can be used to determine the equilibrium binding constant
K11 of Zn(tpy-np)(NO3)2 with B-CD in water, assuming a 1:1 binding stoichiometry (this stoichiometry was
shown for the Ru complex below). By plotting the inverse of the increase in fluorescence intensity
(relative to the emission of free complex), 1/ΔF multiplied by the maximum increase, ΔFmax, against the
inverse concentration, 1/[B-CD], the slope of a linear fit gives 1/K11. For the zinc complex, we found the
equilibrium constant to be 1.26 · 103 M-1, which is slightly higher than the values obtained for
2-substituted naphthalenes.276,293–295 This binding constant is relatively high and shows that the tpy-np
ligand is useful to form strong inclusion complexes with B-CD. This is an important finding, as this sets a
solid base for preparation of surface-bound host-guest complexes.
To determine the binding stoichiometry between B-CD and complexes containing the tpy-np ligand as
binding group, we analyzed peak shifts as a function of molar ratios between host and guest molecule in
1

H-NMR spectroscopy. The we used a solvent mixture of d6-DMSO and D2O (3:1 by volume) as this was

suitable to dissolve both B-CD and the Ru(tpy-np)(bpy)Cl complex. To prevent ligand exchange of the
chloride with water, LiCl was added with a total concentration of 0.12 M. NMR samples were prepared
with a varying molar ratio of B-CD host and Ru complex guest, from 10:0 to 0:10. We observed significant
shifts of some of the protons on the guest molecule with increasing amounts of CD, which is a clear
indication of host-guest interaction between B-CD and Ru(tpy-np)(bpy)Cl (Figure 77 a shows the shift of
the Hh proton; assignment shown in d). The shift was strongest for the singlet Ha on the naphthyl
substituent, which seems reasonable considering that this proton points directly onto the rim of the B-CD
host. A similarly strong effect of host-guest complexation was observed on the Hh proton, which also
points towards the CD ring. An interesting behavior was observed for the bpy protons closest to the
corresponding nitrogen atoms. While for Hm (which is shifted very far upfield due to being localized over
the benzene ring of the central tpy pyridine) a weak downfield shift was observed, as one would expect
from literature,225 the Ht proton (pointing towards the Cl ligand) displays a negative shift. Unfortunately,
the NMR spectra of the host-guest mixtures were too complex to evaluate the shift of all protons of the
complex, so analysis relies on the shifts of clearly resolved protons only.
A weaker shift of B-CD proton signals was also observed (Figure 77 b). When the shift relative to the pure
guest molecule (or pure host molecule) is multiplied with its concentration, this can be plotted versus the
molar fraction (or the normalized guest concentration). This Job’s plot shows a maximum in the shift at
the stoichiometry of the host-guest complex. In our case, we found that this maximum was at a 1:1 ratio
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of complex and B-CD (Figure 77 c). With this experiment, we could confirm the expected binding
stoichiometry of the cyclodextrin with tpy-np containing complexes, which supports our design for hostguest immobilized complexes on surfaces.

Figure 77. a) Shifting of the Hh peak of Ru(tpy-np(bpy)Cl observed with increasing ratio of guest to host molecules in DMSO/D2O
3:1 solutions. b) Change of B-CD peaks observed with increasing ratio of host to guest molecules. c) Job’s plot displaying a curve
typically observed for 1:1 host-guest complex formation when the peak shift of certain protons multiplied by concentration of the
guest is plotted against the normalized guest concentration. d) Schematic with assignment of the protons on B-CD and
Ru(tpy-np(bpy)Cl.

After showing that we were able to form the host-guest complexes between Β-CD and 6S-Β-CD for both
Zn and Ru complexes, we were interested by the effect of inclusion complex formation on the
electrochemical properties of the catalysts. In an ideal case, these properties would remain unaffected by
the presence of the host, which may allow fully independent tuning of the catalytically active site and the
binding group. We used cyclic voltammetry to investigate the effect of forming the inclusion complex on
the electrochemical properties of Ru(tpy-np)(bpy)Cl by measuring the complex before and after addition
of a large excess (85 equivalents) of Β-CD. As can be seen from the result (Figure 78), there is no
difference in the CVs upon host addition. Assuming that a significant portion of the Ru complexes are
bound in Β-CD, this strongly suggest that inclusion complex formation does not alter the redox and
catalytic properties of the catalyst. This was confirmed for the other Ru complexes (not shown here),
which exhibit exactly the same behavior after host-guest complex formation. This was an important
finding, as the orthogonality of the binding group and active center of the catalyst allow for individual
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optimization and make design principles for the catalysts simple, as one may then assume no strong
interference from the presence of a host molecule.
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Figure 78. CVs of 15 μM Ru(tpy-np)(bpy)Cl without (blue curve) or with Β-CD (green dotted curve) in a mixed aqueous/organic
solution. Conditions: Boron-doped diamond working electrode, Pt counter electrode, Ag/AgCl reference electrode, 20% acetontrile
in Na2SO4 0.1 M (pH 2.4) electrolyte, Β-CD concentration: 1.2 mM (85 equivalents vs. Ru complex).

To support our experimental findings, calculation of host-guest formation were performed for 6S-Β-CD
and the two complexes Ru(tpy-np)(bpy)Cl and Ru(tpy-np)(bpy-NMe2)Cl. To simulate host-guest complex
formation, the CD and the respective Ru guest were placed in proximity of each other in the gas phase
and allowed to relax into the bound state shown in Figure 79. The naphthyl binding group on the guest
complexes are fully pulled into the CD cavity, where interactions between the ring and the sulfur atoms
may be stabilizing the deep immersion. A slight deformation of 6S-Β-CD upon complexation of the guest
is observed, which is due to rearrangement to accommodate the naphthyl group. As we expected from
the NMR data, the Hh and Ha protons (as well as most others on the naphthyl substituent) point in the
direction of the CD structure, which will affect their chemical shift. From the calculations, the binding
energy of the two guest molecules into the 6S-Β-CD host could be determined by subtracting the energies
of the individual molecules ECD and ERu from the energy of the inclusion complex Etot according to
𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑡𝑜𝑡 − 𝐸𝐶𝐷 − 𝐸𝑅𝑢 .
We found the binding energies in the gas phase are -2.17 eV for both the Ru(tpy-np)(bpy)Cl and Ru(tpynp)(bpy-NMe2)Cl complex. This is at least an order of magnitude stronger than is reported for other
calculated binding energies.296 This comparison is however not a good one as we calculated actual
binding energies, while other groups report the free binding energies. Nevertheless, our results suggest
strong binding of host and guest molecules, dominated by dispersion forces in the gas phase.
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Figure 79. Calculated structures of host-guest complexated Ru(tpy-np)(bpy)Cl (a) and Ru(tpy-np)(bpy-NMe2)Cl (b) with 6S-B-CD in
the gas phase.

Nevertheless, the significant binding interactions between tpy-np containing metal complexes and Β-CD
were experimentally measured and confirmed by DFT calculations. With these promising results, we
focused on the heterogenization or surface binding of the host molecules as the next step towards
catalyst immobilization on electrodes.

5.3.4 Host immobilization on substrate surfaces
The strategies to bind the cyclodextrin-based host molecules onto both gold and metal oxide electrodes
have been described in Chapter 5.2.3. We first tested different attachment protocols for the 6S-B-CD on
gold, which we tracked by 4-point probe measurements. The results of these tests are shown in Figure
80, where a rapid increase of resistivity due to thiol-binding onto gold was observed. With lower
concentrations (10 μM in DMF solution, Figure 80 a), high surface coverages with 6S-B-CD were observed
after 1 h, indicated by a constant resistivity. The actual adsorption process is fast, as after 2 minutes
already 50 % of the maximum surface coverage was achieved. Using higher concentrations and more
polar solvents (100 μM in DMSO/H2O 3:2 solution, Figure 80 b), the adsorption profile is significantly
steeper and full coverage is achieved after 30 seconds.
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Figure 80. Adsorption of 6S-Β-CD measured by 4-point probe experiments with the following conditions: a) 6S-B-CD 10 μM in
DMF. b) 6S-Β-CD 100 μM in DMSO/H2O 3:2.

As was reported previously with 6S-B-CD, rapid formation of adsorbed layers is expected for this
molecule.247 Once one of the seven thiol groups of the host binds to gold, the reaction of the other six is
expected to take place right away. Due to having these multiple bonds between 6S-B-CD and the gold
substrate, a post attachment rearrangement of the adsorbed molecules is unlikely. This may lead to
monolayers that are not tightly packed. We were able to observe adsorption of linear alkane thiols onto
samples that were fully functionalized with 6S-B-CD, which confirms free sites on the surface even after
host monolayer formation.
We analyzed the electrochemical properties of 6S-B-CD monolayers on gold electrodes. In this
experiment, pentanethiol was co-adsorbed to completely cover all gold that was still exposed after
formation of the CD layer. Subsequent scans of a CV experiment of this sample are shown in Figure 81.
First, the scan range was held between 0.65 and 1.45 V vs RHE. Initially, only small differences were
observed, with an increase of a feature at -1.26 V which corresponds to the reduction of gold oxide. After
9 scans, a small peak at that potential could clearly be observed, indicating that the thiols on the surface
were slowly being removed by oxidative desorption.35,297 The scan range was then increased to 1.55 V
and a large oxidative feature was observed, followed by a significantly increased gold-oxide reduction
peak. Further scans to 1.55 V led to a larger reduction peak, indicating that the oxidative desorption of
thiol and oxidation of now exposed gold was significantly higher at this potential. Under these conditions,
stability of 6S-B-CD on gold electrodes in aqueous solution is limited to around 1.4 V vs RHE (at pH 2.4)
which we indicated with a dotted line in the graph. At this potential, water oxidation is not possible with
any molecular catalyst currently known. This was an unfortunate discovery as this limited the application
of 6S-B-CD for host-guest immobilization in oxidative electrocatalysis with gold substrates. Nevertheless,
we decided to pursue our experiments based on the 6S-B-CD host, with other oxidation reactions to be
tested with our catalysts and the CD host.
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Figure 81. Cyclic voltammograms of a 6S-B-CD layer adsorbed on gold and co-adsorbed pentanethiol. Progressive scans shows the
small increase of the gold oxide reduction peak (arrow at 1.26 V), which strongly increased after the scan range was increased
from 1.45 V to 1.55 V. The dotted line marks the maximum oxidative potential which can be applied with no damage to the
adsorbed molecules. Conditions: 500 nm Au sputtered on ITO working electrode, Pt counter electrode, Ag/AgCl reference
electrode, Na2SO4 0.1 M (pH 2.4) electrolyte.

To further characterize the surface-bound CD layer, we made use of having gold as a substrate to get
improved sensitivity with TER spectroscopy. Despite this double enhancement (from the surface and the
tip), 6S-B-CD proved to be hard to characterize in detail due to its very low Raman cross-section.298
Nevertheless, repeated measurements of the 6S-B-CD layers on gold substrates prepared by e-beam
evaporation led to consistent spectral features which could be associated with the CD molecule. In Figure
82, five different TER spectra of 6S-B-CD are displayed (labeled c1 – c5), along with a bulk Raman
spectrum of 6S-B-CD and a calculated vibrational spectrum of the molecule in the gas phase (IR
spectrum). TERS features that were found to be consistent throughout different measurements are
highlighted by a grey background. They are the C-H stretching bands between 2800 and 3000 cm-1, a
single peak band around 450-530 cm-1 and a band featuring two peaks at 650 and 730 cm-1. These bands
are also present in both the bulk and the calculated spectrum, which confirms that they do indeed belong
to the CD. In general, the intensities of nearly all TERS bands of 6S-B-CD are weak, with the exception of
the C-H stretches. Other features observed in the fingerprint region for organic molecules (between 500
and 1600 cm-1) were not consistent and could be due to sample degradation under the high field
strengths of TERS, solvent molecules bound to the surface or the cavity, or impurities from the
environment.
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Figure 82. a) Calculated IR spectrum for 6S-Β-CD in the gas phase. b) Bulk Raman spectrum of 6S-B-CD. c1-5) Tip-enhance Raman
spectra of 6S-Β-CD adsorbed onto gold substrates, repetitions show variation of spectra. Bands marked with (*) correspond to the
S-H vibration which is not observed after binding of 6S-Β-CD to gold. Grey coloured area highlights reproducible peaks used for
further analysis.

As expected, there is a significant difference observed between the spectra of 6S-B-CD bound to gold and
as a powder (or in the gas phase). The S-H stretching band, which is relatively intense compared to other
CD features in the bulk, completely vanish upon adsorption to the surface. This confirms that the binding
proceeds via the thiol groups and also shows that all thiols are bound to the surface, suggesting that very
strong binding of the host structure to the surface can be expected.
We used DFT to simulate the adsorption of 6S-B-CD onto a 4-layer thick slab of Au(111).299 By allowing
the host molecule to approach the gold surface and removing the H atoms, binding of 6S-B-CD was
observed. The structure with optimized geometry on the surface is displayed in Figure 83. As can be seen,
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the symmetry of the CD core is broken upon binding to the surface due to the sulfur atoms binding in
different locations and geometries on the surface. The distortion of the CD ring allows for the sulfur
atoms to bind in two different modes, either bridging between two Au atoms (with one of them being
closer and more strongly bound) or bridging three atoms at an edge site on the Au(111) surface. The thiol
groups mainly point into the cavity, which plays an important role for interactions with guest molecules
(discussed later in Chapter 5.3.5).

Figure 83. a) Side view of optimized structure of 6S-Β-CD bound to an Au(111) surface. b) Top view of 6S-Β-CD, revealing a unique
binding geometry to gold for each of the seven sulfur atoms present on 6S-Β-CD.

With successful functionalization of gold substrates with CD-based host molecules, we designed a simple
protocol to extend the support scope to metal oxides by employing a two-step approach. For this, we
prepared a layer of meso-TiO2 on a calcium fluoride prism as a substrate for ATR-FTIR spectroscopy. After
initial experiments with ER-FTIR, we found that spectra were easier to interpret using the ATR technique
in this case. After measuring a blank of the meso-TiO2, it was immersed in propiolic acid (10 mM in
MeCN) then analyzed spectroscopically. The blue curve in Figure 84 shows the spectrum of propiolic acid
(HCCCOOH) bound to the metal oxide substrate, with the C-C triple bond stretching band at 2130 cm-1
and the terminal C-H stretch at 3320 cm-1 (highlighted in orange). The sample was then immersed in a
solution of 6S-B-CD in DMF with NEt3 and remeasured thereafter. The green curve on the graph
corresponding to the sample after the click reaction between alkyne and thiol shows the loss of the
characteristic C-C triple bond bands and the appearance of new features which can be attributed to the
cyclodextrin (e.g. the bands between 1000 and 1200 cm-1, highlighted in blue). We note that some
features corresponding to CO2 and hydrocarbons were observed and were found to not be related to the
sample. However, from these results we were able to confirm that our methods to prepare the surfacebound hosts were successful. This is supported by the fact that we could observe bands around 1700-
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1750 cm-1(highlighted in brown), which are related to stretching vibrations of the carboxylic acid acid
groups, both before and after the thiol-yne click reaction.

Figure 84. ATR-IR spectra on meso-TiO2 which was dipped in propiolic acid for 30 minutes (blue curve) and subsequently in
6S-Β-CD solution for 2 h (green curve). Bands marked with (*) correspond to impurities not attributed to the sample
(hydrocarbons, CO2, etc.).

A better understanding of how the host-guest complexes on a surface truly looks like requires high
resolution imaging and surface sensitive techniques. With TERS, we were able to combine high sensitivity
with the rich spectral information provided by Raman spectra. However, the TERS instrument cannot
provide the lateral resolution in the atomic or molecular range which would be needed to image the
hosts and host-guest complexes on the surface. Furthermore, analysis on that scale requires well-defined
substrates and clean surfaces so that a correct interpretation of measured data is possible.
To improve our understanding at a molecular level on gold surfaces, we turned to UHV techniques
available to us. These techniques include STM and XPS on single-crystal Au(111) substrates. A first step
for this is the characterization of the substrate, both in terms of topology and surface contamination.
Figure 85 a) shows the STM image of freshly cleaned (Ar sputtering) and annealed Au(111). The different
planes correspond to atomically flat terraces of gold, on which the 22 × √3 herringbone reconstruction
can be observed.300 The steps in the image correspond to different planes, with darker colour
representing a larger distance of the surface level to the tip. For these measurements, a sample bias of
+0.3 V was chosen. With a positive sample bias, one is able to observe the unoccupied states of any
analyte on the surface that are at an energy level lower than the bias voltage.

104

Figure 85. a) STM image of the Au(111) substrate after Ar sputtering and annealing at 490 °C. The observed structuring on the
surface corresponds to the 22 × √3 Herringbone reconstructed surface.300 Parameters: Sample bias 0.3 V, tunneling current
100 pA. b) XP spectrum of clean Au(111), the inset showing the C1s region, for which a very weak signal for adventitious carbon
was observed.

In Figure 85 b) the XP spectrum of freshly cleaned gold is shown. Signals arising from the different core
levels are assigned and labeled in the spectrum. From the inset, which represents the C1s peak, we see a
weak signal. This signal is due to adventitious carbon from trace hydrocarbons present in the UHV system
which adsorb to clean surfaces. The signal is relatively low (for carbons), and shows a good cleanliness of
the substrate. Apart from this and the gold peaks, no other elements were detected.
Using a UHV-wet chamber,301 the Au(111) substrate was immersed in a solution of 6S-B-CD (10 μM in
DMF) for 3 or 30 minutes and then rinsed in pure solvent before being reintroduced into the analysis
chamber. XP spectra were acquired and compared with the spectra obtained for the clean gold (see
Figure 86). After immersion in the CD-thiol solution, we observe a new peak corresponding to the sulfur
2p core electron level, as well as new or stronger peaks for both oxygen and carbon. Furthermore, we see
a decrease in intensity for all gold bands. This is evidence for the deposition of a thin layer of organic
material which attenuates the signal of gold electrons as the mean free path for these electrons is larger
in vacuum than in the presence of such a layer. The observed O1s, C1s and S2p peaks are a strong
indication that the deposited layer is indeed 6S-B-CD. A fitting of the carbon peaks, shown in Figure 87,
reveals that the carbon atoms that we were able to measure are sp3 hybridized (only single bonds to
other atoms) and are mainly bonded to other carbon atoms or to oxygen. Again, these results strongly
support the presence of the 6S-B-CD molecules on the surface, which agrees well with the results we
obtained in 4-point probe measurements and TERS.
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Figure 86. XP spectrum of 6S-Β-CD on Au(111) after immersion into a 10 μM DMF solution for 3 minutes and rinsing in pure DMF
for 30 minutes. The insets show the detailed XPS acquired for the C1s and S2p electron regions.

Figure 87- Fitting of the C1s region of the XP spectrum acquired of 6S-Β-CD on gold (Figure 86).

Within the short immersion times of the gold substrate into the 6S-B-CD solution (3 minutes), the layer
formed by the CD molecules was found to be between 20 and 40 % of a full monolayer, assuming perfect
coverage of the host molecules on the gold substrate. Additional XPS experiments showed that significant
amounts of adventitious carbon as well as DMF solvent were present on the substrates, even under
prolonged UHV conditions. These contaminations gave rise to additional intensity of carbon and oxygen
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peaks, as well as the appearance of nitrogen peaks in the XP spectra (Figure 88). After subtraction of the
signals due to the impurities, we were able to calculate the ratios between C, S and O atoms belonging to
adsorbed 6S-B-CD, which fit the theoretical values well (C:S:O ratio 7:1:4 (expected); 7.4:4.3:1 found).

Figure 88. XP spectra of the carbon, oxygen, nitrogen and sulfur regions measured of a freshly cleaned Au(111) substrate (red
curves), the substrate after exposure to DMF (black curves) and after immersion of a freshly cleaned substrate into a 10 μM
6S-B-CD solution in DMF for 3 minutes followed by rinsing in DMF (cyan curves).

STM measurements were performed on the samples after acquisition of the XP spectra, both for short (3
min) and long (30 min) immersion times. Some selected images we obtained are displayed in Figure 89.
We observed a clear difference of the Au(111) surface compared to the freshly cleaned substrate, with
structures in the height scale of up to 2 nm. Steps in the gold terraces could still be observed. We found
that certain regions showed protrusions that were in the size regime we expect for 6S-B-CD. A height
profile (Figure 89 c) extracted from an image obtained for a sample prepared with longer immersion time
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showed a single structure on the surface with lateral dimensions roughly matching those of CD. However,
we were not able to observe the toroidal structure we were hoping for. One possible explanation for not
observing the desired structures could be the impurities that are present on the surface. These could
potentially be bound inside the CD cavities and fill these up (from a topological point of view). Another
explanation could be the lack of accessible unoccupied (or occupied) states on the outer rim of the
6S-B-CD molecules in the voltage range used for the STM experiments. As we are measuring the local
density of states of the surface in a range between -1 and +1 V, the HOMO and LUMO of CD molecules on
the surface that are located directly at the surface (localized on the sulfur atoms), cannot be imaged with
STM. An option which we hope to explore in the close future is the use of dI/dV measurements to map
the local conductivity under an STM tip.302 This technique has been shown to reveal the local density of
states on a surface and may give more insight to the 6S-B-CD that are bound to the Au(111) substrates.
With the optimized structure of 6S-B-CD on Au(111) obtained by DFT calculations, we simulated an STM
image with a bias voltage of 0.5 V. Under these conditions, we expect to probe the empty orbitals of the
CD molecule bound to the surface. The intensely bright spot in Figure 89 c) are located on the sulfur
atoms. As expected from the optimized structure, we could also observe the slightly distorted oval shape
of the CD cavity in the simulated STM images. In one high resolution scan (Figure 89 e), we then observed
a protrusion with a dip at its center which fits the size of 6S-B-CD. However, due to thermal drift of the
sample over the course of the measurement (40 minutes, STM is performed at RT), the measured image
is severely distorted along the y axis. From this data, we may infer the presence of the CD structures on
the surface but cannot conclusively confirm this. Better quality of STM images are currently being
acquired for this sample.
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Figure 89. a) STM images obtained for 6S-Β-CD on Au(111) after 3 minutes immersion/30 minutes rinsing in DMF. Parameters:
Sample bias 0.3 V, tunneling current 100 pA. b) & e) STM images obtained for 6S-Β-CD on Au(111) after 30 minutes immersion/60
minutes rinsing in DMF. Parameters: Sample bias 0.3 V, tunneling current 100 pA. c) Cross section of image b) (green line)
showing a feature in the size domain of 6S-Β-CD. d) Simulated STM image of 6S-Β-CD on Au(111) based on optimized computed
structure, at a sample bias of 0.5 V.

With the results obtained in this and the previous sections, we were ready to investigate host-guest
formation between tpy-np containing catalyst molecules and surface-bound 6S-B-CD hosts. The protocols
used to prepare samples were used to prepare adequate substrates for the surface inclusion complex
formation. Furthermore, with the spectral and topographic data we acquired, we built a solid analytical
background to analyze and understand host-guest formation on the surface.

5.3.5 Host-guest complex formation on the surface
Host-guest complex formation on surfaces is usually performed by immersing a substrate functionalized
with a host in an aqueous solution of a guest.210,247,249 Non-aqueous solvents are used only as mixtures
with water, presumably due to the polarity requirements of the solvent for inclusion complex formation
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that was reported in solution.207 In our case, we first started with the use of mixed solvent systems for
guest deposition into the host cavities, with the co-solvents being either methanol or DMSO. We later
discovered that using pure methanol can reliably be used to prepare host-guest complexes on surfaces.
This has the benefit of not only dissolving all of the target guest molecules (the Ru-based tpy-np
complexes are completely insoluble in water), but also prevents undesired exchange of the Cl ligands.
This exchange should happen only when electrochemical measurements and catalytic experiments are
performed with the samples in aqueous environments. Furthermore, some initial experiments point to
the fact that unspecific adsorption of guests to the surface, i.e. guest molecules not binding in the CD
cavities, is less pronounced when methanolic guest solutions are used compared to their mixed
aqueous/organic solvent counterparts. Preventing the non-specific physisorption of guests is important
as this may affect analytics and activity of the samples.
We analyzed the products of surface host-guest complex formation on metal oxide substrates using
ATR-FTIR spectroscopy. The meso-TiO2 film that had previously been functionalized with 6S-Β-CD in the
two step click reaction procedure was immersed in a methanolic solution of Ru(tpy-np)(bpy-NMe2)Cl.
Only minor differences between the sample before and after immersion into guest solution was
observed, preventing us from obtaining any conclusions with this experiment. Incorporation of
spectroscopic tags similar to those used in Chapter 4 would be helpful as they allow conclusive data to be
collected. This will be part of the future work (discussed in Chapter 5.4).
For the samples prepared by immobilizing 6S-Β-CD on gold, we were again able to use TERS as a powerful
analytical tool on the surface. The TER spectra were measured for dried guest molecules on gold
substrates as well as for host-guest bound guests with CD. The bulk Raman spectra of the guest metal
complexes are also included (Figure 90). Looking at the TER spectra that were obtained, we can clearly
see all the expected features that are present in the bulk samples, in some cases a few additional peaks
are observed, mainly due to the improved resolution of the TER spectra compared to their bulk Raman
counterparts. It is important to note that intensities and peak ratios obtained in TERS may differ from
those obtained in powder Raman spectroscopy due to additional selection rules on the surface.303
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Figure 90. Powder Raman spectra (1), TER spectra of dried guest on gold (2) and TER spectra of guests in a host-guest complex
(3) for the guests Ru(tpy-np)(bpy)Cl (a), Ru(tpy-np)(bpy-NMe2)Cl (b) and Zn(tpy-np)(NO3)2 (c).

With TERS, we obtain very intense signals for the ruthenium complexes due to additional enhancement
from resonance (electronic absorption of the complex at the wavelength used for the Raman
experiment). Even for the extremely low amounts of molecules that are being measured under the tip,
spectra of high quality were obtained.
Interestingly, the TER spectra of Ru(tpy-np)(bpy-NMe2)Cl and Zn(tpy-np)(NO3)2 are very similar, with
some small differences between peak shifts and larger differences only in the area between 400 and
800 cm-1. Considering that both complexes share the tpy-np ligand, this seems reasonable if the spectral
features are mainly due to vibrations associated with this ligand. Taking into account that the tpy-np
ligand is the main site of charge transfer on the ligand for these two complexes, the dominating
spectroscopic features could indeed be coming from this part of the molecule. We observe that despite
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the presence of a significant number of (aromatic) C-H bonds, these are very weak or not resolved in the
TER spectra.
As in the previous sections of this Chapter, we used DFT simulations to model the host-guest complex
formation on an Au(111) surface. Starting from 6S-Β-CD bound to gold (Figure 83) and the optimized gas
phase geometries of the two Ru complexed (Figure 71), spontaneous host-guest complex formation was
observed upon bringing the host and guest in a close distance from one another. The optimized structure
of surface-bound guest molecules is representatively shown for Ru(tpy-np)(bpy)Cl in Figure 91.

Figure 91. Two different side views of the calculated structures of Ru(tpy-np)(bpy)Cl bound in 6S-B-CD on Au(111).

In comparison to the gas-phase inclusion complex, the np group on the guest is not inserted as far down
into the cavity due to the presence of the gold surface underneath. The distance between the np and the
surface is short (on the order of 2-3 Å), which indicates that there should be electronic coupling between
the substrate and the guest’s binding group. Overall, the guest is significantly bent to one side and not
perpendicular to the flat surface, which might be due to the aromatic part of the binding group trying to
increase it’s interaction surface area with the metallic substrate. The active site of the catalyst is well
separated from the CD, pointing slightly upwards (shown here as the chloride ligand in green).
We computed the binding energy of the host-guest complex bound to the Au(111) substrate in a similar
way as for the gas phase calculation, by using 𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑡𝑜𝑡 − 𝐸𝐶𝐷, 𝐴𝑢 − 𝐸𝑅𝑢 , where ECD, Au is the energy of
the relaxed structure of 6S-Β-CD on gold obtained in Chapter 5.3.4. To our surprise, we found a binding
energy of around -4.89 and -4.57 eV for the Ru(tpy-np)(bpy)Cl and Ru(tpy-np)(bpy-NMe2)Cl complex,
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respectively which is twice that of the gas phase host-guest complex. From our calculations, we found
that the dispersion forces contribute to the binding energy with around -2.1 eV (for both Ru guests), with
the remaining binding interaction seemingly being due to a form of electrostatic interaction. To
understand the origin of this extremely strong binding, we performed additional analyses of the
electronic properties of the surface-bound inclusion complex. Figure 92 a) shows a visual representation
of electronic interactions between the ruthenium complex active site and the sulfur atoms of 6S-Β-CD,
describing a delocalization of electrons between these two (with small contributions from the ligands and
the naphthyl binding group). This interaction shows significant electronic coupling between host and
guest, and was observed only in the case where 6S-Β-CD is bound to the Au(111) surface.

Figure 92. a) Visualization of electron density in the energy range of 0 to 0.5 eV (vs EF) showing resonant interactions between the
sulfur atoms of 6S-Β-CD and the Ru center on Ru(tpy-np)(bpy-NMe2)Cl. b) Transfer of electron density from certain parts of the
CD host structure to the guest induces local formation of slightly positively charged domains (black) and slightly negatively
charged domains (white). The opposite charges attract each other, leading to an additional increase in binding energy of the
guest.

In Figure 92 b), the electronic density difference between inclusion complex bound and separated guest
and CD structure is depicted. Black regions correspond to a lower electron density in the bound state
compared to the free state and vice versa for white regions. This can be understood as a transfer of
electron density from some locations to others upon formation of the host-guest complex. The electron
density transfer is observed on two of the sulfur atoms that are closest to the binding site of the guest,
and on this naphthyl group, with opposite colors (electron density is transferred from the sulfur atoms to
the proximal naphthyl ring). This effectively leads to a polarization of the molecule and the sulfur atoms,
with an attractive force observed between the thiols and the tpy-np ligand. More of these polarization
113

processes can be observed, especially close to the hydroxylated rim of the CD host. This corresponds to
the formation of weak H-bonds between the pyridiyl protons of the guest and hydroxyl groups of
6S-B-CD. These contributions likely are the reason the binding energy of this system is so large.
At this point, we must point out that the calculations are performed with no consideration of a solvent or
other molecules which may interact with the surface or the molecules on it. Especially for the case of
water, one may expect significant interactions especially with the hydroxyl groups of 6S-Β-CD. These
interactions will likely decrease the binding energy, due to shielding of polarization and possibly also
additional filling of the CD cavity. However, two points can be made which support the strong binding of
the guest. First, interactions between the sulfur atoms and the naphthyl ring are local and in close
proximity of the gold surface. As there is no space for solvent molecules between the naphthyl edge and
the sulfur atoms bound to the gold, it seems likely that this polarization will still be effective locally,
compared to the polarization located on the CD rim. Second, the tight binding of the host to the gold
surface, as is expected from the DFT calculations, make it impossible for water or other solvent molecules
to displace the guest by pushing it out of the ring from the lower side. This constrains host-guest complex
fission to occur via by first removing the guest molecule from the cavity and then filling it with solvent
molecules. In water, due to the insolubility of the Ru guests, we would therefore expect no spontaneous
loss of the guest once it is bound inside the 6S-Β-CD host. In this case, the binding could be considered to
be quasi-irreversible – in stark contrast to the host-guest complexes in solution.
Interestingly, previous reports on 6S-Β-CD hosts bound to gold show that decomplexation of
surface-bound inclusion complexes could be achieved by treating the samples with aqueous solutions of
Β-CD and using the dynamic equilibrium to remove the guests.250 Most research here has focused on the
guests ferrocene, adamantane and derivatives thereof. We decided to investigate the effect of soaking
the host-guest functionalized surfaces in B-CD solution to remove adsorbed guests and in doing so infer
upon the stability of the inclusion complexes on the surface. This was done using TERS and gold
substrates as well as using fluorescence spectroscopy on ZrO2 mesoporous films on quartz.
The results of a typical desorption study by TERS can be seen in Figure 93. The samples are prepared by
first immobilizing the 6S-Β-CD host on the gold substrate, then forming the host-guest complexes by
immersing these substrates in a guest solution (here Ru(tpy-np)(bpy-NMe2)Cl in MeOH). The spectrum
obtained (1) shows the expected features of the Ru complex and a broad band at 2900 cm-1, attributed
to the C-H stretching vibrations of the CD host. This band is used as a qualitative internal standard to
determine how much complex is at on the surface of the substrate, as the host is bound tightly to it. We
could then compare the intensities of the Ru-complex Raman bands to those of the host 6S-Β-CD. After a
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first cycle of soaking the substrate with the host-guest complex in a solution of Β-CD in water, the
intensity of the Ru-complex bands decreased compared to the 6S-Β-CD C-H band (2). We also could
observe the bands at 480 and 650 cm-1 which could be attributed to vibration of the CD, although
interpretation here may not be straightforward as contributions from the Ru-complex in that region may
overlap. A variation of the intensities of the guest vibrations before and after the B-CD soaking was
noted, although interpretation was not directly possible.
Soaking the sample in B-CD solution has decreased the amount of Ru-complex in the sample surface. At
this point however, we were unable to determine whether or not this was due to desorption of the guest
from the CD cavities, or rather removal of physisorbed guest which were complexated by B-CD in
aqueous solution and removed in this way from the surface. By resoaking the sample in a guest solution,
we observed that the TER spectrum was extremely similar to the one prepared initially (3). Again, the C-H
stretch of the B-CD is weakened to the point of barely being detectable. A second cycle of soaking in B-CD
(4) and resoaking in Ru guest (5) show similar results to the first cycle, with the overall quality of the
spectra slowly decreasing due to damage to the gold substrate, observed by partial flaking off of the gold
from the underlying ITO glass slide.
As the results of the desorption studies realized during this work are not conclusive, improving the
meaningfulness of this experiment could be achieved by using a different guest complex with clearly
distinguishable spectral features. Although results of the a TERS study with different guests were not yet
obtained at the time of publication of this thesis, we performed initial exchange experiments analyzed by
fluorescence spectroscopy with different guest molecules, in this case Ru(tpy-np)(bpy-NMe2)Cl and
Zn(tpy-np)(NO3)2. The results of these experiments are shown in Figure 94. Here, mesoporous ZrO2 films
on quartz glass slides were used as completely non-quenching substrates. Samples with surface-bound
6S-B-CD were prepared as usual by the two step thiol-yne approach. We prepared samples soaked in
Ru-complex and Zn-complex guest solutions with and without surface bound host, respectively. The
fluorescence of samples was measured, the samples then soaked in B-CD solution in a similar fashion to
the TERS desorption study.
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Figure 93. TERS spectra acquired during desorption study of surface-bound host-guest complexes of Ru(tpy-np)(bpy-NMe2)Cl in
6S-B-CD. 1) Host-guest bound Ru complex. 2) Sample soaked in B-CD solution. 3) sample resoaked in Ru complex solution. 4)
Sample again soaked in B-CD solution. 5) Sample again soaked in Ru complex solution. Conditions: Ru complex: Ru(tpy-np)(bpyNMe2)Cl in MeOH (ca. 0.2 mM), B-CD in H2O (ca. 1 mM). Soaking times: 30 minutes, samples rinsed with pure solvent after each
soaking step then dried under N2 stream.

Analysis of the samples before and after the B-CD soaking step revealed that for both Ru and Zn
complexes, physisorbed guest molecules can be removed from the surface using the desorption wash. In
contrast to this, inclusion-complex bound guest fluorescence decreased only slightly (in the case of Ru
guests) or did not change significantly (Zn guests). These results suggests that on the one hand, the
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formation of host-guest complexes on a surface is accompanied by unspecific binding of the guest to the
surface, and on the other hand the host-guest bound molecules are more strongly bound to the surface
and are not washed away (as easily) as the physisorbed ones.

Figure 94. Fluorescence studies on m-ZrO2 substrates. a) Emission upon excitation at 345 nm. 1) Host-guest bound Ru complex,
B-CD soak, Zn complex soak. 2) Host-guest bound Zn-complex. 3) Host-guest bound Zn-complex, B-CD soak. 4) Zn-complex
physisorbed. 5) Zn-complex physisorbed, B-CD soak. b) Emission upon excitation at 510 nm. A) Host-guest bound Ru-complex. 2)
Host-guest bound Ru-complex. B-CD soak. 3) Host-guest bound Ru-complex, B-CD soak, Zn-complex soak. 4) Ru-complex
physisorbed. 5) Ru-complex physisorbed, B-CD wash. 6) Host-guest bound Zn-complex, B-CD soak, Ru-complex soak. Conditions:
Ru complex: Ru(tpy-np)(bpy-NMe2)Cl in MeOH (ca. 0.2 mM) soaked 1 h, Zn-complex in MeOH (0.3 mM) soaked 1h, B-CD in H2O
(1.2 mM) soaked 20 minutes. Samples rinsed several times with pure solvent and ethanol after each soaking step then dried under
N2 stream.

Interestingly, when the samples initially filled with one of the guest molecules (guest1) were soaked in a
solution containing the other guest (guest2), exchange of the guests was observed. In the case where
guest1 was Zn(tpy-np)(NO3)2, the fluorescence of guest2 (Ru(tpy-np)(bpy-NMe2)Cl) was similar to that of
host-guest bound Ru-complex. This could be interpreted as complete exchange of guest1, as the
corresponding Zn fluorescence disappeared under these conditions. In the case where we first had the
Ru-complex bound to the surface, we observe a mix of guest1 and guest2 spectroscopic signatures. In that
case, only partial exchange was observed.
The results obtained by the TERS experiments and the initial fluorescence experiments indicate that the
guest molecules are bound more strongly in the host cavity than directly to the surface, which is to be
expected. Although conclusive results are yet to be obtained in both cases, we can give a preliminary
description of the reversibility of host-guest complex formation. Physisorbed guest species can be
effectively removed by treating the samples with an aqueous solution of B-CD. Inclusion-complex bound
guests are harder to remove from the surface, but can be removed in solutions of other strongly binding
and competing guest molecules. This shows that under selected conditions, our host-guest complexated
catalyst molecules may well be very stable, while under certain (chosen) conditions, they may be
exchanged on the surface. This is a first hint towards selective replaceability of immobilized catalysts.
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5.3.6 Catalysis with host-guest bound molecules
As water oxidation using a host-guest immobilized catalyst was found not to be possible due to the
limited stability of 6S-Β-CD under oxidative potentials (up to 1.4 V vs RHE, see Chapter 5.3.4), we looked
for other oxidation reactions that could be performed in water using the ruthenium catalysts we
developed. Initial experiments towards oxidation of alcohols did not give positive results. However, we
found that the oxidation of water-soluble triarylphosphines could effectively be catalyzed by our
catalysts. We therefore chose to use this reaction as a proof of concept, demonstrating the ability of our
molecular catalysts to perform when bound to an electrode surface via host-guest complexation.
Specifically, we used the sodium salt of tri-sulfonated triphenylphosphine (P(Ph-SO3Na)3) as the substrate
for oxidation in water, where the oxygen forming the phosphine oxide product comes from the aqueous
solvent and hydrogen is the reduction product formed at the counter electrode (Figure 95).

Figure 95. Reaction scheme for aqueous electrochemical oxidation of phosphines to phosphine oxides investigated in this work as
a model system.

We began our catalytic testing under homogeneous conditions, screening the three Ru-based catalysts
we had synthesized for their catalytic activity. Figure 96 shows the CVs obtained for Ru(tpy-np)(bpy)Cl,
Ru(tpy-np)(bpy-OMe)Cl and Ru(tpy-np)(bpy-NMe2)Cl in pH 2.4 solution (with 10% acetonitrile as
cosolvent) in the presence of 4 mM P(Ph-SO3Na)3. Interestingly, despite the earlier Ru(II)/Ru(III) oxidation
for the substituted bpy ligands (compared with Figure 69), Ru(tpy-np)(bpy)Cl clearly shows both an
earlier catalytic onset and higher activity towards oxidation of the phosphine. Presumably, the higher
activity is driven by the higher overpotential of the catalyst when it reaches the Ru(II)/Ru(III) oxidation
potential, compared to the other two catalysts. Indeed, Ru(tpy-np)(bpy-NMe2)Cl gives only slightly higher
currents than the background scan. The activity of electrocatalysts has been reported to relate to
overpotentials in a so-called scaling relation.304–306 This behaviour was also observed here.
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Figure 96. CVs of the different Ru catalysts under homogeneous conditions in the presence of sulfonated triphenylphsophine.
Conditions: FTO working electrode, Pt counter electrode, Ag/AgCl reference electrode, 10% acetonitrile in Na 2SO4 0.1 M (pH 2.4)
electrolyte, sulfonated triphenylphosphine: 4 mM P(Ph-SO3Na)3.

After successfully demonstrating that Ru(tpy-np)(bpy)Cl is active for phosphine oxidation under
homogeneous conditions, we prepared host-guest bound catalyst samples using meso-ITO electrodes and
the two-step alkyne-thiol click reaction for host immobilization. As a reference, we prepared the same
sample without Ru-catalyst. The results of electrochemical measurements of the host-guest immobilized
catalyst is presented in Figure 97 b) along with the catalyst-free reference. CVs were performed under
anaerobic conditions to prevent oxidation from gaseous oxygen. As can clearly be seen, the sample with
Ru(tpy-np)(bpy)Cl shows an onset at the same potential as in the homogeneous case, with a steep
increase related to catalytic phosphine oxidation. In contrast, the sample without the Ru-complex does
not show any catalytic activity. Although the substrate in this case is not gold, we observed deterioration
of the sample when too high potentials were applied (>1.45 V vs RHE), therefore we limited the range of
our electrochemical experiments to 1.45 V. Without P(Ph-SO3Na)3, no catalytic current was observed.
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Figure 97. a) CVs of Ru(tpy-np)(bpy)Cl in the presence of sulfonated triphenylphosphine under homogeneous conditions.
Conditions same as Figure 96. b) CVs of host-guest bound Ru(tpy-np)(bpy)Cl on meso-ITO electrodes in presence of sulfonated
triphenylphosphine in aqueous electrolyte. Conditions: meso-ITO working electrode with 6S-Β-CD immobilized in usual two-step
procedure, Pt counter electrode, Ag/AgCl reference electrode, Na2SO4 0.1 M (pH 2.4) electrolyte, sulfonated triphenylphosphine:
4 mM P(Ph-SO3Na)3.

As we were interested in the stability of the host-guest immobilized catalysts under operation, we
performed chronoamperometry at a voltage of 1.4 V vs RHE. The result of this study is shown in Figure
98, with the sample consisting of 6S-Β-CD and Ru(tpy-np)(bpy)Cl depicted in green and the reference
with only 6S-Β-CD on meso-ITO shown in grey. Over the 10 h measurement, a constant current between
20 and 30 μA was observed for the sample with catalyst. For the reference, only a low background
current (< 1 μA) was observed, showing that this sample was not catalytically oxidizing the P(Ph-SO3Na)3.
Characterization of the reaction product (sulfonated phosphine oxide) was hindered by high impurity
levels in the commercial starting material. We could however observe an increase of product to starting
material ratio in 31P-NMR, giving us the qualitative impression that the catalytic reaction indeed
proceeded in the expected way.
The catalytic current in the presence of Ru(tpy-np)(bpy)Cl was shown to be relatively stable for around
10 h after an initial decrease in the beginning of the chronoamperometry experiment. This indicates that
the surface-immobilization based on our host-guest complexation strategy could be very stable under
operation for the oxidation of phosphines in water.
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Figure 98. Chronoamperometry applied to host-guest bound Ru(tpy-np)(bpy)Cl and only host without catalyst on meso-ITO
electrodes at 1.4 V vs RHE. Conditions: meso-ITO working electrode with 6S-Β-CD immobilized in usual two-step procedure, Pt
counter electrode, Ag/AgCl reference electrode, Na2SO4 0.1 M (pH 2.4) electrolyte under N2 atmosphere, sulfonated
triphenylphosphine: 4 mM P(PhSO3Na)3.

The oxidation of P(Ph-SO3Na)3 was a solid proof of concept for aqueous catalytic oxidation chemistry,
however this reaction is not very useful in general. We wanted to therefore test our system for other
oxidations and also for compatibility with other reaction conditions, specifically organic solvents. This is in
fact not a trivial matter, as the stability of host-guest complexes in non-aqueous solvent systems in
general is lower than in aqueous systems. Nevertheless, based on our observations during TERS
measurements and the stronger binding of the guests obtained using DFT calculations, we were hopeful
that our system could be used in organic solvents. We therefore decided to investigate the
electrochemical splitting of ammonia into nitrogen and hydrogen (Figure 99), a reaction that very
recently received attention in the field of renewable energy carriers.278,307

Figure 99. Reaction scheme for electrochemical oxidation of ammonia into nitrogen and hydrogen under non-aqueous conditions
investigated in this work.

With Ru(tpy-np)(bpy-NMe2)Cl in hand, a ruthenium complex that is very similar to the reported
Ru(tpy)(bpy-NMe2)Cl catalyst 278 which is active for ammonia oxidation, we investigated the catalytic
activity both in solution and under heterogeneous conditions. CVs were measured in THF solutions
containing 0.2 M NH3 with TBAPF6 as conducting salt, and the results are shown for homogeneous and
heterogeneous conditions in Figure 100 a) and b), respectively. The heterogeneous sample was prepared
in the same manner as for P(Ph-SO3Na)3 oxidation and compared to a sample with no Ru-complex
present. As can be seen in both homogeneous and heterogeneous cases, a catalytic onset is observed at
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the potential where the Ru(II)/Ru(III) oxidation occurs in organic solution. This fits well with the reported
mechanism which suggests that Ru(III) is the active species or rapidly disproportionates into an active
Ru(IV) and a Ru(II) species.

Figure 100. a) CVs of Ru(tpy-np)(bpy-NMe2)Cl in ammonia solution under homogeneous conditions. Conditions: boron doped
diamond working electrode, Pt counter electrode, leakfree Ag/AgCl reference electrode, 0.2 M NH3 in TBAPF6 0.1 M solution in
THF in N2 atmosphere (glovebox). b) CVs of host-guest bound Ru(tpy-np)(bpy-NMe2)Cl on meso-ITO electrodes in ammonia
solution. Conditions: meso-ITO working electrode with 6S-Β-CD immobilized in usual two-step procedure, Pt counter electrode,
leakfree Ag/AgCl reference electrode, 0.2 M NH3 in TBAPF6 0.1 M solution in THF in N2 atmosphere (glovebox).

The onset for the host-guest immobilized catalyst fits very well with that of the homogeneous catalyst,
which was also observed in the case of aqueous phosphine oxidation. This fact leads to the conclusion
that the active site of the catalyst is not strongly affected by the inclusion complex, which is exactly what
we would like to see for an immobilized catalyst. This would allow for individual optimization of binding
site and active site, which could lead to the most useful and active combination for a host-guest
immobilized catalyst.
For the catalytic ammonia oxidation, characterization of the nitrogen product was not possible due to the
very low loading of catalyst molecules and low amounts of current passed because of aerobic impurities
of nitrogen. Although hydrogen evolution was observed on the counter electrode, conclusive evidence
for ammonia oxidation could not yet be provided at the time of submission of this thesis. Improving the
product detection and quantifying Faradaic efficiencies will be performed, however these results were
not obtained before publication of this thesis.

5.4 Conclusions and outlook
5.4.1 Preliminary conclusions
As this project was unfinished at the submission of this thesis, all conclusions for it are preliminary. We
showed that tuning of the electrochemical properties of three different Ru-based molecular
electrocatalysts Ru(tpy-np)(bpy-R)Cl could be achieved by variation of the substituents on the bpy ligand.
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The tpy-np ligand was designed for binding to Β-CD, which was shown in solution for both Ru-based
complexes and the Zn-based complex Zn(tpy-np)(NO3)2.
With the solution-based host-guest complex formation confirmed by both NMR spectroscopy and
fluorescence spectroscopy, we focused on preparation of host-guest complexes on surfaces. To this end,
we first investigated and optimized protocols for immobilization of CD on both gold and metal oxide
surfaces, using 6S-Β-CD as host. This could be achieved via thiolate binding (on gold), or via a two-step
procedure where the surface was first functionalized with terminal alkynes and these then reacted with
6S-Β-CD via thiol-yne click chemistry. Analysis of our surfaces by FTIR, TERS, XPS, and STM techniques
confirmed the presence of the hosts on both substrates. Full topological characterization is underway. In
a final step, host-guest complexes on the different substrates were formed and additional experiments
carried out to determine stability of inclusion complexes as well as the presence of physisorbed species.
At the time of publication of this thesis, conclusive evidence for the presence of host-guest complexes
without additional physisorbed species could not be presented; however preliminary results which were
shown suggest that undesired unspecific binding of guests to the surface can be remedied by selective
removal using aqueous Β-CD. We could show that under specific conditions, guests can indeed be
removed from their inclusion complexes by treating them in solutions of other guests.
Based on the data that we have acquired, molecular catalysts immobilized on electrodes using host-guest
interactions can be used for oxidation reactions both in water and in organic solvent. We were able to
compare homogeneous catalysis and heterogeneous catalysis for the oxidation of P(Ph-SO3Na)3 to the
corresponding phosphine oxide and and oxidation of NH3 to nitrogen, and observed very similar
responses from the molecular catalysts in solution and host-guest immobilized. We were able to
demonstrate that the surface-bound catalysts could be stable and operate for 10 h, which is impressive
considering that there is no direct bonding between them and the surface. With this, we have been able
to show that cyclodextrin hosts can be used to immobilize different molecular catalysts with specific
binding groups onto gold and metal oxide electrodes. The surface-bound hosts are stable under the
applied electrochemical conditions (up to 1.4 V vs RHE) and allow for different catalytic reactions to take
place. Optimization of the active sites of the catalysts could be decoupled from its inclusion-complex
formation chemistry by using a tailored binding group, tpy-np.
With these results, we suggest that host-guest interactions can be used to immobilize a variety of
different catalysts on surfaces and use these for electrochemical transformations in both aqueous and
non-aqueous media, opening the field of molecular catalysis to an even larger number of new
applications.
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5.4.2 Ongoing work and outlook
At the time of redaction of this thesis, the host-guest immobilization project remains uncompleted. At
present we are continuing to improve analytical techniques and measurements related to the project.
As discussed above, we will require a Ru-based catalyst which can be easily distinguished
spectroscopically from the other Ru-catalysts already synthesized and tested. These new catalysts should
still have similar properties as the others in terms of enhancement of TERS signal (therefore a similar
UV/Vis absorption spectrum) and binding (no incorporation of other groups that may bind more strongly
than the naphthyl group). An appropriate substitution at the bpy ligand should be sufficient to obtain a
new Ru-complex with all necessary properties. We envision the use of nitrile substituents to achieve this
to yield Ru(tpy-np)(bpy-CN)Cl; the schematic structure of this complex is shown in Figure 101. The nitrile
groups give bands in a region where no other molecular vibrations interfere, and should therefore be
very clear markers for the presence of the complex.

Figure 101. Structure of Ru(tpy-np)(bpy-CN)Cl, a Ru-based complex with spectroscopic tags for IR and TER spectroscopies.

With this new spectroscopic marker, TERS exchange experiments can be performed with a clear
indication for the presence of new (or old) Ru-guest molecules on the surface. This, combined with a
more detailed fluorescence study, should give better insight into the details of host recyclability and
reusability on the different substrates. In this context, we hope to develop a protocol with which we can
selectively and fully remove physisorbed species from the surface, and when desired also replace the
host-guest immobilized molecules under specific controlled conditions.
To further support our picture of the host-guest immobilized complexes, further studies under UHV
conditions are being conducted. We hope that the use of certain imaging techniques such as dI/dV
mapping will enable us to acquire high resolution images of both the immobilized 6S-Β-CD hosts and
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host-guest complexes formed after immersion into dilute guest solutions.302 Further characterization of
structures on well-defined surfaces will allow us to obtain a clear picture of the host-guest chemistry
happening on the surface.
We will also be focusing our efforts on obtaining better data for our catalysis experiments. This will also
include the full characterization of reaction products and determination of Faradaic efficiencies for our
systems. Furthermore, we want to evaluate the stability of surface-bound inclusion complexes under
operating conditions and test the recyclability of host-functionalized substrates by post-catalysis
regeneration of host-guest immobilized catalysts.
Future work for this project may go in several directions. On one hand, the scope of catalysis that can be
performed using host-guest immobilized molecular catalysts needs to be enlarged. One example would
be the use of reduction catalysts immobilized in 6S-Β-CD for reactions such as proton reduction or CO2
reduction. On the other hand, the scope of host molecules could also be enlarged. This could include the
development of cucurbiturils and calixarenes with attachment groups for gold and metal oxides surfaces
for surface immobilization of molecular catalysts. In the same picture, the design of other binding groups
with better functional control may also be an important subject of research in the field. Finally, extending
the applicability of host-guest immobilization to other electrode materials and substrates could be useful
to maximize the impact of this new molecular surface-immobilization technique.
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6 Experimental
6.1 General remarks
All reagents used during this thesis were bought from Sigma-Aldrich (Switzerland), TCI Europe or
Fluorochem (UK), with the exception of 6S-Β-CD (Cyclolab, Hungary or Cyclodextrin-shop, the
Netherlands) and bpy-NMe2 (Hetcat, Switzerland), and were purchased as their purest grade. All solvents
used were of at least analytical grade. Dry solvents were purchased and handled under inert atmosphere
to ensure their dryness. Reactions were carried out by standard Schlenk line techniques when inert
conditions were required. NMR spectra were recorded with Bruker 400 or 500 MHz spectrometers and
chemical shifts were calibrated using the residual solvent signals. UV/Vis spectra were recorded on a
Shimadzu UV-3600 spectrometer using a quartz cell (L = 1 cm) for liquid sample. High-resolution mass
spectra were acquired on a QExactive instrument (ThermoFisher Scientific, Bremen, Germany) equipped
with a heated electrospray (ESI) ionization source and connected to a Dionex Ultimate 3000 UHPLC
system (ThermoFischer Scientifics, Germering, Germany). The samples were dissolved in appropriate
organic solvents and detected using a positive detection mode.
Single crystal X-ray diffraction experiments were performed by Dr. Olivier Blaque (UZH), using a Rigaku
OD XtaLAB, Daulflex, Pilatus 200K diffractometer. Selected suitable single crystals were mounted using
polybutene oil on a flexible loop fixed on a goniometer head and immediately transferred to the
diffractometer. Measurements were carried out at 160 K using a single wavelength X-ray source (Cu Kα
radiation: λ = 1.54184 Å). Pre-experiment, data collection, data reduction and analytical absorption
correction 308 were performed with the program suite CrysAlisPro. Using Olex2,309 the structure was
solved with the SHELXT 310 small molecule structure solution program and refined with the SHELXL 2018/3
program package 311 by full-matrix least-squares minimization on F2. PLATON 312 was used to check the
result of the X-ray analysis.

The theoretical modelling is based on density functional theory simulations aimed at determining the
most probable structures and some properties of the catalyst/host complex in vacuum and as adsorbed
on the metallic substrate. The electronic structure and forces were computed by employing the Gaussian
and plane wave formalism implemented in the CP2K package.281 The molecular orbitals are expanded in
Gaussian type orbitals using triple-zeta polarization basis set, which have been optimized on molecular
geometries. Only the valence electrons are treated explicitly, while the interaction between the valence
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electrons and the atomic cores is described through norm-conserving Goedecker–Teter–Hutter (GTH)
pseudo potentials. The auxiliary PW basis used to represent the valence electron density in reciprocal
space has an energy cut-off of 500 Ry.
All geometry optimizations have been performed at the PBE-rVV10 level of theory.313,314 The initial
coordinates for the two Ru-catalysts have been derived from experimental crystallographic data. To
model the metallic substrate we employed Au(111) slab, consisting of 4 atomic layers, each containing
9x9 lateral units, with a reference lattice constant of 4.17 A. Periodic boundary conditions are always
applied. To prevent any interaction between periodically replicated slabs, 20 A of vacuum space are
added along the surface normal. All the atoms are free to relax during the optimization. Only the bottom
layer of the metallic slab is kept at fixed coordinates to mimic bulk conditions.

6.2 Synthesis of ligands
4'-(4-bromophenyl)-2,2':6',2''-terpyridine - tpy-PhBr

1.201 g of 4-bromobenzaldehyde (6.5 mmol, 1.0 equiv.) was dissolved in 20 mL MeOH followed by
addition of 0.26 g KOH (6.5 mmol, 1.0 equiv.) and 6 ml concentrated NH4OH solution (25%). 1.2 ml of
2-acetylpyridine (12.9 mmol, 2.0 equiv.) was then added and the solution was heated to reflux for 9 h. A
white precipitate formed and was filtered off after cooling the reaction mixture to room temperature.
The precipitate was washed with water (40 ml) then MeOH (80 mL) and ether (20 mL), then air dried. A
second crop was obtained by cooling the filtrate solution at -20 °C overnight and subsequent filtration.
Yield: 0.76 g, 1.95 mmol, 30%.
1

H-NMR (400 MHz, Chloroform-d): δ 8.75 (d, J = 4.0 Hz, 2H), 8.72 (s, 2H), 8.69 (d, J = 8.0 Hz, 2H), 7.90 (dd,

J = 7.7, 1.8 Hz, 2H), 7.80 (d, 2H), 7.66 (d, 2H), 7.38 (ddd, J = 7.4, 4.8, 1.1 Hz, 2H).
Spectroscopic data conforms to literature values.315
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4'-(4-bromophenyl)-[2,2':6',2''-terpyridine] 1,1''-dioxide - 1

0.755 g of tpy-Br (1.95 mmol, 1.0 equiv.) was dissolved in 100 ml of CH2Cl2 at 5 °C under N2. 2.04 g of
mCPBA (9.1 mmol, 4.7 equiv.) was then added and the solution stirred at RT for 20 h. After addition of
50 ml sat. Na2CO3 and stirring for 30 minutes, the product was extracted into CH2Cl2 and washed with sat.
Na2CO3 solution (2 x 50 ml) and then water (50 ml). The crude product obtained after removal of the
organic solvent was purified by column chromatography over basic Al2O3 using an eluent mixture of
EtOAc:EtOH 2:1. Yield: 0.763 g, 1.82 mmol, 93%.
1

H-NMR (400 MHz, Chloroform-d): δ 9.23 (s, 1H), 8.36 (dd, J = 6.5, 1.3 Hz, 1H), 8.25 (dd, J = 8.2, 2.0 Hz,

1H), 7.71 (d, J = 8.7 Hz, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.40 (ddd, J = 8.2, 7.5, 1.3 Hz, 1H), 7.32 (ddd, J = 7.5,
6.5, 2.2 Hz, 1H).
4'-(4-bromophenyl)-[2,2':6',2''-terpyridine]-6,6''-dicarbonitrile - 2

0.404 g of 1 (0.95 mmol, 1.0 equiv.) was dissolved in CH2Cl2 under N2. To the solution, 1.6 ml trimethylsilyl
cyanide (12.8 mmol, 13.3 equiv.) and 0.45 ml benzoyl chloride (3.9 mmol, 4.1 equiv.) were added via
syringe. After stirring for 20 h at RT, 50 ml sat. Na2CO3 solution was added and the reaction mixture
stirred for 2 h. The product was extracted with 30 ml CH2Cl2, washed with sat. Na2CO3 solution (30 ml)
and water (30 ml), dried over MgSO4 and purified via column chromatography over basic Al2O3 using
CH2Cl2 as an eluent. Yield: 0.400 g, 0.95 mmol, 99%.
1

H-NMR (400 MHz, Chloroform-d): δ 8.86 (d, J = 8.1 Hz, 1H), 8.80 (s, 1H), 8.03 (dd, J = 8.1 Hz, 1H), 7.78 (m,

2H), 7.72 (d, J = 8.6 Hz, 1H).
4'-(4-bromophenyl)-[2,2':6',2''-terpyridine]-6,6''-dicarboxylic acid - tda-PhBr
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0.95 g of 2 (2.17 mmol) was added to a solution of concentrated HCl (25 ml) in acetic acid (55 ml) and
refluxed for 17 h under N2. After cooling to RT, a white precipitate formed which was filtered off, washed
with water (50 ml) and Et2O (10 ml) and finally dried in air at 60 °C for 30 minutes. Yield: 0.965 g, 2.02
mmol, 93%.
1

H-NMR (400 MHz, DMSO-d6): δ 13.26 (s, 1H), 8.96 – 8.89 (m, 4H), 8.27 – 8.17 (m, 2H), 7.96 (d, J = 8.2 Hz,

2H), 7.85 (d, J = 7.7 Hz, 2H).
HR-MS: [M+H]+ 476.02431 (calc. 476.02405)
Dimethyl 4'-(4-bromophenyl)-[2,2':6',2''-terpyridine]-6,6''-dicarboxylate - 3

0.3 ml SOCl2 (4.13 mmol, 8 equiv.) was added to 10 ml dry MeOH under N2. To this solution, 0.245 g of
tba-PhBr (0.51 mmol, 1 equiv.) was added and the reaction mixture refluxed for 19 h. After removal of all
volatile compounds, the residue was dissolved in CH2Cl2 and washed with sat. Na2CO3 solution (3 x 20 ml).
The organic fraction was dried over MgSO4 and the solvent removed. The crude product was purified by
recrystallization from EtOH/acetone. Yield: 0.965 g, 2.02 mmol, 93%.
1

H-NMR (400 MHz, Chloroform-d): δ 8.84 (d, J = 7.9 Hz, 1H), 8.79 (s, 1H), 8.19 (d, J = 7.6 Hz, 1H), 8.03 (dd,

J = 7.8, 7.6 Hz, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.67 (d, J = 8.5 Hz, 1H), 4.06 (s, 3H).
Dimethyl 4'-(4-(diethylphosphono)phenyl)-[2,2':6',2''-terpyridine]-6,6''-dicarboxylate - 4

3.5 mg of Pd(OAc)2 (0.016 mmol, 0.05 equiv.) and 10.1 mg of diphenyphosphino-ferrocene (0.018 mmol,
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0.06 equiv.) were dissolved in 10 ml MeCN and heated to 50 °C under N2. 0.11 ml triethylamine (0.8
mmol, 2.6 equiv) and 0.08 ml diethylphosphite (HPO3Et2, 0.64 mmol, 2.1 equiv.) were then added,
followed by 150 mg of 3 (0.3 mmol, 1 equiv.). The suspension was refluxed for 20 h until full conversion
of starting material, the solvent then removed. The residue was dissolved in CH2Cl2:MeOH 10:1, filtered
through a pad of silica gel and the solvent removed. The crude product, containing 1 equivalent of
HPO3Et2, was used without further purification in the next step. Yield: 0.155 g, 72 % (for pure product).
1

H-NMR (400 MHz, Chloroform-d): δ 8.87 – 8.83 (m, 1H), 8.82 (s, 1H), 8.19 (dd, J = 7.7, 1.0 Hz, 1H), 8.04

(dd, J = 7.8 Hz, 1H), 7.99 (d, J = 4.3 Hz, 1H), 7.97 (s, 1H), 4.18 – 4.11 (m, 2H), 4.05 (s, 3H), 1.44 (t, J = 7.3 Hz,
3H).
31

P-NMR (162 MHz, CDCl3): δ 18.64, 7.76 (HPO3Et2).

4'-(4-phosphonophenyl)-[2,2':6',2''-terpyridine]-6,6''-dicarboxylic acid - tda-PhPO3H2

The crude 4 (0.15 g) was suspended a solution of 5 ml concentrated HCl in 15 ml water. The suspension
was refluxed under N2 for 20 h. After cooling to RT, the solution was basified with NaOH and filtered to
remove impurities. The solution was then acidified (pH < 1) using concentrated HCl. After cooling for 1 h
at 5 °C, the precipitated product was removed by filtration and dried in air at 80 °C for 30 minutes. Yield:
0.098 g, 0.21 mmol, 71% (two steps).
1

H-NMR (400 MHz, DMSO-d6): δ 9.02 – 8.79 (m, 2H), 8.27 – 8.13 (m, 2H), 8.02 (s, 1H), 7.98 – 7.79 (m, 1H).

31

P-NMR (162 MHz, DMSO): δ 12.08.

4’-(4-cyanophenyl)-2,2’:6’,2”-terpyridine - tpy-CN

1.994 g of 4-cyanobenzaldehyde (15.2 mmol, 1.0 equiv.) was dissolved in 80 mL MeOH followed by
addition of 0.91 g KOH (16 mmol, 1.05 equiv.) and 15 ml concentrated NH4OH solution (25%). Next,
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3.42 ml of 2-acetylpyridine (30.5 mmol, 2.0 equiv.) was added and the solution was refluxed for 2 h. A
white precipitate formed and was filtered off after cooling the reaction mixture to room temperature.
The precipitate was washed with cold MeOH (80 mL) and Et2O (20 mL), then air dried. Yield: 1.74 g, 5.15
mmol, 34%.
1

H-NMR (400 MHz, Chloroform-d): 8.78–8.71 (m, 4H), 8.69 (d, 2H), 8.00 (d, 2H), 7.91 (dd, 2H), 7.81 (d,

2H), 7.38 (dd, 2H).
Spectroscopic data conforms to literature values.316
4’-(2-naphthyl)-2,2’:6’,2”-terpyridine - tpy-np

0.55 g of naphthaldehyde (3.5 mmol, 1.0 equiv.) was dissolved in 80 mL MeOH, then 0.2 g of KOH (3.5
mmol, 1.0 equiv.) and 3 ml concentrated NH4OH solution (25%) were added. Next, 0.79 ml of
2-acetylpyridine (7.05 mmol, 2.0 equiv.) was added and the solution was refluxed for 2 h. A white,
fluorescent precipitate formed and was filtered off after cooling the reaction mixture to room
temperature. The precipitate was washed with cold MeOH (2 x 30 mL) and Et2O (20 mL), then air dried.
Yield: 0.441 g, 1.23 mmol, 35%.
1

H-NMR (400 MHz, Chloroform-d): δ 8.88 (s, 2H), 8.79 – 8.75 (m, 2H), 8.71 (d, J = 8.0 Hz, 2H), 8.42 (s, 1H),

8.06 – 8.02 (m, 1H), 8.01 – 7.96 (m, 2H), 7.94 – 7.87 (m, 3H), 7.57 – 7.53 (m, 2H), 7.38 (ddd, J = 7.5, 4.8,
1.2 Hz, 2H).
13

C-NMR (101 MHz, CDCl3): δ 156.43, 156.13, 150.42, 149.29, 137.10, 135.89, 133.70, 128.85, 128.75,

127.86, 126.89, 126.83, 126.66, 125.16, 124.03, 121.61, 119.25.
Spectroscopic data conforms to literature values.277

6.3 Synthesis of complexes
Ru(tda-PhBr)(Py)2

0.15 g of Ru(dmso)4Cl2 (0.31 mmol, 1.0 equiv.) and 0.148 g of tda-PhBr (0.31 mmol, 1.0 equiv.) were
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dissolved in 5 ml dry MeOH under N2. 0.2 ml NEt3 (1.43 mmol, 4.6 equiv.) was added and the solution
refluxed for 4 h, during which a red precipitate formed. After cooling to RT, the precipitate was collected
by filtration and then refluxed in 30 ml of a mixture of pyridine and water (2:1) under N2 for 20 h. After
removal of the solvent, the crude product was purified by recrystallization from methanol and washing
with acetone. Yield: 0.156 g, 0.21 mmol, 69%.
1

H-NMR (500 MHz, Methanol-d4): δ 8.95 (s, 1H), 8.65 (d, J = 7.8 Hz, 1H), 8.21 (d, J = 5.3 Hz, 2H), 8.10 (dd, J

= 7.7, 5.6 Hz, 2H), 8.03 (dd, J = 7.8 Hz, 1H), 7.83 (d, J = 8.5 Hz, 1H), 7.56 (dd, J = 7.6 Hz, 1H), 7.09 (t, J = 7.0
Hz, 2H).
13

C-NMR (126 MHz, MeOD): δ 171.18, 162.38, 158.15, 157.52, 152.62, 152.38, 152.21, 143.85, 136.66,

135.96, 132.31, 129.16, 128.74, 126.29, 124.66, 124.03, 123.87, 121.35, 121.24.
1

H-NMR (400 MHz, DMSO-d6): δ 8.94 (s, 1H), 8.63 (d, J = 8.1 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 8.08 (d, J =

5.2 Hz, 2H), 7.97 (d, J = 7.0 Hz, 1H), 7.92 (d, J = 7.0 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.53 (d, J = 7.8 Hz, 1H),
7.07 (dd, J = 6.2 Hz, 2H).
HR-MS: [M]+ 733.99735 (calc. 733.99714)
Ru(tda-PhPO3H2)(py)2

0.098 g of Ru(dmso)4Cl2 (0.2 mmol, 1.0 equiv.) and 0.096 g of tda-PhPO3H2 (0.2 mmol, 1.0 equiv.) were
dissolved in 20 ml dry MeOH under N2. 0.14 ml NEt3 (1.0 mmol, 5 equiv.) was added and the solution
refluxed for 4 h, during which an orange-brown precipitate formed. After cooling to RT, the precipitate
was collected by filtration and washed with MeOH (10 ml) and Et2O (5 ml). 17 mg of the filtrate was then
refluxed in 9 ml of a mixture of pyridine and water (2:1) under N2 for 20 h and turned wine-red. After
cooling, the solvent was removed and the crude product was purified by recrystallization from methanol
and washing with acetone. Yield: 0.156 g, 0.21 mmol, 69%.
1

H-NMR (400 MHz, DMSO-d6 + 2 % D2O): δ 9.04 (s, 1H), 8.74 (d, J = 7.8 Hz, 1H), 8.18 – 8.10 (m, 3H), 7.99

(dd, J = 7.7 Hz, 1H), 7.96 – 7.84 (m, 2H), 7.55 (dd, J = 7.6 Hz, 1H), 7.09 (dd, J = 7.0 Hz, 2H).
31

P-NMR (162 MHz, DMSO + 2 % D2O): δ -0.84.
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[Ir(Cp*)(κ-N,O-pic-COOH)Cl] – Ir-Cl

0.100 g of [Cp*IrCl2]2 (0.13 mmol, 1.0 equiv.), 0.047 g of pyridine-dicarboxylic acid (0.26 mmol, 2.0 equiv.)
and 10 mg of NaOH (0.25 mmol, 2.0 equiv.) were dissolved in 10 ml of MeOH and stirred at RT for 1 h.
After removal of the solvent, the product was dissolved in acetone, filtered through celite and crystallized
in the freezer over 3 days. Yield: 0.085 g, 0.14 mmol, 57%.
1

H-NMR (400 MHz, Acetone-d6): δ 9.02 (d, J = 5.6 Hz, 1H), 8.37 (d, J = 1.9 Hz, 1H), 8.17 (dd, J = 5.7, 2.0 Hz,

1H), 1.73 (s, 15H).
Spectroscopic data conforms to literature values.173
[Ir(Cp*)(κ-N,O-pic-COOH)OH2] – Ir-OH2

55.2 mg of Ir-Cl (0.1 mmol, 1 equiv.) and 22.8 mg of AgClO4 (0.11 mmol, 1.05 equiv.) were dissolved in 6
ml of a mixture of MeCN and water (5:1) and stirred at RT for 30 minutes, during which a white solid
precipitated. The reaction was filtered through a celite plug, washed with 1 ml MeCN and the solvent
removed, yielding clean yellow-green product. Yield: 0.051 g, 0.08 mmol, 80%.
1

H-NMR (500 MHz, Acetone-d6): δ 9.12 (d, J = 5.6 Hz, 1H), 8.42 (d, J = 1.4 Hz, 1H), 8.25 (dd, J = 5.7, 1.9 Hz,

1H), 1.74 (s, 15H).
13

C-NMR (126 MHz, Acetone): δ 151.84, 128.75, 126.22, 86.15, 8.08.

13

C-NMR (126 MHz, CD3CN): δ 172.49, 164.63, 152.96, 152.63, 142.72, 130.09, 127.70, 90.20, 8.98.

HR-MS: [M-H2O]+ 733.99735 (calc. 733.99714)
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[Ru(tpy-CN)(bpy-COOH)Cl]Cl – Ru-Cl

0.134 g of tpy-CN (0.4 mmol, 1.0 equiv.) and 0.098 g of RuCl3 (42 wt% Ru, 0.4 mmol, 1.0 equiv.) were
refluxed in methanol for 4 h under N2. The resulting red–brown powder was filtered off and washed with
cold methanol and diethyl ether. 0.061 g of this intermediate product (0.11 mmol) and 0.028 2,2′bipyridine-4,4′-dicarboxylic acid (0.11 mmol, 1.0 equiv.) were suspended in 12 ml of a water-ethanol
mixture (1:3). After degassing by bubbling with N2 for 10 min, 0.1 ml of triethylamine (0.72 mmol, 6.5
equiv.) was added and the reaction mixture was refluxed for 4.5 h. After cooling, the reaction was filtered
and the filtrate washed with methanol (10 mL). The filtrate solution was basified with KOH/KCl in water
(1 M each), washed with MeOH/THF/CHCl3 2:1:3 and then acidified with conc. HCl. The aqueous phase
was extracted twice with the organic solvent mixture, the organic phase then dried over MgSO4, and
concentrated in vacuo. The crude product was dissolved in MeOH, filtered through a pad of celite, and
finally concentrated to dryness. Yield: 0.022 g, 0.027 mmol, 24%.
1

H-NMR (400 MHz, Methanol-d4): δ 10.40 (d, J = 5.9 Hz, 1H), 9.27 (s, 1H), 9.05 (s, 2H), 8.97 (s, 1H), 8.74

(d, J = 7.9 Hz, 2H), 8.50 (d, J = 5.8 Hz, 1H), 8.36 (d, J = 8.5 Hz, 2H), 8.05 (d, J = 8.5 Hz, 2H), 7.99 (dd, J = 7.9
Hz, 2H), 7.74 (d, J = 5.9 Hz, 1H), 7.70 (d, J = 5.3 Hz, 2H), 7.54 (d, J = 4.2 Hz, 1H), 7.36 (dd, 2H).
13

C-NMR (126 MHz, Methanol-d4): δ 165.31, 164.60, 159.51, 158.50, 157.98, 156.76, 153.07, 152.48,

152.19, 145.69, 141.40, 138.34, 137.50, 137.28, 132.94, 128.32, 127.40, 125.94, 125.19, 123.98, 123.05,
122.56, 120.60, 117.89, 113.21.
HRMS: [M]+ 715.04301 (calc. 715.04291).
IR (cm−1): 2224, 1702, 1637, 1605, 1551, 1470, 1432, 1402, 1383, 1309, 1290, 1248, 1227.
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[Ru(tpy-CN)(bpy-COOH)OH2](ClO4)2 – Ru-OH2

A solution of 8.5 mg of AgClO4 (41 μmol, 2.05 equiv.) in 3.2 ml of water was added to a Schlenk flask
containing 14.8 mg of Ru-Cl (20 μmol, 1 equiv.) and the solution was refluxed for 1 h under N2. After
cooling, the reaction mixture was filtered through celite and washed with water (15 ml). The product was
obtained after drying in a stream of nitrogen as a red–black microcrystalline solid. Yield: 0.005 g, 5.5
μmol, 28%.
1

H-NMR (500 MHz, DMSO-d6): δ 9.98 (d, J = 5.7 Hz, 1H), 9.39 (s, 2H), 9.03 (d, J = 8.2 Hz, 2H), 8.95 (s, 1H),

8.72 (s, 1H), 8.57 (d, J = 8.4 Hz, 2H), 8.31 (d, J = 5.9 Hz, 1H), 8.27 (d, J = 8.3 Hz, 2H), 8.23 (t, J = 7.8 Hz, 2H),
7.85 (d, J = 5.2 Hz, 2H), 7.58–7.51 (m, 3H), 7.23 (d, J = 5.7 Hz, 1H).
HRMS: [M−H2O+CH3OH]+ 711.09239 (calc. 711.09244).
[Ru(tpy-np)(bpy)Cl]PF6 - Ru(tpy-np)(bpy)Cl

Intermediate Ru(tpy-np)Cl3:
0.224 g of tpy-np (0.62 mmol, 1.0 equiv.) and 0.150 g of RuCl3 (42 wt% Ru, 0.62 mmol, 1.0 equiv.) were
refluxed in methanol for 3 h under N2. The resulting red–brown powder was filtered off and washed with
EtOH (20 ml), acetone (20 ml) and Et2O (20 ml). Yield: 0.24 g, 0.42mmol, 68 %.
0.15 g of Ru(tpy-np)Cl3 (0.26 mmol, 1 equiv.), 0.043 g of bpy (0.27 mmol, 1.03 equiv.) and 0.056 g of LiCl
(1.37 mmol, 5.2 equiv.) were suspended in 25 ml of a water-methanol mixture (1:4) and degassed by N2
bubbling. 0.12 ml of NEt3 (0.86 mmol, 3.2 equiv.) was added and the solution refluxed for 3 h. After
cooling to RT, 2 ml of sat. aq. NH4PF6 solution was added and a precipitate formed. The crude product
was filtered off and purified by column chromatography over silica gel using CH2Cl2:MeOH 10:1 as eluent.
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Yield: 0.1 g, 0.13 mmol, 47 %.
1

H-NMR (500 MHz, Acetone-d6): δ 10.44 (d, J = 5.5 Hz, 1H), 9.12 (s, 2H), 8.89 (d, J = 8.2 Hz, 1H), 8.80 (s,

1H), 8.68 (d, J = 8.1 Hz, 2H), 8.60 (d, J = 8.2 Hz, 1H), 8.41 (td, J = 7.9, 1.5 Hz, 1H), 8.32 (dd, J = 8.6, 1.9 Hz,
1H), 8.16 (d, J = 8.6 Hz, 1H), 8.15 – 8.11 (m, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.90 –
7.82 (m, 4H), 7.81 – 7.77 (m, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.62 – 7.57 (m, 2H), 7.40 – 7.34 (m, 2H), 7.08 (td,
J = 5.9, 2.8 Hz, 1H).
13

C-NMR (126 MHz, Acetone-d6): δ 159.00, 158.90, 158.23, 156.35, 152.65, 152.16, 151.94, 145.27,

136.73, 136.59, 135.50, 133.94, 133.75, 133.67, 129.06, 128.75, 127.74, 127.34, 127.20, 126.92, 126.83,
126.29, 124.55, 123.72, 123.49, 123.29, 119.95.
31

P-NMR (203 MHz, Acetone-d6): δ -133.76, -137.26, -140.75, -144.25, -147.74, -147.75, -151.23, -154.73.

19

F-NMR (471 MHz, Acetone-d6): δ -71.86, -73.36.

HRMS: [M]+ 652.08417 (calc. 652.08365).

[Ru(tpy-np)(bpy-OMe)Cl]PF6 - Ru(tpy-np)(bpy-OMe)Cl

50.6 mg of Ru(tpy-np)Cl3 (88 μmol, 1 equiv.), 20.2 mg of bpy-OMe (90 μmol, 1.05 equiv.) and 21 mg of
LiCl (0.51 mmol, 5.7 equiv.) were suspended in 8 ml of a water-methanol mixture (1:5) and degassed by
N2 bubbling. 0.045 ml of NEt3 (0.32 mmol, 3.6 equiv.) was added and the solution refluxed for 3 h. After
cooling to RT, 0.75 ml of sat. aq. NH4PF6 solution was added and a precipitate formed. The product was
filtered off and washed with water (5 ml) and Et2O (20 ml) and dried in air at 60 °C. Yield: 0.025 g, 0.03
mmol, 33 %.
1

H-NMR (400 MHz, Acetone-d6): δ 10.13 (d, J = 6.6 Hz, 1H), 9.21 (s, 2H), 8.87 – 8.80 (m, 3H), 8.51 (d, J =

2.5 Hz, 1H), 8.37 (d, J = 8.8 Hz, 1H), 8.26 – 8.20 (m, 2H), 8.14 – 8.07 (m, 2H), 8.04 – 7.94 (m, 4H), 7.75 (d, J
= 4.1 Hz, 1H), 7.68 (dd, J = 6.1, 3.2 Hz, 2H), 7.46 (dd, J = 6.1 Hz, 2H), 7.35 (d, J = 6.6 Hz, 1H), 6.71 (d, J = 3.8
Hz, 1H), 4.29 (s, 3H), 3.91 (s, 3H).
31

P-NMR (162 MHz, Acetone): δ -135.52, -139.89, -144.25, -148.62.

19

F-NMR (376 MHz, Acetone): δ -71.74, -73.61.

HR-MS: [M]+ 712.10475 (calc. 712.10478)
136

[Ru(tpy-np)(bpy-NMe2)Cl]PF6 - Ru(tpy-np)(bpy-NMe2)Cl

60 mg of Ru(tpy-np)Cl3 (106 μmol, 1 equiv.), 25.8 mg of bpy-NMe2 (106 μmol, 1.0 equiv.) and 32 mg of
LiCl (0.78 mmol, 7.4 equiv.) were suspended in 14 ml of a water-methanol mixture (1:5) and degassed by
N2 bubbling. 0.06 ml of NEt3 (0.43 mmol, 4.1 equiv.) was added and the solution refluxed for 3 h. After
cooling to RT, 1.2 ml of sat. aq. NH4PF6 solution was added and a precipitate formed. The crude product
was filtered off, washed with Et2O (20 ml) and dried in air at 60 °C. The product was purified by column
chromatography over silica gel using CH2Cl2:MeOH 20:1 as eluent. Yield: 0.052 g, 0.059 mmol, 56 %.
1

H-NMR (400 MHz, Acetone-d6): δ 9.80 (d, J = 6.7 Hz, 1H), 9.10 (s, 2H), 8.79 (s, 1H), 8.73 (d, J = 8.1 Hz,

2H), 8.33 (dd, J = 8.7 Hz, 1H), 8.18 (d, J = 8.6 Hz, 1H), 8.09 – 8.02 (m, 2H), 7.99 – 7.95 (m, 3H), 7.89 (dd, J =
7.1 Hz, 2H), 7.69 – 7.61 (m, 3H), 7.45 (dd, J = 6.0 Hz, 2H), 7.33 (dd, J = 6.7, 2.8 Hz, 1H), 6.72 (d, J = 6.9 Hz,
1H), 6.24 (dd, J = 6.9, 2.8 Hz, 1H), 3.39 (s, 6H), 2.99 (s, 6H).
31

P-NMR (162 MHz, Acetone): δ -135.52, -139.88, -144.25, -148.62, -152.98.

19

F-NMR (376 MHz, Acetone): δ -71.71, -73.59.

HR-MS: [M]+ 738.16905 (calc. 738.16805)
Zn(tpy-np)(NO3)2

To a hot solution of 30.4 mg of tpy-np (84 μmol, 1 equiv.) in 10 ml of EtOH was added a solution of 16 mg
Zn(NO3)2·6H2O (84 μmol, 1.0 equiv.) in 4 ml EtOH. The solution was refluxed for 8 h, then cooled to RT
when a white precipitate formed. The solvent was removed, 15 ml of toluene were added and the
resulting suspension heated to reflux for 10 minutes. After cooling to RT, the precipitate was removed via
filtration, washed with toluene (2 x 5 ml) and Et2O (2 x 10 ml) then dried in air. Yield: 0.02 g, 0.036 mmol,
43 %.
1

H-NMR (400 MHz, Chloroform-d): δ 9.06 (d, J = 4.3 Hz, 2H), 8.54 (s, 2H), 8.40 (d, J = 8.2 Hz, 2H), 8.30 (s,
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1H), 8.19 (dd, J = 7.0 Hz, 2H), 8.13 (d, J = 7.6 Hz, 1H), 8.09 – 8.03 (m, 1H), 8.03 – 7.99 (m, 1H), 7.88 (d, J =
8.8 Hz, 1H), 7.79 – 7.72 (m, 2H), 7.71 – 7.67 (m, 2H).
HR-MS: [M-2*(NO3)+HCO2]+ 468.06873 (calc. 468.06850)

6.4 Substrate preparation
6.4.1 Preparation of coating solutions
Preparation of ITO spin coating solution
ITO particles (18 nm, 99.99%, US Research Nanomaterials Inc., Houston, TX, USA) (2 g) were dispersed by
sonication in 10 ml EtOH for 20 min. A solution of ethyl cellulose (0.2 g), alcohol surfactant (proprietary
nanopowder dispersant, US Research Nanomaterials Inc.) (0.225 g), and terpineol (5 g) in ethanol (5 mL)
was added to the ITO suspension. After sonicating the mixture for 1 h, the volatile components were
removed by rotary evaporation (30 min, 5 mbar, 45 °C bath temperature) to form a viscous blue paste.
The spin coating solution was made by diluting the obtained paste with ethanol in a 1:4 ratio (by weight).
Preparation of TiO2 spin coating solution
50 nm rutile particles (50 nm, 99.9%, rutile, US Research Nanomaterials Inc.) (2 g) were ball-milled for 3 h
at 500 rpm with a solution of EtOH, acetic acid, and water (5:5:1 by volume) (5 mL) using 0.2 mm zirconia
milling balls. After sieving off the zirconia balls, the milled TiO2 particles were suspended in ethanol. To
this suspension was added a solution of ethyl cellulose (0.5 g) and terpineol (5 g) in EtOH (25 mL). After
sonication for 1 h, the volatile components were removed from the resulting mixture by rotary
evaporation. Then, 50 mL of ethanol were added, the mixture sonicated for 30 min, and the volatiles
again removed. The spin coating solution was made by diluting the viscous white paste with 36 mL of
EtOH.

6.4.2 Preparation of mesoporous substrates
Meso-TiO2 substrates
An FTO on glass window (FTO TEC 15, Pilkington, Tokyo, Japan) was cut into pieces (1.25 × 2.5 cm) and
cleaned by sonicating in acetone, Deconex solution in water (5%), distilled water and then EtOH for 10
min each. After drying in a stream of N2, the pieces were partially covered with Kapton tape on the
conductive face, covering 0.8 cm along the shorter edge of the piece. 50 μl of freshly sonicated TiO2 spin
coating solution was applied to the sample, which were then spun at 2000 rpm for 20 s, using an
acceleration of 500 rpm per second. After spin coating, the samples were dried on a hot plate at 125 °C
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for 5 min. The spin coating and drying process was repeated 3-4 times. After the final spin coating, the
Kapton tape was removed and the samples annealed in air at 550 °C for one hour.
Meso-ITO substrates
An FTO on glass window (FTO TEC 15, Pilkington, Tokyo, Japan) was cut into pieces (1.0 × 2.5 cm) and
cleaned by sonicating in acetone, Deconex solution in water (5%), distilled water and then EtOH for 10
min each. After drying in a stream of N2, the pieces were partially covered with Kapton tape on the
conductive face, covering 0.8 cm along the shorter edge of the piece. 35 μl of freshly sonicated ITO spin
coating solution was applied to the sample, which were then spun at 2000 rpm for 20 s, using an
acceleration of 500 rpm per second. After spin coating, the samples were dried on a hot plate at 125 °C
for 5 min. The spin coating and drying process was repeated 3-4 times. After the final spin coating, the
Kapton tape was removed and the samples annealed in air at 450 °C for 30 minutes.
Meso-ZrO2 substrates
A quartz glass slide (7.5 x 2.5cm) was scratched at 1.5 cm intervals along the longer axis using a diamond
cutter then cleaned by sonicating in acetone, Deconex solution in water (5%), distilled water and then
EtOH for 10 min each. After drying in a stream of N2, the slide was covered by Scotch tape on both sides
along the long edge, covering about 0.25 cm on each side. 0.1 ml of a commercial ZrO2 paste
(Zr-Nanoxide ZT/SP, Solaronix, Switzerland) was applied on one end of the quartz slide and distributed
along on the surface by doctor blading with a glass rod. After doctor blading the samples were annealed
in air at 550 °C for 30 minutes to combust the additives.

6.4.3 Preparation of gold electrodes by electron beam evaporation
An ITO on glass window (FTO TEC 15, Pilkington, Tokyo, Japan) was cut into pieces (1.2 × 2.5 cm) and
cleaned by sonicating in acetone, Deconex solution in water (5%), distilled water and then ethanol for 10
min each. After drying in a stream of N2, the pieces were placed into a mask exposing 1.0 cm diameter
holes on the ITO face of the glass pieces. 10 nm of Ti and 500 nm Au were then deposited in sequence by
e-beam evaporation (UNIVEX 300, Leybold, Germany). Before the deposition, the chamber vacuum was
below 2E-6 mbar. The working current for Ti was 20 mA and 200 mA for Au.

6.5 Molecular layer preparation on substrates
6.5.1 Catalyst anchoring on substrates
Molecular catalysts with carboxylic acid or phosphonic acid anchoring groups were anchored onto
mesoporous and flat metal oxide substrates by submersion in solutions of the respective catalysts in
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methanol (roughly 0.2 mM solutions). Submersion was performed over 1 h or overnight. The
functionalized substrates were then placed in pure methanol for 30 minutes, rinsed with methanol and
dried under a stream of N2.
Molecular catalysts with host-guest compatible binding groups were immobilized on the substrates by
soaking for 2 h or overnight in respective catalyst solutions (MeOH, MeOH/water 2:1 or DMSO/water 2:1,
concentrations around 0.1 mM). The samples were then soaked in pure ethanol (2 x 5 minutes), rinsed
with EtOH and acetone, and dried in a stream of N2.

6.5.2 Atomic layer deposition
ALD layers of TiO2 were fabricated using a Picosun R200 deposition system, with tetrakis(dimethylamido)titanium(IV) (99.999%, Sigma-Aldrich, Buchs, Switzerland) and Milli-Q water as
precursors, and N2 (99.9999%) as carrier gas. The titanium precursor was heated to 85 °C for the
deposition process and the water was kept at 25 °C. The substrate and reactor temperature was 120 °C
during the deposition. A protocol for high surface area substrates was used to deposit the TiO2 layers on
the mesoporous substrates. Each cycle consisted of an initial 2 s TDMAT pulse, followed by a 20 s purge.
A water pulse of 0.1 s followed by a 20 s purge was then applied. For both the TDMAT and water, a N2
carried gas flow rate of 30 sccm was used. Growth of the layers was tracked by inserting a 1 × 1 cm piece
of silicon wafer into the reactor and measuring the resulting film thickness by ellipsometry. An average
growth rate of 0.054 nm/cycle was observed.

6.5.3 Cyclodextrin immobilization on gold substrates
6S-Β-CD solutions in DMSO (10 mg in 10 ml, 0.8 mM) were prepared and filtered through a 0.2 μm PTFE
syringe. Gold substrates on ITO were submerged in the solutions for up to 1 h, then removed and placed
in pure EtOH (5ml) for 5 minutes. The samples were then rinsed with copious amounts of ethanol and
dried under an N2 stream.

6.5.4 Cyclodextrin immobilization on metal oxide substrates
Metal oxide substrates were submerged in a 10 mM solution of propiolic acid in MeCN for 30 minutes
and then rinsed with EtOH. They were then submerged in a solution of 6S-Β-CD in DMF (10 mg in 10 ml,
0.8mM) with 5 μl of NEt3 as catalyst, for 1 h. The samples were then placed in pure EtOH for 5 minutes,
rinsed with EtOH and dried under an N2 stream.

6.6 Instrumentation and experimental procedures
6.6.1 Electrochemical measurement
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The details for electrochemical measurements are noted in the captions of each Figure containing
electrochemical data. For the measurements, BioLogic sp-50, sp-200 or sp-300 instruments were used.
Experiments performed in water were measured against an aqueous Ag/AgCl electrode in saturated KCl.
For measurements in organic electrolyte, leakless Ag/AgCl miniature reference electrodes (eDAQ,
Australia) or Ag/AgCl electrodes with TBACl 0.1M electrolyte in a PTFE electrolyte vessel (Metrohm,
Switzerland) were used. Organic reference electrodes were calibrated using ferrocene and correspond
roughly to the potentials vs. NHE. Scan rates of 20, 50 or 100 mV/s were typically used. Voltages reported
to the reversible hydrogen electrode (RHE) were obtained by converting the potentials measured with
the Ag/AgCl electrode using the Nernst equation, according to the following formula:
°
𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ∙ 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
.

6.6.2 Fourier-transform infrared spectroscopy
FTIR spectra were measured in ER or ATR mode on a Bruker Ir spectrometer, using the mesoporous
substrates on FTO slides (ER mode) or on a CaF2 prism (ATR mode, 1x1 cm right-angle prism, Thorlabs,
USA; mesoporous layers prepared in the same fashion as on FTO). Background spectra were measured
using pristine substrate. For analysis of nitrile bands (Chapter 4), a baseline correction using a polynomial
fit in the region between 2300 cm−1 and 2000 cm−1 was applied.

6.6.3 X-ray photoelectron spectroscopy
XPS (for the project described in Chapter 4) was conducted on selected samples using a Physical
Electronics (PHI) Quantum 2000 X-ray photoelectron spectrometer (Physical Electronics, Ismaning,
Germany) featuring monochromatic Al-Kα radiation, generated from an electron beam operated at 15 kV
and 32.3 W. The energy scale of the instrument was calibrated using Au and Cu reference samples. The
samples were firmly pressed onto indium foil patches, which were then mounted onto a sample platen
and introduced into the spectrometer. The analysis was conducted at 8 E-9 mbar, with an electron take
off angle of 45° and a pass energy of 46.95 eV for all samples. Owing to the low count rate of the Ir 4f
core level emission, measurement times in excess of 8 h per sample were used. Measurements were
repeated using different exposure times to ensure no X-ray beam damage occurred on the specimen. Ir 4f
core level emissions were fitted for a qualitative comparison between different samples using Voigt
profiles (GL30), with a doublet separation of 2.9 eV for each individual component. The line shape of the
Ti 3s emission, which was used for the interpretation of the combined Ti 3s and Ir 4f spectra, was fitted
on a reference ALD-TiO2 sample processed under identical conditions.79

6.6.4 Tip-enhanced Raman spectroscopy
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Top–illumination TERS was performed with Ag tips and Au substrates, forming a gap plasmon between
the substrate and the tip. We used a scanning tunneling microscope (STM; Ntegra Spectra Upright, NTMDT), equipped with a 0.7 NA 100× objective (Mitutoyo), coupled to a Raman spectrometer (Solar T-II,
NT-MDT) with a CCD (Newton 971 UVB, Andor) thermoelectrically cooled to -85 ℃. The STM was
operated in constant current mode. Low bias voltage (0.1 V applied to the sample) was used to avoid
injection of tunneling electrons into the investigated molecules.
TERS tips were obtained by electrochemical etching of Ag wire (0.25 mm diameter, 99.9995%, Alfa Aesar)
in a hot solution (20 vol%) of perchloric acid (70%, VWR) in ethanol (absolute, Fluka). A Pt ring counter
electrode (0.5 mm wire, 1 cm ring diameter, 99.997%, Alfa Aesar) was dipped below the surface of the
etching solution. The Ag wire was dipped 2 mm into the solution, at the center of the Pt counter
electrode. In order to ensure the sharpness of the tips, the etching voltage of 10 V was cut off shortly
before the end of the process by an automated circuit detecting a high gradient of the current. Following
the etching, the tips were rinsed with MilliQ water and ethanol.
TER spectra were acquired on square grids with 100–400 pixels (from 10 × 10 to 20 × 20 pixels), with laser
illumination at 632.8 nm (HeNe laser) and laser power between 0.007 and 2.880 mW. The integration
time was 1–3 s. The TER spectra presented in Figures Figure 53, Figure 82, Figure 90 and Figure 93 are
average spectra accumulated over grids of pixels.

6.6.5 Fluorescence spectroscopy
A Fluorolog-3 instrument (Horiba) was used for fluorescence measurements of liquid and solid samples,
using a 450 W Xe arc lamp as broadband excitation source. Liquid measurements were performed using a
quartz cuvette with 1.00 cm path lengths in all directions and detection in a 90° angle configuration. For
strongly emissive samples, the bandpass width was adjusted to 1 nm for both excitation and detection.
For measurement of fluorescent molecules on mesoporous films, the samples were placed in a sample
holder at a 30° angle to the excitation beam and detected at a 90° angle. Bandpass widths were 1 nm or
5 nm for Zn complex and Ru complex emission, respectively.

6.6.6 UHV experiments (STM and XPS)
For UHV experiments, the same setup was used as in a published paper 301. For functionalization of the
Au(111) single crystal, a liquid compartment directly connected to the UHV system was used. A 6S-Β-CD
solution (10 μM) in DMF, previously degassed by three freeze-pump-thaw cycles, was pumped into a
metallic beaker inside the liquids chamber. The gold substrate was immersed into the solution, then
removed after a given time. The 6S-Β-CD solution was removed via syringe and pure DMF (also degassed)
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was pumped in. The substrate was rinsed in the pure solvent, which was then removed. The liquid cell
was then evacuated to the base pressure and the sample transferred into the main UHV compartment.
During functionalization and rinsing of the sample, the liquid cell was under the vapor pressure of DMF
(5.1 mbar).
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