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CHAPTER 1 AIM OF THE THESIS

About 2.4 billion years ago, an evolutional leap changed the face of our planet forever. The
emergence of oxygenic photosynthesis established the basis for higher life and is responsible
for the formation of almost the entire biomass present on earth today.!:?! This was achieved
by nature’s development of a sophisticated supramolecular machinery, called the
photosystem. It uses sunlight to produce large energy-rich biomolecules, the carbohydrates,
with carbon dioxide (CO2) and water serving as nearly inexhaustible feedstock. The
electrons required for the reduction of CO: are extracted from water at a Mn4CaOs cluster
leading to the release of molecular oxygen as the by-product. Interestingly, almost all oxygen
present in the earth’s atmosphere today, which makes up 21% of the entire atmospheric
composition, was generated by this evolutionary highly conserved catalyst named oxygen
evolving complex (OEC).! Photosynthesis is furthermore responsible for the generation of
all fossil fuels, such as coal, oil, and natural gas, that we are using today. Those resources
have been generated by the geological anaerobic decomposition of the biomass formed by
photosynthetic processes. However, humankind is consuming those resources in only a few
centuries, whereas it took nature billions of years to create them. Since the beginning of the
“industrial revolution” at the end of the 19" century, society’s energy demand has
continuously increased (in the last decade by 2.1% per year), and is expected to double until
2050.1> 41 1t is therefore assumed that the reservoir of fossil fuels will be consumed until the
end of the 21% century,’® which makes the transformation towards a sustainable society,

driven by renewable fuels, inevitable.[*®]

In principal, renewable energy sources (solar, wind, biomass, hydro, and tidal) have a strong
potential to cover our energy needs in the future. That becomes obvious by comparing the
annual global energy consumption with the energy that could be generated from those
sources within one year, and with the energy that could be generated by exploiting all fossil
fuel resources present on earth (Figure 1).°! Particularly solar energy would be most
promising, since sunlight provides in one year more energy than what could be extracted

from all fossil fuels available.!'"]



Comparison of Renewable and Fossil Energy Sources
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Figure 1: Comparison of the potential of different energy carriers with the global annual energy consumption
based on numbers for 2015.5!

An already well-established way to use solar energy is the direct conversion into electricity
using silicon photovoltaic cells, which nowadays can reach solar-to-electricity efficiencies

!1-13] Recently, the levelized cost of electricity generated by

with record values up to 27%.!
photovoltaics in Germany (8—14 Eurocent/kWh, 2013)!'*l becomes competitive to electricity
generated traditionally from hard coal (6-8 Eurocent/kWh, 2013).'4 151 In 2014, Germany
already produced 27% of its energy from renewable sources, mainly wind and solar power.
In course of the “Energiewende”, a political project to reshape the German energy landscape,
it is planned to increase this portion to 80% by 2050.['*!¥] However, wind and sunlight are
intermittent and not evenly distributed on earth, which makes it difficult to produce the
energy close to the site of consumption. Therefore, in order to achieve this ambitious goal,
efficient ways to store and transport energy have to be developed to deal with the unsteady

[19

energy production capacity and its occasional peaks.!'”) Although, a huge progress has been

20.211 patteries still possess considerably

achieved in battery technology over the last decade,!
lower energy densities compared to liquid fuels.”> 2> %3] Furthermore, batteries are very
inefficient for the long-term storage of energy due to discharging phenomena, and thus, it is
desirable to store solar energy directly in chemical bonds by the creation of energy rich

24-33

molecules, so called “solar fuels”.***31 On one hand, the production of fuel from biomass

2



Chapter 1 Aim of the Thesis

would be one viable option, but this approach is clearly limited due to the low overall solar
to biomass efficiency of natural photosynthesis, which lies in the range of 1-2%.1**! On the
other hand, the photocatalytic generation of molecular hydrogen is highly promising because
it allows: (i) fine-tuned engineering of the catalytic system, (ii) long-term energy storage
with a very high gravimetric energy density, and (iii) a clean combustion process that does
not lead to the release of greenhouse gases. The hydrogen can be used directly in fuel-

[35,36]

cells, or it can serve as a reductant to produce methane, methanol or other hydrocarbons

from COz, which can be achieved either by chemical B7** or biochemical catalysis.! > 44

The desired hydrogen can preferably be generated from water, which provides the required
electrons and protons.[***8) Generally, it is possible to split water into its elements
electrochemically by applying a voltage of at least 1.23 V in an electrolyzer at pH 0
(eq. 3).1*°! This reaction consists of two half-reactions. At the anode the oxidation of water
to molecular oxygen occurs (eq. 1), whereas the protons, which are released during this

process, are reduced to molecular hydrogen at the cathode (eq. 2).

E vs. NHE (pH 0)

2 H20 (1) - O2 (g) +4H +4¢ (1) E’anode:  +1.23V
4 HJr +4¢e — 2 H> (g) (2) Eocathode: 0.00V
2 H20 (1) S @ t2H (e () Elet:  —123V

The development of a photocatalytic system that is capable of performing this reaction solely
using sunlight has been defined as one of the “Holy Grails” of chemical research.>%! One of
the major challenges to achieve this goal is the oxidation of water. The complexity of this
four-electron process and the resulting high overpotentials make the catalyst development
for this reaction very demanding.[*® 31-33] The first molecular catalyst for water oxidation has
been discovered in 1982 by T. J. Meyer.’* Since then, a huge progress has been
accomplished with the development of homogeneous metalorganic water oxidation catalysts
based on various transition metals (Mn, Fe, Co, Cu, Ir, and Ru).?® 563 The best
homogeneous water oxidation catalysts known so far are mononuclear complexes based on
the {Ru(bda)} complex fragment (bda = 2,2'-bipyridine-6,6'-dicarboxylate) developed by
Sun and co-workers,®” of which some can already compete with the performance of the
natural oxygen evolving cluster (OEC).[%! Generally, two different mechanisms to form the

[51, 65-68

O-O bond are known for these catalysts, I and sometimes even small structural



alterations can lead to a complete change from one mechanism to the other.l>73] The
performance of the water oxidation reaction catalyzed by ruthenium complexes has been
successfully enhanced by various supramolecular strategies, depending on the respective
reaction mechanisms, which have been inspired by biological enzymes.[”*! As demonstrated
by nature, the activity of a catalytic center can greatly be improved by supramolecular
interactions in the surrounding matrix of the respective catalyst. In many metallo-enzymes
the protein matrix plays a crucial role for the overall catalytic activity.”>) For example,
mimicking only the metal oxide cluster of the OEC leads to complexes with considerably
high overpotentials due to the absence of a redox-levelling matrix, and thus only negligible
water oxidation activities.[”® 771 Consequently, the field of supramolecular catalysis tries to
transfer those natural concepts to the development of artificial catalytic systems. This can be
achieved by tuning the second coordination sphere of the catalyst, meaning the ligand
structure that is not in direct contact to the metal center,!”®*) or by generating defined

cavities that resemble the binding pockets of enzymatic reaction centers.[86-%1]

The aim of the present thesis is to establish novel supramolecular approaches to improve the
water oxidation catalysis using the catalytically active {Ru(bda)} fragment as key motive.
The {Ru(bda)} moiety can be regarded as a linear coordination building block for the
construction of metallosupramolecular structures. Within this work, two approaches for the
incorporation of multiple catalytic centers into supramolecular assemblies are investigated.
The catalytic {Ru(bda)} fragments are either incorporated into metallosupramolecular
macrocycles, or are embedded in extended supramolecular aggregates. The macrocyclic
structures can be obtained by using ditopic ligands of the right geometry facilitating the
connection of several ruthenium centers. For the generation of extended aggregates, the
{Ru(bda)} complex fragment can be equipped with axial ligand systems that contain
strongly aggregating subunits, such as perylene bisimides (PBIs). The first approach is based
on the work of Dr. Marcus Schulze that has recently been summarized in a publication on a
metallosupramolecular macrocycle gathering three {Ru(bda)} centers.’> 31 It has been
shown that the incorporation of {Ru(bda)} fragments into such a trinuclear macrocycle has
a beneficial effect on the stability and activity of the catalytic system, which was attributed
to the chelate effect and a prevented self-oxidation. Detailed mechanistic studies have been
performed for this novel catalyst, and it was observed that the incorporation into a cyclic
assembly strongly influences the O—O bond formation mechanism. Furthermore, novel

emergent properties have been observed, which indicated interactions between the
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ruthenium centers. Preliminary density functional theory (DFT) calculations suggested that
those centers might be connected through a hydrogen-bonded water network inside the
macrocyclic cavity.[”*) Accordingly, the distance between the {Ru(bda)} fragments should
strongly affect important molecular properties. A series of differently sized macrocycles has
therefore been developed by using bridging ligands of various lengths, as it is described in
chapter 3.1. To identify trends within the catalyst series, the macrocycles were studied with
regard to their catalytic performance and important optical and electrochemical properties.
In a cooperation with the group of Prof. Mitri¢, DFT calculations on a high-level of theory
were applied in a molecular dynamics (MD) framework, which allows to freely explore the
potential energy surface of the system, to rationalize the experimental findings. Since the
solubility in water becomes significantly reduced with increasing molecular size of the
macrocyclic assemblies, organic co-solvents are therefore always needed to perform the
water oxidation catalysis for the larger macrocycles. To overcome the limited water
solubility of the best performing macrocyclic system, and to enable water oxidation catalysis
in pure water, derivatives of the initial bridging ligand were synthesized that bear hydrophilic
side-chains. The effect of the different solubilizing groups on the overall solubility and the

catalytic activity of the functionalized macrocycles is summarized in chapter 3.2.

The second approach, described in chapter 3.3, pursues the idea of incorporating {Ru(bda)}
fragments into more “loose” supramolecular aggregates. The soft-matter environment is
supposed to act as a stabilizing matrix, because the axial ligand dissociation, which is
regarded as the major catalyst deactivation pathway, might be suppressed. Perylene
bisimides (PBIs) were chosen as an aggregating unit since their aggregation behavior is well-
investigated, and their molecular properties can be tuned easily.” Consequently, different
pyridyl functionalized PBI derivatives were synthesized as axial ligands for the coordination
of the {Ru(bda)} fragment. The influence of the different PBI containing ligands on the
aggregation behavior of the respective complexes was examined using UV/Vis spectroscopy
and microscopic techniques. Moreover, the impact of the different aggregate morphologies
on the catalytic performance has been studied. The insights thus obtained will help to
develop novel design principles for supramolecular catalytic systems that go beyond pure

catalyst optimization.






CHAPTER 2 LITERATURE SURVEY

2.1 Natural Photosynthesis

2.1.1 Photosynthesis and Photosystem Il

In nature, the splitting of water is accomplished by oxygenic photosynthetic organisms such
as green plants, algae and cyanobacteria.”®! Photosynthesis basically consists of a series of
light reactions in which electrons are extracted from water and used to create NADPH that
can be considered as the biological equivalent to molecular hydrogen. During the electron
extraction from water (water oxidation), a proton gradient is created across a membrane,
which acts as the driving force for the ATP synthase to convert ADP into ATP, the energy
carrier of living cells. In a following set of dark reactions, described by the Calvin cycle,
ATP and NADPH are used to build up carbohydrates starting from CO: as a feedstock
(Figure 2).
H,O CO,

Light Reactions Dark Reactions

NADP* 4\

Oz (CH20)n

Figure 2: Schematic representation of chemical conversions performed in a chloroplast under irradiation and
in the dark and how those cycles are interconnected.

The highly sophisticated molecular machinery, responsible for the transformation of sunlight
into chemical energy, is called photosystem. Depending on the species, the photosystem

differs structurally and can be located in different parts of the cell. In the following section,



only the photosynthetic apparatus of green plants will be discussed in detail. Here, the
photosystem is placed in the thylakoid membranes of cell organelles known as chloroplasts.
It consists of two subunits, namely the photosystem I and II, which are each capable of
absorbing different parts of the visible-light spectrum (Figure 3). Both photosystems are
surrounded by chromophore assemblies called light-harvesting complexes (LHCs).**! They
are responsible for absorbing light and funneling the photons to the reaction centers, which
is usually accomplished with quantum efficiencies over 90%.°¢! There is a great structural
variety among LHCs of different species, however, they usually consist of arrays of dye
molecules, such as carotenoid and chlorophyll derivatives.”’" Inside each photosystem,
the special pair, which is composed of two exciton-coupled chromophores, is responsible for
the initial charge separation. The first charge separation takes place in the photosystem II
upon oxidation of the chlorophyll a (Chl a) dimer P680, which creates an electron/hole pair.
The generated hole is filled by an electron that is extracted from the oxygen evolving
MnsCaOs cluster using a pendant tyrosine (Tyr) as a redox shuttle. The corresponding
excited electron is transferred via several plastoquinones (PQ) to the membrane bound
cytochrome bef protein. There it is used to reduce the copper center of a mobile plastocyanine
(PC), concomitantly creating a proton gradient along the membrane that is later used as the
driving force for the ATP synthase to produce the cellular energy carrier adenosine
triphosphate (ATP). The plastocyanine transports the electron to the photosystem I, where it
is used to fill the hole that has been generated by a second excitation process at the special
pair P700. The excited electron from P700 is transferred to a ferredoxin (Fd), which is
responsible for the transportation of the electron to the NADP reductase, where NADPH is
generated by reduction of NADP (NADP = Nicotinamide adenine dinucleotide phosphate).
Finally, the NADPH and the ATP are utilized for the construction of carbohydrates by
reduction of CO2 in a series of dark reactions described by the Calvin cycle.!! The holes
which are accumulated during this entire process at the oxygen evolving cluster become
filled with electrons obtained from water oxidation. Consequently, each absorbed photon
leads to the extraction of one electron from a water molecule. After the extraction of overall
four electrons from two water molecules, elemental oxygen is released as a by-product

during the photosynthetic light reactions at the Mn4CaOs cluster (vide infra).
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Figure 3: Schematic representation of the photosystem of green plants and the electron transfer processes.

2.1.2 The Oxygen Evolving Cluster (OEC)

The successive absorption of four photons, together with the transfer of four electrons and
protons, makes the oxygen generation a very challenging chemical process. It is therefore
regarded to be the bottleneck for the development of artificial photosynthetic systems. In the
natural photosystem II (PSII), a tetramanganese-calcium cluster (Mn4+CaOs), composed of a
Mn3CaOs heterocubane and a pendant oxo-bridged manganese, realizes biological water
oxidation while being embedded into a complex proteinoic environment.’!: 77> 1011 Whereas
the Ca®" can be replaced with Sr** to yield catalytically still active analogues of the OEC,
the Mn centers seem to be indispensable.['% Most probably, nature chose this element
because it provides the most diverse redox chemistry of the highly abundant first-row
transition metals.* 9% 104 Particularly important is the capability of the transition metal to
stabilize O* by z-bonding, and thus the ability to form metal-oxo species as important
intermediates. The OEC can produce oxygen with a turnover frequency (TOF) of 500 cycles
s ! and is stable for 30 minutes.!”>! Therefore, it can achieve 10° turnovers until it has to be
replaced.['% Based on a theory of Kok and co-workers, the oxygen evolving complex passes
four distinct redox states before liberating oxygen. Those states are commonly described by
the Sp-state cycle (Figure 4a), with n being the number of stored oxidizing equivalents

(n=0-4).11% 1071 Each oxidation step follows on the absorption of one photon by the



photosystem II, which initiates an electron transfer chain (vide supra). The hole which is
thus created at the special pair P680, is filled by the proton-coupled oxidation of a pendant
tyrosine residue, which acts as a redox shuttle and is finally extracting electrons from the
Mn4CaO:s cluster. In such a way, starting from the So state with one Mn(I'V) and three Mn(I1I)
ions, the OEC becomes successively oxidized by partially proton-coupled electron transfer
processes (PCET) to the S3 intermediate with all manganese ions in the oxidation
state IV.11% After the generation of the Ss-state, O—O-bond formation takes place followed

by liberation of dioxygen eventually closing the catalytic cycle.

a) e, H" b) 0-0-bond formation step

>/‘ @ 0,, H* nucleophilic attack
hv
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Figure 4: (a) Schematic representation of the S,-state cycle developed by Kok et al. for biological water
oxidation of the oxygen evolving complex of photosystem II. (b) Possible pathways for the O—O bond
formation (Adapted with permission from ref. [74]; copyright (2017) Wiley-VCH).

The states So—S3 can be prepared specifically and were studied in great detail, whereas the
generation of the transient S4 state is extremely challenging since it quickly liberates oxygen
and reforms the So state. First X-ray crystallographic data for the PSII was obtained in
2001,'%! but it took ten additional years until Kamiya et al. were able to elucidate the
structure of the dark-stable S state of OEC with a resolution of 1.9 A (Figure 5a and Figure
5b).[110 I Fyrther studies on the S state revealed that the oxygen atom 5 (O5) shows
dynamic behavior and an equilibrium exists between the closed cubane structure and an open
structure. Sophisticated NMR experiments on '’O-labelled samples and ammonia binding
experiments furthermore revealed that the oxygen atom in this bridge is easily exchangeable,

and that it is one of the sites where water enters the catalytic cycle.!!'> '3 Although, much
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effort has been spent on elucidating the structure of the final oxidation state (S4) and the
mechanism of O-O-bond formation, there are still two major pathways discussed in

51, 77, 101, 114] as recently

literature that significantly differ from each other (Figure 4b),!
summarized by J. Barber.''”) The first discussed mechanism involves the intermediate
formation of a highly electrophilic manganese oxo species that is nucleophilically attacked
by a calcium bound water molecule/hydroxide before dioxygen formation.[!!5!"1In contrast,
in the oxo/oxyl radical coupling mechanism, proposed by Siegbahn et al., a terminal bound
oxyl radical is likely to be formed in the Ss-state that attacks the adjacent p-oxo bridge to
eliminate elemental oxygen.['2122 A powerful tool to gain further insights into this OO
bond formation step might be time-resolved serial femtosecond crystallography using a X-
ray free electron laser (XFEL).['23 124l This technique allows to follow dynamic processes in

crystals upon absorption of light flashes. Although first studies using this technique on the

photosystem II have been reported, the resolution has still to be increased for conclusive

[123, 124]

results.

Figure 5: (a) X-ray crystal structure and bond lengths of the natural oxygen evolving cluster (MnsCaOs) at a
resolution of 1.9 A (Reproduced with permission from ref. [110]; copyright (2011) Nature Publishing Group).
(b) Coordination environment of the natural OEC, and (c) of the mimic by Zhao et al. in which the natural
amino acids are replaced by small organic ligands such as acetate and pyridine (Reproduced with permission
from ref. [125]; copyright (2015) American Association for the Advancement of Science).

Independent on the precise mechanism, adjacent amino acid residues facilitate proton-
coupled electron transfer processes and deprotonation of substrate water molecules by pre-
organizing them appropriately in a hydrogen bonding network.[?®128] The importance of
such highly cooperative supramolecular interactions becomes even more evident by a recent
study of Zhang, Dong and Dau who accomplished the synthesis of an artificial MnsCaO4
mimic that closely resembles the structure of the native OEC (Figure 5¢).['*! In this
structure all the amino acids are replaced by simple organic ligands such as acetate and

pyridine. Although, this artificial model system readily cycles the S-states up to S3, no

11



oxygen evolution could be detected presumably due to the absence of the smart protein
matrix that would help to reduce the overpotential by pre-organizing water molecules and

acting as proton acceptor.
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2.2 Artificial Photosynthesis

2.2.1 State of the Art Ru Water Oxidation Catalysts (WOCs)

The first artificial water oxidation catalyst (1), called the blue dimer, has been reported by
Meyer et al. already in 1982.1°% In this ruthenium polypyridyl complex, two Ru centers are
connected with a u-oxo bridge. Many studies have been conducted on this early example, so
that up to now it is the best understood artificial water oxidizing system. The oxygen-oxygen
bond formation was found to occur via the nucleophilic attack of a solvent water molecule
(WNA) to a Ru-oxo moiety in the Ru" state, whereas the oxidation of Ru'VORu'" has been

129-131] This initial success, together with the multimetallic natural

found to be rate-limiting.!
OEC as a blueprint, lead many scientists to the conclusion that a multinuclear complex is
required to facilitate oxygen generation (Figure 6). Tanaka and co-workers pursued this
approach by introducing non-innocent, redox-active ligands into a dimeric Ru water

132,133] The ruthenium centers have been connected via an anthracene

oxidation catalyst (2).!
or a xanthene bridge, and o-quinone derivatives served as redox-active ligands.!!3#137 They
were able to demonstrate that the ruthenium centers cycle only between the redox state +1I
and +III, whereas the rest of the redox chemistry is performed by the quinone ligands, which
can adopt three different structures: quinone, semiquinone and catecholate.!'*¥4% The next
substantial improvement regarding the catalytic performance, usually expressed in form of
the catalyst’s turnover number (TON) and turnover frequency (TOF), was again achieved
with a dinuclear ruthenium complex. Llobet et al. developed catalyst 3 in which two Ru
centers are connected with a Hbpp ligand (Hbpp = bis-(2-pyridyl)pyrazole).l!4!: 142]
Interestingly, mechanistic studies revealed that for this complex both oxygen atoms of the
released molecular oxygen originate from Ru bound oxygen species and from not the
surrounding solvent molecules. Based on that information it was concluded that the O-O
bond is formed via the intramolecular coupling of two metal oxyl radicals (I2M).l!4?!
Furthermore, it has been shown that small structural changes can influence which

(193] A similar approach was followed by

mechanism is operable for this class of compounds.
Thummel et al. who connected two Ru centers with an equatorial chelating ligand. However,
the most interesting observation in this study was that the mononuclear reference
compound 4 is also capable of oxidizing water.!!*! Detailed kinetic studies for this complex
revealed that the O—O bond is formed upon the nucleophilic attack of water to a [Ru¥=0]*"

species and it has thus been proven that a single reaction site is sufficient for water

13



oxidation.!'*) This was the first example of a mononuclear water oxidation catalyst and since
then a lot of other groups have followed this promising approach.[’> 1) Other successful
examples following this strategy have been reported for instance by Meyer with the complex
[Ru(tpy)(bpm)OH2]** 5 (bpm = 2,2'-bipyrimidine)!'*’-1**) and Sakai with the closely related
complex [Ru(tpy)(bpy)OH2]*".11% For the latter, detailed studies have been performed by
the group of Berlinguette regarding the influence of electronic effects on the performance,

the rate-determining step, and the reaction mechanism by introducing electron donating and
[151]

withdrawing side chains.

. (TOF 3251/ TON 2000)
4 (TOF 0.031s™'/ TON 8)

(TOF 0.014 s~ / TON 260) 2008

(TOF 0.014 5!/ TON 512) m Sun
(TOF n.d./TON 21) Meyer/Sakai/Berlinguette
(TOF 0.004 s’1 / TON 13) Thummel

Tanaka

Meyer

Figure 6: Important developments in the field of Ru water oxidation catalysts in chronological order.

A breakthrough was reported with the synthesis of the [Ru(bda)(pic)2] catalyst 6 by Sun
et al. and the demonstration that this mononuclear complex catalyzes the oxygen-oxygen
bond formation via the coupling of two metal oxyl radicals.!>?! Its remarkable catalytic
efficiency can be ascribed to the dianionic chelate bda ligand that reduces the oxidation
potential of the ruthenium centers providing access to high oxidation states (bda = 2,2'-
bipyridine-6,6'-dicarboxylate).[*! Furthermore, the octahedral geometry of [Ru(bda)(pic):]
is distorted in a favorable way by the equatorial chelate ligand with an obtuse O—Ru-O angle
of ~124°. This deviation by 34° from a perfect rectangular arrangement opens up a seventh
coordination site that is crucial for substrate water binding. The discovery of this catalyst
and the easy manipulation of the axial ligands initiated the development of a whole class of
catalysts based on the {Ru(bda)} fragment, which are among the best homogeneous water

oxidation catalysts to date.l*”]
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2.2.2 Mechanisms for O-0 Bond Formation

The basic mechanisms discussed for artificial water oxidation catalysts (WOCs) are the same
as those previously discussed for the oxygen evolving complex of PSII. Sometimes subtle
structural variations of the catalyst may lead to a complete change in the reaction mechanism
as it has been shown by Sun and co-workers. The parent [Ru(bda)(pic)2] complex 6 (pic =
4-picoline) oxidizes water following a bimolecular pathway (I2M) that involves radical
coupling of two metal-oxo species before dioxygen release (Figure 7) with a turnover
number (TON) of 1200 and a turnover frequency (TOF) of 4.5s 1.1 Theoretical
investigations revealed that the intermediate ruthenium(V) oxo species exhibits a distinct
oxyl radical character facilitating radical coupling inevitable for O—O-bond formation.
However, for the closely related [Ru(pda)(pic)2] catalyst 7 a switch of the reaction
mechanism from I12M to the water nucleophilic attack mechanism (WNA) occurs (pda =
1,10-phenanthroline-2,9-dicarboxylate).’! Interestingly, rigidifying the dihedral angle of
the bipyridine moiety by introducing a vinylene bridge seems to reduce the overall
reorganization energy of forming the transition state, enabling a low activation barrier for
the water nucleophilic attack. This WOC indeed catalyzes water oxidation by a nucleophilic
attack of a substrate water molecule at the high-valent {Ru(V)=0}-intermediate that is
initially generated by proton-coupled electron transfer processes (Figure 7), however with

decreased catalytic activity (TON = 310; TOF 0.1 s ").[%

@ O-0 bond formation step
A A
| L

/_,\} N_/ RuV—0 O—RuVv Rﬁzg Qo“‘\‘\H /— : N_/
OZomRi~g=0 0 0 & ~H O o—Ri~g™©
+
N l i l N
. | RuV-0 Ru'—0 X |
0-Ruv ‘l l* O-H
TON = 1200 TON =310
6 TOF=45s 0=0 TOF=01s" '

Figure 7: Two archetypical mononuclear Ru WOCs representing the two pathways for O—-O bond
formation "% (Adapted with permission from ref. [74]); copyright (2017) Wiley-VCH).

Although WOCs proceeding via an I2M mechanism usually exhibit higher catalytic
activities compared to systems following a WNA pathway, the bimolecular reaction

mechanism prevents applications under highly diluted conditions or on heterogeneous
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surfaces on which diffusion-limited collision of two metal oxide subunits becomes
unlikely.[">¥ The development of highly active WOCs operating under a unimolecular WNA
mechanism is thus highly desirable although a specific manipulation is extremely
challenging. Whereas the rate of water oxidation can readily be accelerated for 12M
operating catalysts, e.g. by bringing the catalytic centers into spatial proximity, the
optimization of WOCs with a WNA mechanistic pathway is rather ambitious since the
reactivity of substrate water molecules has to be manipulated, e.g. by pre-organizing them
appropriately in a hydrogen bonding network. Therefore, a series of complementary
techniques is necessary to experimentally assess such weak supramolecular interactions that

are best investigated by quantum mechanical studies on a high level of theory.

2.2.3 Techniques to Study the Water Oxidation Reaction

To study the performance and mechanism of water oxidation catalysts, the reductive half-
reaction can be replaced using a sacrificial oxidant. Most commonly, the strong one-electron
oxidant cerium(I'V) ammonium nitrate (CAN) is used. With a reduction potential of 1.75 V
vs. NHE at pH 0.9 (NHE = Normal Hydrogen Electrode), it provides enough overpotential
to drive the water oxidation reaction which thermodynamically requires at least 1.23 V vs.
NHE.["** Compared with other oxidants, such as potassium peroxomonosulfate (oxone) and
sodium periodate, the big advantage of CAN is that it is generally considered innocent,
whereas for the other oxidants it was observed that some of their oxygen atoms can be found

in the liberated molecular oxygen.['*

For photocatalytic experiments usually the
photosensitizer [Ru(bpy)3]*" is applied,!>*158) together with a sacrificial electron acceptor
such as [Co™(NH3)sCI]** or sodium peroxodisulfate (Na2S20s).[112 In any case, four
equivalents of a one-electron oxidant are required to generate one oxygen molecule. Instead
of using a sacrificial oxidant, the catalysts can also be tested under electrocatalytical
conditions using foot of the wave analysis of cyclic voltammograms and bulk-

electrolysis.!163-166]

2.2.3.1 Detection of Oxygen

The generation of oxygen can be monitored using different analytic techniques. With
pressure transducers, the increase of pressure in a sealed reaction vessel can be determined
which is the consequence of transforming liquid water into gaseous oxygen

molecules.!'"1%1 Using the ideal gas law (eq. 4), the amount of evolved oxygen (An) can be
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calculated based on the pressure difference (Ap), the volume of the reaction vessel (V), the

temperature (7), and the ideal gas constant (R).

An = — (4)

This technique has the advantage that it is cheap, has a good time-resolution, and that it
allows several experiments to be performed simultaneously. However, it provides no
information on the composition of the released gas. For some catalysts oxidative degradation
of the organic ligands to CO:x is reported, which cannot be discriminated based on pressure
data.['7% 171 Therefore, this technique is best combined with gas chromatographic analysis
of the reaction head space after the oxygen evolution has ceased. The detection can either be

performed by mass spectrometry or a thermal conductivity detector (TCD).[!7%-172]

Furthermore, the sensitivity of the pressure sensors is limited, for what reason reactions with
only little oxygen evolution, like for photocatalytic applications, become difficult to study.
Therefore, a Clark electrode can be used, which is capable of measuring dissolved oxygen

1731 Since this method can only

by the electrocatalytical reduction at a platinum cathode.!
detect dissolved oxygen, it can be regarded as a complementary technique to the one
described priorly.'”* Another method to study reactions with little amount of evolved
oxygen is an indirect one. Using UV/Vis absorption spectroscopy, the consumption of the
oxidant can be studied if it exhibits a characteristic UV/Vis absorption. By applying the
Beer-Lambert law (eq. 5), the change of the oxidant concentration (Ac) can be calculated
from the absorption changes (AA4), the path length (d) and the extinction coefficient of the
oxidant (¢). By correcting for the amount of electrons that can be accepted per oxidant
molecule (e.g. 1 e for CAN), and that are required to oxidize two molecules of water to
generate one molecule of oxygen (4 e7), the amount of evolved oxygen can easily be

calculated.!'49: 173 176]

= 5)
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2.2.3.2 Kinetic Analysis

To elucidate the mechanism of water oxidation, kinetic experiments are usually performed,
which help to identify the rate-determining step (rds).[6* 7% 4% 1771 [f the O—O bond formation
is rate-determining, both basic mechanisms can in principle be discriminated via
concentration-dependent measurements regarding the catalyst. For the bimolecular 12M
pathway a quadratic dependence is expected, whereas a linear relationship is observed for
the monomolecular WNA mechanism. By variation of the oxidant concentration, it can
furthermore be identified if an oxidation process is rate-determining. Moreover, H/D kinetic

131, 178, 179] However
2

isotope effects (KIEs) reveal if a proton-release occurs during the rds.!
if any of the reaction steps which occur before the O—O bond formation is rate-determining,
kinetic experiments fail to distinguish between both pathways. In such cases the mass
spectrometric analysis of the elemental oxygen that is evolved by catalysts bearing '*0

1.1180-1821 By the analysis of the isotopic

labeled aqua/hydroxo ligands is a powerful too
composition of dioxygen, the two pathways can be differentiated by the source of the oxygen
atoms of the evolved oxygen molecules. In case of a bimolecular 12M mechanism,
monoisotopic oxygen is expected, whereas a mixture of isotopes is representative for a
monomolecular WNA mechanism in which the O—O bond is formed between a metal-oxide

and substrate water molecule.

2.2.3.3 Further Methods

Further information regarding the oxidation state of important intermediates and the resting
state of the catalysis can be obtained by a wide range of spectroscopic techniques such as
UV/Vis absorption spectroscopy and spectroelectrochemistry,12% 183185 nyclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR) spectroscopy,!!3¢-1°!l and near
edge X-ray absorption fine structure (NEXAFS or XANES).!!88-1911 Additional information
about changes that might occur in the ligand sphere can be derived from mass
spectrometry.[70 152 176. 1921 However, it is not possible by these conventional techniques to
gain any insights into weak ligand interactions in the second coordination sphere that play

126-128] and artificial [1°%1°7] water oxidation catalysis. Therefore,

an important role in natural !
more sophisticated methods such as infrared predissociation spectroscopy have to be
applied. Only recently, a hydrogen bonding water network could be substantiated in the first
solvation shell of a [Ru(tpy)(bpy)OH2]*>" water oxidation catalyst using infrared pre-

dissociation spectroscopy in vacuo on mass selected clusters with different amount of

18



Chapter 2 Literature Survey

associated water molecules.['”?] It was shown that strong hydrogen bonding is promoted by
an electron transfer from the hydrogen atom of the aqua ligand to the Ru—OH:2 bond and the
propagation through subsequent solvation shells highlights the role of the hydrogen-bonded
water network for proton-coupled electron transfer processes. Similarly, Weber et al.
managed to study the solvatochromism of the same mass selected catalyst-water clusters
using photodissociation spectroscopy and it has been observed that four water molecules are

sufficient to obtain spectra that closely resemble those of the bulk solution.!'*¥

2.2.3.4 Theoretical Chemistry!

Besides elaborate experimental techniques, theoretical studies are another option to further
advance this field. Conventionally, intermediates and transitions states along a proposed

reaction coordinate are calculated to determine crucial reaction barriers.[8: 198201

I However,
the quantum chemical description of weak supramolecular interactions, such as hydrogen
bonding, on a high level of theory is rather challenging. Here, advanced theoretical methods
are required to accurately describe the interaction of catalysts with solvent water molecules
to fully understand the different reaction mechanisms and the influence of weak non-
covalent interactions that may result in conformational changes and cooperative effects.
Density functional theory (DFT) calculations have generally been proven to be an adequate
choice for the theoretical description of such complex systems.?>2%] However, these
calculations are still based on an intuitive guess for the possible reaction coordinates that
might be less feasible for unraveling the catalytic cycle in supramolecular structures. On the
one hand, both experimental and theoretical studies have shown the importance of the
distinct solvation shell surrounding the active center that has to be included in the
calculations. On the other hand, cooperative effects between multiple reactive centers have
to be taken into account, but are difficult to predict. A powerful tool for the description of
large WOC assemblies is the QM/MM approach that allows for an explicit ab initio quantum
chemical consideration of the molecular systems and solvation shells playing an active part
in the catalytic cycle, while the “unreactive” water environment can be described more
approximately using classical force fields. In combination with molecular dynamics (MD)
simulations, all possible reaction pathways can in principle be revealed since the system

freely explores the potential energy surface. However, since overcoming reaction barriers is

! This section has been written by M. 1. S. R6hr and was part of the publication:
[74] V. Kunz, D. Schmidt, M. L. S. Rohr, R. Mitri¢, F. Wiirthner, Adv. Energy Mater. 2017, 7, #1602939.
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a rare event if the barriers are even only moderately high, quite long simulation times might
be needed to identify the possible reaction steps and intermediates. Therefore, in order to
sample reaction pathways in large supramolecular systems some sort of accelerated MD is
needed. One possibility to enhance the sampling efficiency is the metadynamics approach
developed by Parrinello and co-workers in which the system is forced to escape local minima
that usually occur along the energetically most favorable reaction channel.l>*! Fabris et al.
have employed such simulations to reveal a novel catalytic cycle in the water splitting
reaction of a Ru(Il)-pincer complex that has considerably lower activation energies than
pathways previously proposed by other approaches.?*”) Furthermore, they point out the
general importance of an explicit description of the solvent molecules for a predictive

modeling of chemical reactions that involve its active participation.
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2.3 Supramolecular Approaches in Artificial
Photosynthesis?

2.3.1 Accelerating Bimolecular Catalytic Water Oxidation

In this part, supramolecular approaches are discussed which were applied to enhance the
activity of {Ru(bda)}-based catalysts that follow a bimolecular I2M mechanism (Figure 8).
Kinetic experiments for the parent [Ru(bda)(pic)2] complex revealed that the rate-
determining step is bimolecular regarding the catalytic ruthenium species and independent
of the oxidant concentration.!'>? Further support for the I2M mechanism was provided by
the isolation and X-ray crystallographic characterization of the dimerized intermediate
u-(HOHOH)[Ru'(bda)(pic)2]2 (PFs)3, in which two molecules of 6 are bridged by hydrogen
bonds between an aqua ligand at one catalytic center and a hydroxide ligand on the other
(Figure 8b). Since the reaction rate for this type of catalysts is limited by the dimerization
of two ruthenium centers, strategies that facilitate the interaction of two catalytic subunits

were developed to improve the water oxidation performance.

One approach focuses on increasing the local catalyst concentration, for instance, by
encapsulation of 6 into confined nano-cages such as mesoporous silica.l**®! Therefore silica
materials with varying pore sizes were investigated that can accommodate a different
number of catalyst molecules. The catalyst loading was monitored by UV/Vis spectroscopy,
and the catalytic units were trapped inside the voids by reducing the pore sizes through
silylation of the inner walls. By increasing the average number of catalyst molecules per
cage from one to seven, an enormous increase in catalytic activity was observed, which was
not the case for the structurally related reference complex [Ru(pda)(pic)2] 7 that follows the
unimolecular WNA mechanism. Similarly, the direct linkage of two or more catalytic centers
by metallosupramolecular coordination chemistry has been proven to be a promising
approach to increase the water oxidation performance.l**”) This concept should allow
efficient catalysis under high dilution and conditions under which diffusion is limited, like

for example as electro-catalysts on anode surfaces which otherwise are not compatible with

2 This chapter was partly communicated in:
[74] V. Kunz, D. Schmidt, M. 1. S. Rohr, R. Mitri¢, F. Wiirthner, Adv. Energy Mater. 2017, 7, #1602939.
(Reproduced with permission; copyright (2017) Wiley-VCH)
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an I2M mechanism. Thus, several dinuclear WOCs have been reported and it was claimed
by the authors that the right intramolecular distance between the ruthenium centers, together
with a certain structural flexibility of the bridging ligand, are vital for promoting the crucial
dimerization step resulting in highly active catalysts such as complex 8 (TON = 40,000; TOF
= 405s1).129 And indeed, if a more rigid xanthene unit was used as the spacer for the
construction of a Ru(bda) dimer, a complex was obtained that is not capable of following

(2101 To pursue this

the radical coupling mechanism and thus shows only low performances.
approach, the trinuclear complex 9 has further been synthesized that contains a third catalytic
subunit as an additional backup and indeed a doubled TON of more than 86,000 turnovers
has been measured in this case.*'!) Generally, it has to be mentioned that benzyl pyridyl
functionalities can become oxidized easily under harsh reaction conditions like they are
applied in water oxidation catalysis. Hence, it has to be mentioned that the highest catalytic
rate for 8 can only be observed after several minutes indicating that this catalyst might
initially undergo structural changes. Oxidation of the organic ligand sphere can lead to
catalytically active side-products or even highly active RuO: nanoparticles, like it has

(171, 2121 Therefore, for all

recently been observed under electro catalytic conditions.
complexes with organic ligand scaffolds that are prone to oxidative degradation, it has to be
scrutinized if the initial structure represents the real catalytic species or just a pre-

catalyst.[213214]

Alternatively, the interaction of two catalytic units can be enhanced by the use of ligands
which direct aggregation in aqueous solutions. By exchanging the axial 4-picoline ligands
by isoquinoline, complex 10 was synthesized which exhibits a drastically increased catalytic
activity with a TOF of > 300 s™!, making it able to compete with the activity of the natural
oxygen evolving cluster.l®¥ Obviously, the larger z-surface of isoquinoline leads to a much
stronger dimerization tendency in aqueous medium due to an increased hydrophobic effect,
bringing two {Ru(V)=0} centers in spatial proximity. Therefore, the rate of bimolecular
radical coupling is significantly accelerated as it has also been corroborated by density
functional theory (DFT). The introduction of methoxy groups at the isoquinoline ligands
leads to a slightly slipped aggregate geometry, giving rise to a dimeric transition state
structure that makes the O—O bond formation even more favorable, resulting in an increased

“1I2151 A very similar effect and

activity for catalyst 11 with a TOF around 900 cycles s
performance is obtained by the introduction of fluorine substituents at the same position

(12). The high turnover frequencies have been ascribed to the hydrophobic nature of the

22



Chapter 2 Literature Survey

halogen substituent, since no strong impact on the electrochemistry of the complex has been
observed.[>!9 If, on the other hand, positively charged substituents are introduced into the
axial ligands, the catalytic activity drops dramatically to only 9 s™' due to coulombic
repulsion which hinders the formation of an encounter complex (13).2!* The replacement of
the isoquinoline ligands with 6-bromophthalazine (14) leads to the most stable ruthenium
WOC known so far with a TON > 100,000.!*) This was rationalized by the hydrophobic
effect of the bromine substituent and decreased dissociative degradation of the catalyst. A
correlation between the ruthenium-ligand binding strength and the HOMO of the
dissociating ligand has been identified with DFT calculations, and due to the energetically

high lying HOMO of the phthalazine (ptz) ligand those complexes are most stable.!16%]
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Figure 8: (a) Structures of homogeneous ruthenium water oxidation catalysts based on the {Ru(bda)} complex
fragment. (b) X-ray crystallographic structure of the isolated u-(HOHOH)[Ru'V(bda)(pic):]» dimer of 6
(Adapted with permission from ref. [152]; copyright (2009) American Chemical Society). (c¢) Formation of
vesicles by molecules 15 and 16 with different structures and reaction pathways (Adapted with permission
from ref. [187]; copyright (2016) Wiley-VCH).
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Self-assembly has also been utilized to manipulate the O—O bond formation step by
exploiting the intrinsic structural information of the axial ligands (Figure 8¢).'8”) For
instance, complexes 15 and 16 form vesicular structures in pure water once reaching the
critical aggregation concentration of ~107® M, as it has been proven by monitoring the
fluorescence enhancement of Nile Red upon encapsulation. Although the diameter of the
individual vesicles of both complexes was estimated to approximately 100 nm by dynamic
light scattering and electron microscopy, different supramolecular aggregation modes were
assumed for both amphiphilic ligand systems giving rise to different supramolecular
membrane structures. The hydrophilic parts of the sulfonated pyridines of complex 15 were
expected to pile with each other, bringing the ruthenium centers into close spatial proximity
that is ideal for an intramolecular I2M water oxidation pathway. In contrast, the pyridine
ligands of complex 16 that are equipped with ethylene glycol side chains most likely
aggregate in an alternating fashion, resulting in well separated ruthenium centers that are not
accessible anymore for a bimolecular coupling reaction and thus, water oxidation proceeds
via the WNA mechanism. Indeed, divergent electron paramagnetic resonance (EPR)
spectroscopic behavior was elaborated for both vesicular WOCs indicative for different
resting states and mechanistic pathways although both systems exhibit comparable catalytic
activities in cerium(IV) ammonium nitrate (CAN) driven water oxidation catalysis. After
addition of 20 equivalents of CAN to the catalyst solutions, 15 rests in a paramagnetic Ru(I1I)
or Ru(V) state, whereas 16 does not exhibit any EPR signal under the same reaction
conditions presumably due to a Ru(IV) resting state. Further evidence for the individual
mechanisms proposed for 15 (I2M) and 16 (WNA) is provided by concentration dependent
measurements of the oxygen evolution and by evaluating the respective rate laws.
Accordingly, complex 16 exhibits a linear dependency on the catalyst concentration that is
in line with a unimolecular WNA mechanism, whereas a quadratic dependency is observed

for complex 15 as it is characteristic for the bimolecular [2M mechanism.

A further approach is the incorporation of WOCs into coordinatively linked materials via
additional metal binding of functionalized ligands. Using this strategy, it was possible to
create a good heterogeneous catalytic system connecting the {Ru(bda)} system with axial

s.2171 Another way to obtain a

ligands bearing carboxylic acid groups 17 with Al(III) cation
heterogeneous system based on homogeneous catalytic precursors is the immobilization of
catalyst molecules on unmodified silica gel as shown by Konig.*'®! By applying this

strategy, it was possible to perform the water oxidation catalysis in pure water with the
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[Ru(bda)(ptz):] catalyst deposited onto silica particles, whereas for the application of this
catalyst in homogeneous solution considerable amount of organic co-solvents is been
required. However, the effect of the immobilization on the reaction mechanism has not been

studied.

2.3.2 Accelerating Unimolecular Catalytic Water Oxidation

Accelerating the rate of water oxidation for catalysts that operate via the unimolecular WNA
mechanism is particularly challenging since the nucleophilic attack of water is rate limiting
in most cases and thus the interaction of the catalytic center with solvent water molecules
has to be improved. This can principally be achieved by the introduction of pendant bases

like carboxylates close to the reactive center (Figure 9).

b) X-ray structure of 18

c) transition state for O-O
bond formation of 21

Sl i
4 2 a
22 proposed O-O bond

formation step of 23

Figure 9: (a) Structures of homogeneous ruthenium water oxidation catalysts operating via an unimolecular
reaction mechanism. (b) X-ray crystal structure of complex 18 (Adapted with permission from ref. [144];
copyright (2005) American Chemical Society). (c) Water nucleophilic attack transition state of complex 21
calculated with DFT (Adapted with permission from ref. [219]; copyright (2015) American Chemical Society).
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Such bases may pre-coordinate water molecules for the nucleophilic attack at the high-valent
{Ru(V)=0}-intermediate, thus lowering the activation barrier of the rate-determining step.
Furthermore, they may assist as intermediate proton acceptors in proton-coupled reaction

1781 Both of these concepts are

steps like PCET processes or water nucleophilic attack.!
inspired by nature, where the oxygen evolving cluster of PSII is embedded into a proteinoic
environment that manipulates the reactivity of solvent water molecules by forming an

extensive hydrogen bonding network.

The first catalyst based on this strategy, that is also one of the first single site ruthenium
WOCs, was reported by Thummel, Fujita and co-workers who introduced a polydentate
ligand to give [Ru(OHz2)(npm)(pic)2]** 18 (npm = 4-tert-butyl-2,6-di-(10,80-naphthyrid-20-

).[143] The single crystal X-ray structure of this mononuclear complex in the

yl)-pyridine
Ru(Il) state revealed that the coordinated aqua ligand is additionally hydrogen-bonded to
one of the free naphthyridine moieties promoting proton-coupled reaction steps (Figure 9b).
The influence of pendant bases on the catalytic efficiency was further studied by the same
groups synthesizing two coordination isomers 19a/19b of [Ru(tpy)(pynap)(OH2)]*" with
different orientations of the asymmetric pynap ligand (tpy = 2,2";6',2"-terpyridine,
pynap = 2-(pyrid-2'-yl)-1,8-naphthyridine).??”! The pKa value of the pynap ligand should
principally be advantageous for the formation of hydrogen bonding interactions between the
aqua ligand and the non-coordinating pyridyl moiety as it is assumed for isomer 19a with its
free base adjacent to the aqua ligand. Interestingly, this isomer has a significantly reduced
activity in catalytic water oxidation compared to its isomer 19b with the pendant base
oriented opposite to the coordinated water molecule. The authors hypothesize that different
stabilities may account for this behavior, since oxidative decomposition of the organic ligand
system to CO2 was observed for catalyst 19a performing gas chromatography of the reaction
head space. Furthermore, it seems to be very likely that the pendant base is constantly
protonated under the applied reaction conditions (CAN in acidic aqueous solution)

preventing an efficient proton relay.

That an appropriate balance between the pH value of the environment and the pKa of the
adjacent base is of great importance for this supramolecular concept was demonstrated by

t.121% 2211 Schwalbe et al. reported the hangman-type

the groups of Schwalbe and Llobe
ruthenium complex 20 in which a dangling carboxylic acid group is closely located to the

catalytic side of the Ru center. This complex exhibits only poor catalytic activity under acidic
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reaction conditions using CAN as the sacrificial electron acceptor.l??2! However, electro-
chemical studies at pH 3—7 revealed that the carboxylic acid residue can indeed act as a
proton shuttle accelerating catalytic water oxidation, if it readily can equilibrate between its
protonated and deprotonated form.??!! Llobet et al. synthesized the closely related complex
[Ru(tda)(py)2] 21 (tda = 2,2":6'2"-terpyridine-6,6"-dicarboxylate) with the pendant
carboxylate groups located at the equatorial position.[*!” In the Ru(II) state of this complex,
all three nitrogen atoms and one of the carboxylates of the tda ligand are coordinated to the
ruthenium center with the second carboxylate moiety being accessible for proton transfer
reactions. Under basic conditions at pH 10 this complex exhibits an impressive performance
as electro-catalyst with a TOF of 50,000 s ' and a Faradaic efficiency of 92% as it has been
determined with foot-wave analysis of cyclic voltammograms and bulk electrolysis. Using
DFT calculations it was shown that the activation barrier for the nucleophilic attack of water
at the {Ru(V)=0} intermediate, that is accompanied by proton abstraction, can significantly
be reduced by an intramolecular proton transfer and the pre-organization of the incoming
water molecule (Figure 9c¢). Thereby, the intramolecular arrangement has a considerably
greater influence than the threefold increase in catalytic activity that can be observed upon

addition of external bases.

Very recently, Concepcion and co-workers reported a new phosphonate substituted WOC
[Ru(bpaH2)L2] 22 that is equipped with an equatorial tetradentate bpaH2 ligand (bpaHz =
2,2'"-bipyridine-6,6'"-diylbis(hydrogen phosphonate)).>*] This novel ligand system is a strong
electron donor and capable of charge compensation upon oxidation of the ruthenium center
by deprotonation of the phosphonic acid groups. Consequently, higher ruthenium oxidation
states are more easily accessible since this complex is either neutrally or even negatively
charged. Furthermore, the deprotonated phosphonic acid groups are able to assist as auxiliary
bases in the proton-coupled electron transfer events (PCETs). Those steps include the
primary binding of the first water molecule {Ru(IV)} — {Ru(IV)-OH}, that is assumed to
be rate-determining, or the fast O—O bond formation step by nucleophilic attack of a water
molecule {Ru(V)=0} — {Ru(III)-OOH}. For the latter process, DFT calculations suggest
that the phosphonate groups are acting as initial proton acceptors, significantly lowering the

activation barrier.
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Masaoka et al. proposed that besides free water molecules also {Ce(IV)-OH} species may
react with the ruthenium oxide intermediate in CAN driven water oxidation experiments.
They introduced sulfonate groups into the ligand sphere of [Ru(tpy)(bpyms)(OH2)] 23
(bpyms = 2,2'-bipyridine-5,5'-bis(methane sulfonate)) as potential binding sites for
cerium(IV) ions to pre-organize the nucleophilic Ce(IV)-hydroxide species. Catalytic water
oxidation experiments revealed a slightly accelerated reaction rate for 23 compared to a non-
sulfonated analogue. Furthermore, the addition of free p-toluenesulfonic acid as a

competitive binder for {Ce(IV)-OH} lead to decelerated catalytic water oxidation.!8% 2241

2.3.3 Metallosupramolecular Ru Macrocycles as Water
Oxidation Catalysts

Another approach is based on metallosupramolecular macrocycles which are a favored class
of supramolecular architectures.!*?>?2”) The incorporation of catalytic ruthenium subunits
into macrocyclic structures can be used to increase the stability of the catalyst itself with the
potential side benefit of cooperative effects between the catalytic centers in such multi-
nuclear structures. Axial ligand dissociation, that is a commonly accepted degradation
pathway, can be suppressed in cyclic arrangements by the chelate effect of the bridging
ligand and degradative ligand oxidation can be considerably reduced due to steric constrains

that only allow small molecules like water to reach the catalytic centers.[6% 227]

The first example of a macrocyclic Ru WOC has been reported by Wei and co-workers
(Figure 10).122% However, this catalytic system (24) showed only a very low activity with a
TOF 0f 0.027 h™! and the mechanism was not studied in detail. The concept was furthermore
used by the same group for the construction of an iridium analogue which had been applied

(2291 At about the same

in heterogeneous water oxidation catalysis due to its low solubility.
time, the incorporation of {Ru(bda)} fragments into a dinuclear macrocycle 25 has been
published in a Chinese patent, and only the synthesis and X-ray crystallographic
characterization but no catalytic studies have been reported.**”) However, the crystal
structure itself is interesting since it shows that in this cyclic arrangement the {Ru(bda)}
centers do not point towards each other and thus most likely cannot interact. Another
example for a macrocyclic water oxidation catalyst has been published by Llobet and co-

workers, who linked two Ru-Hbpp catalyst units using {Fe(tpy)2} coordination.!**”]
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Unfortunately, this approach failed because under the oxidative conditions Fe(II) is readily
oxidized to Fe(IIl) which leads to a breaking of the {Fe(tpy)2} connection and thereby to a
disassembly of the cyclic system 26.

Figure 10: Overview about macrocyclic Ru water oxidation catalysts reported in the literature.

In 2016, our group has reported the incorporation of the catalytically active {Ru(bda)}
complex fragment into a novel trinuclear metallosupramolecular macrocycle (MC3).[°% It
was the first report in which the “macrocycle approach” has been proven to significantly
increase the catalytic performance (TON = 7,400; TOF = 150 s™!). The chelate effect of the
bridging ligand and the reduced self-oxidation due to steric constraints that only allow small
molecules to reach the catalytic center have been considered to be responsible for the
improved stabilities. The O—O bond formation via an 12M mechanism, which is generally
observed for other WOCs based on {Ru(bda)}, is prevented in such a cyclic structure due to

the fixation of the catalytic sites within the macrocycle. With the help of kinetic studies,
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redox-titrations, and '80 labelling experiments, the water nucleophilic attack (WNA)
mechanism was found to be operating for this novel catalyst. The exceptionally high activity
of this macrocyclic catalyst operating via the WNA mechanism has been explained with a
hydrogen-bonded water network that exists inside the macrocyclic cavity according to DFT
calculations. This should result in a lowered activation barrier for any reaction step that
involves the abstraction of protons, and furthermore might help to direct the substrate water

to the reaction center making the nucleophilic attack more favorable (Figure 11).
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Figure 11: (a) Structure of the macrocyclic water oxidation catalyst MC3. (b) Hydrogen-bonded water network
inside the cavity of [Ru'Y—OH(bda)(bpb)]; calculated with DFT (Reproduced with permission from ref. [93];
copyright (2016) Nature Publishing Group).
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2.4 Supramolecular Catalyst-Photosensitizer
Assemblies

2.4.1 Soluble Assemblies of Catalysts with Photosensitizers

Supramolecular approaches cannot only be used to manipulate the catalyst itself. Some effort
has been spent to create efficient light-harvesting arrays that are capable of absorbing light
over the whole visible spectrum using multichromophoric arrangements or dye-aggregates
as it is also done by the natural light harvesting complexes.!** 232341 However, within this
chapter only supramolecular strategies to improve the interplay between catalysts and
photosensitizers are discussed in detail. The interaction of ruthenium catalysts with
photosensitizers can be achieved in different ways.[!6!: 1622351 The most simple approach is
to add both components into a solution containing a sacrificial electron acceptor and let them
interact in a diffusion controlled manner.['”!> 192 236-238] However, the electron transfer is
much more efficient if those two units are fixed in close proximity. The most prominent

strategy to achieve this, is connecting them using coordination chemistry (Figure 12).124 162

239-2411 There are some systems known in which the photosensitizer and the catalyst unit are

d.[242:243] Thjs leads to new

connected to the same ligand or the ligands are highly conjugate
molecular properties and the individual properties of the metal centers are not retained.
Therefore, regarding the definition of supramolecular assemblies by Balzani, they are
considered as one entirely new molecule rather than a supramolecular connection of two

molecules, and are not discussed in detail here.[**4!

Meyer and co-workers connected a {Ru(bpy)s}** photosensitizer moiety via an amide bond
to a [Ru(tpy)(bpy)OH2]*" water oxidation catalyst.?**! This presents an easy synthetic
strategy to connect those two units while retaining the molecular properties of both
components including the catalytic activity using Ce'" as a sacrificial reagent. However, no
photocatalytic water oxidation was demonstrated in solution for this assembly 27. Another
assembly 28 was developed in the same group in which a {Ru(bpy)s}?" unit is connected to
a ruthenium complex bearing an N-heterocyclic carbene ligand.***) Again the properties of
the individual components were retained. Although no photocatalytic oxidation has been
shown for this assembly a distinct increase in catalytic activity was observed compared with
the catalyst fragment alone under Ce'Y driven conditions, which was attributed to a redox

mediator effect of the chromophore unit. A phosphonic acid derivative of this complex
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deposited onto a TiO2 surface was capable to split water at an external bias of 600 mV and
irradiation at 450 nm.[**”) The first coordinatively linked system that was capable to split
water under photocatalytic conditions in solution was developed by Sun and co-workers.
Using an amide linkage, a {Ru(bpy)s}*" unit was connected to a pyridine. Two of those
functionalized pyridines can act as axial ligands for a [Ru(bda)L:] type catalyst to form the
desired chromophore-catalyst assembly 29.1248] Using sodium peroxodisulfate as a sacrificial
electron acceptor, photocatalytic oxygen evolution could be demonstrated (TOF 4.7 min ™',
TON 38). The activity in the coordinatively linked system was five times higher than in a
reference experiment using the unconnected components under the same conditions. By
shortening the bridge between the catalyst and the chromophore in complex 30, the activity

was further increased up to a TON of 207 due to a more efficient electron transfer.[>*]
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Figure 12: Different examples for catalysts-photosensitizer assemblies formed by coordination chemistry.

Moreover, detailed transient absorption spectroscopy studies have been performed for the
triad 30 to gain insight into the photochemical processes (Figure 13). It has been shown that
after excitation of the {Ru(bpy)z}*" moieties and very fast relaxation into their "MLCT state,
oxidative quenching by the connected {Ru(bda)} moiety can occur. After 150 ps an optical
signature appeared that is characteristic of a reduced {Ru(bpy)s3}" species, which showed a
lifetime of several microseconds but decayed much faster in the presence of the electron
acceptor S20s%>". However, this electron transfer pathway, leading to the desired catalyst
oxidation, was found to occur only with a yield of 5-10% due to an outcompeting pathway.
The deactivation mainly proceeds via an energy transfer from the excited *{Ru(bpy)s}**

photosensitizer to the {Ru(bda)} moiety and subsequent relaxation to the ground-state.
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Figure 13: Energy level diagram and overview about processes (with related rate constants) occurring upon
excitation of 30.13°! For the sake of clarity only one of the two {Ru(bpy)s;}>" moieties is shown.

Another way to combine the photosensitizer and the catalyst is to use host-guest chemistry
(Figure 14a). Sun and co-workers equipped a [Ru(bpy)s]** derivative with a cyclodextrin
host that has a high binding affinity for a {Ru(bda)} catalyst with two axial 4-phenylpyridine

(2491 This supramolecularly assembled system 31 is highly efficient (TON = 267,

ligands.
TOF = 0.13 s~ ") with a photon-to-oxygen quantum efficiency of 84% (QE = 2 x moles of O2
produced / moles of photons absorbed x 100%). This strategy can also be applied to bind the
catalyst to dye sensitized electrodes.!*>°! Another approach is to co-embed both the catalyst
and the photosensitizer into a membrane of a vesicle. This has been shown by the groups of
Konig and Murata by using ligands that bear long hydrophobic alkyl chains (Figure
14b).1251 2521 K$nig and co-workers found that the highest performance for the supra-
molecular system 32 was obtained working under the main transition temperature of the
membrane, indicating that phase separation is a crucial factor for increasing the local
concentration of the catalyst and the photosensitizer and thereby the performance of the

light-driven water oxidation. This strategy allows catalysis under very high dilutions and

TONSs up to 394 were obtained.
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Figure 14: (a, b) Examples for supramolecular strategies to improve the interplay between photosensitizers
and water oxidation catalysts using host-guest chemistry (a), or co-embedding into membranes (b).

2.4.2 Assemblies of Catalysts with Photosensitizers on Surfaces

For the construction of functional devices, such as photo-electrochemical cells (PECs), the
deposition of both the catalyst and the photosensitizer onto electrode surfaces with close
spatial proximity is required. This can be achieved by the deposition of covalently linked
catalyst-photosensitizer assemblies using the common anchoring groups like carboxylates
or phosphonates.247- 2532551 A remarkable example for this strategy stems from the groups of
Sun and Imahori who were able to construct a PEC with an incident photon-to-current

2551 The device was

efficiency of 18% at a very low external bias of 0.2 V (Figure 15a).!
constructed by combining the TiO2 photo-anode modified with a WOC-photosensitizer
assembly (33), which consists of a {Ru(bda)} catalyst coordinatively linked to a porphyrin
photosensitizer, and a platinum cathode for the reduction of protons. Another PEC that is
capable of splitting water into its elements at an external bias of 0.6 V using a [Ru(bpy)s]**
type photosensitizer was reported by Meyer et al.**”) Apart from depositing prefabricated
assemblies on surfaces, the co-loading of the individual components,?33 2562581 the co-

233, 263-263) and host-guest chemistry 2°%

polymerization,?*-29?] the layer-by-layer approach,!
have also been proven successful for the construction of photo-anodes. An impressive result
was achieved recently using the co-assembly strategy (Figure 15b). A ruthenium WOC (35)
was co-assembled with a purely organic triarylamine photosensitizer (34) onto TiO:2
nanoparticles to construct the photo-anode. The other half reaction, was achieved on a photo-
cathode consisting of NiO nanoparticles which were modified with another triarylamine
photosensitizer (36) and a cobaloxime reduction catalyst (37). Together, both photo-
electrodes allow the splitting of water into its elements without the application of any

external bias, using entirely organic photosensitizers.!26¢]
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Figure 15: (a) Water oxidizing photo-anode by Sun and Imahori. (b) Photoelectrochemical cell consisting of
a photo-anode and a photo-cathode using only organic photosensitizers.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Trinuclear Ruthenium Macrocycles:
Cooperative Water Oxidation Catalysis3

3.1.1 Influence of the Second Coordination Sphere

In nature, the catalytic activity of enzymatic cofactors can be significantly improved by
embedding the catalytic centers into complex supramolecular matrices in which weak non-
covalent interactions lower the activation barrier or facilitate substrate transport. In many
metallo-enzymes such proteinoic matrices are even crucial for the overall reactivity since
the catalytic subunit alone would not catalyze a chemical transformation by itself, like it has
been illustrated with the preparation of artificial mimics of the OEC that exhibit considerably
high overpotentials.”>7”! Even more intriguing observations have been made for [FeFe]
hydrogenases, which are responsible for biological proton reduction. Many groups reported
synthetic mimics for the catalytically active di-iron center but failed to reproduce the high
activity of the natural enzyme.?*”! The groups of Happe and Fontecave, however, were able
to show that this activity can be retained after the successful incorporation of such synthetic
catalyst mimics into the natural apo-enzyme that does not contain any -catalytic
cofactor.?7%-2"] Inspired by this concept, supramolecular catalysis aims to improve the
catalytic performance by fine-tuning the second coordination sphere of the catalytic center
by providing appropriate binding sites for the substrates 733 or by generating defined
cavities that closely resemble enzymatic pockets.®***%! Focusing on ruthenium based water
oxidation catalysts, there are several examples on how intermolecular interactions have been
exploited to improve the catalytic activity depending on the prevalent reaction
mechanism.[* Generally, efficient proton-coupled electron transfer (PCET) processes are
vital to reduce the required overpotential and inevitable for the development of high

[272-274

performance water oxidation catalysts. 1 Both, quantum chemical calculations and

infrared spectroscopy in the gas phase provide evidence that for ruthenium based water

3 This chapter was partly communicated in:

[267] V.Kunz,]J. O. Lindner, M. Schulze, M. 1. S. R6hr, D. Schmidt, R. Mitri¢, F. Wiirthner, Energy. Environ.
Sci. 2017, DOI: 10.1039/c7ee01557g. (Reproduced with permission; copyright (2017) The Royal
Society of Chemistry)

[268] J. O. Lindner, Master Thesis, Julius-Maximilians-Universitit Wiirzburg (Wiirzburg), 2016.
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oxidation catalysts a hydrogen-bonded water network in the first solvation shell has a strong
influence on the activation barriers of proton-coupled reaction steps of the catalytic
cycle.[19%197- 2751 Similarly, an ordered hydrogen-bonded water network around the active

center of the natural OEC is discussed to be essential for its remarkable efficiency.!!26-128

Very recently, our group has demonstrated that highly active water oxidation catalysts can
be generated by incorporation of the catalytically active {Ru(bda)} complex fragment into
metallosupramolecular macrocycles.®® 276! The steric confinement and the reduced flexi-
bility of the cyclic structure efficiently prevent O—O bond formation via an I2M mechanism
like it is generally observed for other WOCs based on {Ru(bda)}. Instead, kinetic studies
and '80 labelling experiments suggested that these metallosupramolecular catalysts operate
via the water nucleophilic attack (WNA) mechanism in which highly oxidized Ru"=0
species are nucleophilically attacked by water molecules, with the oxidation from Ru' to
Ru" being rate-determining. The improved stability of these macrocyclic catalysts has been
attributed to the chelate effect of the bridging ligand and the reduced self-oxidation due to
steric constraints that only allow small molecules to reach the catalytic center. To rationalize
the exceptionally high activity of this new type of catalysts operating via the WNA
mechanism, we hypothesized that a hydrogen-bonded water network exists inside the
macrocyclic cavity resulting in a low activation barrier for the water nucleophilic attack and
any reaction sequence involving the abstraction of protons. Based on this assumption, one
has to anticipate that the size of the macrocyclic interior will have a substantial impact on
the hydrogen bonding network and thus on the catalytic activity. Here, we present the
synthesis of a series of differently sized trinuclear {Ru(bda)} macrocycles by simply
manipulating the length of the bridging ligands. The metallosupramolecular macrocycles
exhibit different activities in the catalytic water oxidation reaction and the origin of this
phenomenon has been elucidated by molecular dynamics (MD) simulations in a water box
with explicitly described water molecules in collaboration with the group of Prof. Roland

Mitri¢ (Theoretical Chemistry, University of Wiirzburg).
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3.1.2 Synthesis of Precursors and Kinetics of Ligand Exchange
Processes

For the synthesis of the desired metallosupramolecular macrocycles, an appropriate ruthenium
precursor is required. The complex [Ru(bda)(dmso)z] 40 was chosen, since it already contains
the essential {Ru(bda)} fragment with axial dmso ligands that should be -easily
exchangeable.['3?! The synthesis of this precursor starts from commercially available RuCl3
which is heated in DMSO to form the complex [RuCl2(dmso)s] 38.2771 The 2,2"-bipyridine-
6,6'-dicarboxyic acid 39 (H:bda), was synthesized via Jones-Oxidation starting from
commercially available 6,6'-dimethyl-2,2"-bipyridine.”?’”®) The [Ru(bda)(dmso)2] complex, in
which the bda ligand binds to the ruthenium in a x-N?0? mode, can subsequently be obtained
by heating [RuClz(dmso)4] and 2,2'-bipyridine-6,6'-dicarboxyic acid in the presence of
triethylamine as auxiliary base for the deprotonation of Hzbda (Figure 16a).1>” It is essential
to use an equimolar stoichiometry of the ruthenium precursor and the bda ligand, since a
deviation from this ratio leads to the formation of the novel by-product [Ru(bdaH):] 41, in
which the ruthenium atom is octahedrally coordinated by two bda ligands (each binds in
x-N*0 mode) as it has been confirmed by 'H NMR spectroscopy and X-ray crystallography
(Figure 16b). Such coordination complexes with the bda ligand have already been reported
for Rh,12%% Co,1281) and Ni,1?%2! but are unknown for Ru. Product 40 and by-product 41 can
easily be separated based on their different solubility. The complex [Ru(bda)(dmso):]

precipitates from cold methanol, whereas the by-product is well soluble.
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Figure 16: (a) Synthesis of the precursor [Ru(bda)(dmso),] and the by-product [Ru(bdaH),]. (b) X-ray
crystal structure of [Ru(bdaH),] (ellipsoids set to 50% probability level).
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In order to form the desired macrocycles, a series of ligand exchange reactions have to occur
that can be classified into two individual processes. First the weak dmso ligands have to be
exchanged with stronger coordinating pyridine type ligands. Second, those pyridine ligands
could potentially undergo exchange reactions. To gain insight into the formation process of
the metallosupramolecular macrocycles, those relevant ligand exchange reactions have been
studied for a simple mononuclear model system using '"H NMR spectroscopy. The results
help to clarify whether the cyclic structures are formed under thermodynamic or kinetic
control and to determine the optimal reaction conditions for their formation. Generally, the
strength of coordinative bonds lies in the range of 60-210 kJ/mol, which is in between the
strength of covalent single bonds (250500 kJ/mol) and other classical non-covalent forces
like 7-m, or hydrogen bonding interactions (240 kJ/mol), making them potentially
reversible.[?®*! There are three different substitution mechanisms described in literature how

284-286] The activation of the

ligands can be exchanged in transition metal complexes.!
complex can either occur via the association of an incoming ligand (A), the dissociation of
one of the ligands bound in the first solvation shell (D), or a concerted interchange
mechanism (I) with no observable kinetic intermediate (Figure 17). If the rate of the reaction
depends on the nature of the incoming ligand it is considered to be an associative interchange
mechanism (Ia), if not, it is regarded to be a dissociative interchange mechanism (Ia). The
change of the coordination number along the reaction coordinate leads to a concomitant
change in geometry for the transition state. Under kinetic conditions the reaction pathway is
determined by the relative energetic position of the respective transition states, which is
governed by the ligand field stabilization energy (LFSE) for the specific geometries.!?*”! The
discrimination of those mechanisms is usually based on the response of the reaction to the

variation of parameters like pressure, temperature, and the nature of leaving and incoming

ligand. In octahedral metal complexes, usually dissociative mechanisms (D and Id) are

favored.!?8> 2881 The solvent exchange reaction has been studied in detail for [Ru(H20)s]**

and was found to proceed via a slow la type mechanism.*#2°2) Usually octahedral metal
complexes with d° electron configuration (Ru", Ir'"", Os™) are found to be relatively inert due

to their completely filled d-orbitals with 18 valence electrons (VEs).[288: 23]
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Figure 17: Dissociative (D), interchange (I), and associative (A) ligand exchange mechanisms for an
octahedral metal complex (L = initial ligand, X = incoming ligand).

A way to determine the activation energy (E.) for such a ligand exchange processes is to
follow how the reaction rates (k) change with variation of temperature (7), as described by
the Arrhenius equation (eq. 6) with R being the universal gas constant. By plotting In(k) vs.
1/T, the activation barrier can be determined by the slope of the linear regression which

represents E4/R (eq. 7).

k=A-exp (;—EQT) (6)
In(k) = In(4) — RE.“T )

An even simpler approach is the estimation of this energy by considering only the reaction

rates (k1 and k2) at two distinct temperatures (71 and 72) according to equations 8 and 9.

Q):_ﬂ.(L_L)

ln(kl R \Ih, T ®)
_ pn. @)M

E, = R-In (k1 —— (9)
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Thus, two different ligand exchange processes have been investigated for the mononuclear
reference systems. First, the replacement of the dmso ligands of the precursor
[Ru(bda)(dmso)2] with deuterated pyridine (ds-py) was studied. The driving force for the
replacement by pyridine is the large gain in ligand field stabilization energy due to the good
o-bonding capacity of pyridine,'*® which is well reflected in the spectrochemical
series.!?®>2%) In a subsequent set of experiments, the interchange of coordinated
undeuterated pyridines of the [Ru(bda)(py)2] complex with deuterated pyridine has been
examined, which is an energetically neutral reaction. In both cases deuterated pyridine was
chosen as an incoming ligand, which was used in large excess as a solvent, facilitating the
observation of the reactions with "H NMR spectroscopy./**”! For an octahedral complex with
a d® electron configuration, a dissociative mechanism (D and lq) is generally assumed, in
which the reaction rate only depends on the leaving group and thus is invariant on the
concentration of the incoming ligand. However, the special binding angles of the bda ligand
make the coordination of a small seventh ligand possible to obtain a pentagonal bipyramidal

(1521 50 that an associative mechanism cannot be fully excluded. Since the incoming

geometry,
ligand (ds-py) is used as a solvent in the following experiments, both mechanisms should
follow a (pseudo) first order rate law making a differentiation between both mechanisms

based on the rate law impossible.

There are two dmso ligands that can be exchanged in the precursor complex
[Ru(bda)(dmso)2] (40). However, using 'H NMR spectroscopy, only one transformation is
observable as shown in Figure 18. This can most clearly be observed for the triplet belonging
to the central proton of the bda ligand (y) and the protons of the dmso ligands. Both signals
completely disappear within 15 hours at a temperature of 344.0 K (70.9 °C), whereas new
signals for free DMSO and the product [Ru(bda)(ds-py)2] (43) can be observed.!*”®! This
indicates, that the second substitution reaction is faster compared to the first, because no
intermediate 42 is observable. Therefore, the binding of the first pyridine ligand most
probably leads to a kinetic labilization of the dmso ligand in trans position to it due to the

stronger trans effect of pyridine compared to dmso.[**”]
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Figure 18: Time-dependent "H NMR spectra of [Ru(bda)(dmso),] in ds-pyridine at a concentration of 6.41 mM
and a temperature of 344.0 K (400 MHz, ds-pyridine, ascorbic acid).

The reaction has been followed at two different temperatures (331.5 K and 344.0 K) to
determine the respective activation barriers. The concentration of the initial complex 40 and
of the product 43 have been determined by integration of the signals of bound and free
DMSO. Very similar results can be obtained if the triplets (y and y') are analyzed. Figure
19a shows how the concentration of [Ru(bda)(dmso):] changes over time for the two
different temperatures. Since those reactions follow a (pseudo) first order rate law, the
concentration changes can be linearized by plotting the natural logarithm of the
concentration against time (Figure 19b). The slope of such a linear regression represents the
respective reaction rate. Using equation 9, the barrier for the ligand exchange process could
thus be determined. Assuming a dissociative character of the reaction, this energy should
represent the kinetic lability of the bound ligand. An activation energy of 81 + 4 kJ/mol has
been determined for the exchange of dmso with pyridine. This value is in a similar range as
the activation energy of 95 + 4 kJ/mol that has been determined for the cis/trans
isomerization of the anticancer drug [RuCls(dmso)z], which proceeds via an initial dmso

ligand dissociation.[*%!
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Figure 19: (a) Concentration changes of [Ru(bda)(dmso):] for the reaction with ds-pyridine at two different
temperatures (71, 72). (b) Determination of the individual reaction rates (ki, k2) and of the corresponding

activation energy (E,).

The same experiment has been performed to study the interchange of pyridine ligands with
their deuterated analogues. For that purpose, the [Ru(bda)(py):] (44) complex was used
serving as a simple model compound for the more complex cyclic structures. As it can be
seen from Figure 20, the ligand exchange is completed after heating the sample for 15 hours
to a temperature of 377.6 K (104.5 °C). Within this period of time, the 'H NMR signals of
the pyridine ligands diminish due to the exchange with '"H NMR-silent ds-pyridine, whereas
the signals of the bda ligand remain unchanged. Therefore, the 'H NMR signals of the proton
b (py) and y (bda) have been analyzed to determine the concentrations for [Ru(bda)(py):]
and [Ru(bda)(ds-py)2] at each time interval (Figure 21a). Very similar results can, be
obtained by analyzing the other NMR signals (a or ¢ for pyridine and x or z for bda).
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Figure 20: Time-dependent 'H NMR spectra of [Ru(bda)(py):] in ds-pyridine at a concentration of 6.85 mM
and a temperature of 377.6 K (400 MHz, ds-pyridine, ascorbic acid).

The kinetics can again be analyzed according to a first order rate law as described previously
(Figure 21b). An activation energy of 124 + 4 kJ/mol has been determined for the
replacement of one pyridine ligand with its deuterated analogue. Similar barriers (100—
112 kJ/mol) have been reported for the dissociation of pyridine and the subsequent exchange
with ds-pyridine in a series of dinuclear and trinuclear oxo-bridged ruthenium
complexes.’!3%) The ligand exchange barrier for pyridine was thus found to be
considerably higher by 43 + 8 kJ/mol as the one determined for the replacement of a dmso
ligand. The strong influence of the leaving ligand on the activation barrier indicates a
dissociative nature of the ligand exchange mechanism. Based on the activation energies, it
can be concluded that for the macrocyclization there are two different temperature regimes.
At lower temperatures, sufficient to initiate the dmso dissociation from the {Ru(bda)}
complex, the reaction proceeds under kinetic control and the binding of pyridine-type ligands
is irreversible. At higher temperatures, however, this ligand coordination becomes

reversible, so that the formation of the thermodynamically most stable product can occur.
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The macrocycle synthesis, as it is already reported by our group, is usually performed in a
refluxing mixture of chloroform and methanol at around 65 °C (338 K), and thus the reaction
proceeds mainly under kinetic control due to the relatively high inertness of the ruthenium-
pyridine bond.?®® 2% This is in line with the observation that higher temperatures and

reaction times lead to increased amounts of polymeric material.
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Figure 21: (a) Concentration changes of [Ru(bda)(py).] for the reaction with ds-pyridine at two temperatures
(T1, T»). (b) Determination of the individual reaction rates (ki, k») and of the activation energy (E,).

3.1.3 Synthesis and Characterization of Differently Sized
Macrocycles

To investigate the effect of the ring dimensions on the catalytic performance, a series of four
differently sized macrocycles has been synthesized by self-assembly of equimolar amounts
of the linear building block [Ru(bda)(dmso)z] (40) with ditopic N-heterocyclic bridging
ligands, providing donor sites with angles of 60° (Figure 22).1225-394-3%] The length of the
axial bridging ligands 45-48 (3,3'-bipyridine (bp), 1,2-bis(pyridin-3'-yl)ethyne (bpe),
1,4-bis(pyridin-3'-yl)benzene (bpb), and 4,4'-bis(pyridin-3"-yl)-1,1'-biphenyl (bpbp)) was
adjusted by introducing different spacer groups in between the pyridyl binding sites, and all
ligand systems were easily accessible through palladium-catalyzed cross-coupling reactions.
Subsequently, the metallosupramolecular architectures MC1-MC4 were isolated in
moderate to high yields (16-55%), after heating the respective ligand together with the
{Ru(bda)} precursor in a chloroform/methanol mixture under an atmosphere of nitrogen.
Larger oligomeric by-products were removed by multiple filtrations over Al2O3 and the pure
products could be obtained after crystallization out of dichloromethane/methanol solutions.
Detailed synthetic procedures and the full characterization can be found in the Experimental

Section in chapter 5.2.
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Figure 22: (a) Synthesis of the metallosupramolecular macrocycles MC1-MC4 obtained by connecting
{Ru(bda)} fragments with ditopic ligands of different length. (b) Space-filling models of MC1-MC4
calculated for the [Ru"|Ru"|Ru"] state using DFT (grey = carbon, white = hydrogen, red = oxygen, blue =
nitrogen, turquoise = ruthenium).

The propensity of these macrocycles to crystallize adequately for X-ray diffraction
experiments increases with their ring size. Whereas the smallest macrocycle MC1 was
exclusively obtained as an amorphous powder, the medium sized macrocycles MC2 and
MC3 were isolated as microcrystalline materials for which a structure elucidation by X-ray
diffraction was unfortunately not possible. However, for the largest cycle MC4 suitable
single crystals could be grown from a dichloromethane/methanol/2,2,2-trifluoroethanol
mixture by slowly evaporating the solvent under an atmosphere of nitrogen to prevent partial
oxidation of the ruthenium centers (Figure 23). The macrocycle MC4 crystallizes in the
trigonal space group R3c with a slipped stacked packing arrangement giving rise to one-
dimensional pores, which are filled with 2,2,2-trifluoroethanol. Furthermore, several solvent
accessible voids exist within the refined structure as evidenced by the squeezed electron

density of highly disordered solvent molecules that could not be modeled satisfactorily.
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Figure 23: (a) Solid state molecular structure of MC4 determined by single crystal X-ray diffraction. Solvent
molecules were omitted for clarity (ORTEP diagram with thermal ellipsoids set at 50% probability). (b) Crystal
packing of MC4 viewed along the cell axis ¢ with 2,2,2-trifluoroethanol molecules in the pores (capped stick
model) (grey = carbon, white = hydrogen, red = oxygen, blue = nitrogen, turquoise = ruthenium, green =
fluorine).

The distances between the ruthenium centers and the axially coordinated pyridyl ligands
(2.066(5) and 2.078(7) A) are comparable to those of the acyclic mononuclear reference
compound [Ru(bda)(pic)2] for which bond lengths of 2.070(6) and 2.084(6) A have been
reported.['2! Both complexes exhibit distorted octahedrally coordinated ruthenium centers
with obtuse O—Ru—O angles of 123.0(2)°, providing an optimal seventh coordination site for
small molecules like water. Minor differences are found for the Nax—Ru—Nax bond angles
with 173.0(2)° for [Ru(bda)(pic)2] and 170.9(2)° for MC4. Due to the rigid cyclic structure,
each one axial pyridyl ligand in MC4 is considerably tilted towards the equatorial bda
chelate, as it becomes obvious by the smaller Ru—Nax—Cpara angles. Whereas [Ru(bda)(pic):]
is characterized by almost perfectly linearly oriented picoline ligands (Ru—Nax—Cpara =
178.2(3)° and 177.2(3)°), MC4 exhibits Ru—Nax—Cpara angles of 174.9(3)° and 159.9(3)°.
This tilting in MC4 causes the axial pyridyl ligands to be torsionally twisted by 46.1(2)° in
contrast to 22.3(9)° in [Ru(bda)(pic)2] which should be beneficial for substrate water binding
(Figure 24). The intramolecular distance between two ruthenium centers is 16.274(1) A,
giving rise to an aperture size of approximately 115 A%, Most interestingly, the open
coordination sites of all three ruthenium centers of MC4 point into the interior of this cavity,
giving support to the assumption that the catalytic subunits might cooperatively interact for
the oxidation of water. Since the solid state molecular structures of the smaller macrocycles
could not be determined experimentally, the geometries of MC1-MC4 were optimized in
their Ru(IT) oxidation state in the gas phase using DFT calculations. Here, it turned out that

in the smaller macrocycles some of the {Ru(bda)} centers are partially oriented to the
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outside, with the largest degree of torsion for MC1. The respective space filling models
clearly show that the size of the cavities continuously decreases from MC4 to MC1, with

almost no water accessible void for the smallest macrocycle MC1 (Figure 22b).

a)  [Ru(bda)(pic),] MC4 b) [Ru(bda)(pic),] MC4

174.9°

224

Figure 24: (a, b) Comparison of the X-ray crystal structures of [Ru(bda)(pic).] and MC4: Regarding the tilt
angle of the axial ligands (a), and the torsion angle between the axial ligands (b). For MC4 only one {Ru(bda)}
center is displayed, and from the axial ligand only the coordinating pyridine moiety is shown for the sake of
clarity (grey = carbon, white = hydrogen, red = oxygen, purple = nitrogen, turquoise = ruthenium).

3.1.4 Electrochemistry and UV /Vis Spectroscopy

The electrochemistry of the macrocycles MC1-MC4 was investigated by differential pulse
voltammetry (DPV) in acidic aqueous media using organic co-solvents exclusively for

W hxidation can be

solubilization, since in a purely organic environment only the Ru
observed.[”? In aqueous solution, however, water can coordinate to the seventh coordination
site of the ruthenium center, being a prerequisite to reach higher oxidation states. After
substrate water binding, proton-coupled electron transfers (PCETs) become possible that
contribute to prevent unfavorable charge accumulation.'’”® For all macrocycles three
subsequent oxidation events are thus observed that were assigned to the redox couples
Ru™™ Ru"™V and Ru™"V in accordance to the electrochemistry reported for mononuclear

).[64. 163

[Ru(bda)L2] complexes (Figure A1, see Appendix I However, it has to be noted that

[188,190] 414

the existence of a Ru" state is under debate for many water oxidation catalysts,
only few catalysts are known for which its existence has been proven experimentally. Thus,
a Ru" intermediate was substantiated by EPR spectroscopy for the complexes cis,cis-
[(bpy)2(H20)RuORu(OH2)(bpy)2]** [18% 3973081 and cis-[Ru(bpy)2(OH2)2]**, 39310 whereas
no clear evidence for a Ru" species has been provided so far for the {Ru(bda)} catalyst

family. The respective potentials of these oxidation events using non-coordinating 2,2,2-

trifluoroethanol as co-solvent at pH 1 are very similar for all macrocycles and approximately
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100 mV  higher than those observed for the mononuclear reference complex
[Ru(bda)(pic)2],'**! presumably due to the close proximity of the three redox centers. In the
presence of acetonitrile as co-solvent, the first oxidation from Ru'! to Ru"! is shifted to higher
potentials by 250 mV, whereas the other oxidation events remain unaffected (Figure Al).
This can be attributed to the fact that in the Ru"" state, the ruthenium centers are preferentially

coordinated by acetonitrile, which has to be exchanged by water upon oxidation to Ru'!

resulting in the observed overpotential ['¢311]

Although in each oxidation event three electrons are removed simultaneously, different peak
current intensities are found for the individual processes, which can be explained by the
coupling of some oxidation events to proton transfer processes. In such cases, the oxidation
is kinetically hindered giving rise to considerably decelerated reaction rates at the electrode

s.1>121 This can nicely be illustrated at differential

and thus to lower peak current intensitie
pulse voltammograms of MC2 for different pH values (Figure 25). At pH 3.0, only the
Ru'™™ oxidation exhibits an intensive peak current, indicating that the subsequent oxidation
steps from Ru' to Ru'Y and Ru'" to Ru" are proton-coupled. However, by increasing the pH
value, the ratio between the peak current intensities of all oxidation events changes
dramatically. At pH 8.2, the Ru'""V oxidation exhibits the strongest current, whereas at even
higher pH values of > 9 a completely new oxidation event emerges that can be attributed to

1T

the oxidation of a Ru™-OOH intermediate, which is formed by the nucleophilic attack of

water at the RuY=0 moiety.[14%-216.313]

To further investigate the proton coupling of the individual oxidation events in detail, pH-
dependent differential pulse voltammetry was performed and the corresponding Pourbaix
diagrams were constructed for all complexes (Figure A2—Figure A4). Exemplarily for all
macrocycles, the Pourbaix diagram of MC2 is shown in Figure 25b, highlighting the
stability regions of the different oxidation states. The changes of the potential with the pH
value reflect the proton coupling of the individual processes with a Nernstian ideal of
59 mV/pH for a simple ne /nH" process.l”- 1% Under acidic and basic conditions, the slopes
and the proton couplings are very similar for the macrocycles MC1-MC3. Merely at neutral
pH values the situation is slightly more complicated, and minor differences can be observed.
However, since the catalysis is usually driven by cerium(IV) ammonium nitrate (CAN) as
sacrificial oxidant in highly acidic media (pH 1), only the oxidation events under those

conditions are discussed in detail. The oxidations from Ru'! to Ru'"! are independent of the
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Y redox couples, slopes

pH values in all cases, and therefore proton-uncoupled. For the Ru
of 42-49 mV/pH are found for the macrocycles MC1-MC3 indicating 3¢ /2H" processes.
For MC4 however, a slope of 62 mV/pH is observed which is in line with a 3¢ /3H" PCET.
This behavior is reversed for the subsequent oxidation from Ru!" to RuY, for which MC1—
MC3 still exhibit slopes corresponding to a 3¢ /2H" process, whereas MC4 undergoes a
3¢ /1H" oxidation. Thus, for all macrocycles the same oxidized species are formed before
the current strongly increases due to water oxidation. In an acidic environment, partially
protonated [Ru¥Y=O|Ru"-OH|Ru"-OHJ** species predominate, whereas in basic media
completely deprotonated [RuY=O|Ru"=O|Ru"=0]*" intermediates are obtained. At these
highly oxidized Ru"=0 electrophiles, the nucleophilic attack of water takes place, generating
the O—O bond. The resulting (hydro)peroxide species has to be oxidized once more to finally
liberate elemental oxygen. However, this fourth oxidation can only be observed at basic pH

values like it has already been reported by Sun and co-workers for mononuclear WOCs

based on {Ru(bda)}.[216-313]
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Figure 25: (a) Differential pulse voltammograms of MC2 at three different pH values. (b) Pourbaix (E-pH)
diagram of MC2. The experiment was performed in CH3CN/H>O 1:1 with an initial pH value of 1 (acid:
CF3S0;H) and the successive addition of aq. NaOH for adjusting the higher pH values.

Since intriguing color changes were observed for the macrocycle MC3 with proceeding
oxidation,®®! spectroelectrochemistry and chemical titration experiments monitored by
UV/Vis spectroscopy using cerium(IV) ammonium nitrate were performed for all
macrocycles to gain further insights into the spectral changes that accompany the oxidation
processes. The UV/Vis absorption spectra of all macrocycles in the [Ru|Ru'[Ru"] oxidation
state are very similar in CH3CN/H20 (pH 1) 1:1, and are characterized by L-r — L-z*
transitions of the aromatic bridging ligands (L) around 300 nm together with several metal

51



to ligand charge transfer (MLCT) bands between 350 and 500 nm.!'%3 With an increasing
number of aromatic benzene rings within the z-system of the axial ligands (L), the extinction
coefficient of the 7—z* band continuously increases (Figure A5 and Figure A6). According
to our calculations and previous reports, the bands between 450 and 500 nm can be explained
by Ru-d — bda-z* MLCTs, whereas the higher energetic ones at 350 nm are characteristic
for Ru-d — L-7* MLCTs.[*'* However, pronounced differences are observed in the UV/Vis
absorption spectra for the oxidized macrocycles as it has been substantiated by

spectroelectrochemistry in CH3CN/H20 1:1 at pH 1 (Figure 26).
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Figure 26: (a) UV/Vis absorption spectra of the [Ru"|Ru"|Ru'"] state of MC1-MC3 and [Ru(bda)(pic):] in
CH;CN/H,O 1:1 and of MC4 in CH;CN/H,O 4:1 (c = 107 M, pH 1, acid: CF;SO3H). (b, c) Spectra for the
[RuV-OH|RuV-OH|RuV-OH,]** (b) and [RuY=O|Ru'-OH[Ru"-OHJ]*" (c¢) oxidation states obtained by
spectro-electrochemistry for MC1-MC3 and [Ru(bda)(pic),] in CH3CN/H,O 1:1 and for MC4 in CH3CN/H,0O
4:1 (¢=0.6-0.7 mM, pH 1, acid: CF3;SOsH).

Upon increasing the potential from 600 mV to approximately 1000 mV vs. NHE,
[Ru"|Ru"|Ru""] becomes gradually oxidized to [Ru"~OHzRu"-OHz/Ru"-OH:2]** which is
accompanied by drastic spectral changes. The MLCT bands at 350 and 450-500 nm are
bleached and new transitions around 670 nm appear, which are absent for the mononuclear
reference complex [Ru(bda)(pic):]. From these measurements it becomes obvious that all
Ru centers are oxidized at the same given potential, since the spectral features of Ru!!
completely disappear. During this oxidation process precipitation occurs for MC4 in the
applied solvent mixture, so that higher contents of acetonitrile (80%) had to be used, making
a direct comparison with MC1-MC3 difficult, although the general trends are preserved
(Figure A11). The extinction coefficients of the low-energy transitions around 670 nm
strongly depend on the size of the macrocycle with the most intensive absorption for MC3.
Further oxidation of MCI1-MC3 to [RuV-OH|RuV-OH|RuV-OH:]* or MC4 to
[Ru'V-OH|Ru"V-OH|Ru'V-OH]**, by applying potentials of 1200 mV vs. NHE, leads to a

decrease of these low-energy absorption bands accompanied by an increase of new
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hypsochromically shifted transitions centered around 550 nm with the same intensity
distribution. The spectral features of the [RuY=O[Ru'-OH|Ru"—~OH]’* species could not be
ascertained, since its formation immediately triggers the nucleophilic attack of water, which
leads to strong catalytic currents. Detailed analyses of the absorption spectral changes in
dependence of the applied potential is provided in the Supporting Information (Figure A7—
Figure A11).

3.1.5 Simulation of UV /Vis Spectra#*

111 and

Due to the strong intensity differences for the low-energy absorption bands of the Ru
Ru'V states, theoretical simulations were performed within the hybrid QM/MM framework
in order to identify the relevant transitions.?%®] Similar absorption maxima at higher
wavelengths have previously been reported for u-oxo bridged multinuclear {Ru(bda)}
species [183:315-318] 4 well as the “blue dimer” cis, cis-[(bpy)2(H20)Ru"ORu(OH2)(bpy)2]**
(bpy = 2,2'-bipyridine).’*'”! For this well investigated catalyst, mixing of nonbonding Ru-d
orbitals with p-x orbitals of the u-oxo bridge was found to cause a significant bathochromic
shift of the MLCT transition. DFT calculations further revealed a high solvent dependency
due to hydrogen bonding and only under consideration of explicit water molecules a good
agreement between experimental and calculated spectra could be obtained.*?”) Moreover,
Weber et al. have shown by photo-dissociation spectroscopy on mass selected catalyst-water
clusters in the gas phase that an increasing number of water molecules induces a
solvatochromic shift of MLCT bands in ruthenium polypyridine complexes.['** According

to their investigations, solvation of the ruthenium center by seven water molecules seems to

be sufficient to approximate bulk solvent behavior.

Indeed, our initial attempts to reproduce the low-energy MLCT around 670 nm of MC3 in
the [Ru™|Ru™[Ru'™]** state in a water box containing only three explicit water molecules
failed. Accordingly, we optimized structures of MC3 in the oxidation states Ru'" and Ru'"
by systematically increasing the amount of explicit water. Detailed analysis of all structures
revealed that the amount of explicit water molecules strongly influences the Ru—OH and
RuO-H bond lengths between the ruthenium center and the coordinated aqua or hydroxide

ligands (Figure 27a and Figure A12). Natural transition orbital (NTO) analysis of each

4 These calculations were carried out by Joachim O. Lindner under the supervision of Prof. Roland Mitri¢ and
Dr. Merle I. S. Rohr, Theoretical Chemistry, University of Wiirzburg
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structure provided evidence that the changes of these bond lengths significantly influence

the energetic position of the individual MLCT transitions (Figure 27b).
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Figure 27: Influence of the amount of explicit water molecules on important properties of MC3 in the Ru'™

state. (a) Mean Ru—O distances (blue squares) and standard deviations (error bars) for all Ru centers against
the number of explicit water molecules. (b) Wavelength of the {Ru(bda)}-oc — {Ru(bda)}-o* transition against
the Ru—O distance (blue squares) and linear regressions for distances > 2.3 A (solid line) and < 2.3 A (dashed
line). Note that excitations at Ru""" centers with Ru-O bond lengths below 2.3 A occur at unexpected low
wavelengths in the spectra due to an induced change in the geometry in the near environment of the Ru atom
resulting in an asymmetric bda-ligand. (c—e) Comparison of the symmetric Ru(bda) structure (c¢) with the
asymmetric structures (d and e).

Obviously, the calculated excited state energies are very sensitive towards structural changes
and a sufficient number of explicit water molecules has to be taken into account to properly
describe important structural rearrangements and fluctuations within the QM/MM
framework. Due to the shallow potential energy surfaces of solvated compounds, many
geometries are expected to coexist in solution and one single geometry optimized structure
might not be sufficient to explain the differences in the experimental spectra. In order to scan
the potential energy surface taking structural fluctuations into account, molecular dynamics
(MD) has proven to be a valuable tool. Examples from literature have shown that
theoretically predicted absorption spectra, even of small molecules like nitrobenzene, are
considerably improved by considering a whole ensemble of structures sampled from a
molecular dynamics (MD) trajectory.*?!] Therefore, QM/MM MD simulations have been
performed for complexes [Ru(bda)(pic)z], MC1, and MC3 to correlate structural features

with the experimentally observed spectra. Calculations were performed in the oxidation
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Chapter 3 Results and Discussion

states Ru'l, Ru™, and Ru'v with well solvated Ru centers, and 30 structures were sampled
from the molecular dynamics trajectories in steps of 50 fs. The averaged ensemble UV/Vis
spectra are in good agreement with the experimentally observed absorption maxima and the
most relevant transitions that contribute to the low-energy absorption bands, have been

identified for each oxidation state (Figure 28).
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Figure 28: Top: Calculated ensemble spectra in the Ru" (a), Ru™ (b), and Ru'Y (c) oxidation states of
[Ru(bda)(pic):], MC1, and MC3 obtained from 30 geometries sampled along the MD trajectories. Bottom:
NTOs of the low-energy transitions of MC3 in the respective oxidation states. Only the relevant parts of the
molecule are displayed for the sake of clarity (green = carbon, grey = hydrogen, red = oxygen, blue = nitrogen,
yellow = ruthenium).

In the Ru" oxidation state, Ru-d — bda-7* transitions are located at wavelengths around

M state

449 nm whereas the bathochromically shifted absorption maxima at 612 nm in the Ru
could be attributed to {Ru(bda)}-o — {Ru(bda)}-o* transitions. In the Ru'" oxidation state
RuO-7 — bda-7* MLCTs give rise to the low-energy bands at 461 nm. The deviation of less
than 0.4 eV of the calculated low-energy transitions from the experimental values is a
reasonable accuracy for the applied CAM-B3LYP functional.[**?! Thus, the origin of the new
absorption bands at longer wavelengths of the higher oxidation states has been ascertained

and it has been shown that the solvation of the catalytic center strongly influences the

structural parameters as well as the energetic position of the MLCT transitions.

In the Ru' oxidation state, the low-energy absorption at 612 nm is mainly dependent on the
Ru—OH bond length which has been sampled for all structures along the MD trajectories and
its distribution is depicted in Figure 29a. None of the 30 structures of [Ru(bda)(pic):]

exhibits water molecules within a distance of less than 2.5 A to the Ru center and could thus
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be considered as strongly coordinated. On the other hand, for the structures of MC1, one Ru
center is found on the average to be coordinated by a water molecule, whereas in MC3 even
two Ru centers are bound by water molecules in most of the structures. Recent EPR studies
on a fully water soluble derivative of [Ru(bda)(pic)2] revealed that in aqueous solution an
equilibrium exists between a six-coordinated [Ru"']* and a seven-coordinated [Ru'"-OH:]"

s.13¢1 In our simulations, we note that the position of this equilibrium is different for

specie
each complex. In its most favorable conformation, the 4-picoline ligands of [Ru(bda)(pic):]
with nearly perfectly eclipsed z-surfaces efficiently block the seventh coordination site of
the ruthenium center allowing water to coordinate only very weakly. In contrast, the axial
bridging ligands of the macrocyclic catalysts are rotationally restricted, readily providing
access to the seventh coordination site and thus to a beneficial coordination of water. Since
the appearance of {Ru(bda)}-c — {Ru(bda)}-c* transitions at longer wavelengths is
strongly dependent on the Ru—OH bond lengths between the ruthenium centers and the
coordinated aqua or hydroxide ligands, these findings rationalize the absence of such low-
energy MLCTs for [Ru(bda)(pic)2] in its Ru'" state. Likewise, in the Ru'Y oxidation state,
the positions of the energetically low MLCT bands mainly depend on the Ru—OH and the

RuO-H bond lengths.
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Figure 29: (a, b) Normalized distributions of the Ru—OH and the RuO-H bond lengths of [Ru(bda)(pic).],
MC1, and MC3 obtained by each 30 structures sampled along the MD simulation trajectories: In the Ru™
oxidation state (a), and in the Ru'Y oxidation state (b). Note that for [Ru(bda)(pic):] no water molecule was

found in a distance < 2.8 A to the ruthenium in all of the 30 structures for the Ru'" state.
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Chapter 3 Results and Discussion

During our MD simulations, the Ru'Y centers of all complexes are permanently coordinated
by hydroxide ligands and the distributions of the bond lengths are displayed in Figure 29b.
In [Ru(bda)(pic)2], Ru—OH bond lengths are most frequently found between 1.8 and 1.9 A,
while the RuO-H bond length is usually shorter than 1.4 A. In the smallest macrocycle MC1,
the distribution of the Ru—OH distances exhibits a maximum at 1.9 A with a minor amount
of shorter bond lengths near 1.7 A, while the RuO-H distances exceed 1.4 A only in rare
cases. On the other hand, the maximum of the Ru—OH bond lengths distribution of MC3 is
shifted near 1.8 A, accompanied with a considerable elongation of the RuO—H bonds up to
2.0 A. These stretched RuO-H bonds account for the appearance of RuO-7 — bda-z*
transitions in the Ru'Y oxidation state and rationalize the experimentally observed absorption

maxima at 550 nm.

Altogether, our MD simulations reveal significant structural differences between the
investigated complexes and elucidate the different intensities of the experimentally observed
low-energy transitions. The structural diversity is caused by the solvation of the Ru centers
which is different for each catalyst and each macrocyclic cavity. For MC3, a network of
hydrogen-bonded water molecules has been identified inside its cavity resulting in an
enhanced hydrogen bonding between the substrate water molecules and the coordinated aqua
or hydroxide ligands and therefore in elongated RuO—H as well as shortened Ru—OH bonds.
This effect is considerably reduced for MC1, since its cavity is not large enough to
accommodate the required amount of water molecules. For MC1, two Ru centers are
oriented towards the catalysts’ exterior, being well solvated by water molecules from
outside. These two subunits more closely resemble the isolated monomeric reference system
without any hydrogen bonding between adjacent reaction centers. The different solvation
behavior of the reactive Ru centers is expected to have a major influence on the catalytic

activity.

3.1.6 Water Oxidation Catalysis by Differently Sized
Macrocycles

In our recent report on the catalytic behavior of MC3, we have demonstrated by '30 labelling
experiments that this catalyst oxidizes water via the “water nucleophilic attack” (WNA)
mechanism with the oxidation from a Ru'v to a RuV species being rate-determining.”>! A

simplified mechanistic picture considering only one single Ru center is depicted in equations
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10-15, using the strong one-electron oxidant cerium(IV) ammonium nitrate (CAN) as
sacrificial electron acceptor to drive the catalysis.!'> Upon oxidation of the initial Ru" state
to Ru', water binds to the seventh coordination site (eq. 10). In a sequence of proton-coupled

ML_OH; intermediate is transformed into a RuY=0 species

electron transfer processes, this Ru
(eq. 11-12), which is nucleophilically attacked by water to form Ru"-OOH (eq. 13).
Subsequent oxidation to Ru'Y—Oz (eq. 14), and reductive elimination of molecular oxygen

(eq. 15) eventually closes the catalytic cycle.

Ru'' + Ce!V + H20 — Ru''~OH: + Ce" (10)
Ru™-OH: + Ce"Y — Ru'V-OH + Ce'! + H* (11)
RuV—OH + Ce"V — Ru¥=0 + Ce!" + H* (12)
Ru¥=0 + H20 — Ru'"™-OOH + H" (13)
Ru'_OOH + Ce"V — RuV— 0y + Celll + H* (14)
RuV-02 — Ru"' + 02 (15)

To study the catalytic performance of the new series of trinuclear WOCs (MC1-MC4), the
chemical oxidant CAN has initially been added in large excess to ensure a pseudo-zeroth
order for all reaction steps with respect to the CAN concentration. Thus, the catalytic rate
should solely depend on the catalyst concentration.[!”>] After injection of the respective
catalyst solution into an acidic CAN solution, immediate formation of gas bubbles could be
observed and the pressure increase was measured with pressure transducers (for experi-
mental details and reaction conditions see chapter 5.1). Gas chromatographic head space
analysis was performed after each run to prove that elemental oxygen is the only gaseous
product formed during catalysis, and to confirm the determined turnover numbers (TONSs).
From the linear part of the first few seconds in pressure increase, the initial reaction rates
have been determined. By plotting these rates vs. the amount of catalyst, the rate laws
regarding the catalyst concentration as well as the turnover frequencies (TOFs) were
obtained. For all experiments acetonitrile was chosen as organic co-solvent because of its
strong oxidative resistance and its good miscibility with water. However, it is well known
that with increasing amount of acetonitrile the catalytic reaction severely slows down due to
competitive binding of acetonitrile to the seventh coordination site of the ruthenium

[311.323] Thys, for an optimal catalytic performance the content of acetonitrile should

center.
not be higher than absolutely necessary to keep the macrocyclic catalysts and their
intermediates in solution.!*’®! Since the solubility of MC1-MC4 in water strongly deviates

from each other due to their different sizes, the catalytic experiments have been performed
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both under optimized and under comparable solvent compositions (Table 1). Whereas the
smallest macrocycle MC1 is soluble in nearly pure water, containing only 2% (v/v) of
acetonitrile as co-solvent, the amount of organic additive required to achieve sufficient
solubility rises significantly with increasing ring size. To reach their best performances, 50%
and 60% of acetonitrile, respectively, have to be added to the intermediate sized macrocycles
MC2 and MC3. The largest macrocycle MC4 already requires at least 80% of organic co-
solvent, and even then concentrations cannot be obtained as high as for the smaller
analogues. To still properly compare all catalysts, concentration-dependent water oxidation
experiments have been performed for MC1-MC4 with a constant 80% acetonitrile content

(Figure 30 and Figure A14-Figure A17).

Table 1: Catalytic activity and kinetic isotope effects of the macrocyclic WOCs MC1-MC4.

CH;3CN MC1 MC2 MC3 MC4
Method
content TOF /s™! TON TOF /s™! TON TOF /s™! TON TOF /s™! TON
2% 38 2500 - - - - - -
Ce(IV)-driven 50% _ _ 70 3240 _ _ _ _
Catalysis *
60% - - - - 150 7400 - -
80% 0.3 660 1.6 680 7.9 3590 3.8 1810
Light-driven® 50% 0.56 614 3.1 1309 5.3 4409 53 3504
H/D KIE® 50% 1.2 1.5 2.8 1.8

a) (CH3CN/H20 mixtures, pH 1, acid: CF3SO3H, [CAN] = 0.53 M, [cat] = 10—-240 uM), measured with pressure
transducers; b) (CH3CN/H20 1:1 mixture, pH 7.2, buffer: phosphate, [[Ru(bpy);]Cl2] = 1.5 mM, [Na2S20s] =
37 mM, [cat] = 0.5-5 pM) measured with a Clark-electrode; ¢) (CH3CN/H20 1:1 and CH3CN/D20 1:1 mixtures,
pH 1, acid: CF3SOsH, [CAN] = 0.53 M, [cat] = 10-20 uM), measured with a Clark-electrode; d) Note that the
TONSs are limited by the stability of [Ru(bpy)3]**.

A linear dependency of the reaction rate on the amount of catalyst is obtained for all
macrocycles within the first 50 s of the catalytic reaction. In such linear cases, the slope of
the linear regression represents the turnover frequency of the individual catalyst. On the
other hand, a quadratic dependency on the catalyst concentration is observed for the
mononuclear reference [Ru(bda)(pic):2], which is in line with its well-established bimolecular
reaction mechanism (Figure A18).14 The best performance is obtained for the catalyst MC3
(TOF = 7.9 s”!, TON = 3590) with TONs and TOFs being one order of magnitude higher
compared to the smallest macrocycle MC1 (TOF = 0.3 s/, TON = 660). The other two
catalysts MC2 (TOF = 1.6 s'!, TON = 680) and MC4 (TOF = 3.8 s”!, TON = 1810) are
intermediate representatives. The activity of the mononuclear complex [Ru(bda)(pic):] is in
the same range (TOF = 0.09-1.17 s™!, TON = 450) as the slowest macrocyclic catalyst,
the size of the

however, operating via a different mechanism. Apparently,
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metallosupramolecular macrocycles MC1-MC4 has an enormous influence on their activity
in catalytic water oxidation (vide infra). The catalytic performance of the more soluble
macrocycles MC1-MC3 was further investigated under the respectively optimized solvent
compositions mentioned above. Maximal TOFs of 38 s™!, 70 s, and 150 s™! as well as TONs
of 2500, 3240, and 7400 have been measured for the catalysts MC1-MC3, respectively
(Figure A19-Figure A21). All catalysts are active for more than one hour, and gas
chromatographic analysis of the head space at the end of each catalytic reaction confirms
that the measured pressure increase is solely due to the formation of oxygen. Interestingly,
macrocycle MC3 exhibits also the best performance under the optimized solvent
composition, although higher amounts of acetonitrile as co-solvent are required compared

to its smaller analogues.
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Figure 30: (a, b) Water oxidation experiments using the catalysts MC1-MC4 and [Ru(bda)(pic)] at various
concentrations for the determination of the respective TONs (a) and TOFs (b). The measurements were
performed using cerium(IV) ammonium nitrate as sacrificial oxidant and pressure transducers for the oxygen
detection (1.0 g CAN was dissolved in 3.0 mL CH3CN/H,O (pH 1, CF3;SO3H) 4:1, 400 pL of the catalyst
solution in the same solvent mixture were injected).

Additional kinetic experiments have been performed using stoichiometric amounts of CAN
to gain further insights into the mechanism of water oxidation. Under those conditions, the
concentration of the oxidant cannot be neglected anymore and all oxidative steps in the
reaction sequence should exhibit a first order dependence on its concentration. Furthermore,
far less oxygen should be evolved which is why the previously described setup reaches its
detection limit. Therefore, UV/Vis spectroscopy has been used to study the consumption of
CAN during the water oxidation reaction. Cerium(I'V) ammonium nitrate was dissolved in a
CH3CN/H20 (pH 1) 1:1 mixture, and after addition of the catalysts, the decay of the
characteristic CAN absorption band at 360 nm was monitored over time. By applying

Lambert-Beer’s law the corresponding concentration changes have been calculated. The
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dependence of the reaction rates on the concentrations of both, catalysts and oxidant, was
studied with two different types of experiments. First, the CAN concentration was kept
constant and only the respective catalyst concentration has been varied (Figure 31a and
Figure A22-Figure A26). In a reversed series of measurements, the concentrations of the
catalysts were kept constant, while the CAN concentration has been varied (Figure 31b and
Figure A27-Figure A31). For all macrocyclic catalysts MC1-MC4 a linear dependence of
the initial reaction rate on the catalyst concentration was observed. In contrast, the reference
complex [Ru(bda)picz] exhibits a quadratic dependence (Figure A22), as it has already been
shown in previously described experiments using CAN in large excess. For this mononuclear
catalyst, the O—O bond formation is known to proceed via the coupling of two ruthenium

[152] Since this process does not involve any further

oxyl radicals in the rate-determining step.
oxidation, the reaction rate of [Ru(bda)picz] does not depend on the oxidant concentration
as it has been proven by varying the amount of CAN (Figure A27). All macrocycles,
however, exhibit a linear dependence of the reaction rate on the CAN concentration.
Consequently, an oxidation step has to be rate-determining for those metallosupramolecular

catalysts, as it has previously been investigated in great detail for MC3.1%]
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Figure 31: (a, b) Water oxidation experiments at stoichiometric CAN conditions investigated by the
consumption of CAN by monitoring the corresponding UV/Vis absorption at 360 nm (measured in
CH3;CN/HNOs 1:1 (pH 1, acid: HNOs). (a) Variation of the catalyst concentration with fixed CAN
concentration (2.0 mM). (b) Variation of the CAN concentration with fixed catalyst concentration (3 uM for
MC1-MC4 and 9 pM for [Ru(bda)(pic).]).

Based on this information, redox titration experiments using the one-electron oxidant CAN
have been performed and the absorption spectral changes were monitored by UV/Vis
spectroscopy (Figure A32-Figure A36). Upon the successive addition of oxidant in
portions of one equivalent per macrocycle, a stepwise oxidation of all ruthenium centers

from Ru' to Ru'™ occurs. After addition of three CAN equivalents, the oxidation processes
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are completed and the respective low-energy transitions at approximately 670 nm reach their
maxima. Subsequent addition of another three CAN equivalents leads to spectra that are

characteristic for the Ru'v state, without Ru'

absorptions present anymore. Any further
addition of oxidant does not result in significant spectral changes, indicating that for all
macrocycles the resting state is a Ru'Y species, with the Ru'Y/Ru" oxidation being rate-
determining. Altogether, we have proven that MC1-MC4 catalyze water oxidation
following the WNA mechanism, in which the O—-O-bond formation proceeds via the

nucleophilic attack of water at a RuY=0 species.

To verify that the metallosupramolecular macrocycles are the actual catalysts, post-catalytic
analysis has been performed on reaction mixtures using MALDI-ToF mass spectrometry
(Figure A37-Figure A40). Therefore, 128 equivalents of CAN (corresponding to 32
catalytic cycles) were added to the respective catalyst solutions in CH3CN/H20 (pH 1) 4:1,
and all samples were reduced with ascorbic acid after the gas evolution had ceased. In all
cases, the macrocycles are still present and give rise to the most prominent peaks in most of
the mass spectra. Furthermore, minor fragmentation can be observed by the loss of one

[168] However, it seems

bridging ligand, which is known to be the main degradation pathway.
to be most likely that fragmentation occurs within the mass spectrometer because only
coordinatively unsaturated ruthenium centers could be detected. If the fragmentation would
already occur during catalysis, coordination of acetonitrile should take place, which would
result in appropriate mass signals. The macrocycle MC4 itself is hardly ionizable, for what
reason high laser intensities had to be applied, resulting in a pronounced fragmentation

behavior and a noisy baseline (Figure A40).

3.1.7 Photocatalysis

To use water as a feedstock for a sustainable economy, it is inevitable to replace the
sacrificial chemical oxidant CAN by other environmentally friendly energy sources, most
preferentially sunlight. Therefore, a good interaction of the catalyst with the respective
photosensitizer has to be guaranteed. To address this requirement, we performed light-driven
water oxidation experiments replacing CAN by the much milder oxidant [Ru(bpy)3]>*,1!34-15¢]

which is photo-generated in situ from the photosensitizer [Ru(bpy)s]** in the presence of

NaxS20s as sacrificial electron acceptor (Figure 32).['%
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Figure 32: Schematic representation of the major processes (1-5) involved in the light-driven water oxidation
using a three component system based on MC3 as water oxidation catalyst,®>! [Ru(bpy)s;]*" as photo-
sensitizer,°% 324l and NaS,0y as sacrificial electron acceptor.'>#

All processes involved in the light-driven water oxidation using this three component system
(1-5) are schematically represented in Figure 32, and the important redox potentials under
neutral conditions (pH 7) have been included. The required potential to oxidize water is pH-
dependent and can be calculated using the Nernst equation.*?*! For the construction of this
scheme, MC3 was chosen as the catalyst. The potentials for its redox couples have been
extracted from the respective Pourbaix diagram (Figure A3). After excitation of
[Ru(bpy)s]** (1), a quick relaxation to the *MLCT state occurs (2).[!*% 324 From this excited
state an electron is transferred to the sacrificial electron acceptor S20s>” (3), leading to the
generation of [Ru(bpy)]**.!>* This oxidized photosensitizer is now capable to subsequently
oxidize the catalyst (4). The sequence has to proceed repeatedly before the catalyst reaches

the Ru" oxidation state, which is responsible for water oxidation (5).

The experiments were performed concentration-dependent for each catalyst, whereas all
other factors such as the solvent composition or the concentrations of Na>S:0s and
[Ru(bpy)s3]Cl2 were kept constant (Figure A41-Figure A44). Irradiation was performed
with a Xenon lamp and a Clark electrode was used for oxygen detection. All components
were dissolved in the dark in a CH3CN/H20 (pH 7.2, buffer: phosphate) 1:1 mixture. No

oxygen evolution is detected in the dark, but immediately after light exposure, generation of
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molecular oxygen is observed (Figure 33a). Likewise, these photocatalytic experiments
exhibit first order reaction rates with respect to the catalyst concentrations (Figure 33b).
However, this behavior is only valid for low catalyst concentrations with oxygen evolution

1

rates below 4-5 nmol s~!, as the photo-generation of the oxidant [Ru(bpy)3]** becomes rate-

determining above this limit (Figure A44).[%326]
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Figure 33: (a) Photocatalytic oxygen evolution using MC2 as catalyst at various concentrations. (b) Plot of
the initial reaction rates vs. the amount of catalysts for MC1-MC4 and the linear regressions for the
determination of TOFs. (2.0 mL CH3;CN/H,O (pH 7.2, buffer: phosphate) 1:1, [Na,S;0s] = 37 mM,
[[Ru(bpy)s;]CL] = 1.5 mM; Ay > 380 nm, 230 mW/cm?).

Therefore, the turnover frequencies were determined for concentrations with catalytic rates
below this threshold, for which a linear regression can be realized. Under these conditions,
similar trends are observed for the catalytic activities of MC1-MC4 like in the CAN driven
experiments described before. The highest activities have been measured for the larger
macrocycles MC3 and MC4, which both exhibit TOFs of 5.3 s™!, with MC1 being again
one order of magnitude slower (Table 1).° Although the tendency of the respective TONS is
in principle the same, the absolute values are significantly lower compared to the chemical
water oxidation using CAN, which can be explained by the limited stability of the
photosensitizer.*?”) Despite that, all catalysts are highly active under these photocatalytic

1

conditions, since TOFs below 1 cycle s™ are usually found for most homogenous

metalorganic photo-catalysts.[!6!]

> In our previous publication (ref. [93]) a TOF of 13.1 s7! was reported for MC3. This discrepancy is presumably due to
contamination of the Clark electrode or intensity fluctuations of the light source.
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3.1.8 H/D Kinetic Isotope Effects

The observed rate laws for water oxidation, in combination with the oxidative UV/Vis
titration experiments, revealed that for all macrocycles MC1-MC4 the oxidation from Ru'"
to RuV is rate-determining, as it has been described for previously reported polypyridine

131,147, 3121 Using electro-chemistry at different pH values, this step

water oxidation catalysts.!
was found to be proton-coupled for all macrocycles under acidic conditions. Chemical
reactions in which an element-hydrogen bond breaking is involved in the rate-determining
step are characterized by different reaction rates regarding their protonated and deuterated
isotopes, respectively. If the ratio of this H/D kinetic isotope effect exceeds the value of two,

a direct covalent bond breaking or forming is usually involved.[% 73 131]

Therefore, we performed the catalytic water oxidation experiments in both normal and heavy
water to get insights into the rate-determining step and its proton coupling (Figure A45—
Figure A48). All catalysts were tested under the same reaction conditions in a CH3CN/H20
1:1 mixture (pH 1, acid: CF3SOs3H) using cerium(IV) ammonium nitrate (CAN) as sacrificial
oxidant and a Clark-electrode for Oz detection. From the slopes of the oxygen evolution
curves, the initial rates of the catalysis have been determined. Plotting these rates against the
catalyst concentrations allows the determination of the corresponding reaction rates (k.o
and kp,0). Similar tendencies are obtained for their activities like in the water oxidation
experiments described above, with a clear optimum for MC3 and the lowest activity for
MC1. Accordingly, strong differences are also found in the kinetic isotope effects, which
were calculated from the different reaction rates using H20 and D20 as the solvent. The most
active catalyst MC3 exhibits the highest KIE with a value of 2.8, whereas only a very low
KIE of 1.2 is obtained for the least efficient catalyst MC1, with MC2 and MC4 being in
between (Figure 34 and Table 1). Such different values indicate that the degree of proton
coupling is different for each macrocycle in the rate-determining step, and that the overall
catalytic rate depends on the proton abstraction during the oxidation from RuY—OH to
RuY=0. It is well established that even small structural changes in relatively simple systems
can result in substantial changes of the proton coupling and thus in the KIE, since the proton
transfer efficiency strongly depends on the right structural orientation and distance between

the donor and acceptor side.[*?32°]
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Figure 34: (a—d) Kinetic isotope experiments for the catalysts MC1-MC4. Plot of the initial catalytic rates vs.
the catalyst concentration with the corresponding linear regression fits to determine the reaction rates ku20 and
kp2o (Measured with a Clark electrode in 2.0 mL aqueous pH 1 solutions (H>O or D,O) with 50% acetonitrile
as co-solvent using CAN (0.525 M) as a sacrificial oxidant).

In principle, there are three extreme cases how the Ru'Y—OH species can be converted into
RuY=0 intermediates (Figure 35).[273-274.330.331 Under the applied acidic reaction conditions
pathway A should not be of relevance since substrate water deprotonation is less favored.
The other two extrema are characterized by an initial oxidation followed by subsequent
deprotonation (B), or a simultaneous proton-coupled electron transfer process (C). The
relatively small KIEs of MC1-MC4 suggest that the investigated PCETs are not fully
concerted, but somewhere in between the extreme cases B and C.%3% 333 Apparently, the
proton-coupled oxidation of MC3 from Ru!V—OH to Ru"=O0 is rather concerted with the

highest KIE value of 2.8, whereas those of the other macrocycles proceed more stepwise.

-H*
Ru'V-OH > Ru"=0

H
RuV-OH > RuY=0

Figure 35: The three extreme pathways for the conversion from Ru'V—OH to a RuV=0 species.
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Chapter 3 Results and Discussion

3.1.9 Mechanistic Investigations by Molecular Dynamics
Simulations®

To fully understand the different activities of the macrocyclic catalysts, all proton-coupled
oxidation processes of MC3 and the mononuclear reference complex [Ru(bda)(pic)z] have
been investigated by QM/MM molecular dynamics simulations.[2% 294 2051 Therefore, the
complexes were integrated into a box of water which is described by molecular mechanics
(MM) containing a certain number of explicit water molecules. These water molecules were
placed in close proximity to the catalytically active ruthenium centers and were fully
described quantum-mechanically (QM). First, we have calculated the oxidation potential of
Ce'V and the ionization potentials of the different ruthenium oxidation states to verify that
cerium(IV) has a sufficient oxidation strength. Next, starting geometries have been
optimized for every oxidation state of the catalytic cycle and one electron for [Ru(bda)(pic):]
and three electrons for MC3 have been removed from each of those structures. The
subsequent proton release from the catalysts to the explicit water molecules has finally been
monitored by MD simulations. The experimentally established PCETs of MC3 are well
reproduced by our calculations. After oxidation from [Ru"|Ru"[Ru"] to [Ru[Ru[Ru'"]*",
water coordinates to the ruthenium centers without any proton transfer to adjacent water
molecules (Figure A49). After removal of another three electrons, a reduction of the Ru—
OH bond lengths can be observed in the MD simulations which is accompanied by the
release of two protons after 1100 fs and 1600 fs (Figure AS0). Likewise, the abstraction of
only two protons could be observed after removal of further three electrons from a predefined
[RuV—OHRuV-OH|Ru!V-OH]** species, giving rise to the same odd 3e/2H* PCET
experimentally determined by pH-dependent differential pulse voltammetry (Figure 36).
Within this process, two of the RuO-H bonds become elongated after very short time,
whereas the third one remains unaffected during the whole simulation, although several

neighboring water molecules are present to further transfer the released proton.

6 These calculations were carried out by Joachim O. Lindner under the supervision of Prof. Roland Mitri¢ and
Dr. Merle I. S. Rohr, Theoretical Chemistry, University of Wiirzburg
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Figure 36: Evolution of the RuO-H bond lengths in the MD simulation after the oxidation from Ru'Y to RuV
of MC3. For several key time steps, snapshots of the three ruthenium centers (Ru!, Ru?, Ru®) are given below.
Hydrogen atoms are denoted as bonded with distances < 1.4 A, weakly coordinated with distances > 1.4 A and
< 2.5 A, and non-bonded with distances > 2.5 A (green = carbon, grey = hydrogen, red = oxygen,
blue = nitrogen, yellow = ruthenium).

In the case of the monomeric [Ru(bda)(pic):], the first oxidation to [Ru'']" also leads to the
coordination of water (Figure A52). However, the coordination is much weaker compared
to MC3 due to the sterical crowding of the axial 4-picoline ligands which partially block the
seventh coordination site in their preferential orientation (vide infra). The subsequent two
oxidation events exhibit 1e /H" PCETs generating [Ru'Y—OH]" and [Ru"=01]", respectively
(Figure AS53-Figure AS54). After removing three electrons from the default
[Ru¥=0O|Ru"=0O|RuY=0]*" species of MC3 and one electron from the [RuY=0]" species of
the reference complex, O—O bond formation takes place in both cases by the nucleophilic
attack of water, which is accompanied by the release of one proton. Ultimately, a change
from singlet to triplet state enables the second proton transfer and liberation of elemental

dioxygen (Figure A51 and Figure A55).7% 161 Note that the bimolecular coupling pathway
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Chapter 3 Results and Discussion

is not possible in our simulations for [Ru(bda)(pic):], because only one single catalyst
molecule has been included in the calculations. Most interestingly, our simulations reveal
that the released protons are cooperatively stabilized by a well-defined hydrogen bonding
water network bridging the Ru centers inside the macrocyclic cavity of MC3 (Figure 37).
This cooperative effect is characteristic for the different catalytic activities of MC1-MC4,
because the dimension and the geometry of the macrocycle interior should crucially affect

the hydrogen-bonded water network.

Figure 37: (a, b) Depiction of hydrogen bonding networks in the O—O bond formation step after the first proton
abstraction for [Ru(bda)(pic).] (a) and MC3 (b). C-bound hydrogen atoms and pic-ligands are omitted for
clarity. Only relevant water molecules are displayed (green = carbon, grey = hydrogen, red = oxygen, blue =
nitrogen, yellow = ruthenium).

Therefore, the critical oxidation from Ru'¥ to RuY was investigated in an analogous way for
the macrocyclic catalysts MC1 and MC2. In all three macrocycles, proton abstraction is
observed at only two Ru—OH subunits. Unfortunately, in a system with multiple reaction
centers and a large number of explicit water molecules, proton transfer cannot simply be
traced by considering the solvent in close proximity to the ruthenium centers.*3#! Instead,
we defined dynamic proton delocalization cavities as a new dimension to measure the
capability of specific protons to move between the individual reaction centers during our
MD simulations. The number of bonded hydrogen atoms was determined for each oxygen
atom in time steps of 5 fs, applying a threshold of 1.25 A. If the final number adds up to at
least three for water molecules and one for carboxylic substituents, a defined volume element
has been added to the cavity at the position of the respective oxygen atom to visualize proton
movement during the simulation. In Figure 38, the dynamic proton delocalization cavities
of MC1 and MC3 are depicted. The protons that are released at both Ru—OH subunits of
MC1 are well separated from the other reaction centers and remain localized at solvent
molecules in vicinity to the oxygen atom from which they have initially been released.

Apparently, two ruthenium binding sites of the small macrocycle are oriented to the exterior
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which efficiently prevents a cooperative stabilization of the released protons inside the
macrocyclic cavity. The third Ru—OH group does not get into contact with solvent water
molecules because it is trapped in between the carboxylic groups of the other two {Ru(bda)}
subunits. In contrast, all three catalytic centers of MC3 are pointing into its cavity and the
proton transfer appears to be completely different. The two released protons are attracted by
the carboxylic groups from the third {Ru(bda)} moiety, resulting in a dynamic proton
delocalization cavity that is located inside the void of the macrocycle. Thus, the third
{Ru(bda)} subunit cooperatively facilitates the proton abstraction from the reactive centers

by involving its carboxylate substituents, which are known to act as proton acceptors.[*”]

Figure 38: (a, b) Dynamic proton delocalization cavities of MC1 (a) and MC3 (b) calculated based on the
reaction MD from Ru' to RuV in the time interval from 0 to 1715 fs. The given structures are taken from the
last simulation step. The solvent is not displayed for clarity.

Recent DFT calculations on the “blue dimer” revealed that proton relays are highly important
for the operation of multinuclear WOC:s, and that the activation barriers of PCETs are mainly
dependent on the structural reorganization of the hydrogen-bonded water network.
Therefore, similar to the situation in many enzymes an appropriate preorganization of water
molecules as proton relays in MC3 lowers crucial activation barriers and accelerates water
oxidation.'”>17] In the case of MC2, the dynamic proton delocalization cavity exhibits
characteristics of both extreme cases, more closely resembling MC1 than MC3 (Figure
A56), which is in good agreement with its intermediate catalytic activity. Our MD
simulations demonstrate that cooperative effects facilitate proton abstraction in the rate-

determining step and explain the enhanced catalytic activity of MC3.
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Chapter 3 Results and Discussion

3.1.10 Conclusion

A series of trinuclear {Ru(bda)} macrocycles with varying ring sizes has successfully been
synthesized using ditopic bridging ligands of different lengths. A distinct size dependence
was observed for their catalytic activities in chemical water oxidation, and all our
experiments revealed the smallest macrocycle MC1 to be least catalytically active, whereas
the medium-sized macrocycle MC3 exhibits the best performance (Table 1). For all
supramolecular WOC:s, the catalytic rate of water oxidation depends linearly on the catalyst
and oxidant concentration. The resting states of the catalysis are Ru!Y—OH species with the
oxidation from Ru'Y to Ru" being rate-determining. Consequently, the O—O bond formation
steps presumably proceed via the WNA mechanism like it has previously been proven for

(93] Most interestingly, the catalytic activities are reflected

MC3 by '%0 labelling experiments.
in the magnitude of the H/D kinetic isotope effects (KIE), with a KIE of 2.8 for MC3 and a
negligible KIE of 1.2 for MC1. The KIE values are related to the quality of the hydrogen-
bonded water network inside the macrocyclic cavities and a high degree of proton coupling

in the rate-determining Ru'V—OH to Ru"=0 oxidation is beneficial for the catalytic activity.

Molecular dynamics simulations revealed that the rigid cyclic structures of MC1-MC4
provide better access to the seventh coordination site of the {Ru(bda)} fragment than the
flexible mononuclear complex [Ru(bda)(pic):2], facilitating substrate water binding.
Theoretical examination of relevant proton-coupled oxidation processes of MC1 and MC3
provided evidence that each {Ru(bda)} center in MC1 catalyzes water oxidation solitary due
to steric constraints that force the {Ru(bda)} centers to be partially oriented to the exterior.
For the larger compound MC3, cooperative effects between the individual ruthenium centers
have been substantiated with an extended hydrogen-bonded water network inside the
macrocyclic cavity, acting as efficient proton relay between the catalytic subunits. The
abstracted protons are therefore stabilized and can be quickly removed from the reactive
centers giving rise to more concerted proton-coupled electron transfer processes with a high
experimental KIE value. Interestingly, the intensities of the low-energy absorption bands of
the Ru and Ru'Y states of the macrocyclic WOCs mirror the catalytic activity and the KIE
and can thus be used to estimate the catalytic performance. DFT calculations disclosed the
nature of these transitions and molecular dynamics simulations revealed that the energetic
positions of these bands are highly dependent on the Ru—OH and the RuO-H bond lengths.
These bonds are mainly influenced by the degree of hydrogen bonding between the aqua or

hydroxide ligands and the water molecules inside the macrocyclic cavity, and thus strongly
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depend on the size of the macrocycle itself. Accordingly, we have shown that the
incorporation of catalytically active {Ru(bda)} fragments into trinuclear metallosupra-
molecular macrocycles may result in new and beneficial cooperative effects similar as found
in many natural catalysts (enzymes, natural oxygen evolving cluster, etc.) that rely on
specific networks of water molecules in the vicinity of catalytic sites. By tuning the size of
the macrocyclic cavity, the inner hydrogen bonding water network bridging the reactive
{Ru(bda)} centers could be manipulated specifically to increase the catalytic activity. Based
on these results we assume that the modification of the macrocyclic interior by endo-
functionalization of the bridging ligands is a promising approach to further improve such

metallosupramolecular water oxidation catalysts.
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Chapter 3 Results and Discussion

3.2 Trinuclear Ruthenium Macrocycles: Towards
Supramolecular Water Oxidation Catalysis in
Pure Water?’

3.2.1 Water Solubility of Trinuclear Macrocycles

Incorporating the {Ru(bda)} fragment into large metallosupramolecular structures
significantly decreases the solubility in water. Thus, acetonitrile is required as organic co-
solvent to perform catalytic water oxidation studies. From a green chemistry perspective this
is highly undesired, since acetonitrile is regarded to be a non-eco-friendly solvent, especially
compared to water.***] Therefore, we intended to develop fully water soluble derivatives of
the macrocyclic system, which showed the best catalytic performance (MC3), to facilitate
the oxidative splitting of water completely without any co-solvents. Furthermore, it is known
that acetonitrile acts as a competitive binder to the seventh coordination site of the {Ru(bda)}
fragment, competing with the coordination of water and thereby creating an off-pathway

(216] By avoiding the use of acetonitrile, an

which slows down the overall catalytic rate.
increase in the catalytic activity can hence be anticipated. Here, a comprehensive study on
two analogues of the parent macrocycle [Ru(bda)(bpb)]s (MC3) bearing additional water
solubilizing groups such as triethylene glycol chains (MC3b) or protonable tertiary amines
(MC3c) is reported. Those solubilizing groups were incorporated into the bridging ligands

to minimize the alteration of electrochemical and catalytic properties of the parent system.

3.2.2 Synthesis and Characterization of the Functionalized
Macrocycles

The bridging ligands 52—54 required for the macrocyclization have been obtained via Suzuki
couplings between benzene-1,4-diboronic acid and adequately functionalized bromo-
pyridines 49-51 that were synthesized according to literature known methods.[*6-331 By
heating the divalent ligands together with [Ru(bda)(dmso):] in a 1:1 ratio, it was possible to

synthesize the desired trinuclear metallosupramolecular macrocycles as shown in Figure 39.

7 This chapter was communicated in:
[276] V.Kunz, M. Schulze, D. Schmidt, F. Wiirthner, ACS Energy Lett. 2017, 2, 288-293.
(Reproduced with permission; copyright (2017) American Chemical Society)
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Figure 39: Synthesis of the bridging ligands 52—54 and trinuclear macrocycles MC3, MC3b, and MC3c.

To confirm the macrocyclic arrangement and to prove the stability of the new catalysts, we
performed temperature dependent 'H NMR experiments in different solvents. Figure 40a
shows exemplarily the aromatic region of the 'H NMR spectrum of MC3e¢ in
CD:2Cl2/MeOD 5:1. Only three signals for the bda ligand (blue) and four signals for the
bridging ligand 54 (red) can be observed, proving the Dsn symmetry of the cyclic system.
Although the macrocycle MC3c is not fully soluble in neutral water the addition of few
equivalents of ascorbic acid, commonly added to NMR samples to reduce traces of
paramagnetic Ru"" to diamagnetic Ru'l, is sufficient to bring the macrocycle into solution
due to concomitant protonation of the amine groups. Most 'H NMR signals in the aromatic
region are significantly shifted to lower fields due to the different solvent environment but

the amount, multiplicity and sharpness of the signals is not affected (Figure 40b).
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Figure 40: (a—c) Aromatic region of the 'H NMR (400 MHz, ascorbic acid) spectra of MC3c¢ in different
solvents: CD,Cl,/MeOD 5:1 (a), D>O (pH 7) (b), and D,O (pH 2, acid: CF3SOsH) (c).
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Chapter 3 Results and Discussion

Even after acidification with trifluoromethane sulfonic acid to a pH of 2, no decomposition
was observed over 1 week (Figure 40c). However, when the pH is further lowered to a value
of 1, a severe signal broadening is observed. This broadening can be overcome by heating
the sample up to 355 K (Figure 41) and can be explained by the reduced symmetry upon
protonation of one of the carboxylate arms and the resulting dynamic coordinating
/decoordinating equilibrium between the two carboxylates of one bda ligand, which is a

known phenomenon for {Ru(bda)} complexes under highly acidic conditions.!6% 21¢]
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Figure 41: '"H NMR spectra (400 MHz, D,O, ascorbic acid) of MC3¢ under acidic conditions (pH 1, acid:
CF3SO3H) at various temperatures.

In the Ru'! state, with an 18 valence electron configuration, always one of the carboxylate
functionalities has first to dissociate for the accommodation of a new incoming ligand.
Although electrochemical measurements performed on related {Ru(bda)} based WOCs in
aqueous solutions suggest the coordination of water in the Ru'' state,!! this cannot be seen
by NMR spectroscopy, because the ligand exchange between the water molecule and the
carboxylate group is very fast.*!!] In contrast, for the stronger o-donor acetonitrile, which
exchanges only slowly with the carboxylate ligands, strongly broadened resonances can be
observed for related mononuclear complexes.!'% 216 31 Therefore, no sharp 'H NMR

spectrum for the triethylene glycol macrocycle MC3b could be obtained, because always
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some acetonitrile is required for solubility. Accordingly, also the spectrum of MC3c
broadens upon addition of acetonitrile into the solvent mixture. The broadening is stronger
than for the mononuclear reference systems due to the formation of many isomers upon
desymmetrization. All in all, these NMR experiments clearly prove the high stability of the
cyclic arrangement in water, even under strongly acidic conditions and elevated

temperatures.

3.2.3 UV/Vis Spectroscopy and Electrochemistry

The UV/Vis absorption spectra of all [Ru(bda)L]3 macrocycles in the Ru'' state show a strong
absorption band around 300 nm for the ligand centered L-7 — L-7* transitions and bands at
360, 450 and 490 nm which can be attributed to metal-to-ligand charge transfer (MLCT)
transitions. The band around 360 nm can be attributed to the Ru-d — L-z* transition,
whereas the 450 to 490 nm absorption can be assigned to the Ru-d — bda-z* transitions.*3]
For MC3c, those low-energy MLCT bands are slightly blue shifted, whereas the high-energy
MLCT band at 360 nm is bathochromically shifted, meaning that the axial ligand 54 is

slightly less electron donating compared to 52 and 53 (Figure 42).3'4
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Figure 42: UV/Vis spectra of MC3, MC3b and MC3c at a concentration of 8 x 107 M in CH;CN/H,O (pH 1,
acid: CF3SOsH) 1:1 (inset: amplified region between 400 and 600 nm).

Differential pulse voltammetry was used to verify that the electronic features of the
ruthenium centers are not strongly perturbed by the exchange of the bridging ligand. The
macrocycle MC3c¢ was measured in pure water at pH 1, whereas the macrocycles MC3 and

MC3b were investigated in the presence of the non-coordinating CF3CH20H as co-solvent,
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which is known to have no influence on the redox potentials (in contrast to the coordinating
solvent acetonitrile).’> 163) At pH 1, all voltammograms exhibit three oxidation events at
potentials around 0.75V, 1.1 V and 1.4 V vs. NHE (NHE = normal hydrogen electrode),
that can be assigned to the Ru™ Ru™V and Ru""V redox couples, respectively. After the
last oxidation, a strong increase in current is observed due to the catalytic oxidation of water.
For all macrocyclic WOCs this onset potential is centered around 1.5 V vs. NHE, meaning
that all catalysts are capable of oxidizing water with an overpotential of ca. 270 mV.
Additionally, the very similar oxidation potentials of all macrocycles prove that the redox
properties of the new WOCs are not very different compared to the parent system MC3.!
For the macrocycle MC3¢, pH-dependent measurements were performed under acidic
conditions (pH 1 to pH 3), to ensure full protonation of the amino groups over the whole pH
range. From those measurements, a Pourbaix (£ vs. pH) diagram can be constructed which
provides information about the proton coupling of the individual redox events (Figure
43).229 The first oxidation from Ru" to Ru'™ is found to be proton uncoupled, whereas the
other two oxidation events are characterized by a slope of —44 mV/pH. According to the
Nernst equation this correlates with a 3e /2H" proton-coupled electron transfer process,

which is in line with the results previously reported for MC3.?!
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Figure 43: (a) Differential pulse voltammograms for MC3c¢ in H>O at selected pH values, and (b) a
corresponding Pourbaix diagram for MC3e. The initial pH was 1 (acid: CF3SO3H), which was then increased
by the addition of aq. NaOH. The Pourbaix diagram was constructed by the redox potentials determined at
different pH values.
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3.2.4 Water Oxidation Catalysis by Highly Water Soluble
Macrocycles

Since some amount of acetonitrile is required for the solubility of the catalysts but it also
acts as a competitive binder to the catalytic site, the optimal solvent composition had to be
identified for each catalyst. To determine the optimal reaction conditions, the catalytic
activity was screened in different solvent compositions for all catalysts under otherwise fixed
conditions. Cerium(IV) ammonium nitrate (CAN) was used as the sacrificial oxidant
dissolved in CH3CN/H20 (pH 1, acid: CF3SOsH) mixtures (v/v) with different mixing
ratios.['3# After the injection of the catalyst solution, the evolution of molecular oxygen was
monitored using pressure transducers and the gas composition was analyzed with gas
chromatography (GC) at the end of the reaction. All three catalysts show different optimal
solvent compositions as it has been determined by the initial rate of catalysis for the first
three seconds. For the optimal performance MC3 requires approximately 60% acetonitrile,
whereas the amount of co-solvent can be lowered to 30% for MC3b and to 20% for MC3¢
(Figure 44 and Figure A58-Figure A60, see Appendix).
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Figure 44: Variation of the solvent composition for the catalytic water oxidation reaction using the catalysts
MC3-MC3c at otherwise fixed conditions ((CAN] =536 mM, [MC3-MC3c¢c] =243 uM, V=34 mL, pH 1,
acid: CFsSOsH).

If the amount of co-solvent is too low, precipitation occurs during the reaction leading to
slower catalysis and thus lower turnover numbers. At higher acetonitrile contents than
required for optimal solubility, the catalytic performance decreases due to the inhibiting role
of acetonitrile as a competitive binder, which has also been demonstrated for [Ru(bda)(pic):]
as a reference.[*!9) Interestingly, the initial rates of MC3c reach a plateau for low acetonitrile

contents and only after some time partial precipitation of apparently less soluble
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intermediates occurs which leads to a slower catalysis. However, in contrast to the other two
catalysts the water oxidation reaction never ceases completely, even under completely
acetonitrile-free conditions. Therefore, catalyst MC3c¢ was studied both, in pure aqueous
trifluoromethane sulfonic acid at pH 1 as well as under the conditions showing the optimal

performance using 20% acetonitrile as a co-solvent.

Concentration-dependent measurements under the optimized reaction conditions were used
to determine the turnover frequency (Figure 45a) and the turnover number (Figure 45b)
and to get further information about the kinetics of the reaction (Figure A61-Figure A63).
In pure water (pH 1), a high TOF of 72+ 6 s™! and a maximal TON of 2.2 x 10° can be
achieved for MC3c¢ (Figure A64). Analysis of the reaction head space composition using
gas chromatography confirmed that the increase in pressure is solely due to the formation of
oxygen as the only gaseous product (Figure A65). The addition of 20% (v/v) acetonitrile
leads to an increased TOF of 98 = 9 s™' and a TON of 2.8 x 103, which can be attributed to
the improved solubility and thus a faster reaction. The catalytic activity is significantly
higher for MC3b with a TOF of 147 9 s™! and a TON of 5.2 x 10° using 30% acetonitrile.
The comparison of the catalytic activities of these new derivatives with the already reported
parent compound MC3 (TOF = 150 s™! and TON = 7.4 x 10%), shows similar catalytic

activities for all macrocycles.[**]
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Figure 45: (a, b) Concentration-dependent oxygen evolution at individually optimized conditions for MC3—
MC3ec. (a) Initial rates and the corresponding TOFs. (b) Amount of evolved oxygen and the corresponding
TONSs. (CH3CN/H2O (pH 1) 6:4 for MC3, 3:7 for MC3b and 2:8 for MC3¢; V'=3.4 mL, [CAN] =536 mM).

The slightly lower TONs of the new supramolecular WOCs might be due to a somehow
decreased stability caused by the newly introduced side chains which make the compounds
more prone to oxidative decomposition (e.g. benzylic position).['”!l Indeed, ligand oxidation
could only be demonstrated for 53 and 54 by differential pulse- and cyclic voltammetry with

an obviously irreversible oxidation process for 54 (Figure 46).
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Figure 46: (a) Cyclic-, and (b) differential pulse (right) voltammograms of 52, 53, and 54 (0.25 mM) in
dichloromethane using (n-C4Hg)sNPF¢ (0.1 M) as electrolyte and ferrocene (Fc) as internal standard (0.25 mM)
at the end of each measurement (scan rate: 100 mV/s).

Under comparable conditions, MC3b reaches the same TOF as MC3, however in a different
solvent composition. Although MC3c¢ exhibits a lower activity compared to the other two
catalysts, the TOF of 98 s™! (33 s™! per ruthenium center) is still in the same range compared
to the monomeric reference complex [Ru(bda)(pic)2] (TOF = 33 s7!).I% However, it has to
be noted that the high performance of [Ru(bda)(pic):] is achieved with only 1% (v/v) of
acetonitrile as co-solvent and by the usually much faster I2M mechanism, whereas the
macrocycles reported here work via the nucleophilic attack of a water molecule to a
ruthenium oxide species. Thus, all macrocyclic catalysts show the expected linear
dependency of the reaction rate on the catalyst concentration, meaning that the reaction is
pseudo first-order in catalyst concentration with a monomolecular rate-determining step (the
CAN concentration can be neglected due to the large excess). This also explains the high
activity of MC3c considering its highly charged nature under the reaction conditions noting
that for a mononuclear [Ru(bda)L:] catalyst operating via the 12M mechanism only
negligible catalytic activity was observed when equipped with cationic axial ligands.*'> To
finally prove the macrocyclic integrity of the newly synthesized WOCs during catalysis,
MC3c was exemplarily analyzed by MALDI-ToF mass spectrometry after 30 catalytic
cycles. The mass spectrum of MC3c¢ thus obtained is nearly identical with the high resolution
ESI-ToF mass spectrum of the analytical pure sample exhibiting the same mass

spectrometric fragmentation behavior (Figure A66).
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3.2.5 Kinetic Oxidation Experiments

The difference in catalytic activity between the highly active MC3 and MC3b and the
somewhat slower MC3c¢ can be rationalized by the fact that the rate-determining step was
previously found to be the oxidation from Ru'Y to Ru", presumably proceeding via an inner-
sphere electron transfer.”* %3 Although the oxidation potentials of this processes are almost
the same for all compounds (Figure AS7), this oxidation event should be slowed down
considerably for MC3¢ using cerium(IV) ammonium nitrate as the oxidant due to coulombic
repulsion between the highly charged catalyst and the Ce'V cation. To demonstrate that the
charge of the catalyst really influences the rate of oxidation, a UV/Vis experiment was
performed monitoring the bleach of the MLCT band upon the oxidation of Ru" to Ru'! by
adding one equivalent CAN per ruthenium center to a 0.1 mM solution of the catalyst. This
was done for both catalysts under the same reaction conditions and under priorly optimized
solvent compositions, namely 30% acetonitrile for MC3b and 20% for MC3ec. This one-
electron oxidation is a second order reaction with the reaction rate depending on the
concentration of both, the reductant (Ru'! centers) and the oxidant (Ce'v). In the special case
that the concentration of the oxidant and reductant are the same, the rate equation 16 can be

simplified to:

11
- O T R (e ) T (16)

This rate law can be used to determine the second order rate constant k of the oxidation
process by fitting absorption spectral changes at a specific wavelength according to the
following equation 17 (with 4o being the initial and A« the final absorption, ¢ the time and

[Ru""Jo the initial ruthenium concentration):[!7>: 349

11
L Aot Ao RUTy ket
[Ru'ly - k-t+1

(17)

By fitting the decay of the MLCT absorption band at 450 nm, which is characteristic for the
Ru!! state,!'®3! the average rate constant for the oxidation of all ruthenium centers from the
oxidation state +II to the oxidation state +III can readily be estimated. This oxidation process
is roughly three times faster for MC3b (k= 1687 M ! s!) compared to MC3¢ (504 M ! s71)
under the particularly optimized reaction conditions (Figure 47). The difference becomes

even more evident, if the oxidation is performed under exactly the same reaction conditions
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(30% acetonitrile each). The rate of the Ru"™" oxidation of MC3c decreases to 221 M 's™!
becoming almost 8 times slower than for MC3b (Figure A67). This clearly demonstrates,
that the oxidation processes of MC3c¢ are dramatically slowed down by introducing charged
side chains. Obviously, a coulombic repulsion accounts for this effect, since the oxidation
potentials were not affected by the side chains as it has been proven with differential pulse
voltammetry. Although the other oxidation processes could not be further analyzed due to a
lack of significant changes in the UV/Vis spectra, it is a valid assumption that this behavior
also strongly influences them. Since the oxidation from Ru!" to Ru" is assumed to be rate-
determining, the coulombic repulsion between the positively charged side chains of MC3c¢
and the Ce' cation seems to be accountable for slowing down the water oxidation catalysis
in comparison to MC3 and MC3b. For MC3b also a beneficial effect of the triethylene
glycol chains cannot fully be excluded, which are known to bind metal ions and thus can
bring the cerium(IV) into close contact to the ruthenium center, possibly leading to faster

S.[224

oxidation processe I However, this effect would not explain almost identical TOF values

that were observed for the two catalysts MC3 and MC3b.
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Figure 47: (a, b) UV/Vis absorption spectra of MC3b in CH3CN/H,O (pH 1) 3:7 (a), and MC3c in 2:8 (b)
before (black) and after (red) the addition of 1 equivalent CAN (¥ = 2.0 mL, [cat] = 0.1 mM, [Ru-centers] =
0.3 mM, [CAN] = 0.3 mM) and the time resolved decay of the absorption at 450 nm as insets.

3.2.6 Conclusion

In conclusion, the parent trinuclear macrocyclic [Ru(bda)L]; water oxidation catalyst was
equipped with triethylene glycol and protonable tertiary amine side chains to improve the
water solubility of such supramolecular systems. Accordingly, it was possible to perform the
water oxidation catalysis under much eco-friendlier reaction conditions in pure water. By
the introduction of triethylene glycol side-chains the required amount of acetonitrile was

halved. Complete water solubility under acidic conditions could be achieved by the
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introduction of charged ammonium side chains, however, at the expense of reduced catalytic
activity in chemically driven water oxidation experiments presumably due to coulombic
repulsions with the oxidant cerium(IV). Because MC3c is soluble in pure water, the typical
line broadening in NMR experiments originating from acetonitrile coordination could be
avoided. Thus, it was possible to prove the high stability of the cyclic arrangement in
aqueous solutions with 'H NMR studies under highly acidic conditions at pH 1 and at

elevated temperatures up to 355 K.
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Chapter 3 Results and Discussion

3.3 Embedding of {Ru(bda)} Catalysts in
Supramolecular Aggregates8

3.3.1 Perylene Bisimides as Ligands for the Self-Assembly of
Catalysts

For the technical application of water oxidation catalysts, the incorporation into an

90, 341-343

appropriate matrix can be of great importance.! I The major advantages of this

approach are the better protection of the catalytically active species as well as the

compartmentalization, which helps to organize reactive modules into multifunctional

[75

structures.’” The matrix concept is inspired by nature, where the catalytically active

Mn4CaOs cluster of the chloroplasts is embedded into the protein environment of the
photosystem II, creating a surrounding that facilitates redox levelling to reduce the

overpotential for water oxidation.!'!”] Examples for the realization of this concept are the

344] 208]

deposition of water oxidation catalysts onto surfaces,’ inside nano-cages ! and

g 1343 345, 346]
2

nanotube I or the incorporation into metal organic frameworks,! as well as the

5, 1347] ,[187,251 §[348]

embedding into soft matter structures such as membrane vesicle I polymer:

and polymer gels.*!

In this chapter, the successful incorporation of the {Ru(bda)} water oxidation catalyst into
perylene dye aggregates is presented. This has been achieved by equipping the {Ru(bda)}
fragment with axial ligands containing perylene bisimide (PBI) moieties that facilitate self-
assembly in a polar environment due to strong z-7 interactions.*>*3321 The optical and
electronic properties, as well as the aggregation tendency of PBI molecules, can easily be
tuned by adequate functionalization at the bay positions.” 333355 Furthermore, perylene
bisimides are among the most robust z-systems. Their electron-poor z-scaffold is very
resistant against photo-oxidation and other chemical or thermal decomposition pathways,!>>%!
which is a prerequisite for the design of matrices for water oxidation catalysis. Accordingly,
two different PBIs have been prepared and used as ligands for the formation of complexes
with the {Ru(bda)} fragment. The aggregation behavior of these complexes in aqueous
solution has been studied, and the influence of the aggregate morphology on the water

oxidation performance has been investigated.

8 This section was partially communicated in:
[323] V.Kunz, V. Stepanenko, F. Wiirthner, Chem. Commun. 2015, 51, 290-293.
(Reproduced with permission; copyright (2015) The Royal Society of Chemistry)
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3.3.2 Synthesis of Perylene Bisimide (PBI) Ligands

Unsymmetrically substituted perylene bisimide molecules have been designed to provide
both, sufficient solubility, and the ability to coordinate metals (Figure 48). One of the two
imide positions was thus functionalized with a pyridyl group for metal coordination, whereas
the second imide position was derivatized with a solubilizing group. For this purpose, a
triethylene glycol swallowtail was introduced as it is known to provide good solubility in

336, 357) The respective amine 55 was prepared in a four-step synthesis

aqueous media.!
according to literature known procedures.!33¢ 338391 The pyridyl group was connected to the
PBI via a short alkyl spacer, using 2-(4-pyridyl)ethylamine (56), to introduce some
flexibility for more efficient metal binding.*®"! Moreover, two different perylene core
structures have been used to control the electronic properties and the aggregation behavior.
The introduction of chloride substituents at the bay positions of the perylene core (1,6,7,12),
should result in a higher oxidative stability and a lower aggregation tendency compared to
bay-unsubstituted PBI analogues. A sterically less demanding pyridine derivative bearing a

glycol chain (PyO) has been synthesized as an additional water-solubilizing ligand

according to a literature known procedure.*6!l

PBI-1 PBI-2 PyO
N N
pyridyl group | N | N | Ns
for metal ¥ »Z ¥z
coordination o
os_N.__0O j

perylene core
for aggregation

0”"N" o
swallowtail H\
substituent Q o
for solubility ] l
0 o
N— —+

Figure 48: Overview of the synthesized ligands based on perylene bisimide (PBI) or pyridine scaffolds.

Generally, there are different strategies to synthesize such unsymmetrical PBIs (Scheme 1),
depending on when the individual imide substituents are introduced. For the bay-
unsubstituted derivative, the pyridyl substituent has primarily been introduced starting from
bisanhydride 57, and the second anhydride functionality was simultaneously converted into

a diester to obtain the well soluble intermediate 58.°61 Under strongly acidic and
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dehydrating conditions, the diester has been cleaved and condensed to prepare the respective
anhydride 59 as nearly insoluble solid, which can only be purified by filtration and washing.
The more valuable swallowtail imide substituent (55) was then introduced applying standard

imidization reaction conditions to yield PBI-1 in the last step of the reaction sequence.

a) | Ns

0, _0._0O
1.1-CgH7OH, DBU, 1d [
OO 2.56,3d H,SO4/ N OO
‘ 3.n-CgHy7Br, 1d - OO acetic acid 55
OO DMF, rt. 2 h, reflux OO imidazole
oo Yo
57

O‘O - O‘O e Ly

(o) N (o]
O o
Hy7C30  OCgHy7 |07 O O]
58 59 3 OT
75%
A < 3
= PBI-1
b) 57%

Amines:

0s_0._0O
O 1:1 mixture of OO
cl cl 55 and 56 cl cl ! P
cl ‘ cl cl ‘ cl %3
O toluene, reflux, 23 h OO H N—<:O
2

\

0“0 o o >N"So (‘,—\
60 O7L
3
55
0o o
» H,N /A
o o N
N— ‘rl/ 56 =
PBI-2

21%

Scheme 1: (a, b) Synthesis of the PBI-ligands. Multi-step synthesis of the bay-unsubstituted ligand PBI-1 (a),
and one-pot reaction for the synthesis of the 1,6,7,12-tetrachloro-substituted ligand PBI-2 (b).

Due to the intrinsically higher solubility of 1,6,7,12-tetrachloro-perylene derivatives, an

3633641 In a one-

alternative synthetic strategy has been applied for the preparation of PBI-2.!
pot imidization reaction, starting from the tetrachlorinated perylene bisanhydride 60 and the
equimolar mixture of amines 55 and 56, the unsymmetrical perylene bisimide could be
obtained besides the symmetrically substituted by-products. Due to its high solubility, PBI-2

could easily be separated by column chromatography from this mixture.
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3.3.3 Synthesis and Characterization of Ru-PBI Complexes

With the novel PBI ligands in hand, coordination complexes with the {Ru(bda)} water
oxidation catalyst fragment have been synthesized (Scheme 2). Therefore, the ligands PBI-1
and PBI-2 have been reacted with [Ru(bda)(dmso):] (40) to obtain the desired symmetric
complexes [Ru(bda)(PBI-1)2] (C1) and [Ru(bda)(PBI-2):] (C2). Additionally, an
asymmetric complex [Ru(bda)(PyO)(PBI-1)] (C3) has been synthesized in a one-pot
reaction bearing only one axial PBI-1 ligand and PyO as the second ligand to further

enhance the water solubility and reduce the aggregation tendency.

o. &
\ S
\s/

PBI-1 or —
QIQ - PB2 9 = _PBLUPYO 11 ‘
o RO o R

7 N
N=

u\o CHCIS/MeOH o’R| —~0 CHCI3/MeOH u\o
PBI 60 °C, 6-18 h . 60 °C, 3.5 h PB”
C1 [Ru(bda)(PBI-1),] 40 C3 [Ru(bda)(PyO)(PBI-1)]
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Scheme 2: Synthesis of symmetrical (C1 and C2) and unsymmetrical (C3) {Ru(bda)} complexes with PyO
and/or PBI ligands.

In the following section, the optical and electrochemical properties of the PBI ligands and
the changes upon complex formation with {Ru(bda)} are discussed. Figure 49 shows cyclic-
and differential pulse voltammograms of the ligands PBI-1 and PBI-2, as well as of the
complexes C1, C2, and C3 in dichloromethane solutions. For both ligands, two reversible
reductions and one oxidation can be observed, as it is characteristic for perylene
bisimides.*>*! For the bay-unsubstituted PBI-1, the PBI /PBI*", PBI/PBI", and PBI*/PBI
redox couples are detected at —1.25 V, —=1.05 V and +1.28 V vs. Fc™, respectively (Table
2). In contrast, the chlorinated molecule PBI-2 shows two reductions at —1.01 V and —0.80
and one oxidation at +1.53 V vs. Fc™°. Accordingly, PBI-2 is easier to reduce and more
difficult to oxidize by ca. 250 mV due to the electronic withdrawing character of the chloro-
substituents.”* This higher oxidative stability should be advantageous for the harsh
oxidative reaction conditions applied in chemical water oxidation. For the corresponding

complexes [Ru(bda)(PBI-1)2] (C1), [Ru(bda)(PBI-2)2] (C2), and [Ru(bda)(PyO)(PBI-1)]
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(C3) those PBI-related potentials remain essentially unchanged, confirming that the
ruthenium fragment and the PBI ligands are electronically not coupled as it is expected due
to the node in the HOMO and LUMO located at the imide nitrogen atom of the PBIs.13%3: 334
However, coordination to the {Ru(bda)} fragment leads to one additional redox event.!!>?!
For all complexes, the Ru'/Ru" redox couple can be observed at nearly identical potentials.
As it has already been discussed in chapter 3.1, higher ruthenium oxidation states can only

be reached in the presence of water that enables proton-coupled electron transfers upon

coordination, and are thus not observed under the applied conditions.

a) Evs. NHE / V b) Evs. NHE / V
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Figure 49: (a) Cyclic-, and (b) differential pulse voltammograms of the PBI ligands PBI-1 and PBI-2, and the
corresponding complexes [Ru(bda)(PBI-1),] (C1), [Ru(bda)(PBI-2),] (C2), and [Ru(bda)(PBI-1)(PyO)] (C3)
in dichloromethane measured against the Fc'/Fc® redox couple (¢ = 0.2 mM, 100 mV s! scan rate, 0.1 M
(n-Bu)sNPF; as electrolyte).

The electrochemical potentials of C3 are very similar compared to those of C1 (Table 2).
However, different current ratios for the PBI and the {Ru(bda)} centered redox events are
observed for both complexes bearing axial PBI-1 ligands, which is well in line with the

stoichiometry of the respective subunits of C1 (2:1) and C3 (1:1).
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Table 2: Comparison of the redox potentials for the PBI ligands and Ru-PBI complexes.

Evs.Fc™/V
Compound Ru"! PBI /PBI*>~ PBI/PBI™ Ru!It PBI'/PBI
PBI-1 - -1.25 -1.05 - +1.28
PBI-2 - —1.01 —0.80 - +1.53
C1 n.d. -1.23 -1.05 -0.09 +1.23
C2 n.d. -1.02 —0.82 -0.04 +1.49
C3 —2.02 -1.25 —1.06 —0.09 +1.29

The UV/Vis spectra of the PBI ligands PBI-1 and PBI-2 and of the respective ruthenium
complexes C1, C2, and C3 in dichloromethane are compared in Figure 50. The PBI
absorption spectra are dominated mainly by absorption bands between 450 and 550 nm
resulting from the So—Si transition (polarized along the long molecular axis) with well-
resolved vibronic progressions. Tetrachloro-substitution results in an additional absorption
band around 420 nm, which can be attributed to the now partially symmetry allowed So—S2
transition (polarized along the short molecular axis).”%! Furthermore, PBI-2 exhibits a
significantly lower extinction coefficient compared to PBI-1 as a consequence of the less
planar and more flexible z-scaffold, and slightly hypsochromically shifted absorption
maxima due to the electron withdrawing effect of the chloro-substituents that results in a
larger HOMO-LUMO gap (Figure 50a).°* 3631 The UV/Vis absorption spectra of the
coordination complexes are basically a superposition of the respective ligand spectra and the
{Ru(bda)}-MLCT transitions around 300 nm (Figure 50b). The extinction coefficient of the
PBI So—S1 transition in the range between 450 and 550 nm is twice as high for complex C1,
equipped with two bay-unsubstituted PBI-1 ligands, compared to C3 that only contains one
PBI-1 ligand. For complex C2, which bears two tetrachloro-substituted PBI-2 ligands,
comparably low extinction coefficients and less defined vibronic progressions are observed,
together with an additional band for the So—S: transition at around 420 nm (like for PBI-2).
These spectra show once again that there is little electronic interaction between the
ruthenium complex fragment and the axial PBI ligands in the ground state. However, the
strong fluorescence of the PBI ligands becomes quenched upon transition metal
coordination, either due to an electron transfer from the perylene to the ruthenium center and
non-radiative recombination, or due to triplet population induced by enhanced intersystem

crossing as a consequence of the heavy-atom effect (Figure A69, see Appendix).[63-3¢7]
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Figure 50: (a) UV/Vis absorption spectra of PBI ligands PBI-1 and PBI-2, and (b) of coordination complexes
[Ru(bda)(PBI-1),] (C1), [Ru(bda)(PBI-2),] (C2), [Ru(bda)(PyO)(PBI-1)] (C3), and [Ru(bda)(pic).] in
dichloromethane at a concentration of 107> M.

3.3.4 Characterization of Aggregates

The aggregation behavior of the Ru-PBI complexes C1-C3 in polar solvents has been
investigated by solvent-dependent UV/Vis absorption spectroscopy (Figure 51). The spectra
in dichloromethane, which already have been described in the previous section, represent
the monomeric state of the molecules since no aggregation is observed in this solvent.
Conversely, in acetonitrile, spectral changes are observed for all complexes, whereas the
absorption spectra of the pure ligands remain basically unchanged (Figure A70).
Pronounced aggregation can be observed for C1, which results in a strongly broadened
spectrum with a loss of the vibronic fine structure and reduced extinction coefficients.
Furthermore, the absorption maximum is hypsochromically shifted from 526 nm to 495 nm
with an arising shoulder at 553 nm, indicating that H-type aggregation takes place.*®8] In
contrast, minor spectral changes are observed for complex C2, which bears two chlorinated
PBI-2 ligands. The ratio between the 0—-0 and 0—1 vibronic absorption bands (A4o-0/40-1)
decreases from 1.42 for the non-aggregated molecule in dichloromethane to 1.28 in
acetonitrile, indicating weak interchromophoric inter-actions.’* %1 As expected, the
introduction of bulky bay-substituents significantly lowers the aggregation tendency of the
PBI z-scaffold and the respective complex. The same observation is made for complex C3,
which is equipped with only one bay-unsubstituted PBI-1 ligand, and accordingly shows a
lower tendency to aggregate than C1 with two PBI ligands. Here the 4o-0/A4o-1 ratio decreases

from 1.52 for the monomer in dichloromethane to 1.32 in acetonitrile. Upon addition of
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water (pH 7) to the acetonitrile solutions only minor changes can be observed in all cases.
Likewise, the addition of aqueous trifluoromethane sulfonic acid (pH 1) does not result in
significant changes of the spectrum of the aggregated complex C1, demonstrating the
stability of the aggregates under acidic conditions, like they are applied for catalytic water
splitting reactions (vide infra). In the case of C2 and C3, acidification slightly increases the
chromophoric interactions, as the 4o-0/4o-1 ratio decreases further to 1.17 for C2 and to 1.19

for C3 (Figure A71).
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Figure 51: (a—c) UV/Vis absorption spectra of the ruthenium-PBI complexes: C1 (a), C2 (b), and C3 (c) in
various solvents at a concentration of 107> M.

Besides UV/Vis spectroscopy, atomic force microscopy (AFM) and cryogenic scanning
electron microscopy (cryo-SEM) have further been used to study the aggregation of the
complexes C1-C3, and to gain information on the morphology of the different aggregates.
Solutions of the complexes in acetonitrile and acetonitrile/water 1:1 have been spin-coated
onto mica to analyze the aggregates by AFM (Figure 52). Extended fibrous aggregates with
a height of 2.5 + 0.3 nm and various lengths between 15 and 200 nm have been observed for
C1 even in pure acetonitrile. In accordance with the UV/Vis spectroscopic studies, the
aggregated fibers remain intact after the addition of water and solely a stronger entanglement
can be observed. This becomes even more obvious for the same experiment performed on a
less polar HOPG surface, where the individual fibers exhibit a lower tendency to bundle
(Figure A72 and Figure A73). In contrast, spin coating of an acetonitrile solution of C2
yields a totally different aggregate morphology. Uniform nanoparticles with a diameter of
6.2 + 0.5 nm are observed, which likewise do not change upon the addition of water.
A completely different behavior is observed for C3, where spin coating of the acetonitrile
solution leads to a film of inhomogeneous particles, and only after the addition of water,

relatively uniform fibrous aggregates can be obtained with a diameter of 4.9 + 0.3 nm and
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lengths up to 130 nm. Altogether, these experiments support the observations made by
UV/Vis spectroscopy that C1 is aggregating most strongly. The changes regarding the
aggregate morphology can be ascribed to the stronger core twist of PBI-2 induced by the
bulky chloro substituents or the exchange of one axial PBI-1 ligand by PyO, which hampers

the extended aggregate formation.[*”"l

CH,CN/H,0 1:1

Figure 52: AFM height images of samples obtained by spin-coating of solutions of C1 (a and f), C2 (b and e),
and C3 (c and f) in acetonitrile (a—c) and a acetonitrile/water (pH 7) 1:1 mixture (d—f) onto mica (¢ = 1075 M).

To prove that the observed aggregates are not only formed upon drying of the sample during
the spin-coating process, cryogenic scanning electron microscopy (cryo-SEM) has further
been performed. For this technique, a droplet of the solution is frozen in liquid nitrogen, cut,
and the cutting edges are subsequently investigated by electron microscopy, providing
information about the frozen solvated structures present at the interface. Due to the relatively
high volatility of acetonitrile, this technique is not applicable for pure acetonitrile solutions
and was only used to study the 1:1 acetonitrile/water (pH 7) mixtures (Figure 53). For the
complex C1, networks of entangled nanofibers can be observed, which is in line with the
observations made by AFM. However, in contrast to the dried fibers studied by AFM (width:
2.5 £ 0.3 nm), the solvated fibers investigated by cryo-SEM exhibit an increased width of
5-6 nm. This can be attributed to more stretched oligoethylene glycol chains due to
interactions with solvent molecules, and the dimensions are in good agreement with the
length of fully stretched molecules of C2. The cryo-SEM images of C3 also show extended
aggregates, similar to those observed by AFM. Compared to the fibers obtained for C1, the
fibers of C3 seem to be shorter and less entangled, confirming that reducing the amount of
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aggregating PBI ligands lowers the aggregation tendency. In contrast, for C2 no extended
structures are observed by cryo-SEM, which is well in line with the nanoparticles observed

by AFM that are too small to be resolved by this technique.
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Figure 53: (a—) Cryo-SEM images of solutions of C1 (a), C2 (b), and C3 (c) in acetonitrile/water (pH 7) 1:1
at a concentration of 10> M and the respective molecular structures of C1-C3.

In conclusion, it could be shown that by tuning the axial PBI ligands, the aggregate
morphologies of the {Ru(bda)}-PBI complexes in aqueous solutions can specifically be
manipulated. By reducing the amount of PBI ligands from two to one, the aggregation
tendency becomes reduced and shorter fibrous aggregates can be obtained. If a large core-
twist is induced in the PBI ligand, the formation of extended aggregates is completely

prevented and smaller nanoparticles are obtained instead.
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3.3.5 Water Oxidation Catalysis by Supramolecular Aggregates

The aggregated {Ru(bda)}-PBI complexes C1-C3 have been studied regarding their water
oxidation performance. Those experiments have been performed for different catalyst
concentrations in acidic solutions (acetonitrile/water (pH 1) 1:1) by adding cerium(IV)
ammonium nitrate (CAN) as a sacrificial oxidant and applying pressure transducers for the
oxygen detection. As a comparison, the non-aggregating reference catalyst [Ru(bda)(pic):]
(6) has also been tested under the same reaction conditions. Under optimized conditions,
catalyst 6 exhibits a TON of 2010,!°* but with higher acetonitrile contents, as used in these
studies for solubility reasons, a considerably lower performance is observed. Obviously, this
can be explained by the competitive binding of acetonitrile to the seventh coordination site

of the ruthenium center (vide supra, Figure A13).[216:311]

For complex C1, which forms large networks of extended nanofibers in aqueous solutions,
an incubation time of 1-5 minutes is observed before the oxygen evolution starts. This
indicates that a structural change has to occur before catalysis begins, and that the initial
system only represents a pre-catalyst that needs to be activated first. This finding can be
explained by the fact that the catalytically active {Ru(bda)} centers are shielded inside the
aggregates, and are therefore not easily accessible for the oxidant and substrate water
molecules. Therefore, loosening of the aggregate structure might be necessary to provide
enough catalytically active sites exposed to the surrounding. In contrast, if C3 is used as the
catalyst, an incubation time is still observed, which is not so much dependent on the catalyst
concentration, however. The catalytic activity of these both systems is very similar, with
maximal turnover numbers (TONs) of 830 (C1) and 840 (C3), whereas the reference
complex [Ru(bda)(pic):] only reaches a TON of 610 under the same reaction conditions
(Figure 54). Accordingly, the stability of the complexes C1 and C3 is slightly increased
compared to the non-aggregated reference catalyst 6 by embedding the catalytic centers into
fibrous aggregates. However, the kinetics of the reaction are drastically changed, since for
both aggregated complexes an incubation time is observed, indicating initial structural
changes, which is not the case for [Ru(bda)(pic)2] (6). Altogether, both complexes C1 and
C3 with the planar PBI-1 as a ligand show very similar aggregate morphologies with

comparable catalytic performances.
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Figure 54: (a—c) Oxygen evolution as a function of reaction time in 3.4 mL acetonitrile/water (pH 1) 1:1 using
CAN (1.0 g, 1.82 mmol) as sacrificial oxidant for the different Ru-PBI catalysts: C1 (a), C3 (b), and C2 (c).
(d) Comparison of turnover numbers achieved by catalysts C1-C3 and the reference catalyst [Ru(bda)(pic):]
(6) at comparable catalyst concentrations.

A different picture is obtained when C2 with the core-twisted tetrachloro PBI-2 ligand is
used as the catalyst, which forms nanoparticles instead of extended nanofibers upon
aggregation. Then, the oxygen evolution immediately starts without any incubation period,
and significantly higher TONs of more than 4800 can be achieved. This leads to the
conclusion that for C2-aggregates no structural rearrangement to activate the catalyst is
required because the catalytic {Ru(bda)} sites are already better accessible in such small
aggregated structures. The increased stability of the system can furthermore be explained by
the higher oxidative stability of the 1,6,7,12-tetrachlorinated PBI ligands, which are more
difficult to oxidize by ca. 250 mV compared to the bay-unsubstitued PBI ligands as it has

been corroborated with cyclic voltammetry.
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3.3.6 Conclusion

For the first time, we have equipped the {Ru(bda)} water oxidation catalyst with perylene
bisimide containing axial ligands. Within this project, two different PBI ligands have been
synthesized, with different optical, electrochemical, and aggregation properties, that can
coordinate to transition metals via the pyridyl groups. These PBI derivatives have been used
as axial ligands to coordinate the {Ru(bda)} fragment, and thus to construct complexes
containing strongly aggregating subunits. Investigations with UV/Vis spectroscopy, AFM
and cryo-SEM demonstrated that the aggregation behavior of those complexes can be
controlled by the PBI ligand structure and the amount of PBI containing ligands. Whereas
for bay-unsubstituted PBI-1 ligands extended nanofibers are formed, much smaller
nanoparticles are obtained using the 1,6,7,12-tetrachloro-substituted PBI-2 ligand.
Interestingly, these complexes with different aggregate morphologies also exhibit very
different catalytic performances for the water oxidation reaction. On the one hand, the
nanofibers of C1 and C3 act as pre-catalysts with an incubation period of a few minutes.
Slightly increased turnover numbers compared to the non-aggregated reference have been
achieved for these fibrous systems. On the other hand, the smaller nanoparticles of C2 are
immediately catalytically active and exhibit a much higher turnover number. Obviously, the
smaller aggregate size is beneficial, presumably because it provides a better accessibility to
the catalytic sites. The present study shows that the longevity of catalysts can generally be
increased by incorporation into supramolecular aggregates that serve as stabilizing matrices.
An explanation for the improved stability might be that one of the major decomposition
pathways, namely the dissociation of the axial ligands,!®* %! becomes partially suppressed in

such aggregates.
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CHAPTER 4 SUMMARY

4.1 Summary

Within the 21* century, our society’s thirst for energy will lead to the total consumption of
fossil fuels. This makes the development of alternative energy carriers and efficient
processes for their generation inevitable. In this regard, hydrogen is a promising fuel, which
facilitates long-term energy storage and clean combustion. Most importantly, it can be
generated by the splitting of water, one of the most abundant resources on earth. The
oxidation of water to generate oxygen and protons is the critical step of this process, and
thus the development of highly efficient water oxidation catalysts (WOCs) is required. Up
to now, relatively few attempts have been undertaken to improve the catalytic performance
by modifying the chemical environment in close proximity to the active site. Accordingly,
in this dissertation, different supramolecular approaches are established to manipulate the
activity of “state of the art” WOCs based on the {Ru(bda)} catalytic fragment (bda = 2,2'-
bipyridine-6,6'-dicarboxylate). The first part of the thesis focusses on the incorporation of
WOCs into metallosupramolecular macrocycles, in which the metal centers possess a
catalytic function in addition to their structural role. The second part addresses the
embedding of catalytic fragments into self-assembled aggregates by using {Ru(bda)}
complexes bearing perylene bisimde (PBI) containing ligand systems (Figure 55).

2H,0 0,+4H 0

metallosupramolecular self-assembled
macrocycles aggregates

Figure 55: Supramolecular strategies investigated within this thesis: Incorporation of the {Ru(bda)} WOC

fragment into metallosupramolecular macrocycles (left), and embedding into aggregates formed by the self-
assembly of {Ru(bda)} complexes equipped with perylene bisimide (PBI) containing axial ligands (right).
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In chapter 3.1, metallosupramolecular macrocycles are presented that gather three
{Ru(bda)} catalytic centers by connecting them with ditopic bridging ligands. It is of
particular interest to investigate how the cavity size and the ruthenium-ruthenium distances
of such trinuclear assemblies influence the catalytic performance. Accordingly, the synthesis
and characterization of a series of four differently sized trinuclear macrocycles is described
(Figure 56), and a crystal structure for the largest macrocycle (MC4) is compared to a non-
cyclic reference complex to identify important structural features that are affected by the
incorporation into a cyclic assembly. In order to gain a better understanding of the
cyclization process, ligand exchange reactions are discussed for a simple mononuclear

reference system.
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Figure 56: (a) A series of differently sized trinuclear macrocycles for water oxidation synthesized using
various bridging ligands. (b) Space-filling models for the series of macrocycles reveal very different accessible
cavity sizes. (¢, d) Comparison of the catalysts with respect to their catalytic performance under the same
reaction conditions in terms of the turnover number (c), and the turnover frequency (d).

Before the focus is laid on water oxidation catalysis, the optical and electrochemical
properties of the trinuclear complexes are discussed. This is done for the different oxidation
states that the ruthenium centers have to pass (+11, +11I, +1V) before the O—O bond formation
takes place at a Ru(V)-oxo species. Interesting spectral differences concerning new low-

energetic UV/Vis absorption bands in those oxidation states are observed for the
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macrocycles. To identify the responsible transitions, density functional theory (DFT)
calculations were performed in collaboration with the group of Prof. Mitri¢ (Theoretical
Chemistry, University of Wiirzburg). The calculations reveal that the energy of those
transitions heavily depends on the coordination bond lengths between aqua- or hydroxo-
ligands and the ruthenium centers. The crucial bond lengths are strongly affected by the
hydrogen bonding situation of the water molecules inside the macrocyclic cavity, which
differs depending on the ring-size. Those water molecules can form proton-relay chains
connecting the individual catalytic sites (Figure 57a), which facilitates cooperative effects
between them during important proton-coupled electron transfer steps. If the macrocycles
are large enough, all catalytic centers, with their additional coordination site for water, point
towards the interior of the cavity allowing for such cooperative interactions (Figure 57b).
However, if the macrocycles are too small, those centers are oriented to the exterior due to
steric crowding and no interaction between them can take place (Figure 57¢). Consequently,
the catalytic activity and the H/D kinetic isotope effect follow a clear trend that correlates
with the macrocyclic ring-size, with an intermediate size (MC3) being optimal (Figure S56¢
and 56d). Furthermore, detailed mechanistic studies were performed revealing that the
oxygen-oxygen bond formation is achieved by the nucleophilic attack of a substrate water
molecule on a highly oxidized RuY=0 species, and that the Ru'Y"—OH/Ru"=0 oxidation is
rate-determining. Altogether, it is demonstrated that the incorporation of {Ru(bda)}
fragments into metallosupramolecular assemblies gives access to catalytic systems with
increased stabilities and activities and that a fine-tuning of the catalytic system is possible

by a careful manipulation of the ring size.
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Figure 57: (a) Visualization of the water network acting as proton relay chain during the O—O bond formation
of MC3, which occurs via the nucleophilic attack of a substrate water molecule on a Ru¥=0 center. (b, ¢)
Comparison of different pathways for the proton removal from the catalytic center during the rate-determining
RuV-OH/Ru"=0 oxidation via water networks for two macrocyclic catalysts of different size: MC3 (b) and
MC1 (c).
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As described above, a well-chosen intermediate ring-size of metallosupramolecular
macrocycles is beneficial for the correct organization of the water network inside the cavity,
and thus for efficient water oxidation catalysis. However, the water solubility of those
assemblies decreases drastically with increasing molecular size, necessitating the addition
of large amounts of acetonitrile as organic co-solvent. The use of organic co-solvents is
highly undesired from an ecological point of view. Furthermore, acetonitrile is known to act
as a ligand to transition metal WOCs and thus could adversely affect catalytic activity. This
solubility problem is consequently addressed in chapter 3.2 by an appropriate
functionalization of the optimally sized macrocycle (MC3) with solubilizing side-chains at
the bridging ligands. The introduction of triethylene glycol chains makes it possible to halve
the required amount of co-solvent, whereas positively charged ammonium side-groups
enable water oxidation catalysis in pure water (Figure 58). The solubility in pure water also
allows '"H NMR spectroscopic studies of the macrocyclic system that otherwise suffer from
spectrum broadening related to acetonitrile coordination. Thereby, unequivocal proof for the

high stability of the cyclic assemblies in acidic aqueous environment was obtained.

water solubility at pH 1
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Figure 58: Functionalization of optimally sized trinuclear macrocycle with solubilizing side-chains at the
bridging ligands to improve water solubility.

An entirely different approach has been pursued in chapter 3.3, in which the embedding of
water oxidation catalysts into supramolecular aggregates is described. For that purpose, the
{Ru(bda)} catalyst was equipped with perylene bisimide containing ligands that tend to self-
assemble in polar solvents. Two novel PBI ligands have been synthesized for the
construction of the respective complexes bearing triethylene glycol swallowtail groups as
solubilizing imide substituents (Figure 59). The bay-substitution pattern was varied to
control the aggregation behavior and the oxidative stability of the z-system. Exchanging the

protons with chloro-substituents at all four bay-positions leads to a stronger core-twist of the
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perylene and a decreased tendency towards aggregation. Moreover, their electron
withdrawing effects make the PBI molecule more difficult to oxidize, as it was corroborated

with cyclic voltammetry.
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Figure 59: Coordination complex of the {Ru(bda)} WOC fragment with novel axial perylene bisimide ligands.

The novel PBI derivatives were used as axial ligands for the construction of the respective
{Ru(bda)} coordination complexes. In aqueous medium those complexes form aggregated
structures due to the hydrophobic effect and strong z-7 interactions between the perylene
bisimide moieties. This aggregation was studied with UV/Vis spectroscopy, atomic force
microscopy (AFM) and cryogenic scanning electron microscopy (cryo-SEM). By
manipulating the PBI structure, different aggregate morphologies can be generated. For
complexes equipped with bay-unsubstituted PBIs, extended nanofibers are obtained,
whereas the complexes with tetrachloro-substituted PBI ligands form smaller nanoparticular
aggregates (Figure 60a). Catalytic studies reveal that all aggregated systems show higher
turnover numbers compared to a non-aggregated {Ru(bda)} catalyst. However, strong
differences for the stability of the catalytic system and the reaction kinetics are observed
among the different complexes. The extended nanofibers show an incubation time before the
oxygen evolution begins, indicating structural changes in the initial phase of catalysis. On
the other hand, the nanoparticles show no incubation period and a higher catalytic activity
and stability (Figure 60b). Thus, the discrete PBI ligands provide access to different
aggregate morphologies with distinct catalytic behavior that all show an increased stability
compared to a non-aggregated reference catalyst. Important factors controlling the catalytic
performance are the accessibility of the catalytic site, which is connected to the aggregate
size, and the stability of the organic PBI ligand scaffold towards oxidation under the harsh

reaction conditions.
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Altogether, two supramolecular concepts have successfully been established in the scope of
this thesis that both lead to more stable catalytic systems for water oxidation. Both
approaches are based on the well-established {Ru(bda)} WOC fragment and its
incorporation into larger structures by axial ligand manipulation. Using ditopic bridging
ligands, a series of differently sized metallosupramolecular macrocycles was synthesized,
and the optimal ring-size has been determined. Additionally, the water solubility of the
optimized structure could be improved substantially. On the other hand, the coordination of
the {Ru(bda)} fragment with ligands containing perylene bimide (PBI) moieties yielded
complexes that form aggregated structures in aqueous environment. These aggregates show
an increased stability compared to non-aggregated systems and can be tuned regarding their

aggregate morphologies and catalytic performance by the choice of different PBI ligands.
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4.2 Zusammenfassung

Der stetig steigende Hunger unserer Gesellschaft nach Energie wird noch im 21. Jahrhundert
zum vollstindigen Verbrauch der fossilen Brennstoffe fiihren und macht daher die
Entwicklung alternativer Energietrager und effizienter Verfahren fiir ihre Erzeugung
notwendig. In dieser Hinsicht ist Wasserstoff ein duflerst vielversprechender Brennstoff, der
eine langfristige Energiespeicherung und eine saubere Verbrennung ermdoglicht. Dariiber
hinaus ldsst er sich durch die Spaltung von Wasser gewinnen, einer nahezu unerschopflichen
Ressource. Die Wasseroxidation zur Erzeugung von Sauerstoff und Protonen gilt als der
kritische Schritt dieses Prozesses und erfordert daher die Entwicklung effizienter
Wasseroxidationskatalysatoren (WOK). Da supramolekulare Konzepte bisher eher selten
Anwendung zur Steigerung der katalytischen Aktivitdt fanden, wurden im Rahmen dieser
Dissertation verschiedene metallosupramolekulare Ansétze dahingehend erprobt. Aufgrund
seiner hohen katalytischen Aktivitit in mit axialen Pyridinliganden versehenen Komplexen
wurde das {Ru(bda)}-Fragment als Katalysator-Leitmotiv gewahlt (bda = 2,2'-Bipyridin-
6,6'-dicarboxylat).

Der erste Teil dieser Arbeit beschiftigt sich mit der Synthese und Untersuchung von
metallosupramolekularen Makrozyklen, in denen das Metallzentrum neben einer
strukturellen auch iiber eine katalytische Funktion verfiigt. Im zweiten Teil wird hingegen
die Synthese von {Ru(bda)}-Komplexen mit Perylenbisimid (PBI)-Ligandensystemen
diskutiert, welche die Einbettung der katalytischen Zentren in selbstassemblierte Aggregate
ermoglichen (Abbildung 55).

metallosupramolekulare selbstassemblierte
Makrozyklen Aggregate

Abbildung 55: In dieser Arbeit vorgestellte supramolekulare Konzepte: Einbau von {Ru(bda)}
Wasseroxidationskatalysatoren (WOKs) in metallosupramolekulare Makrozyklen (links) und deren Einbettung
in selbstassemblierte Aggregate von Komplexen mit axialen Perylenbisimid Liganden (rechts).
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In Kapitel 3.1 werden metallosupramolekulare Makrozyklen vorgestellt, welche durch die
Verkniipfung dreier {Ru(bda)}-Zentren mit verbriickenden Liganden aufgebaut sind. Das
Ziel war es insbesondere, den Einfluss der RinggroBe auf die katalytische Aktivitit zu
untersuchen. Deshalb wurde eine Serie aus vier unterschiedlich grolen Makrozyklen durch
die Variation des verbriickenden Liganden erstellt (Abbildung 56a und 56b). Die
Kristallstruktur fiir den groBten Makrozyklus (MC4) wurde mit der eines azyklischen,
mononuklearen Referenzkomplexes verglichen, um den Einfluss der Zyklisierung auf
wichtige strukturelle Parameter zu ermitteln. Zum besseren Verstdndnis der Makrozyklus-
Bildung wurden dariiber hinaus Ligandenaustauschreaktionen anhand eines einfachen

mononuklearen Modellsystems untersucht.
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Abbildung 56: (a) Eine Serie verschieden grofler trinuklearer {Ru(bda)}-Makrozyklen wurde durch die
Variation des verbriickenden Liganden hergestellt. (b) Die Kalotten-Modelle fiir diese Serie verdeutlichen die
unterschiedlich groBe Kavitit. (c, d) Vergleich der Katalysatoren unter denselben Reaktionsbedingungen in
Bezug auf ihre katalytische Produktivitit (c) und ihre katalytische Wechselzahl (d).

Den Experimenten zur Wasseroxidationskatalyse vorausgestellt war die Untersuchung der
Makrozyklen hinsichtlich ihrer optischen und elektrochemischen Eigenschaften. Betrachtet
wurden alle Oxidationsstufen (+II, +III, +IV), welche die Ruthenium Zentren durchlaufen
miissen bevor die Ausbildung der O—O Bindung an einer Ru(V)-Oxo Spezies stattfinden

kann. Interessante niederenergetische Absorptionsbanden wurden beobachtet, welche in
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threr Intensitit eine starke Abhéngigkeit beziiglich der Ringgréfe aufweisen. In einer
Kooperation mit Prof. Mitri¢ (Theoretische Chemie, Universitit Wiirzburg) konnten die
verantwortlichen Ubergiinge mittels Dichtefunktionaltheorie-Rechnungen (DFT) identi-
fiziert werden. Dartiber hinaus wurde gezeigt, dass die energetische Lage der entsprechenden
Absorptionsbanden stark von der Bindungslinge zwischen Ruthenium-Zentren und
koordinierten Aqua- bzw. Hydroxo-Liganden beeinflusst wird. Diese Abhdngigkeit beruht
auf der unterschiedlichen Auspriagung von Wassernetzwerken in den verschieden grofen
Makrozyklus-Kavititen. Die Wassermolekiile konnen zudem als Protonenrelais zwischen
zwei Ruthenium-Zentren mit ihrer Koordinationsstelle fiir Wasser fungieren und somit
kooperative Effekte fiir wichtige protonengekoppelte Reaktionsschritte ermdglichen
(Abbildung 57a). Sind die Zyklen gro3 genug, orientieren sich alle Ruthenium-Zentren ins
Innere der Kavitdt, sodass derartige kooperative Wechselwirkungen auftreten kdnnen
(Abbildung 57b). Sind die Makrozyklen hingegen zu klein, ist die optimale Ausrichtung
der {Ru(bda)}-Zentren und somit deren Interaktion nicht moglich. (Abbildung 57¢).

Abbildung 57: (a) Veranschaulichung des Wassernetzwerks, welches als Protonenrelais zwischen zwei
{Ru(bda)}-Zentren wihrend des O—O Bindungsschrittes fungiert. Dieser erfolgt durch den nukleophilen
Angriff eines Substrat-Wassermolekiils an einer Ru¥=0 Spezies. (b, ¢) Vergleich der unterschiedlichen
Maglichkeiten fiir MC3 (b) und MC1 (c), das abgespaltene Proton nach der geschwindigkeitsbestimmenden
RuV-OH/Ru¥=0 Oxidation liber Wassernetzwerke vom reaktiven Zentrum abzufiihren.

Demzufolge sind auch die katalytische Aktivitit und der zu beobachtende H/D kinetische
Isotopeneffekt von der RinggroBe der Makrozyklen abhingig und eine mittlere Ringgrofle
(MC3) erweist sich als optimal (Abbildung 56¢ und 56d). Anhand detaillierter
mechanistischer Untersuchungen wurde des Weiteren festgestellt, dass die O—O Bindung
durch den nukleophilen Angriff eines Wassermolekiils an einer Ru¥=0 Spezies gekniipft

wird, und dass die Ru'Y—-OH/Ru"=0 Oxidation geschwindigkeits-bestimmend ist.
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Insgesamt hat diese Studie ergeben, dass die Aktivitit und Stabilitit von {Ru(bda)}-
Katalysatoren durch den Einbau in zyklische metallosupramolekulare Strukturen prinzipiell
gesteigert und dass der Wasseroxidationsmechanismus beeinflusst werden kann. Auerdem
wurde gezeigt, dass kooperative Effekte auftreten konnen, welche stark von der Ausrichtung

und dem Abstand zwischen den Ruthenium Zentren abhédngen.

Wie zuvor beschrieben, weisen die groBeren Makrozyklen der Serie eine hohere katalytische
Aktivitdit fiir die Wasseroxidationsreaktion auf, da eine ausreichende Ringgrifle
Voraussetzung fiir kooperative Wechselwirkungen zwischen den katalytischen Zentren ist.
Jedoch fiihrt die zunehmende Grofe dieser metallosupramolekularen Strukturen zu einer
deutlichen Abnahme der Wasserldslichkeit, was die Zugabe groflerer Mengen von
Acetonitril als organischem Co-Solvens notwendig macht. Im Hinblick auf eine
umweltfreundliche Anwendung gilt es jedoch die Verwendung organischer Losungsmittel
weitestgehend zu minimieren. Uberdies kann Acetonitril an das Ruthenium-Zentrum
koordinieren und somit die katalytische Aktivitit beeintrachtigen. In Kapitel 3.2 wird daher
dem Loslichkeitsproblem durch die entsprechende Funktionalisierung der Makrozyklen
begegnet. Von dem Kkatalytisch aktivsten Makrozyklus (MC3) wurden Derivate
synthetisiert, welche an den verbriickenden Liganden mit 16slichkeitsfordernden Gruppen
ausgestattet sind. Das Einbringen von Triethylenglycol-Ketten erlaubt eine Verringerung des
bendtigten Acetonitril-Anteils auf die Halfte, wéhrend positiv geladene Ammoniumgruppen
die Wasseroxidation in reinem Wasser ermoglichen (Abbildung 58). Die Loslichkeit in
reinem Wasser erlaubt zudem '"H-NMR spektroskopische Untersuchungen, ohne die durch
Acetonitril-Koordination ausgeldsten Signalverbreiterungen. Dadurch war es moglich, die
hohe Stabilitit der Makrozyklen unter wéssrig-sauren Bedingungen zweifelsfrei

nachzuweisen.
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Wasserloslichkeit bei pH 1
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Abbildung 58: Makrozyklen mit optimaler Ringgrofle und gesteigerter Wasserldslichkeit durch adidquate
Funktionalisierung der verbriickenden Liganden mit 16slichkeitsférdernden Seitenketten.

Ein ginzlich anderer Ansatz wird in Kapitel 3.3 vorgestellt. Hier wird die Einbettung von
Wasseroxidationskatalysatoren in selbstassemblierte Aggregate beschrieben. Zu diesem
Zweck wurde das {Ru(bda)}-Fragment mit axialen Perylenbisimid (PBI)-Liganden
ausgestattet, welche zur Aggregation in polaren Losungsmitteln neigen (Abbildung 59). Ein
Triethylenglycol-Schwalbenschwanz als Imidsubstituent garantiert die gewliinschte
Wasserloslichkeit. Die Buchtsubstituenten wurden variiert, um die Aggregations-
eigenschaften und die oxidative Stabilitdit der Liganden und somit der Komplexe zu
beeinflussen. Der Austausch aller vier Protonen gegen Chlor-Substituenten induziert eine
stirkere Verdrehung der Naphthyl-Untereinheiten des Perylengrundkdrpers und verringert
somit die Tendenz zur Ausbildung groBerer Aggregate. Dariiber hinaus fiihrt deren
elektronenziehender Effekt zu einer Erhohung des PBI-Oxidationspotentials und somit zu

einer hoheren Stabilitdt unter oxidativen Bedingungen.

Schwalbenschwanz Perylen Pyridyl-Gruppe  {Ru(bda)} als

fur Loslichkeit fur Aggregation fir Metall-  Wasseroxidations-
koordination Katalysator

Bucht-Substituenten:
X=H,ClI

Abbildung 59: Komplex des {Ru(bda)} WOK Fragments mit neuen axialen Perylenbisimid-Liganden.

Durch Koordination der PBI-Liganden an das {Ru(bda)}-Fragment wurden die
entsprechenden Rutheniumkomplexe hergestellt. In wassrigem Medium kommt es zur

Aggregation dieser Komplexe aufgrund des hydrophoben Effekts und starker z-z
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Wechselwirkungen zwischen den Perylenbisimid-Einheiten. Die Aggregation wurde mit
Hilfe von UV/Vis Spektroskopie, Rasterkraftmikroskopie und cryo-Rasterelektronen-
mikroskopie untersucht. In Abhéngigkeit von den PBI-Liganden werden verschiedene
Aggregatstrukturen erhalten. Komplexe mit buchtunsubstituierten PBI Liganden erzeugen
lange Nanofasern, wihrend die Verwendung von Tetrachloro-PBI Liganden zur Bildung von
deutlich kleineren Nanopartikeln fiihrt. (Abbildung 60a) Alle aggregierten Systeme zeigen
eine erhohte katalytische Stabilitdt und somit hohere Umsatzzahlen als ein nichtaggregiertes
{Ru(bda)}-Referenzsystem. Jedoch =zeigen sich deutliche Unterschiede fiir die
verschiedenen Ru-PBI-Komplexe beziiglich der Aktivitit sowie der Reaktionskinetik.
(Abbildung 60b) Die zu Nanofasern aggregierenden Komplexe weisen eine Inkubationszeit
vor der Sauerstofffreisetzung aus. Dies deutet darauf hin, dass ein katalytisch aktives System
erst nach einer anfinglichen strukturellen Verdnderung erhalten wird. Diese
Aktivierungsphase entfdllt bei der Verwendung des Komplexes mit Tetrachloro-PBI-
Liganden. Die dadurch erhaltenen Nanopartikel zeichnen sich zudem durch eine deutlich
hohere katalytische Stabilitit auf. Einen grofen Einfluss auf die katalytischen Eigenschaften
haben die Zugénglichkeit des katalytisch aktiven {Ru(bda)}-Zentrums und die Stabilitt der

organischen Liganden gegeniiber oxidativem Abbau.

oy Nanofasern
=" o

a) PBI = __3 0.0 :_<:° %
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- 1400'_ Nanofasern (C1)
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Abbildung 60: (a, b) Die Selbstassemblierung von mit axialen Perylenbisimid (PBI)-Liganden ausgestatteten
{Ru(bda)}-Katalysatoren C1 und C2 erzeugt katalytisch aktive Aggregate fiir die Wasseroxidationsreaktion
mit unterschiedlicher Morphologie (a) und katalytischer Aktivitit (b).

Zusammengefasst wurden im Rahmen dieser Dissertation zwei supramolekulare Konzepte
fiir die Verbesserung der Stabilitdt von Wasseroxidationskatalysatoren erfolgreich etabliert.
Beide Ansdtze basieren auf dem literaturbekannten {Ru(bda)}-Fragment und seiner
Einbettung in grofere supramolekulare Strukturen. Durch die Verwendung verbriickender

axialer Liganden wurde eine Serie trinuklearer metallosupramolekularer Makrozyklen
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Chapter 4 Summary

hergestellt und die optimale Ringgréfe in Bezug auf die katalytische Aktivitdt ermittelt.
Dariiber hinaus gelang es, die Wasserloslichkeit dieser grofen Strukturen durch
Funktionalisierung mit Ammonium- oder Triethylenglycolsubstituenten erheblich zu
steigern. Im zweiten Ansatz wurden Ligandensysteme mit oxidationsstabilen
Perylenbisimid-Untereinheiten axial an das {Ru(bda)}-Fragment koordiniert. Dadurch
wurden Komplexe erzeugt, welche in wéssrigem Medium aggregieren und eine hohere
Stabilitat aufweisen als ein vergleichbarer nicht aggregierter Katalysator. Durch die Wahl
verschiedener PBI-Strukturen lieen sich dariiber hinaus die Aggregationseigenschaften und

die Stabilitédt des Systems beeinflussen.
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CHAPTERS5 EXPERIMENTAL SECTION

5.1 Materials and Methods

5.1.1 Materials

All chemicals and solvents, if not stated otherwise, were purchased from commercial sources
and used without further purification. RuCls ¢ 3 H20O (ABCR, 98%) was used as ruthenium
source for all ruthenium complexes. [RuClx(dmso)s] (38),12”7- 391 2 2'-bipyridine-6,6'-
dicarboxylic acid (39, Hzbda),*’®! [Ru(bda)(dmso)2] (40),1*’°! [Ru(bda)(pic)2] (6),[!%?]
5-bromo-N,N-dimethyl-3-pyridinemethanamine (50),1*37 338 3-bromo-5-[2-[2-(2-methoxy-
ethoxy)ethoxyJethoxy]-pyridine (51),1**¢) and the ditopic pyridine ligands 1,2-bis(pyridin-3'-
yl)ethyne (46, bpe),7!! 1,4-bis(pyridin-3'-yl)benzene (47, bpb),1**4! and 4,4'-bis(pyridin-3"-
yl)-1,1'-biphenyl (48, bpbp)i**Y were synthesized according to literature known methods.
The synthesis and characterization of MC3 has previously been described by our group.[**!
Synthetic routes for the ditopic ligands 1,4-bis(5-(2-(2-(2-methoxyethoxy)-ethoxy)ethoxy)-
pyridin-3-yl)benzene (53) and 1,1'-(5,5'-(1,4-phenylene)bis(pyridine-5,3-diyl))bis(N,N-
dimethylmethanamine) (54) as well as for the trinuclear macrocycles MC1, MC2, MC3b,
MC3¢, and MC4 can be found in the chapters 5.2.1 and 5.2.2.

The starting compounds for the pyridine ligands, perylene-3,4:9,10-tetracarboxylic-
bisanhydride (57) and 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic-bisanhydride
(60), were obtained from BASF SE.[*’?! The compound 2-(pyridin-4-yl)ethan-1-amine (56)
was purchased from TCI in 97% purity. The swallowtail amine 2,5,8,11,15,18,21,24-
octaoxapentacosan-13-amine (55) 3% 3% and the additional ligand 4-(2-(2-(2-methoxy-
ethoxy)ethoxy)ethoxy)pyridine (PyQ) were synthesized according to literature known
methods.!*$!! The synthesis of the novel PBI ligands and {Ru(bda)}-PBI complexes is described
in the chapters 5.2.3 and 5.2.4, respectively.

The experiments in aqueous solutions were performed in deionized water obtained from an
ELGA Purelab Classic water purification system. As co-solvents, acetonitrile (Sigma-
Aldrich, HPLC grade, >99.9%) and 2,2,2-trifluoroethanol (Alfa Aesar, 99+%) were used.

Trifluoromethanesulfonic acid (TCI, >98%) was used for the preparation of acidic aqueous
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solutions and the pH value was determined using a pH-meter. The photocatalysis
experiments were performed in a phosphate buffer (Fluka/Honeywell, pH 7.2). For the
kinetic isotope experiment, deuterium oxide with a purity of 99.9% was used (Deutero
GmbH). As sacrificial reagents, the oxidants cerium(I'V) ammonium nitrate (Sigma-Aldrich,
>98%) and sodium peroxidisulfate (Merck KGaA, >99.0%) and the photosensitizer
[Ru(bpy)3]Cl2 * 6 H20 (Sigma-Aldrich, 99.95%) were applied.

5.1.2 Methods

Purification. Column chromatographic separations were performed on silica gel 60M
(0.04-0.063 mm) and neutral aluminium oxide (MP Alumina N, Act. V). For thin-layer
chromatography (TLC), plastic sheets precoated with silica gel (Polygram SIL G/UV2sa,
Macherey-Nagel) and aluminium oxide (Polygram ALOX N/UV2s4, Macherey-Nagel) were
used. Further separations were performed with size exclusion chromatography on Bio-Beads
S-X3 (M.W. exclusion limit: 2000, Bio-Rad) or with a Shimadzu Recycling GPC system
(LC-20AD prominence pump, SPD-M20A prominence diode array detector, 3 preparative
columns from Japan Analytical Industries: JAIGEL-1H, JAIGEL 2-H and JAIGEL-2.5H,
eluent: CHCI; stabilized with ethanol).

NMR Spectroscopy. NMR spectra were recorded on a 400 MHz NMR spectrometer
(Bruker Avance 111 HD 400) in deuterated solvents at 25 °C if not noted otherwise. *C NMR
spectra are broadband proton decoupled. Chemical shifts are reported in parts per million
(ppm, J scale) relative to residual solvent signals. The following abbreviations were used to

describe peak patterns: s = singlet, d = doublet, t = triplet, and m = multiplet.

Kinetic NMR Experiments. To study the ligand exchange reactions, two different
experiments have been performed. To investigate the exchange of dmso ligands, the starting
complex [Ru(bda)(dmso):] (40) (2.0 mg, 4.0 umol, 6.7 mM) was dissolved in 0.6 mL of ds-
pyridine together with some ascorbic acid (0.78 mg, 4.4 umol, 7.7 mM). The sample was
heated to two different temperatures (331.45 K and 344.01 K) and 'H NMR spectra with 64
scans have been acquired in time intervals of 30 minutes. Analogously, to study the
interchange of pyridine ligands, [Ru(bda)(py)2] (44) (2.2 mg, 4.4 pmol, 7.3 mM) was
dissolved in 0.6 mL of ds-pyridine together with some ascorbic acid (0.40 mg, 2.3 pmol, 3.8
mM). The sample was heated to two different temperatures (370.00 K and 377.62 K) and 'H
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Chapter 5 Experimental Section

NMR spectra with 64 scans have been acquired in time intervals of 30 minutes. The

temperature has been calibrated with a sample of 80% glycol in dimethylsulfoxide.

Mass Spectrometry. MALDI-ToF mass spectra have been measured on an Autoflex II
spectrometer (Bruker). The spectra were measured in the positive reflector mode using
DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene|malononitrile) as matrix.
High resolution mass spectra (ESI) were recorded on an ESI micrOTOF focus mass

spectrometer (Bruker).

X-ray Crystallography. Single crystals of MC4 were obtained out of a dichloromethane/
methanol/2,2,2-trifluoroethanol solution by slowly letting the solvent evaporate under a
nitrogen atmosphere. Single crystal X-ray diffraction data for MC4 was collected at 100 K
on a Bruker X8APEX-II diffractometer with a CCD area detector and multi-layer mirror
monochromated MoK, radiation. The structure was solved using direct methods, expanded

e.}731 All non-hydrogen

with Fourier techniques and refined with the Shelx software packag
atoms were refined anisotropically with exception of those of the disordered 2,2,2-
trifluoroethanol molecules. Hydrogen atoms were included in the structure factor calculation
on geometrically idealized positions. The refinement contained residual electron density
resulting from solvent molecules that could not be modeled satisfactorily. Therefore, the
PLATON squeeze routine was applied to remove the respective electron density.?’#! The
remaining structure could be refined nicely. Crystallographic data have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC
1554426. These data can be obtained from The Cambridge Crystallographic Data Centre via

www.ccdc.ac.uk/data.request/cif.

Electrochemistry. For cyclic- and differential pulse voltammetry measurements, a BAS
Cell Stand C3 (BAS Epsilon) with a three electrode single-compartment cell was used. The
measurements were carried out in dichloromethane at a concentration of about 0.2 mM with
ferrocene (Fc) as an internal standard for the calibration of the potential (Fc'/Fc® = 0.63 V vs.
NHE)®"!, Dichloromethane (HPLC grade) was dried over calcium hydride under an atmosphere
of argon before use. The supporting electrolyte tetrabutylammonium hexafluorophosphate
((n-Bu)aNPFs) was prepared according to the literature and recrystallized from
ethanol/water.®’®) A Pt disc and a Pt wire were applied as working and auxiliary electrodes,

respectively, and Ag/AgCl was used as reference electrode. For measurements in aqueous
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medium, glassy carbon was used as working electrode and a platinum wire as counter
electrode. As a reference an Ag/AgCl electrode in 3 M KCI was used, and the potentials
were referenced to NHE by the addition of +0.209 V.77 The aqueous solutions were either
measured in acetonitrile/water (pH 1, acid: trifluoromethane sulfonic acid (CF3SO3H)) or
2,2,2-trifluoroethanol/water (pH 1) mixtures. The measurements for the Pourbaix diagrams
initially started in a 1:1 acetonitrile/water mixture at a pH value of 1. The further pH values

were adjusted by the addition of NaOH solutions and measured with a pH-meter.

UV/Vis Spectroscopy. UV/Vis absorption spectra were measured on a JASCO V-770

spectrophotometer at 25 °C in 1 cm quartz cuvettes with spectroscopic grade solvents.

Spectroelectrochemistry. Spectroelectrochemical experiments in reflexion mode were
performed in an Agilent Cary 5000 Spectrometer in combination with a home-built sample
compartment consisting of a cylindrical PTFE cell with a sapphire window and an adjustable
three in one electrode (6 mm platinum disc working electrode, 1 mm platinum counter and
pseudo reference electrode) with a layer thickness of ~100 um in a 1:1 acetonitrile/water
mixture (pH 1, acid: CF3SO3H) at concentrations in the range of 0.6-0.7 mM. The potential
was always referenced to the first oxidation event that was measured with differential pulse
voltammetry against a Ag/AgCl reference electrode (3 M KCl) and the extinction coefficient
was determined for the [Ru|Ru'[Ru'""] state using conventional UV/Vis spectroscopy at a
concentration of 10 M in the same solvent mixture due to the inaccuracy of the layer

thickness of the spectroelectrochemical cell.

Time-resolved stoichiometric redox titration. The experiment was performed using a
diode array spectrometer (Ocean Optics Maya200Pro) at 20 °C. The catalyst solution
(2.0 mL, 0.1 mM) was loaded into a 1 cm cuvette equipped with a magnetic stirrer (300 rpm)
and a freshly prepared cerium(IV) ammonium nitrate (CAN) solution was injected in
increments of one equivalent per macrocycle (10 pL, ¢ = 60 mM) using an Eppendorf pipette.
Spectra were acquired with a rate of 5 spectra per second (integration time: 10 ms, scans
taken for average: 20, boxcar width: 3). The oxidation was monitored by the bleach of the

MLCT band at 450 nm.

UV/Vis Redox Titration. The catalyst solutions in acetonitrile/water 1:1 (2.0 mL, ¢ =

0.1 mM, pH 1, acid: CF3SO3H) were loaded into a 1 cm quartz cuvette and freshly dissolved
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cerium(IV) ammonium nitrate in the same solvent mixture was titrated to it in increments of
one equivalent per {Ru(bda)} center (10 uL, ¢ = 20 mM, per addition) using an Eppendorf
pipette. After each addition the mixture was stirred for ~5 min at 20 °C before the spectrum

was acquired using a diode array spectrometer (Ocean Optics Maya200Pro).

Water Oxidation Catalysis with large excess of Ce(IV). The chemically driven water
oxidation reactions were performed at 20 °C in reaction vessels which were connected to
pressure transducers from Honeywell (SSCDANNO30PAAAS, absolute pressure, 0 to
30 psi). For each measurement 1.0 g (1.82 mmol) of cerium(IV) ammonium nitrate was
dissolved in 3.0 mL of an acetonitrile/water mixture (pH 1, acid: CF3SOs3H, ratios varying)
in the reaction vessel (V"= 20.6 mL) and the catalyst solution (400 pL in acetonitrile/water
mixtures) was injected through a septum using a Hamilton syringe. After the gas-evolution
had ceased, 500 pL of the gas head space were taken with a gas tight Hamilton syringe and
injected into a gas chromatograph GC-2010 Plus from Shimadzu, equipped with a thermal
conductivity detector (detector current 30 mA, argon as carrier gas), to determine the gas
composition at the end of the reaction. The turnover numbers (TONs) have been calculated
based on the total amount of evolved oxygen during catalysis divided by the amount of used
catalyst. The amount of evolved oxygen has been determined by using pressure transducers
to measure the pressure increase in the reaction vessel. Using the ideal gas law Ap X V'= An
XRxT(T=293.15K, V=20.6 mL, R =8.314 J/Kmol) this pressure difference (Ap) can be
converted into the amount of molecular oxygen in moles that is generated during the reaction
(An). The TONs have been calculated for each concentration in the concentration-dependent
measurements and the highest TONs are reported. The turnover frequencies (TOFs) have
been determined from the same concentration-dependent measurements. For each
concentration the initial rate of catalysis has been determined by a linear regression through
the first linear part of the oxygen evolution curve. The TOF has then been determined by the

slope of a linear regression of these initial rates vs. the respective catalyst amounts.

Water Oxidation Catalysis with Stoichiometric Ce(IV) Amounts. The catalysis in the
presence of stoichiometric amounts of cerium(IV) ammonium nitrate was investigated by
monitoring the decrease of the CAN absorption at 360 nm using a JASCO V-770 UV/Vis
spectrometer at 25 °C. The studies were performed in 1:1 acetonitrile/water solution (pH 1,
acid: nitric acid (HNO3)) as followed: 1.99 mL of a freshly prepared CAN solution were

mixed with 10 pL of the catalyst solution in the same solvent mixture. Afterwards the cuvette
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was shaken and placed inside the spectrometer (~4 s) and the Ce(IV) absorption decay
(360 nm, 360 = 760 M~! cm™!') was monitored for 300 s. Using the Beer-Lambert law, the

absorption change was converted into the change in CAN concentration.

Stability Test Using Mass Spectrometry. The following procedure was applied to test
the stability of the macrocyclic structures during water oxidation catalysis: Each catalyst was
dissolved in 1.0 mL 4:1 acetonitrile/water (¢ = 0.7 mM, pH 1, acid: CF3SO3H). After the
addition of 130 equivalents cerium(IV) ammonium nitrate (~33 catalytic cycles) vigorous
oxygen evolution occurred. After the oxygen evolution had ceased, the sample was reduced

using ascorbic acid and analyzed by MALDI-ToF mass spectrometry (matrix = DCTB).

Photocatalysis. The photocatalytic water oxidation reactions were carried out using a
Clark-type electrode for electrochemical oxygen detection (Oxygraph Plus System of
Hansatech Instruments Ltd). Irradiation of the sample was performed with a 150 W xenon
lamp by Newport equipped with a 380 nm cutoff filter and a water jacket to remove UV and
IR radiation, respectively. The intensity with which the sample was irradiated was
~230 mW/cm?. Before the measurement, all components (catalyst, [Ru(bpy)3]Clz * 6 H20
and NaxS20s were dissolved in 2.0 mL 1:1 acetonitrile/phosphate buffer (pH 7.2) solution in
the dark ([Na2S20s5] = 50 mM, [[Ru(bpy)3]Cl2 « 6 H2O] = 2.0 mM, [catalyst] = varying).
Afterwards the sample was transferred to the reaction chamber and kept in the dark. When
the baseline of the measurement was constant, the sample was irradiated. During the
measurement the reaction temperature was kept constant at 20 °C. The initial rates were

determined from the steepest linear part.

Kinetic Isotope Experiments. The reactions were performed in 2.0 mL of a 1:1
acetonitrile/water mixture (H20 or D20, pH 1, acid: CF3SOsH), using CAN (c = 0.525 M)
as a sacrificial oxidant, and the dissolved oxygen concentration was measured with a Clark-
type electrode setup (Oxygraph Plus System of Hansatech Instruments Ltd.) at a constant
temperature of 20 °C. For each measurement 1.5 mL of a freshly prepared CAN solution in
1:1 acetonitrile/water (¢ = 0.7 M, pH 1 solution (H20 or D20)) were placed in the Clark
electrode reaction chamber. When the baseline was constant, 0.5 mL of the catalyst solution
in the same solvent mixture (varying concentrations) were added. The D20 used for this

experiment had a purity of 99.9 %.
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DFT Calculations.” In order to generate initial structures for the exploration of the
catalytic steps in the framework of QM/MM MD simulations, the catalyst structures were
first optimized in the presence of explicit water molecules at the PBE/def2-SVP level of

378,371 employing 28-electron Stuttgart-Dresden effective core potentials 3! for the

theory [
ruthenium atoms. The ensemble of catalyst structures in solution used for the calculation of
UV/Vis spectra has been generated by embedding pre-optimized structures into a water
sphere and propagating for 2.5 ps utilizing classical MD with time steps of 0.5 fs at a constant
temperature of 300 K. A QM/MM approach was applied with electrostatic embedding in
which the catalyst and the nearest 10 ([Ru(bda)(pic)2]), 13 (MC1) and 25 (MC3) water
molecules were included into the QM model. The respective number of quantum-
mechanically treated water molecules was chosen so that spheres of 5 A around the binding
sites of all ruthenium atoms were filled with water, including the important carboxy ligands.
Additional water molecules were added for the bigger macrocycles to fill the cavity between
the three centers and therefore ensure the proper description of cooperativity effects. The
applied QM/MM interface accounts for non-covalent interactions, whereas proton diffusion
to the surrounding solvent is not possible in our model, but also not expected on the time
scale of our simulations. QM calculations were performed at the PBE/def2-SVP level in
Turbomole.[*8!) The TIP-3P force field %% was applied to the surrounding classical water
utilizing Tinker package **3! and including water molecules with a maximum distance of
2.0 nm (for [Ru(bda)(pic)2]) and 1.2 nm (for MC1-MC3) to the catalyst. Van der Waals
parameters for the QM system were taken from the OPLS-aa force field [*3% (organic ligands)
and the UFF force field P* (ruthenium atoms, explicit water), respectively. After 1.0 ps of
equilibration, 30 structures were sampled along the trajectory in equal time steps of 50 fs.
Vertical excitation energies were then calculated for each structure using the long-range
corrected CAM-B3LYP functional ¢! with the def2-SVP basis set as implemented in
Gaussian09.%7 Ensemble absorption spectra were obtained by convolution of each set of

oscillator strengths with Lorentzian functions of 20 nm width.

For the dynamic exploration of reaction pathways, starting structures generated as
described above were propagated within the same QM/MM approach. In order to model the
oxidation steps, one electron per ruthenium center was removed in every simulated reaction

step and the relaxation of the solvated catalyst in the respective oxidation state was observed

® These calculations were carried out by Joachim O. Lindner under the supervision of Prof. Roland Mitri¢ and
Dr. Merle I. S. Rohr, Theoretical Chemistry, University of Wiirzburg
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using MD. Reactive trajectories were propagated with time steps of 0.25 fs at a constant
temperature of 500 K in order to speed up the reaction. Oxygen liberation has been observed
after removing three electrons from the default [Ru’=0[RuY=0O|Ru"=0]*" species of MC3
and one electron from the [Ru¥Y=0]" species of [Ru(bda)(pic)2]. The nucleophilic attack of
water is accompanied by the release of one proton and the change from singlet to triplet state
enables the second proton transfer and liberation of elemental dioxygen. The MD
simulations for all oxidation steps and the oxygen liberation of MC3 have been combined

to a video, which is added as additional supplementary material.

Atomic Force Microscopy (AFM). The AFM measurements were performed under
ambient conditions using a Bruker AXS Nanoscope IV system operating in tapping mode in
air. Silica cantilevers (OMCL AC160TS, Olympus) with a resonance frequency of ~300 kHz
and a spring constant of ~ 40 Nm ! were used. The samples were prepared by spin-coating a
solution of a Ru-PBI complex in acetonitrile or acetonitrile/water 1:1 mixture (¢ = 10~ M)

onto mica or highly oriented pyrolytic graphite (HOPG) at 2000 rpm.

Cryogenic Scanning Electron Microscopy (cryo-SEM). The sample preparation
consisted of placing a small drop of the complex solution in 1:1 acetonitrile/water
(c=107M) onto a copper stub sample holder. Prior to measurement, the specimen was
plunged into liquid nitrogen slush at —210 °C. The sample was transferred under vacuum
using the loading transfer rod into the high vacuum cryo preparation chamber (Quorum
PP2000T) at —150 °C and fractured. The specimen was then transferred into a SEM sample
chamber maintained at about —150 °C. Images of the sample were taken using a Zeiss Ultra
plus field emission scanning electron microscope operated at 1.7 kV with an aperture size

set to 30 um to avoid excessive charging and radiation damage of the areas imaged.
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5.2 Synthesis and Characterization

5.2.1 Trinuclear {Ru(bda)} Macrocycles with Different Ring
Size

[Ru(bdaH),]

(41)

The compound [Ru(bdaH):] (41) was obtained during the synthesis of [Ru(bda)(dmso):]
(40) as a by-product. Under an argon atmosphere, [RuCl2(dmso)4] (38) (1.00 g, 2.06 mmol)
and 2,2'-bipyridine-6,6'dicarboxylic acid (39, H2bda) (0.55 g, 2.27 mmol) were dissolved in
degassed methanol (60 mL) and triethylamine (2.5 mL) was added. The mixture was heated
under reflux for 20 hours. The precipitate was filtered off and washed with methanol. From
the precipitate 510 mg of [Ru(bda)(dmso)z] were obtained as a brown powder (1.02 mmol,
50%). From the dark red filtrate, crystals of [Ru(bdaH):] (41) were isolated as a by-product

by slow evaporation of the solvent after letting the filtrate stand overnight.

TH NMR (400 MHz, MeOD, 272.1 K, ascorbic acid): J = 8.93 (br s, 2H), 8.63 (s, 2H), 8.36
(d, J= 6.3 Hz, 2H), 7.94 (m, 4H), 7.68 (t, J = 6.8 Hz, 2H), 6.91 (d, J = 5.7 Hz, 2H) ppm.
I3C NMR (101 MHz, MeOD, 272.1 K, ascorbic acid): 6 = 181.2, 173.7, 170.5, 166.4, 164.0,
159.3, 142.5, 139.3, 130.5, 130.2, 128.3, 127.3 ppm. HR-MS (ESI, negative, MeOH, m/z):
Calculated for [M—H] (C24H13N4OsRu): 586.9782, found: 586.9774; (error = 1.4 ppm).
Melting point: > 300 °C.
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[Ru(bda)(bp)]s
(MC1)

The starting materials [Ru(bda)(dmso)2] (40) (280 mg, 560 pmol) and 3,3'-bipyridine (45,
bp) (79 mg, 506 pmol) were dissolved in a degassed 5:1 chloroform/methanol mixture
(150 mL) and stirred at 60 °C for 23 hours under a nitrogen atmosphere. The solvent was
then removed under reduced pressure. The crude was redissolved in dichloromethane/
methanol and purified by column chromatography (neutral Al2O3 deactivated with 15% H20
w/w, CH2Cl2/MeOH 6:1) several times. The product was obtained as a red-brown solid
(65 mg, 43.3 umol, 26%).

TH NMR (400 MHz, CD2Cl2/MeOD 5:1, ascorbic acid): J = 8.85 (br s, 6H), 8.66 (d, J =
7.9 Hz, 6H), 8.14 (d, J=7.7 Hz, 6H), 7.92 (t,J= 7.9 Hz, 6H), 7.65 (d, J= 7.9 Hz, 6H), 7.16—
7.05 (m, 12H) ppm. '*C NMR (101 MHz, CD2CI2/MeOD 5:1, ascorbic acid): 6 = 174.1,
160.2, 157.4, 152.5, 150.4, 136.2, 134.1, 133.0, 127.0, 125.8, 125.7 ppm. HR-MS (ESI,
positive, CHCI3/MeOH 3:1, m/z): Calculated for [M]" (CesH42N12012Ru3): 1499.0217,
found: 1499.0400; (error = 12 ppm). Melting point: > 300 °C.
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[Ru(bda)(bpe)]s

(MC2)

The starting materials [Ru(bda)(dmso)2] (40) (554 mg, 1.11 mmol) and 1,2-di(pyridin-3'-yl)-
ethyne (46, bpe) (200 mg, 1.11 mmol) were dissolved in a degassed 1:1 chloroform/
methanol mixture (150 mL) and stirred at 60 °C for 20 hours under a nitrogen atmosphere.
After the solvent was removed under reduced pressure, the crude was redissolved in
dichloromethane/methanol and purified by column chromatography (neutral ALOs3
deactivated with 15% H20 w/w, CH2Cl2/MeOH 9:1) several times. After slow evaporation
of the solvent, the product was obtained as dark crystals, which were filtered off, washed

with diethyl ether and dried under high vacuum (90 mg, 57.3 pumol, 16%).

'"H NMR (400 MHz, CD2Cl2/MeOD 5:1, ascorbic acid): 6 = 8.73 (d, J = 7.1 Hz, 6H), 8.33
(s, 6H), 8.12 (dd, /= 7.8, 1.1 Hz, 6H), 7.99 (t,J= 7.9 Hz, 6H), 7.67-7.63 (m, 6H), 7.52 (d,
J=5.5Hz, 6H), 7.07 (dd, J = 7.6, 6.1 Hz, 6H) ppm. 3C NMR (101 MHz, CD2Cl2/MeOD
5:1, ascorbic acid): 0 = 174.2, 160.4, 157.6, 156.3, 151.3, 139.8, 133.4, 127.1, 125.8, 125.4,
121.2, 89.2 ppm. HR-MS (ESI, positive, CHCI3/MeOH 3:1, m/z): Calculated for [M+Na]"
(C72H42N12012RusNa): 1594.0108, found: 1594.0150; (error = 2.6 ppm). Melting point:
> 300 °C.
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[Ru(bda)(bpbp)ls
(MC4)

The starting materials [Ru(bda)(dmso)2] (40) (303 mg, 607 pmol) and 4,4'-bis(pyridin-3"-
yl)-1,1'-biphenyl (48, bpbp) (178 mg, 579 umol) were dissolved in a degassed 5:1
chloroform/methanol mixture (200 mL) and stirred at 60 °C for 14 hours under a nitrogen
atmosphere. The solvent was removed under reduced pressure and purification by column
chromatography (neutral Al2O3 deactivated with 15% H20 w/w, CH2Cl2/MeOH 5:1) and
subsequent crystallization from the same solution afforded the product as dark brown

crystals (128 mg, 65.5 umol, 34%).

"TH NMR (400 MHz, CD2Cl2/MeOD/CF3CH20H 5:1:0.2, ascorbic acid): 6 = 8.50 (d, J = 2.0
Hz, 6H), 8.47 (dd, /= 8.2, 1.0 Hz, 6H), 8.11 (dd, /= 7.8, 1.0 Hz, 6H), 7.90 (t, /= 8.1 Hz,
6H), 7.9-7.82 (m, 6H), 7.78 (d, J = 8.5 Hz, 12H), 7.56 (d, J = 8.5 Hz, 12H), 7.38 (dd, J =
5.8, 0.7 Hz, 6H), 7.15 (dd, J = 8.1, 5.7 Hz, 6H) ppm. 13C NMR (101 MHz, CD2Cl>/MeOD/
CF3CH20H 5:1:0.2, ascorbic acid): 0 = 173.9, 159.8, 156.7, 151.0, 149.2, 140.6, 137.8,
135.0, 134.9, 132.0, 127.7, 127.4, 126.3, 124.9, 124.6 ppm. HR-MS (ESI, positive,
CHCI3/MeOH 1:1, m/z): Calculated for [M]" (Cio2HesN12012Ru3): 1955.2107, found:
1955.2116; (error = 0.5 ppm). Melting point: > 300 °C.
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5.2.2 Water Soluble Ligands and {Ru(bda)} Macrocycles

1,4-bis(5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)pyridin-3-yl)benzene
(33)
\o/\/o\/\o/\,o

— =N
\_/ \_/

N
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The starting materials 1,4-benzenediboronic acid (696 mg, 4.20 mmol), 3-bromo-5-[2-[2-(2-
methoxyethoxy)ethoxy]ethoxy]-pyridine (50) (2.96 g, 9.23 mmol), [Pd2(dba)s] (270 mg,
0.294 mmol, dba = dibenzylideneacetone), and triphenylphosphine (308 mg, 1.17 mmol)
were loaded into a Schlenk flask under a nitrogen atmosphere. The compounds were
dissolved in a degassed mixture of toluene (160 mL), methanol (20 mL) and 2M aq. Na:CO3
(20 mL). The mixture was stirred at 70 °C for 15 hours. Then the organic phase was separated
and washed twice with water. The combined aqueous phases were extracted with
dichloromethane three times. The solvent of the organic phase was removed under reduced
pressure and the product isolated by column chromatography several times (SiO2, ethyl
acetate/methanol 9:1). The product was obtained as waxy white solid (720 mg, 1.26 mmol,

31%).

TH NMR (400 MHz, CDCl3): 6 = 8.50 (d, J= 1.6 Hz, 2H), 8.33 (d, J = 2.6 Hz, 2H), 7.68 (s,
4H), 7.48-7.46 (m, 2H), 4.29-4.24 (m, 4H), 3.91 (dd, J = 5.3, 4.1 Hz, 4H), 3.77-3.73 (m,
4H), 3.71-3.67 (m, 4H), 3.66-3.62 (m, 4H), 3.56-3.52 (m, 4H), 3.36 (s, 6H) ppm. *C NMR
(101 MHz, CDCI3): 6 = 155.4, 140.6, 137.6, 136.7, 136.6, 128.0, 120.3, 72.1, 71.1, 70.8,
70.7, 69.8, 68.2, 59.2 ppm. HR-MS (ESI, positive, CHClI3/MeOH 1:1, m/z): Calculated for
[M+H]" (C30H41N20s): 557.2857, found: 557.2846; (error = 2.0 ppm). Elemental Analysis
(%): Calculated for C3oH40N20s: C, 64.73; H, 7.24; N, 5.03; found: C, 64.72; H, 7.04;
N, 5.00. Melting point: 64-65 °C.
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1,1'-(5,5'-(1,4-phenylene)bis(pyridine-5,3-diyl))bis(V,N-dimethylmethanamine)
(35

The starting materials 1,4-benzenediboronic acid (325 mg, 1.96 mmol), 5-bromo-N,N-
dimethyl-3-pyridinemethanamine (51) (930 mg, 4.32 mmol) and [Pd(PPh3)4] (147 mg,
0.127 mmol) were loaded into a Schlenk flask under a nitrogen atmosphere. The compounds
were dissolved in a degassed mixture of toluene (20 mL), methanol (10 mL) and 2M agq.
NaxCOs (10 mL). The mixture was stirred at 80 °C for 24 hours. Afterwards, water was
added (50 mL) and the mixture was extracted with dichloromethane three times. The product
was isolated using column chromatography (SiO2, CH2Cl2/MeOH 20:1, 10:1). The product
was obtained as a white solid (188 mg, 0.832 mmol, 43%).

'"H NMR (400 MHz, CD2Cl2): 6 = 8.70 (d, J = 2.3 Hz, 2H), 8.41 (d, J = 2.0 Hz, 2H), 7.85
(s, 2H), 7.68 (s, 4H), 3.43 (s, 4H), 2.18 (s, 12H) ppm. 3C NMR (101 MHz, CD2Cl): § =
149.4, 147.3, 137.6, 135.8, 135.1, 134.4, 127.9, 61.6, 45.6 ppm. HR-MS (ESI, positive,
CHCI3/MeOH 1:1, m/z): Calculated for [M+H]" (C22H27N4): 347.2230, found: 347.2231;
(error = 0.3 ppm). Elemental Analysis (%): Calculated for (C22H26N4+ 0.66 H20): C, 73.71;
H, 7.69; N, 15.63; found: C, 73.30; H, 7.53; N, 15.37. Melting point: 122124 °C.
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[Ru(bda)(53)]s
(MC3b)
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The starting materials [Ru(bda)(dmso)z] (40) (415 mg, 0.832 mmol) and 53 (441 mg,
0.792 mmol) were loaded into a Schlenk flask under a nitrogen atmosphere. Then a degassed
1:1 mixture of chloroform and methanol (210 mL) was added and the mixture was stirred at
60 °C for 14 hours. The solvent was removed under reduced pressure and the crude was
filtered several times (neutral Al2Os deactivated with 15% H20 w/w, CH2Cl2/MeOH 9:1),
further purified by size exclusion chromatography (BioBeads SX3, CH2Cl2/MeOH 9:1) and
finally purified by recycling GPC with chloroform as eluent to obtain the pure product as a
brown powder (180 mg, 66.6 umol, 25%).

TH NMR (400 MHz, CD2Cl2/MeOD 5:1, ascorbic acid): 6 = 8.52 (dd, J= 8.1, 0.9 Hz, 6H),
8.04 (dd, J=17.8, 1.0 Hz, 6H), 7.99 (d, J = 1.5 Hz, 6H), 7.88 (t, J = 8.0 Hz, 6H), 7.44 (s,
12H), 7.29 (dd, J = 2.4, 1.7 Hz, 6H), 7.05 (d, J = 2.4 Hz, 6H), 3.99-3.97 (m, 12H), 3.67—
3.65 (m, 12H), 3.55-3.47 (m, 36H), 3.42-3.39 (m, 12H), 3.24 (s, 18H) ppm. *C NMR
(101 MHz, CD2CI2/MeOD 5:1, ascorbic acid): 0 = 173.4, 159.7, 157.1, 155.6, 143.7, 138.6,
137.5,136.3,131.9, 127.9, 126.1, 124.8, 120.1, 71.7, 70.5, 70.3, 70.2, 69.1, 68.2, 58.4 ppm.
HR-MS (ESI, positive, CHCI3/MeOH 1:1, m/z): Calculated for [M]" (C126H138N12036Ru3):
2700.6533, found: 2700.6596; (error = 2.3 ppm). Melting point: 187—190 °C.
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[Ru(bda)(54)]3

(MC3c)

The starting materials [Ru(bda)(dmso)2] (40) (166 mg, 0.333 mmol) and 54 (105 mg,
0.303 mmol) were loaded into a Schlenk flask under a nitrogen atmosphere. Then a degassed
4:1 mixture of chloroform and methanol (100 mL) was added and the mixture was stirred at
60 °C for 8 hours. After several column chromatographic filtrations (neutral Al203
deactivated with 15% H20O w/w, CH2Cl2/MeOH 7:1), the product was isolated by size
exclusion chromatography (BioBeads SX3, CH2Cl2/MeOH 9:1) and finally purified by
recycling GPC with chloroform as eluent to obtain the pure product as a brown powder

(80 mg, 38.5 umol, 38%).

TH NMR (400 MHz, CD2Cl2/MeOD 5:1, ascorbic acid): 6 = 8.58 (d, J = 7.5 Hz, 6H), 8.34
(s, 6H), 8.09 (dd, J="7.7, 0.8 Hz, 6H), 7.93 (t, J= 7.9 Hz, 6H), 7.78 (s, 6H), 7.55 (s, 12H),
7.38 (s, 6H), 3.32 (s, 12H), 2.09 (s, 36H) ppm. 13C NMR (101 MHz, CD2CI2/MeOD 5:1,
ascorbic acid): 6 = 173.6, 160.0, 157.3, 150.5, 150.3, 137.0, 136.4, 135.6, 135.3, 132.1,
128.1, 126.3, 124.9, 60.3, 44.6 ppm. HR-MS (ESI, positive, CHCI3s/MeOH 1:1, m/z):
Calculated for [M]" (C102HosN18O12Ru3): 2070.4639, found: 2070.4603; (error = 1.7 ppm).
Melting point: > 300 °C.
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5.2.3 Perylene Bisimide (PBI) Ligands

9,10-bis(octyloxycarbonyl)-N-(2-(pyridin-4-yl)ethyl)-perylene-3,4-dicarboxylic imide
(38)
O~ -

W

o [o}

Perylene-3,4:9,10-tetracarboxylic acid bisanhydride (57) (2.0 g, 5.10 mmol) was suspended
in DMF (20 mL) and 1,8-diazabicycloundec-7-ene (3.0 mL, 3.09 g, 20.3 mmol) and
l-octanol (6.4 mL, 5.31 g, 40.8 mmol) were added. After stirring for one hour at room
temperature a homogeneous red solution was obtained. After 24 hours 4-(2-amino-
ethyl)pyridine (56) (312 mg, p = 1.03 g/mL, 0.151 mL, 2.56 mmol) was added and the
solution was stirred for 3 days. Then 1-octyl bromide (3.34 g, p = 1.05 g/mL, 3.2 mL,
20.3 mmol) was added and the mixture was stirred for further 24 hours. The mixture was
poured into deionized water (100 mL) and neutralized with 2N hydrochloric acid, and
subsequently extracted four times with dichloromethane (250 mL each). The combined
organic phases were dried over anhydrous sodium sulfate. The product was isolated by
column chromatography (SiO2, CH2Cl/MeOH 40:1, 32:1) as a red solid (1.44 g,
1.93 mmol, 75%).

'TH NMR (400 MHz, CDCl3): § = 8.55 (dd, J = 4.4, 1.6 Hz, 2H), 8.47 (d, J = 8.0 Hz, 2H),
8.28 (dd, J=8.2, 3.9 Hz, 4H), 8.05 - 8.01 (m, 2H), 7.31 (dd, J=4.4, 1.6 Hz, 2H), 4.47-4.41
(m, 2H), 4.35 (t, J = 6.9 Hz, 4H), 3.08 (dd, /= 9.0, 6.8 Hz, 2H), 1.87-1.77 (m, 4H), 1.52—
1.25 (m, 20H), 0.92-0.86 (t, J = 6.9 Hz, 6H) ppm. 3C NMR (101 MHz, CDCls): § = 168.3,
163.5, 150.1, 147.8, 135.8, 132.2, 132.0, 131.5, 130.4, 129.3, 129.2, 129.1, 126.0, 124.5,
122.8, 121.9, 121.8, 66.1, 40.8, 33.7, 32.0, 29.5, 29.4, 28.8, 26.2, 22.8, 14.2 ppm.
HR-MS (ESI, positive, CH;CN/CHCI3 1:1, m/z): Calculated for [M+H]" (C47H51N20¢):
739.3742, found: 739.3736; (error = 0.8 ppm). Elemental analysis (%): Calculated for
C47H50N206: C, 76.40; H, 6.82; N, 3.79; found: C, 76.54; H, 6.93; N, 3.91. UV/Vis (CH2Cl2,
1073 M: Amax (g, 10° L mol ' ecm™)): 263 (37), 446 (19), 475 (40), 505 (53) nm. Melting point:
180182 °C.
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N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)-N’-(2-(pyridin-4-yl)ethyl)-perylene-
3,4:9,10-tetracarboxylic acid bisimide

(PBI-1)
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The diester 58 (1.28 g, 1.73 mmol) was suspended in a mixture of glacial acetic acid (30 g)
and concentrated sulfuric acid (1.5 g) and refluxed for two hours. The mixture was cooled
to room temperature and then poured into deionized water (100 mL). The precipitate was
filtered off and washed with water until the filtrate was neutral. After drying the red-brown
solid at 80 °C for 12 hours under high vacuum the monoanhydride 59 was obtained (890 mg,
1.79 mmol, 100%). This intermediate was used without further purification and
characterization due to insolubility in all common organic solvents. Monoanhydride 59
(500 mg, 1.01 mmol) and the swallowtail amine 55 (630 mg, 1.64 mmol) were stirred
together in molten imidazole (4 g) for 6 hours at 130 °C under a nitrogen atmosphere. Then
the reaction mixture was poured into deionized water (100 mL) and neutralized with 2N
hydrochloric acid (30 mL). The mixture was extracted three times with dichloromethane
(15 mL each). The organic phase was washed with a saturated potassium carbonate solution
(200 mL) and dried over anhydrous sodium sulfate. The crude product was purified by
column chromatography (Si02, CH2Cl2/MeOH 30:1, 20:1, 16:1) as a greasy red solid
(500 mg, 0.580 mmol, 57%).

"H NMR (400 MHz, CDCl3): 6 = 8.62 (d, J = 8.0 Hz, 2H), 8.59-8.53 (m, 4H), 8.53-8.48
(m, 4H), 7.31 (dd, J=4.4, 1.6 Hz, 2H), 5.74-5.66 (m, 1H), 4.50—4.43 (m, 2H), 4.20 (dd, J =
10.6, 7.8 Hz, 2H), 3.98 (dd, J = 10.6, 5.9 Hz, 2H), 3.76-3.69 (m, 2H), 3.67-3.50 (m, 18H),
3.49-3.45 (m, 4H), 3.32 (s, 6H), 3.13-3.06 (m, 2H) ppm. *C NMR (101 MHz, CDCl3): =
163.9, 163.3, 150.1, 147.6, 135.0, 134.4, 131.6, 131.5, 129.6, 129.4, 126.6, 126.3, 124.5,
123.7, 123.3, 123.2, 123.0, 72.0, 70.7, 70.7, 70.6, 70.6, 70.5, 69.5, 59.1, 52.3, 40.9, 33.7
ppm. HR-MS (ESI, positive, CH2Cl2/CH3CN 1:1, m/z): Calculated for [M+H]"
(CasHs2N3012): 862.3546, found: 862.3520; (error = 3.0 ppm). Elemental analysis (%):
Calculated for CssHs1N3012: C, 66.89; H, 5.96; N, 4.88; found: C, 66.72; H, 6.12; N, 5.04.
UV/Vis (CH2Clz, 107> M, Amax (¢, 10° L mol ' cm™)): 260 (35), 429 (5), 457 (19), 489 (52),
525 (86) nm. Melting point: 163-165 °C.

130



Chapter 5 Experimental Section

N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)-NV’-(2-(pyridin-4-yl)ethyl)-1,6,7,12-
tetrachloroperylene-3,4:9,10-tetracarboxylic acid bisimide

(PBI-2)
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A mixture of 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid bisanhydride (60)
(400 mg, 0.755 mmol), the triethylene glycol swallowtail amine 55 (390 mg, 1.02 mmol)
and 4-(2-aminoethyl)pyridine (56) (123 mg, 1.00 mmol) were refluxed in toluene (8 mL) for
23 hours. The solvent was removed under reduced pressure and the product was isolated by
column chromatography (SiO2, CH2Cl/THF 2:1) and size exclusion chromatography
(Biobeads SX3, CH2Cl2/CH30H 9:1) to yield a greasy red solid (161 mg, 0.161 mmol,
21%).

TH NMR (400 MHz, CD2Cl2): 6 = 8.58 (s, 4H), 8.41 (dd, J= 4.4, 1.6 Hz, 2H), 7.19 (dd, J =
4.4, 1.6 Hz, 2H), 5.56 (tt, J= 8.2, 5.7 Hz, 1H), 4.40-4.34 (m, 2H), 4.07 (ddd, J = 10.1, 8.2,
1.7 Hz, 2H), 3.83 (ddd, J=10.4, 5.7, 1.9 Hz, 2H), 3.61-3.55 (m, 2H), 3.53-3.32 (m, 22H),
3.19 (m, 6H), 2.99 (dd, J=12.6, 4.7 Hz, 2H) ppm. 3*C NMR (101 MHz, CD2Cl>): § = 163.3,
162.7, 150.4, 148.0, 135.9, 135.8, 133.4 (2C), 132.1, 131.9, 129.5, 129.1, 126.0, 124.9,
124.1, 123.9, 123.5, 72.4, 71.0, 71.0, 70.9, 70.8, 69.4, 69.3, 59.1, 53.3, 41.4, 33.9 ppm.
HR-MS (ESI, positive, CHCI3/CH3CN 1:1, m/z): Calculated for [M+H]" (C4sHasC1sN3O12):
998.1987, found: 998.1983; (error = 0.4 ppm). Elemental analysis (%): Calculated for
CasH47ClsN3O12: C, 57.67; H, 4.74; N, 4.20; found: C, 57.82; H, 4.96; N, 3.88. UV/Vis
(CH2Clz, 1075 M, Amax (g, 10° L mol™! cm™)): 270 (26), 280 (25), 427 (11), 455 (11), 487
(27), 520 (38) nm. Melting point: 118-119 °C.
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5.2.4 {Ru(bda)}-PBI Complexes

[Ru(bda)(PBI-1),]
(C1)
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The ligand PBI-1 (130 mg, 0.151mmol) and the ruthenium precursor [Ru(bda)(dmso)2] (40)
(30.2 mg, 60.4 umol) were dissolved in a degassed 1:1 chloroform/methanol mixture
(30 mL) and stirred at 60 °C for 6 hours under a nitrogen atmosphere. Then the solvent was
removed under reduced pressure and the product was isolated by column chromatography
(neutral Al2O3 deactivated with 15% H20 w/w, CH2Cl2/MeOH 100:1, 50:1, 30:1) as a dark
red solid (106 mg, 51.3 umol, 85%).

'"H NMR (400 MHz, 6, ppm, CD2Cl/MeOD 5:1, ascorbic acid): 6 = 8.49 (d, J = 8.0 Hz,
2H), 8.33-8.06 (m, 18H), 7.85 (t, J = 8.0 Hz, 2H), 7.76, (d, J = 4.9 Hz, 4H), 7.20 (d, J =
5.4 Hz, 4H), 5.58 (m, 2H), 4.25 (m, 4H), 4.17 (m, 4H), 3.96 (m, 4H), 3.76-3.39 (m, 48H),
3.25 (s,12H), 2.99 (m, 4H) ppm. 3C NMR (400 MHz, J, ppm, CD2CI2/MeOD 5:1, ascorbic
acid): 0=174.2,164.2, 163.5, 160.7, 157.7, 152.3, 150.1, 134.7, 134.2, 132.1, 131.5, 131 .4,
129.3,129.1, 126.7, 126.4, 126.0, 125.9, 125.1, 123.7, 123.6, 123.5, 122.8, 72.4, 71.0, 71.0,
71.0,71.0,70.9, 70.0, 59.1, 53.0, 40.7, 33.7 ppm. HR-MS (ESI, positive, CHCl3/MeOH 1:1,
m/z): Calculated for [M+H]" (C10s8H1090NgO2sRu): 2067.6389, found: 2067.6402; (error =
0.6 ppm). UV/Vis (CH2Clz2, 107> M): Amax (¢, 10* L mol™! ecm™): 260 (76), 301 (33), 429 (17),
458 (41), 526 nm (166) nm. Melting point: 245-247 °C.
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The ligand PBI-2 (121 mg, 0.121 mmol) and the ruthenium precursor [Ru(bda)(dmso):] (40)
(27 mg, 0.054 mmol) were dissolved in a degassed 1:1 chloroform/methanol mixture
(30 mL) which was then stirred at 60 °C for 18 hours under an argon atmosphere. The
product was isolated by column chromatography (neutral Al2O3 deactivated with 15% H20
w/w, CH2Cl/CH30H 49:1) and size exclusion chromatography (Biobeads SX3,
CH2Cl12/MeOH 9:1). The solvent was removed under reduced pressure and the product
precipitated from diethyl ether to yield a red-black solid (42 mg, 17.9 umol, 33%).

'TH NMR (400 MHz, CD2C12/MeOD 5:1, ascorbic acid): 6 = 8.57 (s, 4H), 8.55 (s, 4H), 8.30
(d,J=7.3 Hz, 2H), 7.98 (dd, J=7.7,0.9 Hz, 2H), 7.74 (td, J = 8.0, 1.3 Hz, 2H), 7.66 (d, J =
6.6 Hz, 4H), 7.08 (d, J= 6.7 Hz, 4H), 5.60-5.52 (m, 2H), 4.25-4.18 (m, 4H), 4.07 (ddd, J =
12.5, 6.9, 2.8 Hz, 4H), 3.84 (ddd, /= 10.4, 5.6, 1.3 Hz, 4H), 3.59 (ddd, /=9.9, 4.6, 2.3 Hz,
4H), 3.53-3.35 (m, 44H), 3.22-3.19 (m, 12H), 2.92-2.85 (m, 4H) ppm. 3C NMR
(101 MHz, CD2CI2/MeOD 5:1, ascorbic acid): 6 =173.4, 171.6, 162.9, 162.2, 159.7, 157.0,
152.6, 151.7, 148.9, 135.3, 135.2, 132.8, 131.5, 131.3, 131.2, 128.9, 128.5, 126.0, 125.4,
124.1, 123.5, 123.3, 122.8, 71.7, 70.3, 70.3, 70.2, 70.2, 68.8, 68.7, 62.7, 58.4, 40.3,
329 ppm. HR-MS (ESI, positive, CHCI3/MeOH 1:1, m/z): Calculated for [M]"
(C108H100ClIsNsO2sRu): 2342.3188, found: 2342.3126; (error = 2.6 ppm). UV/Vis (CH2Cly,
107°M): Amax (&, 10° L mol ™! em™): 279 (63), 299 (48), 426 (27), 454 (26), 486 (59), 520 (84)
nm. Melting point: 180-182 °C.
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The ligands PBI-1 (453 mg, 0.526 mmol), and 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
pyridine (PyO) (126 mg, 0.526 mmol), and the ruthenium precursor [Ru(bda)(dmso)2] (40)
(263 mg, 0.526 mmol) were dissolved in a degassed 5:1 chloroform/methanol mixture
(60 mL) and stirred at 60 °C for 3.5 hours under a nitrogen atmosphere. The solvent was
then removed under reduced pressure and the crude was purified by column chromatography
(neutral Al2O3 deactivated with 15% H20 w/w, CH2Cl2/MeOH 9:1), and size exclusion
chromatography (Biobeads SX3, CH2Cl2/MeOH 9:1). The final purification was performed
using recycling GPC (CHCI3, three columns) to yield a dark red solid (107 mg, 74.0 umol,
14%).

TH NMR (400 MHz, CD2Cl2/MeOD 5:1, ascorbic acid): 6 = 8.42 (dd, J= 8.1, 1.0 Hz, 2H),
8.19 (d, /= 7.9 Hz, 4H), 8.10-8.01 (m, 6H), 7.80 (t, J = 7.9 Hz, 2H), 7.69 (dd, J=5.3, 1.3
Hz, 2H), 7.55 (dd, J= 5.8, 1.3 Hz, 2H), 7.15 (d, /= 6.7 Hz, 2H), 6.67 (dd, /= 5.8, 1.3 Hz,
2H), 5.64-5.55 (m, 1H), 4.07-4.03 (m, 2H), 3.96 (dd, J = 10.5, 5.9 Hz, 2H), 3.76-3.38 (m,
38H), 3.28 (s, 3H), 3.24 (s, 6H), 3.00-2.94 (m, 2H) ppm. ¥C NMR (101 MHz, CD2Cl»/
MeOD 5:1, ascorbic acid): 6 = 174.2, 166.1, 164.2, 163.4 (2 C), 160.6, 157.6, 153.0, 152.3,
149.9,134.7,134.2,131.7,131.5 (2C), 129.4,129.1, 126.6, 126.2, 126.0, 125.9, 124.9, 123.6
(20), 122.8, 112.5, 72.3, 71.2 (2C), 71.0, 71.0, 70.9 (2C), 70.8, 70.8, 69.9 (2C), 69.4, 68.7,
59.0(2C), 52.9,40.7, 33.6 ppm. HR-MS (ESI, positive, CHCI3/MeOH 1:1, m/z): Calculated
for [M]" (C72H76N6O20Ru): 1446.4152, measured: 1446.4187; (error = 2.4 ppm). UV/Vis
(CH2Cl2, 1075 M): Amax (&, 10° L mol™! cm™): 260 (43), 301 (24), 458 (22), 490 (53), 526
(81) nm. Melting point: 220-221 °C.
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CHAPTER A

APPENDIX

A.1 Supporting Information to Chapter 3.1

co-solvent:
...... CH 3CN

—— CF,CH,OH

MCA1
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MC3 [---b--e’ et

MC4

I:\)UII/III RuIII/IV RUIV/VIIII

06 08 1fo 152
Evs. NHE/V

Figure A1: Differential pulse voltammograms (DPVs) for all macrocycles with two different co-solvents (solid
lines = 2,2,2-trifluoroethanol, dotted lines = acetonitrile) in a 1:1 mixture with water (pH 1, acid: CF3;SOsH).
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Figure A2: Pourbaix diagram of MC1. The potentials were obtained from differential pulse voltammetry at
certain pH values which were adjusted by stepwise addition of NaOH solutions to a 1:1 CF3CH>OH/H,O (pH 1,
acid: CF3SOsH) solution.
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Figure A3: Pourbaix diagram of MC3. The potentials were obtained from differential pulse voltammetry at
certain pH values which were adjusted by stepwise addition of NaOH solutions to a 1:1 CF;CH,OH/H,O (pH 1,
acid: CF3;SO;H) solution.
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Figure A4: Pourbaix diagram of MC4. The potentials were obtained from differential pulse voltammetry at

certain pH values which were adjusted by stepwise addition of NaOH solutions to a 1:1 CF;CH,OH/H,O (pH 1,
acid: CF3;SO;H) solution.
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Figure AS5: UV/Vis spectra of all macrocycles MC1-MC4 and the mononuclear reference complex

[Ru(bda)(pic).] in the Ru(Il) oxidation state measured in CH3CN/H,O (pH 1, acid: CF3SOs;H) 1:1 at a
concentration of 107> M.
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Figure A6: UV/Vis spectra of all macrocycles MC1-MC4 in the Ru(Il) oxidation state measured in
CH;CN/H,0 (pH 1, acid: CF3SO3H) 4:1 at a concentration of 10> M.
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Figure A7: (a) Spectroelectrochemistry measurement for [Ru(bda)(pic).] in 1:1 CH3CN/H>O (pH 1, acid:
CF3SO3H). (b) DPV in the same solvent mixture and monitoring of different absorption wavelengths over the
applied potential derived from the spectroelectrochemistry.
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Figure A8: (a) Spectroelectrochemistry measurement for MC1 in 1:1 CH3;CN/H>O (pH 1, acid: CF3SOsH).
(b) DPV in the same solvent mixture and monitoring of different absorption wavelengths over the applied
potential derived from the spectroelectrochemistry.

RUII/III RUIIIIIV RuIVIV

a) 104 ——584mv b)
] \ RUII/III
] % ~—o8_
) \ 0.2
. . .
3" 3 %o e 357nm
f © . e 546 nm
<044 <\( 0.1 . o 655 nm
* H]
" agsiss s S
- 0.0 1 Z : 28%0”0 ©060 o 00000 © O
0.0 I ' i ' P T T T T T T T T
300 400 500 600 700 800 600 800 1000 1200 1400
Alnm E vs. NHE / mV

Figure A9: (a) Spectroelectrochemistry measurement for MC2 in 1:1 CH3;CN/H>O (pH 1, acid: CF3SOsH).
(b) DPV in the same solvent mixture and monitoring of different absorption wavelengths over the applied
potential derived from the spectroelectrochemistry.
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Figure A10: (a) Spectroelectrochemistry measurement for MC3 in 1:1 CH3CN/H,O (pH 1, acid: CF3SO3H).
(b) DPV in the same solvent mixture and monitoring of different absorption wavelengths over the applied

potential derived from the spectroelectrochemistry.
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Figure A11: (a) Spectroelectrochemistry measurement for MC4 in 4:1 CH3CN/H,O (pH 1, acid: CF3SOsH).
(b) DPV in the same solvent mixture and monitoring of different absorption wavelength over the applied
potential derived from the spectroelectrochemistry.
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Figure A12: Influence of the amount of explicit water molecules on important properties of MC3 in the Ru'V
state. (a) Ru—OH distance against the number of water molecules for each individual center and averaged. (b)
RuO-H distance against the number of water molecules.
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Figure A13: (a) Oxygen evolution over time using reference [Ru(bda)(pic):] (¢ = 75.5 uM) as catalyst
depending on the acetonitrile content in the reaction mixture. (b) The TONs that are reached as a function of
the acetonitrile content. The catalyst solution (400 pL, acetonitrile/water (pH 7) 1:9) was injected into a reaction
vial filled with 1.0 g (1.82 mmol) CAN dissolved in 3.0 mL of the corresponding acetonitrile/water (pH 1)

mixture.
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Figure A14: (a) Concentration-dependent oxygen evolution over time for MC1 as catalyst with 80% (v/v)
acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first 50 s, and (c) the of the initial rates
vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H,O (pH 1, acid: CF3SO;H) 4:1
and 400 pL of catalyst solution in CH3CN/H,O (pH 1) 4:1 have been injected).
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Figure A15: (a) Concentration-dependent oxygen evolution over time for MC2 as catalyst with 80% (v/v)
acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first 50 s, and (c) plot of the initial rates
vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H,O (pH 1, acid: CF3SO;H) 4:1
and 400 pL of catalyst solution in CH;CN/H,O (pH 1) 4:1 have been injected).
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Figure A16: (a) Concentration-dependent oxygen evolution over time for MC3 as catalyst with 80% (v/v)
acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first 50 s, and (c) plot of the initial rates
vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H,O (pH 1, acid: CF;SO;H) 4:1
and 400 pL of catalyst solution in CH;CN/H,O (pH 1) 4:1 have been injected).
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Figure A17: (a) Concentration-dependent oxygen evolution over time for MC4 as catalyst with 80% (v/v)
acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first 50 s, and (c) plot of the initial rates
vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H»O (pH 1, acid: CF3SOsH) 4:1
and 400 pL of catalyst solution in CH3CN/H,O (pH 1) 4:1 have been injected).
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Figure A18: (a) Concentration-dependent oxygen evolution over time for [Ru(bda)(pic).] as catalyst with 80%
(v/v) acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first linear part, and (c) plot of the
initial rates vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H,O (pH 1, acid:
CF3SO3H) 4:1 and 400 pL of catalyst solution in CH3CN/H>O (pH 1) 4:1 have been injected).
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Figure A19: (a) Concentration-dependent oxygen evolution over time for MC1 as catalyst with 2% (v/v)
acetonitrile as co-solvent at 20 °C. (b) Linear regressions through the first linear part, and (c) plot of the initial
rates vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL H,O (pH 1, acid: CF3SO3;H) and 400
pL of catalyst solution in CH3CN/H,O (pH 7) 1:9 have been injected).
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Figure A20: (a) Concentration-dependent oxygen evolution over time for MC2 as catalyst with 50% (v/v)
acetonitrile as a co-solvent at 20 °C. (b) Linear regressions through the first linear part, and (c) plot of the initial
rates vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3;CN/H»O (pH 1, acid: CF3SO3H)
1:1 and 400 pL of catalyst solution in CH3;CN/H,O (pH 7) 1:1 have been injected).
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Figure A21: (a) Concentration-dependent oxygen evolution over time for MC3 as catalyst with 60% (v/v)
acetonitrile as a co-solvent at 20 °C. (b) Linear regressions through the first linear part, and (c) plot of the initial
rates vs. the catalyst concentration. (1.0 g CAN was dissolved in 3.0 mL CH3CN/H»O (pH 1, acid: CF3;SO3H)
3:2 and 400 pL of catalyst solution in CH3CN/H,O (pH 7) 3:2 have been injected).
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Figure A22: (a) CAN absorbance decay at 360 nm depending on different [Ru(bda)(pic).] concentrations over
140 s, (b) between 0 and 10 s, and (c) plot of the initial rates vs. the catalyst concentration. Conditions: [CAN]
=2.0mM in 2.0 mL 1:1 CH3CN/H,O (pH 1) at 25 °C.
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Figure A23: (a) CAN absorbance decay at 360 nm depending on different MC1 concentrations over 300 s,
and (b) between 0 and 10 s. Conditions: [CAN] = 2.0 mM in 2.0 mL 1:1 CH3CN/H»O (pH 1) at 25 °C.
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Figure A24: (a) CAN absorbance decay at 360 nm depending on different MC2 concentrations over 300 s,
and (b) between 0 and 10 s. Conditions: [CAN] = 2.0 mM in 2.0 mL 1:1 CH3CN/H»O (pH 1) at 25 °C.
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Figure A25: (a) CAN absorbance decay at 360 nm depending on different MC3 concentrations over 200 s,
and (b) between 0 and 6 s. Conditions: [CAN] =2.0 mM in 2.0 mL 1:1 CH3CN/H,O (pH 1) at 25 °C.
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Figure A26: (a) CAN absorbance decay at 360 nm depending on different MC4 concentrations over 300 s,
and (b) between 0 and 10 s. Conditions: [CAN]=2.0 mM in 2.0 mL 1:1 CH3CN/H»O (pH 1) at 25 °C.
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Figure A27: (a) CAN absorbance decay at 360 nm, for [Ru(bda)(pic).] as catalyst, depending on different
CAN concentrations over 140 s, (b) between 0 and 10 s, and (c) plot of the initial rates vs. the catalyst
concentration. Conditions: [Ru(bda)(pic).] =9.0 uM in 2.0 mL 1:1 CH3CN/H,O (pH 1) at 25 °C.
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Figure A28: (a) CAN absorbance decay at 360 nm depending on different CAN concentrations with MC1 as
catalyst over 300 s, and (b) between 0 and 10 s. Conditions: [MC1]=3.0 uM in 2.0 mL 1:1 CH3CN/H»O (pH 1)
at 25 °C.
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Figure A29: (a) CAN absorbance decay at 360 nm depending on different CAN concentrations with MC2 as
catalyst over 200 s, and (b) between 0 and 10 s. Conditions: [MC2]=3.0 uM in 2.0 mL 1:1 CH3CN/H»O (pH 1)
at 25 °C.
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Figure A30: (a) CAN absorbance decay at 360 nm depending on different CAN concentrations with MC3 as
catalyst over 200 s, and (b) between 0 and 6 s. Conditions: [MC3]=3.0 uM in 2.0 mL 1:1 CH3CN/H,0 (pH 1)
at 25 °C.
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Figure A31: (a) CAN absorbance decay at 360 nm depending on different CAN concentrations with MC4 as
catalyst over 150 s, and (b) between 0 and 10 s. Conditions: [MC4]=3.0 uM in 2.0 mL 1:1 CH3CN/H»O (pH 1)
at 25 °C.
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Figure A32: UV/Vis spectra of MC1 (10# M in 1:1 CH;CN/H>O (pH 1, acid: CF3SO;H)) after the successive
addition of CAN equivalents.
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Figure A33: UV/Vis spectra of MC2 (10* M in 1:1 CH;CN/H,O (pH 1, acid: CF3SOsH)) after the successive
addition of CAN equivalents.
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Figure A34: UV/Vis spectra of MC3 (10# M in 1:1 CH;CN/H>O (pH 1, acid: CF3SO;H)) after the successive
addition of CAN equivalents.
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Figure A35: UV/Vis spectra of MC4 (10 M in 1:1 CH;CN/H,O (pH 1, acid: CF5SOsH)) after the successive
addition of CAN equivalents.
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Figure A36: UV/Vis spectra of [Ru(bda)(pic)2] (10* M in 1:1 CH;CN/H,O (pH 1, acid: CF3SO;H)) after the
successive addition of CAN equivalents.
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Figure A37: MALDI mass spectrum of MC1 after 33 catalytic cycles (after the reduction with ascorbic acid).
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Figure A38: MALDI mass spectrum of M2 after 33 catalytic cycles (after the reduction with ascorbic acid).
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Figure A39: MALDI mass spectrum of MC3 after 33 catalytic cycles (after the reduction with ascorbic acid).
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Figure A40: MALDI mass spectrum of MC4 after 33 catalytic cycles (after the reduction with ascorbic acid).
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Figure A41: (a,b) Oxygen evolution curves of the photocatalytic water oxidation with varying MC1
concentrations measured with a Clark-type electrode setup in 2.0 mL 1:1 CH3CN/H,O (pH 7.2, buffer:
phosphate) solution, and (c) plot of the initial rates vs. the catalyst concentration. ([Na;S,Os] = 37 mM,
[[Ru(bpy)s;]CL] = 1.5 mM, i > 380 nm with 230 mW/cm?)
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Figure A42: (a) Oxygen evolution curves of the photocatalytic water oxidation with varying MC2
concentrations measured with a Clark-type electrode setup in 2.0 mL 1:1 CH3CN/H,O (pH 7.2, buffer:
phosphate) solution, and (b) plot of the initial rates vs. the catalyst concentration. ([Na>S,Os] = 37 mM,
[[Ru(bpy);]Clo] = 1.5 mM, Zirr > 380 nm with 230 mW/cm?).
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Figure A43: (a) Oxygen evolution curves of the photocatalytic water oxidation with varying MC3
concentrations measured with a Clark-type electrode setup in 2.0 mL 1:1 CH3CN/H,O (pH 7.2, buffer:
phosphate) solution, and (b) plot of the initial rates vs. the catalyst concentration. ([Na>S,Os] = 37 mM,

[[Ru(bpy)s]CL] = 1.5 mM, i > 380 nm with 230 mW/cm?).
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Figure A44: (a) Oxygen evolution curves of the photocatalytic water oxidation with varying MC4
concentrations measured with a Clark-type electrode setup in 2.0 mL 1:1 CH3CN/H,O (pH 7.2, buffer:
phosphate) solution, and (b) plot of the initial rates vs. the catalyst concentration. ([Na,S,0s] = 37 mM,
[[Ru(bpy)s]CL] = 1.5 mM, Air > 380 nm with 230 mW/cm?).
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Figure A45: (a) Oxygen evolution vs. time during water oxidation with MC1 as catalyst at varying catalyst
concentrations in 2.0 mL aqueous pH 1 solutions (H,O or D,O) with 50% CH3;CN (v/v) as co-solvent using
CAN (0.525 M) as sacrificial oxidant. Measured with a Clark-type electrode setup at 20 °C. (b) Plot of initial

catalytic rates vs. MC1 concentration, with corresponding linear regression fits to determine reaction rates
k(H»0) and k(D-0).
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Figure A46: (a) Oxygen evolution vs. time during water oxidation with MC2 as catalyst at varying catalyst
concentrations in 2.0 mL aqueous pH 1 solutions (H,O or D,0O) with 50% CH3;CN (v/v) as co-solvent using
CAN (0.525 M) as sacrificial oxidant. Measured with a Clark-type electrode setup at 20 °C. (b) Plot of initial

catalytic rates vs. MC2 concentration, with corresponding linear regression fits to determine reaction rates
k(H>0) and &(D;0).
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Figure A47: (a) Oxygen evolution vs. time during water oxidation with MC3 as catalyst at varying catalyst
concentrations in 2.0 mL aqueous pH 1 solutions (H,O or D,O) with 50% CH3CN (v/v) as co-solvent using
CAN (0.525 M) as sacrificial oxidant. Measured with a Clark-type electrode set-up at 20 °C. (b) Plot of initial
catalytic rates vs. MC3 concentration, with corresponding linear regression fits to determine reaction rates
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Figure A48: (a) Oxygen evolution vs. time during water oxidation with MC4 as catalyst at varying catalyst
concentrations in 2.0 mL aqueous pH 1 solutions (H,O or D,O) with 50% CH3;CN (v/v) as co-solvent using
CAN (0.525 M) as sacrificial oxidant. Measured with a Clark-type electrode set-up at 20 °C. (b) Plot of initial

catalytic rates vs. MC4 concentration, with corresponding linear regression fits to determine reaction rates
k(HzO) and k(DzO).
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Figure A49: Results from the oxidation simulation from Ru"! to Ru" for MC3. Depicted are the Ru—-O
distances from each Ru atom to the respective closest water molecule.
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Figure A50: Results from the oxidation simulation from Ru™ to Ru'Y for MC3. Depicted are the Ru-O

distances from each reacting Ru atom to the respective closest water molecule, as well as the O—H distances
that are elongated during the propagation.
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Figure A51: Results from the oxidation simulation from RuY with subsequent O—O bond formation for MC3.
The electronic state was switched from singlet to triplet after 672 fs. Depicted are the Ru—O, O-O and O-H
distances of the atoms that are involved in the reaction.
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Figure A52: Results from the oxidation simulation from Ru' to Ru™ for [Ru(bda)(pic),]. In addition to the
reaction scheme (a) and the corresponding structures from the MD simulation (b), the Ru—O distance to the

water molecule is depicted in (c). For the sake of clarity, additional solvent molecules are omitted in (b). (green
= carbon, grey = hydrogen, red = oxygen, blue = nitrogen, yellow = ruthenium)
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Figure A53: Results from the oxidation simulation from Ru™ to Ru' for [Ru(bda)(pic),]. In addition to the
reaction scheme (a) and the corresponding structures from the MD simulation (b), the O—H' and O—H? distances
within the coordinating water molecule are depicted in (c). For the sake of clarity, additional solvent molecules
are omitted in (b). (green = carbon, grey = hydrogen, red = oxygen, blue = nitrogen, yellow = ruthenium)
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Figure A54: Results from the oxidation simulation from Ru'¥ to Ru" for [Ru(bda)(pic),]. In addition to the
reaction scheme (a) and the corresponding structures from the MD simulation (b), the O—H distance of the OH-
ligand is depicted in (c). For the sake of clarity, additional solvent molecules are omitted in (b). (green = carbon,
grey = hydrogen, red = oxygen, blue = nitrogen, yellow = ruthenium)
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Figure A55: Results from the oxidation simulation from Ru" with subsequent O-O bond formation for
[Ru(bda)(pic):]. The electronic state was switched from singlet to triplet after 525 fs. In addition to the reaction
scheme (a) and the corresponding structures from the MD simulation (b), the Ru—Q! distance, the O'- O?
distance of the evolving bond and both the O>-H distances are depicted in (c). For the sake of clarity, additional
solvent molecules are omitted in (b). (green = carbon, grey = hydrogen, red = oxygen, blue = nitrogen, yellow

= ruthenium)
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Figure A56: Dynamic proton delocalization cavities of MC2 calculated based on the reaction MD from Ru!
to RuV in the time interval from 0 to 1715 fs. The given structures are taken from the last simulation step. The
solvent is not displayed for clarity. (green = carbon, grey = hydrogen, red = oxygen, blue = nitrogen, yellow =
ruthenium)
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A.2 Supporting Information to Chapter 3.2
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Figure AS57: Differential pulse voltammograms of MC3 and MC3b in H,O/CF;CH,OH 1:1 and MC3c¢ in
H0, all at pH 1 (acid: CF3SO3H).
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Figure A58: (a) Oxygen evolution over time using MC3 as catalyst for different CH;CN/H,O (pH 1,
CF3SO3H) mixtures (total volume: 3.4 mL) at fixed catalyst concentration (24.3 pM) and CAN concentration
(0.535 M). For each solvent composition 1.0 g of CAN was dissolved in 3.0 mL of the solvent mixture and
400 pL of the catalyst solution (in CH3CN/H,O (pH 1, acid: CF3SOsH) 1:1) were injected through a septum.
(b) Initial O, evolution rates were determined by linear regression for the first 3 s of catalysis.
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Figure AS59: (a) Oxygen evolution over time using MC3b as catalyst for different CH;CN/H,O (pH 1,
CF3SO;H) mixtures (total volume: 3.4 mL) at fixed catalyst concentration (24.3 uM) and CAN concentration
(0.535 M). For each solvent composition 1.0 g of CAN was dissolved in 3.0 mL of the solvent mixture and
400 pL of the catalyst solution (in CH3CN/H,O (pH 1, acid: CF3SOs;H) 1:1) were injected through a septum.
(b) Initial O, evolution rates were determined by linear regression for the first 3 s of catalysis.
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Figure A60: (a) Oxygen evolution over time using MC3c as catalyst for different CH;CN/H,O (pH 1,
CF3SO;H) mixtures (total volume: 3.4 mL) at fixed catalyst concentration (24.3 uM) and CAN concentration
(0.535 M). For each solvent composition 1.0 g of CAN was dissolved in 3.0 mL of the solvent mixture and
400 pL of the catalyst solution (in CH3CN/ H2O (pH 1, acid: CF3SOsH) 1:9) were injected through a septum.
(b) Initial O, evolution rates were determined by linear regression for the first 3 s of catalysis.
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Figure A61: (a) Oxygen evolution over time using MC3 as catalyst for various catalyst concentrations with
fixed CAN concentration (0.535 M) in 3.4 mL of a CH3CN/H,0 6:4 mixture (pH 1, acid: CF3SOsH). (b) Initial
O, evolution rates were determined by linear regression for the first 3 s of catalysis. (¢) The TOF was
determined by plotting the initial rate versus the catalyst concentration.
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Figure A62: (a) Oxygen evolution over time using MC3b as catalyst for various catalyst concentrations with
fixed CAN concentration (0.535 M) in 3.4 mL of a CH3CN/H,O 3:7 mixture (pH 1, acid: CF3SOsH). (b) Initial
O, evolution rates were determined by linear regression for the first 3 s of catalysis. (c) The TOF was
determined by plotting the initial rate versus the catalyst concentration.
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Figure A63: (a) Oxygen evolution over time using MC3c as catalyst for various catalyst concentrations with
fixed CAN concentration (0.535 M) in 3.4 mL of a CH3CN/H,0 2:8 mixture (pH 1, acid: CF3SOsH). (b) Initial
O, evolution rates were determined by linear regression for the first 3 s of catalysis. (c) The TOF was
determined by plotting the initial rate versus the catalyst concentration.
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Figure A64: (a) Oxygen evolution over time using MC3c as catalyst for various catalyst concentrations with
fixed CAN concentration (0.535 M) in 3.4 mL of H,O (pH 1, acid: CF3;SOsH). (b) Initial O, evolution rates
were determined by linear regression for the first 3 s of catalysis. (c) The TOF was determined by plotting the
initial rate versus the catalyst concentration.
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Figure A65: (a) GC chromatograms obtained by the injection of 0.5 mL of the reaction headspace after the
completed water oxidation reaction with catalyst MC3c for different catalyst concentrations and fixed CAN
concentration (0.535 M) in 3.4 mL of H,O (pH 1, CF3SO3;H). (b) Comparison of the amount of evolved oxygen
as determined by GC or by the pressure transducers.
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Figure A66: MALDI-ToF mass spectrum of MC3c after water oxidation (30 catalytic cycles, 10 per Ru(bda)
center) with CAN as oxidant in 1:1 CH3CN/H,O (pH 1, acid: CF3SOs;H) mixture. Before the mass spectrometric
measurement, the sample was reduced with ascorbic acid (matrix: SDHB in methanol, mode: linear, positive).
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Figure A67: Redox Titration with MC3c as catalyst. To the catalyst dissolved in a CH;CN/H>O (pH 1) 3:7
mixture (2.0 mL, 10 M), a solution of CAN in the same solvent mixture (10 uL, 6x1072 M) was titrated. (a)
Initial and final UV/Vis absorption spectrum. (b) Changes of the MLCT absorption band at 450 nm over time
after the addition of CAN and the corresponding fit to determine the rate constant (k) for the oxidation process.
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A.3 Supporting Information to Chapter 3.3

PBI Ligands:  Ru-PBI Complexes:
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Figure A68: Comparison of all UV/Vis absorption spectra measured in dichloromethane (¢ = 107> M).
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Figure A69: UV/Vis absorption (solid lines, ¢ = 10~ M) and fluorescence emission (dotted lines, ¢ = 107° M)
spectra of the ligand PBI-1 and the respective complex C1 in dichloromethane.
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Figure A70: UV/Vis absorption spectra of PBI-1 and PBI-2 in acetonitrile at (c = 1075 M).
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Figure A71: UV/Vis absorption spectra of hydrophilic ruthenium complexes (a) [Ru(bda)(PBI-1),] (C1), (b)

[Ru(bda)(PBI-2),] (C2), and (c) [Ru(bda)(PyO)(PBI-1)] (C3) in various aqueous solvent mixtures at a
concentration of 10> M (black = CH;CN/H,O (pH 7) 1:1 and red = CH;CN/H,O (pH 1, acid: CF;SOzH) 1:1).
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Figure A72: AFM height images of a sample obtained by spin-coating solutions of C1 in CH;CN onto HOPG
(c=107°M).
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Figure A73: AFM height images of a sample obtained by spin-coating solutions of C1 in a 1:1 CH3;CN/H,O
(pH 7) mixture onto HOPG (c = 1075 M).
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