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Abstract

] 3 alancing climate change and rising energy demand is a key challenge for our

generation. Carbon-free produced energy carriers, such as green hydrogen,
are needed for a sustainable future. Photocatalytic proton reduction is one possibility
to produce hydrogen. Preferably, noble metals are avoided. In this work, iron was
used as photosensitizer and cobalt as catalyst.

Based on two terpyridine-based ligands and two carbene-based ligands, homoleptic
and heteroleptic iron photosensitizers were synthesized. They were thoroughly cha-
racterized by X-ray diffraction, NMR spectroscopy, ESI mass spectrometry, elemental
analysis, UV-Vis spectroscopy and cyclic voltammetry. The combination of different
ligands results in the variation of the carbene count, modulating the physical proper-
ties of the obtained complexes. Blue-shifts of absorption bands and an extension
of SMLCT lifetime occured for systems containg more carbene functionalities. The
observed transitions were explained by TDDFT, dividing the absorption spectra into
ligand-based m-7* transitions below 350 nm and MLCT transitions above 350 nm.
Also, the tuning of bridging ligand backbone by acetylene and phenyl-acetylene
linkers led to better absorption properties and a >MLCT lifetime extension by a
factor of 2. Due to the free coordination site at the terminal pyridine functionality
in some complexes, sensitivity towards protonation was investigated. The partially
reversible bulk metal oxidation was evaluated by spectroelectrochemistry.
Multimetal complexes, as assemblies of photosensitizer and catalyst in one molecule,
were obtained by coordinating the respective photosensitizer with one or two co-
baloxime moieties, resulting in dyads and triads, respectively. They showed better
absorption properties and equal or extended lifetimes as confirmed by TA. Multimetal
complex stability was studied by NMR. Dissociation took place at concentrations
below 5:10* mol/L. A complicated dissociation behaviour was found for the triad,
where three different species were involved. Sensitivity towards protonation was
lower in case of multimetal complexes because the pyridine functionality was coordin-
ated by the cobaloxime moiety, but could be partially protonated upon cobaloxime
dissociation.

One dyad was tested in photocatalytic proton reduction reactions, with photostability
previously confirmed by NMR. The one-component system was twofold more active
relative to the multi-component system composed of the corresponding photosensit-
izer and cobaloxime. It was explained by transient optical absorption spectroscopy
and ultrafast two-colour X-ray emission spectroscopy (2C-XES), which showed the

occurence of a charge transfer from iron to cobalt.
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Kurzzusammenfassung

D er Klimawandel und der gleichzeitig steigende Energiebedarf stellen eine
zentrale Herausforderung fiir unsere Generation dar. Fir eine nachhaltige
Zukunft werden emissionsfreie Energietréger, wie Wasserstoff, benotigt. Die photoka-
talytische Protonenreduktion ist eine Moglichkeit, Wasserstoff zu erzeugen. Vorzug-
sweise werden dabei Edelmetalle vermieden. In dieser Arbeit wurden Eisen als
Photosensibilisator und Kobalt als Katalysator verwendet.

Unter Verwendung von zwei terpyridinbasierten und zwei carbenbasierten Liganden
wurden homoleptische und heteroleptische Eisen-Photosensibilisatoren synthetisiert.
Sie wurden durch Einkristalldiffraktometrie, NMR- und UV-Vis-Spektroskopie,
ESI-Massenspektrometrie, Elementaranalyse und zyklische Voltammetrie einge-
hend charakterisiert. Durch Variation der Carbenanzahl wurden die physikalisch-
en Eigenschaften der erhaltenen Komplexe moduliert. Blauverschiebungen der
Absorptionsbanden und eine Verlingerung der 3MLCT-Lebensdauer traten bei
Systemen mit Carbenfunktionen auf. Die beobachteten Uberginge wurden durch
TDDFT-Rechnungen erklart, wobei die Absorptionsspektren in ligandenbasierte
n-m*-Uberginge unterhalb von 350 nm und MLCT-Uberginge oberhalb von 350 nm
unterteilt wurden. Auch die Optimierung des verbriickenden Ligandenriickgrats durch
Acetylen- und Phenylacetylen-Linker fithrte zu besseren Absorptionseigenschaften
und einer Verdopplung der MLCT-Lebensdauer. Die Protonierung der freien Koordi-
nationsstelle am terminalen Pyridin wurde in einigen Komplexen untersucht. Die
teilweise reversible Oxidation des Metalls in Losung wurde durch Spektroelektro-
chemie gezeigt.

In Dyaden bzw. Triaden wurden Photosensibilisator und Katalysator in einem
Molekiil verbunden. Sie zeigten bessere Absorptionseigenschaften und vergleichbare
oder verlangerte Lebensdauern, welche durch TA bestétigt wurden. Die Stabilitéit
der Dyaden und der Triade wurde mittels NMR untersucht. Bei Konzentrationen
unter 5-10* mol/L fand Dissoziation statt. Fiir die Triade wurde ein komplexes
Dissoziationsverhalten festgestellt, an dem drei verschiedene Spezies beteiligt waren.
Die Empfindlichkeit gegeniiber Protonierung war bei den Multimetallkomplexen
geringer, da die Pyridinfunktionalitdt durch Kobalt koordiniert wurde.

Eine Dyade wurde in der photokatalytischen Protonenreduktion getestet, wobei die
Photostabilitat zuvor durch NMR bestatigt wurde. Das Einkomponentensystem
war im Vergleich zum Mehrkomponentensystem, bestehend aus dem entsprechenden
Photosensibilisator und Cobaloxim, doppelt so aktiv. Dies wurde durch TA und
ultraschnelle Zweifarb-Réntgenemissionsspektroskopie (2C-XES) erklart. Durch 2C-
XES konnte das Auftreten eines Ladungstransfers von Eisen zu Kobalt aufgezeigt

werden.
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Chapter 1: Introduction

1.1 Motivation

T he global energy demand is rising. In parallel, we must reduce carbon dioxide
emissions in order to prevent global warming above 1.5 degrees. Otherwise,
the risk to human societies, animals, and ecosystems of being threatened by weather
extremes and their associated consequences increases dramatically. How can we meet
the challenges of climate change?

Using carbon emission-free energy sources can reduce carbon dioxide emissions and
thus global warming. One promising energy carrier is hydrogen. Its combustion is
carbon-free since its use as fuel does only produce water. However, today the largest
amount of hydrogen is produced by steam reforming, which is based on fossil fuels.
Within this process carbon dioxide is released. It is therefore necessary to develop
technologies, which generate renewable fuels. Processing of biomass or water splitting
are green technologies for hydrogen production. Water splitting by electrolysis of
water is a well-known technology. However, it is mandatory that the electricity in
the water splitting comes from renewable enery sources such as wind or solar. Only
then the water electrolysis is carbon-free. But why is the detour taken via electricity
generation?

Instead, it is possible to use solar energy directly by splitting water photocatalytically.
Here, a homogenous system is irradiated by solar light and the photoactive compounds
in the reaction medium produce oxygen and hydrogen. Due to the complexity of both
side reactions water oxidation and water reduction are often investigated separetely.
In this thesis photoactive compounds are synthesized for the water reduction reaction.
Usually, noble metals are applied. However, due to their low availability and high
costs, base metals are great alternatives. They can be used as photosensitizer or
catalyst. This work is motivated by improving the photophysical properties of iron
complexes applied as photosensitizers in photocatalytic applications. It is realized

by ligand modification and heterometallic coordination.
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1.2 Thesis Structure

T he climate change and the need for sustainable production of the carbon-
free energy carrier hydrogen are the topics of chapter 1 and 2.1. Several
technologies for hydrogen production are presented with a focus on photocatalytic
hydrogen production. The properties of the photocatalytic system and recent
advances are discussed. Chapter 2 is finished by disclosing this thesis’ objectives.
The ligand design is the topic of chapter 3. The synthesis and the characterization
of iron complexes is described in chapter 4. Chapter 5 deals with the synthesis
and the characterization of mutimetal complexes, namely dyads and one triad. The
photocatalytic hydrogen production by a multi-component system and a prototype
dyad is presented in chapter 6. The catalytic activity is explained by time-resolved
spectroscopy and quantum mechanical calculations. The thesis results are summarized
in chapter 7 along with an outlook for future work. A detailed description of the
experimental work, spectroscopic and computational methods are found in chapter 8

and the appendix.



Chapter 2: Background

2.1 Climate Change and Global Warming

F ive years ago the global warming induced by humans has reached about 1°C.
This warming is compared to the pre-industrial levels between 1850-1900.
Although many countries have agreed under the 2015 Paris Agreement to reduce
greenhouse gas emssions to limit the global warming to 1.5°C the current warming
rate predicts that by 2040 the human-induced global warming will reach 1.5°C.[!
In Figure 2.1 the global temperature change relative to the pre-industrial levels
are presented from 1950 till 2017. Additionally, the predicted development of the
global temperature for the 1.5°C pathway is shown for 2018 till 2100. The figure
clearly highlights the human-induced warming since 1970. Moreover, the current
warming rate indicates that the 1.5°C global warming will be exceeded and there
will be an overshoot before the global temperature change can be again reduced
to 1.5°C. It is obvious that a drastic reduction of greenhouse gas emission and the

h

removal of carbon dioxide are necessary. The six™ assessment report from 2022 by
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Figure 2.1: Global temperature change relative to pre-industrial levels from 1850-1900.
The 1.5°C global warming prediction is indicated till 2100. Adapted from!!.

the intergovernmental panel on climate change (IPCC) highlights the impacts, which
human-induced climate change has and will have on ecosystems and human systems,
and discusses the vulnerability of these systems and their ability to adapt.?! One
example is the ocean warming and the ocean acidification, which endanger not only
the marine biodiversity in the sea but also adversely impact the food production
from aquaculture and fisheries leading to food insecurity for many parts of Africa,

Asia, Central and South America. An increase of floods and droughts depending
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on the regions will impact the water security and the health of many people. These
risks are projected to be even greater for a global warming above 1.5°C. The report
also states that reaching 1.5°C soon would lead to an increase in climate hazards
and will endanger the ecosystems and humans unavoidably. It also clarifies that
a limitation close to 1.5°C could reduce the predicted damages to the nature and
the people depending on their vulnerability and adaption to the climate change.
However, the predicted trends are highly impacted by the past development and the
emission of greenhouse gases. Therefore, technical and financial efforts are needed to
limit the global warming to 1.5°C.

One possibility is using renewable energies such as solar or wind energy, which
produce no carbon dioxide emission. In this regard, solar energy can be utilized not
only in solar plants to produce electricity but it can be used to directly produce
molecular hydrogen in photocatalytic water splitting. Hydrogen can be further used
as educt in the chemical industry or as mobile energy carrier in the transportation

sector. Different ways to produce hydrogen will be presented in the following.

2.2 Hydrogen Production

T he advantage of hydrogen is that its usage in a fuel cell leads to water as
only byproduct. This means using hydrogen as energy carrier for industrial
applications or to fuel vehicles can be a carbon-free and renewable option depending
on the way it is produced. Depending on the raw material which are converted to

hydrogen the processes can be divided into conventional and renewable technologies
(Figure 2.2).5%

hydrocarbon reforming biomass process
| CCS |
fossil renewable
fuels sources
hydrocarbon pyrolysis water splitting

Figure 2.2: Conventional and renewable processes for hydrogen production.?! Depending
on the used technology the produced hydrogen is labelled as blue, turquoise, grey or green.

On the one hand, fossil fuels are converted into carbon dioxide or carbon in hydro-
carbon reforming and hydrocarbon pyrolysis, respectively. The produced hydrogen is
termed grey when COs is released without further action. When CO, emissions are
captured and stored by carbon capture and storage technology (CCS) the hydrogen
is labelled as blue. Carbon is the byproduct in the hydrocarbon pyrolysis and so the
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hydrogen is called turquoise Hs.

On the other hand, renewable sources allow carbon-free production of green hydrogen
by water splitting which can be further divided into electrolysis, thermolysis and
photolysis. In case of electrolysis, it is important that the electricity comes from
wind or solar energy to stay carbon-free.

Another technology with a variety of methods covers the utilization of biomass. One
has to emphasize that these processes are not completely carbon-free since CO, is
released during the biological or thermochemical reaction of the carbon-rich plant or
animal materials for some methods. However, the emission is equal to the amount
which was absorbed by the organisms during their lives. In a wider sense, hydrogen

produced by this technology can be called green.

One conventional methods is hydrocarbon pyrolysis. In this process a hydrocarbon

is thermally decomposed. The following reaction describes the general process:
1 .
C’nHm—>nC+§mH2. 2.1

Typically, methane is pyrolyzed under water-free and oxygen-free conditions at

980°C. It is also known as cracking of methane and leads to the following equation
CHy — C+2H,.

To produce one mole of hydrogen 37.6 kJ are required.

In the steam reforming method methane, natural gas, naphtha or light hydrocarbons
up to pentane are converted by steam and a nickel-based reforming catalyst to hy-
drogen and carbon dioxide. The reforming process is performed at high temperatures
and high pressure (3.5 MPa). It involves three steps which are described by the

reforming process
1
CoHy +nHyO — nCO + (n+§m)H2 2.3
followed by the water-gas shift, which produces more hydrogen
and ended by the methanation reaction

Large-scale hydrogen production by steam reforming uses methane as hydrocarbon

source and has an efficency of 74-85 %.3 The steam methane reforming requires
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63.3kJ/mol per Hy, which is more energy-demanding compare to the methane pyro-
lysis. The disdavantage is also the emission of carbon dioxide. Although, efforts
are made to remove the COy by CCS e.g. injection in geological reservoirs or the
ocean, fixation in the form of minerals or utilization carbon dioxide for industrial
application, still fossil fuels are utilized as raw materials.!!

With only 20 years left according to the global warming scenario shown in Figure 2.1,
carbon-free technologies are necessary. Therefore, technologies utilizing only renew-
able sources should be the focus of research interest.

Biomass offers the opportunity to recycle organic waste materials. Thermochemical
processes such as pyrolysis and gasification lead finally to steam reforming and
water-gas shift reaction. The difference is the source of the raw material. While in
the conventional steam reforming technology methane comes from fossil fuels, here
gaseous products, CH4 and CO, are produced during the biomass conversion. For
this the organic materials are heated to 380-530°C at 0.1-0.5 MPa under oxygen-free
conditions. The effectiveness of this method highly depends on the used catalyst,
the type of feedstock, the temperature and the duration. The biomass gasification
produces syngas which can be further converted according to Equation 2.4 and 2.5.
High temperatures (500-1400°C) and pressure up to 33 bar are necessary. Compared
to biomass pyrolysis, gasification performs better and reaches a thermal-to-hydrogen
efficiency up to 52%. Nevertheless, there is not enough organic waste material to meet
the needs of large hydrogen-consuming sectors such as transportation or chemical
industry.

Overall, thermochemical processes yield more hydrogen and are much faster com-
pared to the biological prcoesses. Yet, biological methods can be operated at ambient
pressure and temperature using water to feed bacteria or algae. Their hydrogenase
or nitrogenase enzyme systems directly produce hydrogen. Fermentation of organic
waste material preferable rich in glucose transforms the carbohydrates into organic
acids and further to hydrogen after bio-processing step. As stated above, the draw-
back of utilizing biomass is the emission of carbon dioxide except in bio-photolysis
which consumes CO, during the photosynthesis. Hence, it is advisible to produce
hydrogen by water splitting, focusing on renewable and carbon-free technologies.
Splitting water by thermolysis requires high temperatures to decompose H,O into

hydrogen and oxygen according to

Temperatures about to 2500°C are necessary. The application of copper and magnesia
chlorides in a thermochemical cycle process can reduce the temperature to 400-
550°C. The remaining heat is provided by solar collectors to operate under carbon-free

conditions.’! Regarding the infrastructure, the availability and the cost of chemicals
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as well as the material separation the Hy production costs are about 8$/kg which is

four times higher compared to the steam methane reforming (~ 2$/kg).?!

H O, H O, H, O,
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\ 4
A 4
V' N

Figure 2.3: Comparison of AW electrolysis, SOEC and PEM electrolysis. Used membranes
transmit hydroxide ions OH", oxygen ions O% or protons HY.

Electrolysis of water is a well-known method with effiencies from 40-60 % today and

36] The main technologies

was first observed by Troostwijk and Diemann in 1789.
are the alkaline water electrolysis (AWE), the proton exchange membrane (PEM)
water electrolysis and solid oxide electrolysis cells (SOEC).["# Splitting water into
its elements is an endothermic reaction and needs a lot of energy such as high
temperatures in thermolysis or electric energy for electrolysis. To gain green hydrogen,
electricity produced by renewable energies is the only option.

For AWE an alkaline solution of KOH (20-30%) is used. The cathodic and anodic
electrolyte chambers are separated by a porous membrane, hindering the mixing
of evolving hydrogen and oxygen. The operating temperature is 30-80°C. On the

cathodic side water reacts to hydroxide ions and molecular hydrogen described by
2H,0 +2¢ — 20H + H,. 2.7

The hydroxide ions diffuse through the membrane and are oxidized at the anode,

forming oxygen according to this equation
40H™ — Oy + 2H,0 + 4e'.

Nickel materials are used for the electrodes.!®!

With SOEC, hydrogen is produced at high pressure and elevated temperatures
(500-850°C). However, it is termed to be more efficient in converting electricity into
chemical energy, which is stored in hydrogen.l! In contrast to AWE, steam is used

as water source. At the cathode, oxygen ions O% and hydrogen are formed™?:

H,0 +2¢ — Hy + O%.



Chapter 2. Background

As shown in Figure 2.3 (middle), the oxygen ions diffuse through the dense electrolyte

to the anode forming oxygen. The following equation describes the reaction.
0% = Oy + 4e. 2.10

PEM water electrolysis operates at low temperatures (20-80°C). The characteristic
feature of this technology is the proton exchange membrane consisting of a polymer
electrolyte e.g. sulfonated polystyrene. The half reactions differ from the AWE
process. According to Figure 2.3 (right) water is introduced to the anodic chamber

where it reacts to protons and oxygen described by
2H,0 — Oy +4H* + 4e.

Then protons are transferred through the membrane and are reduced to Hy at the

cathode according to
A4H' + 4e — 2H,. 2.12

Pt and IrO; materials are used for the electrodes. With the help of solar cells
photovoltaic-driven water splitting offers the oppurtunity to become independent
from an external power supply. Here, a Si, Culn,Ga;_,Sey (CIGS) or perovskite solar
cell is combined with a water splitting system. Often several cells are connected in
series to achieve adequate efficiency.!”

Solar energy is also necessary for photo-electrolysis. This method utilizes photocata-
lysts capable of absorbing visible light and subsequently splitting water. In the
heterogenous approach the photocatalyst is immobilized on the electrode while in the
homogenous approach the photocatalyst is dissolved in the water splitting system.
In section 2.3 the latter is presented in detail. Now, the heterogenous set-up is
described. Similarly to the reactions which take place in the PEM electrolysis the
first reaction step is the oxidation of water into oxygen and protons according to
Eq.2.11. The only difference is that in the light-absorbing semiconducting electrode
an electron-hole pair is generated upon irradiation.®') While the hole interacts
with water the electron flows through an external circuit to the cathode. There, the
protons are reduced to hydrogen. The cathode material is usually platinium-based
while the set-up of the anode can vary a lot.l”] Tandem systems combing sensitizing
materials with photoanodes are of great interest. For example, a Fe;Oy photoanode
combined with an organic-inorganic CH3NH3Pbl3 perovskite solar cell exhibits a
solar-to-hydrogen (STH) efficiency of 2.4% in light-induced water splitting as shown
by Mathews et al..!'? STH efficiency can be even increased up to 3.1% when a WOs4
photoanode is connected with a dye-sensitized solar cell (DSSC).[3!

To conclude, water splitting can be either performed via electrolysis, thermolysis or

photolysis using only renewable energy sources. The photolysis is often studied in an
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heterogenous approach using photoanodes for the oxygen evolution reaction (OER)
and platinium electrodes for hydrogen evolution reaction (HER). In the following

section the light-induced homogenous catalysis of water into its elements is presented.
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2.3 Homogenous Photocatalytic Water Splitting

H omogenous catalysis means that the catalyst is in the same physical state as
the reaction medium. In case of photocatalytic water splitting performed in
solution, this means that all applied substances are soluble in the solvent mixture.
Overall water splitting requires both OER and HER. However, this works focuses
only on the water reduction to produce hydrogen. Contrary to the electrochemical
approach by using a Pt wire, more sophisticated research is needed to find an efficient
system for HER.

The photocatalytic water or proton reduction requires several compounds with
distinct functions.'#15 1) The photosensitizer (PS), an organic or organometallic
chromophore, absorbs the light in the visible region of the sunlight and electrons are
excited within the molecule. 2) The catalyst (CAT) receives these excited electrons
and reduces water or protons to hydrogen. 3) A transfer agent e.g. Eu®™ V3t
Rh(bpy)s*>T (bpy = 2,2-bipyridine) or methylviologen MV?** can be applied to

[16.17] 1t works as an electron

mediate between the photosensitizer and the catalyst.
relay (R). In the overall water splitting electrons come from the water oxidation.
Since only the half reaction of HER is studied, an electron donor or sacrificial
reductant (SR), respectively, is needed. Typically, amines e.g. triethylamine (TEA)
or triethanolamine (TEOA) are used. One of the first model systems published
in 1979 by Lehn et al. is based on Ru(bpy)s**, Rh(bpy)s**, TEOA, KyPtCl,.[8)
While TEOA is consumed, the photosensitizer, the electron relay and the catalyst

catalytically produce hydrogen.

a E/'\A b A/_h{
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R 2H+ SR+ R 2H+
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Figure 2.4: Redox catalytic cycle a) oxidative quenching mechanism, b) reductive quenching
mechanism.

The reaction meachnism can be either reductive or oxidative. In Figure 2.4 both
mechanisms are presented. In the oxidative mechanism a the photosensitzer PS is
first excited to PS". Through interaction with the relay R, it is oxidized to PS™.
Reduced R transfers the electron to the catalyst so that hydrogen is generated by

proton reduction reaction. PS* is reduced by SR. In the reductive mechanism b
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after excitation PS™ is reduced by SR to PS. In the following PS™ transfers the
electron to R and is oxidized to PS. The right part of the mechanism is equal to the
oxidative mechanism.

The photocatalytic water reduction system can be further characterized by a multi-
or one-component set-up. In the first case, PS and CAT are separate molecules
and they have to meet in solution via diffusion. By connecting PS and CAT via a
bridging ligand (BL) a one-component system is obtained. This generated bimetallic
assembly is also called dyad. Schematic representations of both systems are shown

in Figure 2.5. In the multi-component system the excited PS" has to be long-lived
& (&

() oy (e

multi-component system dyad

Figure 2.5: Diffusive electron transfer in multi-component system and directional transfer
in a dyad.

to meet R or directly CAT within the diffusion process. The advantage of the dyad
is the directional transfer between PS and CAT, making shorter lifetimes viable.
However, at the same time this can also be a weakness because fast back electron
transfer can be facilitated in such systems. By tuning the properties of the bridging
ligand, dyads are expected to yield superior activity in photocatalysis compared to
multi-component systems.'”) In this regard, several requirements can be imposed
on BL. 1) Electron transfer (ET) between PS and CAT should be possible without
reduction of the bridging ligand. Otherwise, it would be an electron sink.

2) Depending on the oxidative or reductive quenching mechanism BL has to stabilize
several oxidation state changes at PS and CAT. 3) The bridge should be photostable
under irradiation.

Numerous noble metals have been applied as photosensitizers and catalysts. Their
properties for photocatalytic proton reduction will be discussed in the following
sections 2.4 and 2.5. The focus will be on iron photosensitizers and cobalt catalysts

as abundant and sustainable alternatives for ruthenium!*%2922 and iridium(2327

28-30

photosensitizers and platinum[ 3% catalysts.
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2.4 Photosensitizer

I n photocatalytic applications the photosensitizer plays a key role. For that, it has

to provide certain properties which are necessary to drive the proton reduction
process by solar irradiation. First, PS needs reversible redox properties to undergo
several catalytic cycles. In this context, it has to perform several oxididation state
changes without decomposition. Second, future large-scale applications need to be
active within the visible light regime. In contrast, many photoelectrolysis technologies
are UV-driven.?"3? Improvements were achieved by coupling chromophores and
photoelectrodes in tandem system as discussed above. However, taking advantage of
the whole solar spectrum would be desirable since about 50% of the solar spectrum
is infrared light. Succesful photosensitizer design does not only take into account the
absorption of visible light, but extends it into the infrared region. Additionally, a
high absorption coefficient is advantageous. Third, upon irradiation of PS an electron
is excited from the ground state to a metal-to-ligand charge-transfer (MLCT) state.
Formally, the metal is oxidized while the ligand framework is reduced. This excited
MLCT state is crucial for the catalytical activity of the system. Preferably, it is
long-lived. The elongation of the MLCT state in iron PS has been the focus of
research interest for several decades now. The comparison of iron and its heavier
transition-metal congener ruthenium will shed light on the photophysics of both and
is the starting point for a detailed discussion on strategies to improve the MLCT

lifetime of iron photosensitizers as presented below.

2.4.1 Photophysics of iron and ruthenium d® complexes

Since Lehn and coworkers have applied the ruthenium photosensitizer tris(2,2’-
bipyridine)-ruthenium(IT) Ru(bpy)s?* in the 70s,/'® its derivatives were applied in
many DSSCs334 due to its catalytically-active *MLCT states with liftimes in the
nanosecond regime (850-1100 ns).") In contrast, the lighter homologue tris(2,2’-
bipyridine)iron(IT) Fe(bpy)s?" exhibts only an extremely short-lived *MLCT state of
~50 £s.136] This can be explained by a potential energy diagram which indicates the
key electronic states of octahedral Ru(bpy)s?T and Fe(bpy)s?t. Energetic states as
a function of the ruthenium ligand Ru-L bond length are illustrated in Figure 2.6
(left). After excitation into the 'MLCT fast intersystem crossing (ISC) into the
SMLCT occurs. This state is phosphorescent even at room temperature with a
lifetime of 850 ns. At 77 K the lifetime of the SMLCT is 5 pus. Two additional
pathways deactivate the triplet state. That are a non-radiative process equal to a
direct relaxation into the 'GS and an internal conversion (IC) into the MC manifold.
Since the 3MC lies energetically higher than the 3MLCT state this relaxation has to

be thermally activated to overcome the energy barrier. Simulatenously, the Ru-L
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Figure 2.6: Schematic potential energy surface diagram for Ru(bpy)s?* (left) and
Fe(bpy)s2* (right), dashed arrows indicate non-radiative decays, phosph.= phosphor-
escent relaxation.

bonds are elongated which can be explained by the population of o-antibonding eg”
orbitals leading to mitigation of the metal-ligand bonds. Finally, the deactivation of
SMC state occurs at the intersection of the SMC and *GS potential energy surfaces
back to the ground state. In case of iron, the energetic order of MLCT/MC states is
inverted causing the reduced *MLCT lifetime in d° iron polypyridyl complexes. This
is due to the weaker ligand field splitting of iron resulting in lower-lying eg” orbitals
compared to the ligand 7"-orbitals. Upon irradition and ISC into the *MLCT state
almost no energy is needed to relaxe into the MC manifold due to its low energetic
level. After relaxing into the lowest-energy distorted state, the °MC state, the system
undergoes non-radiative decay into the 'GS.[37:38]

Due to the weak ligand field splitting of iron and the resulting consequences, several
research groups have be engaged in finding strategies to elongate the SMLCT for

photocatalytic applications. These strategies will be discussed in the following.

2.4.2 Strategies for MLCT lifetime elongation in iron d°

complexes

According to the potential energy surface diagram, several adjustments are possible to
invert the SMLCT and 3/°MC energies similarly to the situation in ruthenium. Metal-
centered states have to be destabilized and/or the MLCT state has to be stabilized.
The first goal can be realized by improved octahedral geometry or introduction of
stronger o-donating ligands to increase the ligand field splitting. The second goal
can be achieved by better m-acceptor ligands or an increase electron delocalization.
In this regard, the improvement of iron photosensitizer lifetimes was successfully

36,39-41]

proven by different work groups and summarized by several reviews. ! By using

selected examples these strategies will be presented in the following section.
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Coordination geometry

Optimized octahedral geometry can be realized by tris(bidentate) configuration.
Here, the bidentate ligands are more flexible to coordinate the metal in an octahedron.
Distortion from the ideal trans angle of 180° leads to weaker metal-ligand orbital
overlap and consequently to a weaker ligand field. This fundamental principle
is explained by three examples. First, with Ru(bpy)s*" and Ru(tpy).?" (tpy =
2,2":6’,2"-terpyridine) a comprehensive couple is presented, having a greater angular
strain in Ru(tpy)»?". Therefore, the latter exhibits a weaker ligand field leading
to a faster deactivation of *MLCT state (7 = 0.25 ns) compared to the former (7
= 850 ns).74?2 Excited state lifetimes for polypyridyl iron(II) complexes together
with the molecular structure are shown in Figure 2.7. Excited state dynamics of
Fe(tpy)s?t revealed a MLCT lifetime of 7 = 0.145 ps and a MC lifetime of 7 =
4 1s."3 In comparison to Fe(tpy)s>*’s trans-angle of 161.0-178.7°, C1 exhibit a bite
angle of 178.3°.1*4 Surprisingly, this close to perfect octahedral geometry together
with an increased ligand field splitting in C1 does not improve the excited state
properties of the iron(II) complex. Instead, the MC lifetime is reduced to 280 ps
because of a reduced reorganization energy for the MC to !GS relaxation or an
enhanced electronic coupling between these states as described by the authors.*4

In complex C2, the terpyridine framework is extended by a phenyl unit resulting

TMLCT = 0.45 ps
TMC= 3ns

[Fe(tpy)2]** c1 C2

TMLCT = 0.145 ps

Tve= 4ns T™MC = 280 O]

Figure 2.7: Molecular structure and excited state lifetimes of Fe(tpy)22+143, €144 and
C214l,

in a slightly improved octahedral geometry with a trans-angle of 178.4° by two
2,6-diquinolylpyridine ligands. C2 has a three times longer *MLCT lifetime than
Fe(tpy)22t, while the MC lifetime is reduced to 3 ns. The rigidity of the ligand
scaffold shows a positive impact on the excitation landscape.*?!

In the next sections the application of strong o-donor ligands in form of carbene

ligands is presented.
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o-donating N-heterocyclic carbene ligands and backbone modification

A new ligand design was introduced in the iron PS research in 2013 by Liu et
al.*¥ In Figure 2.8 selected examples are depicted. The parent compound C3 with
N-heterocyclic carbene (NHC) funtionalization has a triplet lifetime of 9 ps.[*3] The
tridenate ligand can be described regarding its binding atoms as C"N”C ligand.
Although the bite angle is significantly reduced to 158.0°, the worse coordination
geometry is compensated for by the introduction of strong o-donating NHC ligands.
Due to the improved ligand field splitting the MC states are destabilized according
to the strong interaction of the o-ligand orbitals with the e, orbitals. In addition,
the m-acceptability of NHCs is very low.[’ In total, an increased barrier for the
relaxation from the MLCT to the MC manifold is imposed, retarding the deactivation
of the *MLCT. This effect is also visible by a blue-shift of the UV-Vis absorption with

a maximum at 457 nm compared to Fe(tpy)s2t around 550 nm.[ % The extension of
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Figure 2.8: Molecular structure and excited state lifetimes of C3, C3-COOH, C3-NMe,
and C4, C4-COOH, C4-NMe,.[4047],

the m-system in the ligand scaffold by benzimidazolylidene instead of imidazolylidene
as shown in C4 increases the MLCT lifetime (16.4 ps) due to the stabilization of
the ligand-centered LUMO levels and metal-centered HOMO levels each to differ-
ent extent.*8) Simulatenously, the absorption is blue-shifted (Ayayx (C4) = 440 nm)
which is less favourable for a photocatalytic application. The hypsochromic shift is
explained by the better electron-accepting property of the new ligand.

Gros et al. achieved further increase of SMLCT lifetime by modification of the
CANAC ligand backbone. Introduction of carboxyl groups resulted in C3-COOH
with 16.5 ps and C4-COOH with record lifetime of 26 ps at the time of publication.
Due to the electron-withdrawing character of the carboxyl groups the MLCT state
is stabilized. Moreover, with COOH-backbone functionalization the absorption is

red-shifted and sensitization of TiO, photoanodes is possible.[*)) Another strategy
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utilized amine functionalization. It was found that destabilization of the ligand-
centered 7 levels is disadvantegeous for the 3MLCT lifetime in benzimidazolylidene
iron(IT) complexes as shown by C4-NMe,. Here, the lifetime is reduced to 11.7 ps.
For the imidazolylidene counterpart introduction of amines has a positive impact
leading to 10.3 ps for C3-NMe, compared to the parent compound.*”

In the multichromophoric approach the iron photosensitizer is functionalized with
a chromophore in 4-position of the central pyridine ring of the C"N"C scaffold.
This has two advantages. On the one hand, m-extension is achieved which is again
beneficial for lowering the MLCT state. On the other hand, the interaction with the
long-lived triplet state of the organic chromophore offers the opportunity to use this
state as a reservoir. Ideally, the ®MLCT is populated from the organic triplet state."]
The benefits of the multichromophoric approach was further supported by theoretical
calculations by Monari et al..’!] They suggested C5 as promising candidate exhibiting
dual absorption extended into the infrared region. They identified a positive effect
from the acetylene bridge on the absorption properties due to better m-delocalization.
The resulting low-lying 7* ligand orbitals over the chromophore are expected to
enhance the lifetime of the photosensitizer or even act as reservoir. Experimentally,

Dierks et al. have investigated the anthracenyl-functionalised C6. Unfortunately, a
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Figure 2.9: Molecular structure of C5P°1 and C6/°2 Excited state lifetimes of C6.

reservoir effect was not present in C6. Instead, an antenna effect from the singlet
chromophoric excited state to the IMLCT was identified. Finally, stabilization of the
MLCT levels by the m-extension resulted in a lifetime of 13.4 ps. Further backbone
modification has been studied by Zimmer et al..’®l Here, a C"N”C ligand is combined
with a N*N”N ligand. Contrary to the previous examples, the carbene count is
reduced from four carbenes to two carbenes. It is expected that the lifetime of C7 is
reduced compared to the parent complex C3 due to a weaker ligand field splitting.
This was nicely shown by our working group on several iron(II) complexes with
different combinations of carbene und pyridyl functionalities.’* Indeed, C7 exhibits
a MLCT lifetime of only 1.1 ps. Yet, it is still 10 times higher than in Fe(tpy)s*".
Since the lifetime is very short a second metal for MLCT stabilization is attached to
the iron PS leading to C7-Co. The photophysics of the PS are slightly improved by
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TMLCT = 1.1 ps TMLCT = 1.4 ps
C7 C7-Co

Figure 2.10: Molecular structure and excited state lifetimes of C7 and C7-Co.[!

27% yielding 1.4 ps. Moreover, this bimetallic assembly is the first Fe-Co dyad and
it is the starting point for the subsequent study on Fe-Co dyads presented in this work.

Mesoionic carbenes for iron d® complexes

As mentioned above, the carbene count has an impressive impact on the photophysics
of iron(II) complexes. In addition, mesoionic carbenes (MIC) are great alternatives
for NHC as there are stronger o- donors and better m-acceptors due to lower-lying 7*
orbital levels compared to NHCs.”! Liu et al. synthesized a tris(bidentate) iron(II)
complex C8 by combining two btz ligands (btz = 4,4’-bis(1,2,3-triazol- 5-ylidene)

and a bpy ligand as shown in Figure 2.11 (left). Here, an improved coordination

/ \
g\l |2+C /@/N‘C C/N\O\ < ~ |2+C
mLct = 13 ps ™MLCT = 928 ps
C8 C9

Figure 2.11: Molecular structure and excited state lifetimes of C8 and C9.[55:56]

geometry results in bite angles between 172.6-178.1° and stronger o-donating carbene
ligands result in an elongated MLCT lifetime of 13 ps compared to C3 (158°, 9 ps).
Moreoever, the relaxation is retarded in C8 due to a significant structural distortion
of the 3MC state. Apparently, other complex design strategies are preferable in terms
of elongating the excited state lifetime as discussed above. However, the strength
of MICs is surprising when three btz ligands are combined. Because of six carbene
moieties the hexa-carbene complex C9 is very electron-rich and therefore easily to

I 45 analogue.

oxidize. Therefore, first attempts to synthesize it resulted in the Fe
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Photophysics of iron d® systems is out of the scope of this chapter but interesting
photophysical properties e.g. photoluminescence involving 2LMCT states as well as

(5759 Focusing

application in charge transfer processes are found in these compounds.
on the Fe!! complex C9, it has an impressive elongated MLCT lifetime of 528 ps.
Also, further distortion of the reaction coordinate along the MC manifold compared
to C8 improves the MLCT lifetime due to a stronger ligand field. Additionally, the

/I i C9 offers the great opportunity to utilize

low potential of the redox couple Fe
it as photoreductant.

Several strategies have been presented in this section. Stabilization of MLCT states
has been a key approach realized through backbone modification and m-extension.
Great progress has been made in destabilization of MC states through strong o-
donating NHC and MIC ligands and optimization of coordination geometry. Often
the combination of several strategies led to remarkable developments in the field of

iron photosensitzers.
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2.5 Catalyst

I n the photocatalytic proton reduction set-up a potent photosensitizer is very

important. In parallel, an active catalyst is just as important. Noble metals
especially platinum have been applied in many studies as catalyst.?3% In contrast,
iron and cobalt have received great interest in the past as more-abundant and
environmental-friendly alternatives.!®64 In the following section, the focus will be
on cobalt. Selected examples will be presented and the catalytic mechanism of the

HER is explained on the basis of cobaloxime.

2.5.1 Cobalt

Cobalt-based catalysts in HER can be utilized either electrochemically or photo-

chemically.l%-% Since the focus of this work is the photocatalytic hydrogen produc-

tion, examples for cobalt electrocatalysts are excluded. Information can be found in
(65-68]

comprehensive reviews.
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Figure 2.12: Molecular structures of cobalt catalysts.

One of the first cobalt catalysts was Co(bpy)s?*10%7 (C10) which was first used as
electron relay R (Figure 2.12). After reserachers realized that the photocatalytic
system was still active without the applied catalyst they understood that the cobalt
species worked as catalyst and not as electron relay.™® A typical photocatalytic
system produces hydrogen with a ruthenium photosensitizer, Co(bpy)s** as catalyst,
TEOA as SR in a 1:1 mixture of acetontrile and water.l®! Macrocyclic cobalt(I)
complexes such as C11 are also attractive candidates with a high proton reduction
ability.?!] Moreover, cobaloxime complexes have been succesfully applied. Herein,
cobalt is coordinated by a pseudomacrocycle build by two dimethylglyoxime (dmgH)
ligands. Two axial positions can be occuppied by solvent molecules e.g water as in
C12 (c¢f. Figure 2.12). The more-stable BFs-annulated cobaloxime C13 has shown
superior activity compared to the conventional hydrogen-bridged cobaloxime using

TEA, triethylammonium tetrafluoroborate as proton source and standard ruthenium
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Figure 2.13: Molecular structures of cobaloxime catalysts.

photosensitizer Ru(bpy)s?* in acetone.[™] This ligand motif could be applied in future
research related to this work. Further studies have been focused on Co(dmgH ), (py)Cl
C14. Eisenberg et al. combined C14 succesfully with platinum chromophores. By
modifying the solvent mixture or adding more SR turn-over numbers (TON) of 120
with respect to the CAT were achieved.l"7 The versatile application of C14 was
further shown by combining it with organic chromophores.[™ This marked a major
breakthrough in cobaloxime catalysis. A TON of 180 was obtained applying C14,
the organic chromophore eosin Y and 12-fold excess of dmgH ligand in an aqueous
solution of MeCN (1:1) with 5% TEOA at pH = 7. Axial ligand modification studied
by Panagaiotopoulos et al. had a considerable impact on the catalytic activity. A
zinc photosensitizer was irradiated in an aqueous solution of MeCN (1:1), 10% TEAO
with different cobaloxime catalysts varied in the axial ligand (cf. Figure 2.14). The
reference system exhibited a TON of 320 with C14. The TON was increased when
the pyridine ligand was methylated in 4-position (TON = 443). 3-Fold increase was
realized by substitution with a N-methylimidazole ligand (TON = 1135). A clear
correlation between catalytic acitivity and basicity was found. By introducting more

basic ligands the cobalt catalyst was more active.
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Figure 2.14: Axial modification of cobaloxime complexes.[™

I complexes

In the catalytic cycle the Co! species is active. However, Co'! or Co
are often used. This means that the cobalt species has to be first reduced before

it is transferred in its active state. Such induction period was suggested to be
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responsible for a delayed catalytic activity.[™® After two subsequent photoinduced
electron transfer steps a Co' species is generated. That is the starting point for the
catalytic cycle as illustrated in Figure 2.15 (top). After protonation a cobalt(I1I)
hydride species is formed. From here on two mechanisms are possible, the homolytic

or the heterolytic pathway. In the homolytic cleavage two Co™-H hydride species

(1)1L+HA
+ HA
2(Gol) *: =5~ €M)~ (Gol) + @l —2(Gol) +

homolytic heterolytic

Figure 2.15: Homolytic and heterolytic mechanisms for hydrogen evolution catalyzed by
cobalt catalyst.["0]

react to form molecular hydrogen and two molecules of a Co'! species (Figure 2.15,
left). The heterolytic pathway is described by the redox reaction of Co™-H hydride
species with a Co! species forming a Co'! compound and a Co'-H hydride species.
Subsequent protonation of the latter lead to the heterolytic production of molecular
hydrogen.

Cobaloxime has proved to be a good candidate for photocatalytic application. Many
research groups have applied it as catalyst in their studies. Different parameters can
be adjusted to increase the catalytic activity such as the axial ligand. Inspired by
noble-metal self-assemblies the idea has emerged to coordinate a photosensitizer in
axial position of cobaloxime. This led to several dyads combing a noble metal PS

with the cobaloxime moiety. Selected examples will be discussed in the next section.
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2.6 Dyads

H eterobimetallic complexes are called dyads. There are numerous possibilities to

combine two different metals in such assemblies. Dyads of noble character e.g.
Ru-Pt or Ir-Pt were investigated by Sakai et al. and Rau et al., respectively.[7750)
"Hybrid"-systems combine a noble metal PS with a base metal CAT. Examples
are Ru-Co and Ir-Co. Recently, noble-metal free dyads become more attractive
alternatives. Due to their abundance and their low cost, large-scale applications
are possible. In the following sections selected dyads with cobaloxime scaffold are

presented.

2.6.1 Hybrid dyads with Ru and Ir photosensitizers

Fihri et al. presented the first Ru-Co dyads in 2008.["] The molecular structures are
given in Figure 2.16. These dyads could compete with purely noble metal dyads.
C17 with 100 eq. TEA and 100 eq. Et;NHBF, (proton source) in acetone gave a
TON of 17 after 4h irradiation with a CdI-doped Hg light source. The BFy-annulated
analogue C18 was even more active with a TON of 56. In C18 the cobalt is in

c17 c18 c19 Cc20

Figure 2.16: Molecular structure of Ru-Co dyads.

oxidation state +1I. The Co'! state is more easily reducible compared to the Co(III)
in C17 resulting in a facilitated electron transfer from Ru to Co. The respective
multi-component system, consisting of [Ru(bpy);]Cly and [Co(dmgH)2(OHs)s], was
less active (TON = 2). Also, an addition of free dmgH ligand was necessary to

circumvent dissociation of the catalyst [Co(dmgH),(OHy)s] which was not necessary
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in case of the dyad. Moreover, ligand modification by using imidazole instead of
oxazole in the bridging ligand improved the catalytic performance by a factor of 2
(C19, TON = 104). This is a great example for the high impact of rational ligand
design highlighting that small changes make a huge difference. Further improvement
of the dyad activity has been achieved by replacing Ru with Ir.B The following
system afforded a TON of 140: C20, 300 eq. TEA/Et3NHBF, in acetone during
8 h of irradiation. Comparison with the multi-component system indicated similiar

activity but with lower stability over time.

Cl j+ Cl j+

Figure 2.17: Molecular structure of Ir-Co dyads.

Elias et al. have designed another Ir-Co dyad with directional electron transfer upon
absorption in the green or yellow.®? C21 shown in Figure 2.17 exhibited higher
stability compared to conventional bidentate systems in photocatalytic HER with
TEOA and HBF4 in MeCN. A TON of 113 was achieved with C21 compared to the
reference system containing a tris(bidentate) Ir PS and Co(dmgH).(py)Cl (TON =
12) under green-light irradiation (525 nm). Since the absorption was red-shifted upon
cobalt coordination, hydrogen production was even detected for yellow irradiation at
595 nm while no activity was measured for the multi-component system.

A Dbetter stability and improved absorption properties compared to the multi-

component system were also provided by C22 (c¢f.Figure 2.17). In MeCN with



Chapter 2. Background

TEOA (0.5 M) and HBF,; (0.05 M) the multi-component system and C22 were
studied. Under blue irradiation a TON of 180 was accomplished with the Ir-Co
dyad in 2.3 h. Only a TON of 70 within 7 h was confirmed for the respective
multi-component system. The hydrogen production was succesfully extendend into
the red part of the solar spectrum with robust activity for 110 h in case of C22.

2.6.2 Noble-metal-free photosensitizers attached to cobaloxime

Further improvement of the dyad system can be realized by the substitution of the
noble metal photosensitizer with a noble-metal-free PS e.g. an organic chromophore or
an iron complex. In C23 thienyl-expanded 2,6-dihalogenated boron dipyrromethene
(BODIPY) with cobaloxime were combined.[®l Due to cobalt coordination the
absorption spectrum was red-shifted compared to the separate PS. The dyad showed
a TON of 73 in TEOA (5 Vol.-%) and MeCN/H,O (4:1) at pH = 8.5 under Xe
lamp irradiation (A > 420 nm) for 10 h. In contrast, the multi-component system
exhibited only a TON of 27 after 10 h. The authors suggested that the improved
performance was due to the intramolecular ET effciency causing increased reduction
of the catalyst in the dyad compared to the diffusion-limited intermolecular ET.
They highlighted the robustness of C23 during the photocatalytic experiment.

Cl Cl Cl

R
S~
dipp, Fe di
\ dipp
e
A N

C24-Zn R C7-Co
C24-Mg

M =Zn, Mg

Figure 2.18: Molecular structure of noble metal-free cobaloxime dyads.?3:83:84]
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The hydrogen production of C24-Zn and C24-Mg was investigated in a THF/H,0
mixture (8:2) with TEA (0.05 mol/L) as sacrifical reductant.® Sun et al. determined
a TON of 22 and 3 for C24-Zn and C24-Mg, respctively. The higher hydrogen-
evolving efficiency was explained by the formation of a TEA-C24-Zn triad which
was formed due to a free axial position at Zn. An inner-sphere ET from TEA to the
zinc PS was suggested, facilitated by the pre-coordination of TEA. UV-Vis titration
of TEA in a solution of C24-Mg did not change the absorption properties hence no
pre-coordination between TEA and C24-Mg was expected. No hydrogen production
was observed for the multi-component system. Moreover, the UV-Vis spectrum of
C24-7Zn after irradiation matched the PS spectrum. This indicated dissociation of
the dyad C24-Zn during the photocatalytic hydrogen evolution.

The Bauer group has also investigated a noble-metal-free Fe-Co dyad.!? Although
no hydrogen evolution was reported for C7-Co, tuning of the photophysics of the
corresponding PS by cobaloxime coordination was highlighted. First, a planarization
of the torsion angle between the pyridine ring of the bipyridine motif was found in
the dyad compared to the PS with 37.9(2)° and 55.3(3)°, respectively. A smaller
torsion angle is beneficial for a better m-orbital overlap and hence better electron
conductivity. The absorption of C7-Co was slightly expanded to the red part of the
spectrum upon cobalt coordination. A bathochromic shift of 5 nm was measured for
C7-Co compared to C7. This was also supported by TDDFT which confirmed the
stabilization of the LUMO level and therefore a smaller HOMO-LUMO gap which is
manifested in a bathochromic shift of the corresponding band. The improvement of
the SMLCT for this dyad was already discussed above.
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2.7 Objectives

I nspired by the first Fe-Co dyad further developments in the *MLCT lifetime
elongation and the study of photocatalytic activity are necessary. The improve-
ments of iron photosensitizers and their increased MLCT lifetime from 9 ps to 528 ps
in the last decade are a great starting point for noble-metal-free dyad research. By
that, the need for more sustainable technologies can be adressed. The first aim is
the variation of the number of o-donor ligands as illustrated in Figure 2.19. On the
one hand, the number of NHC ligands in correlation with the destabilization of the
MC states resulting into longer-lived 3MLCT will be studied. On the other hand, an
improvement of the directional electron transfer from the PS to the CAT due to a
strong m-acceptor side via the terpyridine moiety can be tested. Also, the tuning of
the absorption properties by varying the NHC and pyridine ligands is investigated.
The absorption properties and the SMLCT lifetime are important for photocatalytic

applications.

VANV TNV

NN NN ) N

Figure 2.19: Variation of carbene count.

The second aim focuses on the bridging ligand modification. Effects of acetylene
or phenyl-acetylene spacers on PS properties are studied. Here, the conductive
properties of these spacers are exploited. Also, the planarization of the bridging
ligand due to the introduction of the mentioned spacers is adressed. A planar ligand

is desirable for good conductive properties due to better spatial m-orbital overlap.

spacer

spacer C
X

Figure 2.20: Tuning of the bridging ligands by introducing acetylene and phenyl-acetylene
spacers.
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The application of the proposed bridging ligands results in homoleptic and heteroleptic

iron photosensitizers. In case of heteroleptic PS only one vacant coordination side

remains. This can be utilized for cobaloxime coordination to synthesize iron-cobalt

dyads. Homoleptic iron PS are used to synthesize iron-cobalt triads. Schematic

representations of both heterobimetallic systems are shown in Figure 2.21. Both

multimetal complexes are suitable to investigate the influence of the PS:CAT ratio

in photocatalytic proton reduction reactions in a future work. Here, the focus is on

the investigation of the catalytic activity of a dyad in comparison with the separated

system. In this way, the better system can be identified.

spacer

dyad

spacer

spacer

triad

Figure 2.21: Schematic structure of multimetal complexes - dyad and triad.
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I n this chapter the synthesis of the bridging ligands is presented. The ligands
L1%] and L2 are known in literature. The synthesis routes were partially
adjusted and therefore will be presented. In the case of all carbene-based ligands

new synthesis routes are developed.

3.1 Terpyridine-based ligands

I n this work two terpyridine-based ligands are synthesized. First, the synthesis
of L1 is described. Compound 1 is synthesized in three steps. Starting with
ethyl-2-picolinate and acetone, 1,5-di(pyridin-2-yl)pentane-1,3,5-trione is formed.
The twofold Claisen condensation is peformed in THF under reflux and NaH addition.
The triketone reacts with ammonium acetate in ethanol to 2,6-bis(2-pyridyl)-4(1H)-
pyridon in a cyclization reaction.®” Compound 1 is obtained by adding trifluoro-
methanesulfonic anhydride (Tf;O) in pyridine to the pyridon derivative. 1 and 2
reacts in a copper-catalyzed Sonogashira coupling in diisopropylamine (DIPA) at
50°C for two days (Figure 3.1).1%) Pd(PPhs), is used as Pd catalyst together with
copper iodide as co-catalyst. PPhs is added as auxiliary ligand. After purification

over silica with DCM and gradual increase of acetone, L1 is obtained in 62% yield.

N Pd(PPhs)s
\ | P - HCI Cul
oTf + _—
H i-PI’gNH
50°C
2

Figure 3.1: Synthesis of pyridylethinylterpyridine L1.

The second bridging ligand L2 is synthesized in three steps.!®¥ 3 is obtained by react-
ing 4-bromobenzaldehyde with trimethylsilylacetylene under Sonogashira conditions
and subsequent deprotection of the acetylene functionality with KOH in acetonitrile.
A Kréhnke terpyridine synthesis is applied to form 4’-(4-ethinylphenyl)-2,2’;6’,27-
terpyridine 4. 3, two equivalents of 2-acetylpyridine, ammonia and NaOH react in

22 4 is obtained in 36% yield after washing

ethanol at room temperature (Figure 3.2).
with ethanol and water. In the following, 4 and 4-iodopyridine are combined in a
Sonogashira reaction with Pd(PPh3),Cly, Cul and PPhs. The reaction mixture is

stirred in TEA at 80°C for three days.®l After removal of solvent the crude product
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is extracted with DCM. The organic phase is filtrated and washed with an aqueous
KOH solution and water. Purification over silica with ethylacetate:n-hexane (1:1)
gives L2 in 70% yield.

The terpyridine-based ligand L1 is synthesized according to the literature. For L2 a
modified route is chosen which increases the yield of the last reaction step from 45%!86)
to 70%. It is realized by inversion of substituents of the educts. While Saha et al.
combine 4-ethinylpyridine hydrochloride with 4’-(4-iodophenyl)-2,2";6’,2"-terpyridine,
in this protocol 4-iodopyrdine reacts with 4’-(4-ethinylphenyl)-2,27;6’,2”-terpyridine.

Figure 3.2: Synthesis of pyridylethinylphenylterpyridine L2, a) NHs, NaOH, EtOH, RT b)
Pd(PPhs),Cly, Cul, PPhy, TEA, 80°C, 3d.

3.2 Carbene-based ligands

‘ | | he synthetic approach to synthesize L3 and L4 is inspired by literature but
the ligands are synthesized for the first time. After a short presentation of
the synthesis route of L3, different synthesis routes are discussed in detail reflecting

the effort needed for the successful isolation of L4.

3.2.1 Synthetic Strategy

Three reaction steps are needed to obtain L3. 5 can be synthesized in an iridium-
catalyzed C-H borylation with 2,6-dichloropyridine and bis(pinacolato)diboron. 5!
In a Suzuki coupling 5 reacts with 4-bromopyridine hydrochloride (Figure 3.3). The
reaction is catalyzed by Pd(OAc), and PPhg, which in-situ form the reactive species.
The Suzuki reaction is performed in a 1,4-dioxane/water mixture at 110°C and he
base KoCOj is added. After two days water is added to the mixture and a precipitate
is collected. Purification over silica with ethylacetate:cyclohexane (1:1) gives 6 in

83% yield. Five days of stirring of 6 in N-methylimidazole used as solvent and
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Figure 3.3: Synthesis of bipyridyl-bis-imidazolium L3. a) Pd(OAc)s, PPhs, KoCOsg, 1,4-
dioxane/H20, 110°C, 2d; b) N-methylimidazole, 150°C, 5d.

reactant at 150°C gives L3 as raw product. It is dissolved in methanol and added
dropwise into ethylacetate which causes the precipitation of the product. After
purification over alumina with acetonitrile:methanol (30:1) L3 is obtained in 38%

yield.

The first attempt to synthesize L4 starts by building the pyridine-acetylene-pyridine
core of the bridging ligand (Figure 3.4). The synthesis route begins with 2,6-dichloro-
4-iodopyridine which can be obtained by iodination of 2,6-dichloropyridine with
n-BuLi and iodine.[®” 7-Cl reacts in a Sonogashira reaction with trimethylsilyl ace-
tylene, Pd(PPhj3),Cly, Cul and PPhs. The reaction is stirred in NEt3 for 24 hours.
After removal of solvent the raw product is purified over silica with ethylacetate:n-
hexane (1:1). TMS-protection group is removed by KOH in acetonitrile. The addition
of water leads to a precipitation which is collected and dissolved in diethylether.
Sublimation gives 8-Cl in 66% yield.

N N
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a b c 21
0. » SN ®
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Cl N Cl Cl N Cl Cl N Cl 7 "N N N7\
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7-Cl 8-Cl 9-Cl ON =
/ L4 \
Figure 3.4: Synthesis route 1 of L4 - part 1. a) 1) trimethylsilyl acetylene, Pd(PPhs)2Cls,

PPhs, Cul, NEts, RT, 1d, 2) KOH, MeCN; b) Pd(PPhs)sCly, PPhy, Cul, THF /NEts, RT,
1d; ¢) N-methylimidazole, 150°C or 50°C.

A second Sonogashira cross-coupling is utilized to receive 9-Cl. The reaction condi-

tions are identical as described in step a except that a solvent mixture of THF /NEt;
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(1:1) is used. Purification over silica with ethylacetate:n-hexane (1:1) gives the yellow
product (98%). According to the synthesis parameter of L3, neat coupling of 9-Cl1
with N-methylimidazole is carried out. Stirring at 150°C gives no product. Then the
temperature is reduced to 50°C to avoid product decomposition. Still no product
can be isolated. Therefore, an Ullman-coupling is tried (not shown) to couple two
imidazole rings to the pyridine-acetylene-pyridine core. This route is not successful
for 9-Cl.

Due to lower reactivity of the chloro derivative in cross-coupling reactions the syn-
thesis is repeated for the 2,6-dibromo analogue.l®) The preparation is shown in
Figure 3.6. 7-Br is synthesized according to Knochel et al. using TMPMgCl-LiCl
(TMP=2,2,6,6-tetramethylpiperamide) instead of n-BuLi which increases the se-

92 Tt is dissolved in

lectivity of iodination in 4-position in 2,6-dibromopyridine 10.
THF. TMPMgCI-LiCl and iodine are added at -40°C. After 14 h the reaction is
quenched by NayS,03 and the product is extracted with Et,O and ethylacetate.
Removal of solvent gives 7-Br as white crystalline powder in 82% yield. 7-Br reacts
in a Sonogashira protocol with subsequent deprotection to 8-Br in 64% yield. Due
to bromine/iodine competition in the Sonogashira reaction two acetylene functiona-
lities are introduced leading to 2-bromo-4,6-bis(trimethylsilyl)ethinylpyridine and
2-bromo-4,6-diethinylpyridine, respectively. This can be determine by ESI mass
spectrometry (cf.Figure 3.5). 2-bromo-4,6-bis(trimethylsilyl)ethinylpyridine has a
mol peak at 352.0378 m/z.
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Figure 3.5: ESI mass spectrum - twofold acetylation of 7-Br.

Twofold acetylation can be circumvented by adding 7-Br dropwise to the solution.

A second Sonogashira coupling is performed to synthesize 9-Br. 8-Br is added drop-
wise to a solution containing 4-iodopyridine, Pd-catalyst and Cu-cocatalyst at 0°C.
With this method, intramolecular Sonogashira coupling of 8-Br is again suppressed.

After removal of solvent the product is purified over silica with n-hexane:ethylacetate
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Figure 3.6: Synthesis route 1 of L4 - part 2. a) TMPMgCl-LiCl, Iy, THF, -40°C to RT,
14h; b) 1) Pd(PPh3)2Cle, PPhs, NEt;/THF (1:1), 0°C to RT, 1d, 2) KOH, MeCN; c)
4-iodopyridine, Pd(PPhs)2Cly, PPhs, DIPA/THF (4:5); d) imidazole, CuO, KoCO3, DMF,
100°C, 1d or imidazole, NaH, DMF, 0°C to RT, 3d.

(5:1) in 63% yield. In the following, an Ullman-type coupling is tried where imidazole
is coupled to 9-Br with CuO and K;COg3 in DMF. The desired product 11 can be
confirmed by ESI-MS in traces. No product can be isolated after purifcation over
silica with DCM:MeOH (20:1). In the following a nucleophilic aromatic substitution
is carried out. NaH is added to deprotonate imidazole at 0°C in DMF. After warming
to room temperature and addition of 9-Br the reaction is stirred for three days.
After work-up also here, no product could be isolated.

Since the first synthetic route is not successful the strategy is changed to first coupling
the imidazole rings before the acetylene-pyridine functionality is introduced. The
alternative reaction route is shown in Figure 3.7. 2,6-Dibromopyridine-4-amine 12
is the starting material. The synthesis is described elsewhere.® 12 reacts in a
Ullman-type coupling with imidazole, K,CO3 and copper(Il) oxide in DMF.1*4 After
six days at 150°C the solvent is removed and the raw product suspended in water.
Filtration and washing with water gives 2,6-di(1H-imidazol-1-yl)pyridin-4-amine 13
as white powder (88%).

N\
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12 13 14 11
Figure 3.7: Synthesis route 2 of L4 - part 1. a) imidazole, CuO, K2CO3, DMF, 150°C, 6d,;

b) KI, NaNO2, HC1/H>0 (1:10) or HoSO4/H20 (1:7); ¢) 4-ethinylpyridine hydrochloride,
Pd(PPhs)s, Cul, DIPA/DMSO (1:1), RT, 2 weeks.
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2,6-Di(1H-imidazol-1-yl)-iodopyridine 14 is synthesized in a Sandmeyer-type reac-
tion from 13. According to Ruben et al. the Sandmeyer-type reaction of related
aminopyridine derivative 2,6-di-pyrazol-1-yl-pyridin-4-yl-amine to 2,6-di-pyrazol-1-
yl-pyridin-4-yl-iodide can be performed in concentrated hydrochloric acid. Applying
their parameters leads to a product mixture composed of iodo and chloro func-
tionalized bisimidazole pyridine.[®” The ratio between desired iodo product to the
by-product 4-chloro-2,6-di(1H-imidazol-1-yl)pyridine is 1:2 as determined by 'H NMR.
Figure 3.8 shows the aromatic region of a 'H NMR spectrum of the iodo/chloro
mixture. Two sets of proton signals are present. 14 has four proton signals. Three
signals are assigned to the imidazole hydrogens at 7.14, 8.15 and 8.76 ppm (marked
with orange circles), respectively. The singlet corresponding to the pyridine hydro-
gens is shifted to 8.23 ppm (orange square). Blue-circle marked proton signals at
7.16, 8.17 and 8.79 ppm belong to the imidazole rings in the chloro by-product. The
characteristic pyridine singlet as a result of 2,4,6-substitution is high-field shifted to
8.00 ppm compared to the respective signal in 14. Both Sandmeyer products are
also confirmed by ESI mass spectrometry as shown in Figure 3.9. Therefore, the
reaction procedure is adjusted to improve the ratio in favour of the iodo derivative.
Instead of using concentrated hydrochloric acid, the acid is diluted. Also, the order
of reactants is changed. First, KI is added to the ice-bath cooled solution, thus it is

present in high concentration when NaNO, is added scopewise over two hours.

| [ | Cl
v "N N N‘% 1 2 7\ N N’%
N?’ ‘:N N$l ‘N
o m ®
o
o o ®
Sb < Ed L <
S8 o 3 S o8
-o © o -— W o
T T T T T T T T T T T T T T T T T T T T T AT T
8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 77 7.2 71

chemical shift [ppm]

Figure 3.8: Aromatic region of 'H NMR spectrum of a Sandmeyer-type reaction with
concentrated hydrochloric acid. Todo:chloro ratio is 1:2 in 14.

With this, the ratio can be improved to 10:1 in favor of 14. The addition of NaHCOg3
and NaySOj3 quenches the reaction and an orange precipitation is formed. The

precipitate is isolated. The aqueous phase is extracted with DCM. The organic phase
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and the precipitate are combined and purified over silica with acetone as eluent.

Yields up to 59% related to the iodo-chloro mixture are possible.
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Figure 3.9: ESI mass spectrum of a Sandmeyer-type reaction with concentrated hydrochloric
acid. Mass peaks of chloro and iodo derivatives [M¢+H]™ and [M;+H|" are detected.

The presence of the chloro derivative is not interfering with the following reaction
step. Only the lower reactivity of chloro compared to iodo is disadvantageous in the
Sonogashira reaction. A chloro-free synthetic route can be realized by using sulfuric
acid instead of hydrochloric acid. The Sandmeyer-type reaction is conducted under
same conditions except the exchange of HCl with HySO4. The work-up is equal and
gives 14 as off-white powder in 38% yield. Since chloro and iodo derivatives can be
applied in a Sonogashira reaction, the reaction with higher yield is favoured.

Subsequently, 14 reacts with 4-ethinylpyridine hydrochloride, Pd(PPhs),, Cul in
DIPA/DMSO (1:1) at room temperature for two weeks. Heating gives worse results,
therefore a longer reaction time is chosen. After removal of solvent, suspension in
water and filtration, the raw product is purified following a HCl/NaOH protocol

which is described in detail in the experimental section. 11 is obtained in 74% yield.
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Figure 3.10: Synthesis route 2 of L4 - part 2. Isolation of L5 instead.
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The next reaction step in the synthesis route of L4 is the methylation of 11. The
reaction in acetonitrile and methyl iodide as methylation reagent at 70°C does
not give the desired product (Figure 3.10). Instead, the terminal pyridine is also
methylated in this reaction leading to L5.
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Figure 3.11: 'H NMR spectrum of L5 in DMSO-ds.

The 'H NMR spectrum of L5 is shown in Figure 3.11. Both methyl proton signals
are determined at 4.26 and 4.68 ppm (pink and grey). The integral ratio is 2:1 in
accordance with the number of different methyl groups in L5. Terminal pyridine
hydrogens are shifted to 8.41 and 9.22 ppm (blue). The 2,4,6-substituted pyrid-
ine ring exhibits one singlet at 8.57 ppm (green). Two proton signals at 8.08 and
8.66 ppm are assigned to the imidazole hydrogens in 4,5-position. Down-field shifted
hydrogens at 10.04 ppm correspond to the hydrogens in the imidazole rings (purple)
which are easily deprotonated to form the respective NHC ligands.

ESI mass spectrometry confirms the threefold methylation of 11 (¢f. ESI mass
spectrum in the appendix). The mol peak of L5 is measured at 119.0602 m/z.
Additionally, a second mass peak could be identified which indicates synthesis of
L4 at 171.0818 m/z. On the other hand, this mass could be also assigned to an
asymmetrically methylated product where one pyridine and one imidazole ring are
methylated. A more sophisticated route is chosen which protects the pyridine funtion-
ality before the methylation is carried out. Therefore, 11 is protected as N-oxide as
shown in Figure 3.12. 11 reacts with meta-chloroperoxybenzoic acid (mCPBA) and
NaHCOj3 in DCM/H50 (8:1) under reflux for 12 h. Removal of DCM and suspension
in an aqueous NaHCQO3 solution lead to a precipitate which gives 15 after isolation
and washing with water in 61% yield.

According to the standard methylation protocol 15 is stirred in MeCN at 80°C
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and methylated with methyl iodide. To avoid monomethylation the amount of
methylation reagent is increased to 10 equivalents. Methylation of the N-oxide is not

observed. Removing of MeCN and excess of Mel gives 16 as orange product in 96%

yield.
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Figure 3.12: Synthesis route 2 of L4 - part 3. a) MCPBA, NaHCO3, DCM/H,0, 40°C,
12h; b) Mel, MeCN, 80°C, 20k; ¢) 1) PBrs, DCM, 50°C, 24h, 2) KPFq, H»O.

The selective methylation of the imidazole rings is accomplished. Deprotection
of the pyridine N-oxide has to be carried out in the following. There are several
methods available e.g. deoxygenation of N-oxide can be conducted with zinc and
ammonium formate or with iron and acetic acid.?0") Both protocols are not suc-
cessful in deoxygenation of 16. Next, the deprotection with trivalent phosphorus
compounds is tested. Both PBr3 and PCls are applied. 16 reacts with PCl; in DCM
at room temperature for 3 h. After removal of DCM the crude product is dissolved
in water. After filtration and neutralisation with NaHCOj3, an anion exchange with
KPFg is performed. NMR investigation reveals an educt/product mixture indicating
uncomplete consumption of 16. The reaction parameters are changed to increase
the NMR-yield of L4 as shown in Table 3.1. First, the reaction time is elongated
from three hours to 24 h and finally to three days (entry 1-3). Unfortunately, the
NMR-yield of L4 is not substantially improved. Second, PClj is exchanged by PBrj.
First attempt at room temperature gives lower yield of 30% compared to 40% (entry
4 vs. 2). Therefore, the reaction temperature is increased to 50°C. This significantly
improves the yield to 69%. Still, remaining 16 has to be remove. This can be
achieved by column chromatography. Purification over alumina with MeCN /Et,O
(1:1) separates L4 from the educt. Unfortunately, the isolated yield is only 9%. The
synthesis route over seven steps has a low overall yield of only 2%.

An additional ligand can be synthesized from 14. When 14 is obtained by the
Sandmeyer-type reaction with sulfuric acid, which gives only the desired iodo product,
a methylation can be conducted which gives L6. Complexation of this ligand gives

the opportunity to study heavy-atom effect induced by iodine in the respective iron
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Table 3.1: Deoxygenation of 16.

entry reagent T[°C] time NMR-yield

1 PCl; 20 3h 0.38
2 PCl; 20 24h 0.40
3 PCl; 20 3d 0.43
4 PBrg 20 24h 0.30
5 PBrs 50 24h 0.69

complex. First attempt to synthesize L6 is carried out with Mel in MeCN at 70°C.
This procedure gives the monomethylated product 17. This compound could offer
the opportunity to synthesize asymmetrically-substituted NHC ligands as interesting
ligand class in the future.

Another reaction is tried. 14 reacts at -78°C in DCM with methyl triflate as shown
in Figure 3.13 (step b). After warming to room temperature and removal of solvent
anion exchange with KPFg is performed. L6 is isolated as white powder in 53%

yield.
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Figure 3.13: Synthesis of L6. a) Mel, MeCN, 70°C, 1d; b) 1) methyltriflate, DCM, -78°C,
2) KPFg, H,0.

Finally, five different bridging ligands are successfully synthesized. The overall yield
for L1 and L2 are 43% and 25%, respectively. L3 can be obtained in 30% in a
three-step synthesis. After seven steps L4 is only isolated in 2% total yield. A
three-step route gives L6 in 18% yield.
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T he synthesized bridging ligands can be applied in homoleptic and heteroleptic
complex synthesis. Terpyridine-based bridging ligands L1 and L2 allow the
introduction of six m-acceptor functionalities. In contrast, using L3-L6 gives the
oppourtunity to study the influnece of four carbene funtionalities on the spectroscopic
properties of the respective iron complexes. The mixing of terpyridine and carbene
ligands gives insight into effects on the complex properties by varying the number
of carbene moieties which was also nicely shown by Zimmer et alP% A manuscript
in preparation includes results of Fel-2.19) Published results of Fe3 can be found

here.[99]

4.1 Homoleptic Complex Synthesis

S ynthesizing homoleptic complexes with a terminal pyridine on both sides of the
iron complex offers the posshility to attach two cobaloxime moieties. With
this, triads can be realized. The impact of photosensitzer to catalyst ratio can be

studied in those complexes.

4.1.1 Terpyridine-based complexes

The synthesis of Felpomo and Fe2pome is shown in Figure 4.1. The reactions are
conducted under argon. FeBr, is added to a suspension containing the corresponding
bridging ligand. In case of Felpomo, the solution is filtrated, the solvent removed
and the residue dissolved in water. Subsequent anion exchange with an aqueous
solution of KPFg gives the homoleptic terpyridine complex as violet PFg-salt after
washing with water in 15% yield. In case of Fe2pomo, dissolving in water fails due
to bad solubility of the resulted complex. Instead, the MeOH solution is filtrated
and concentrated. After anion exchange with KPFg, Fe2pomo is obtained as violet

powder in 21% yield.

4.1.2 Carbene-based complexes

Carbene-based complexes can not be synthesized according to the terpyridine com-
plex protocol. The reason is the high affinity of carbene ligands to protons. Thus,
the imidazolium salt has to be used as precursor ligand. The carbene is formed
in-situ by adding a strong base e.g. potassium tert-butoxide (KO*Bu) or lithium-
bis(trimethylsilyl)-amide (LiHMDS) to the solution containing the respective im-
idazolium salt L3-L6.

Figure 4.2 shows the synthesis route for Fe3pomo and Fedypomo. Both reaction are
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L1
MeOH
KPFg

FeBro—

L2
MeOH
KPFg

Figure 4.1: Synthesis of Felpomo and Fe2pomo-

conducted under water- and oxygen-free conditions. L3 is suspended in DMF. First,
KO'Bu then FeCl, are added which results in a red solution. After removal of solvent,
the complex is dissolved in water and an anion exchange with KPFg is conducted.

Purification with Et,0 gives the complex in 21% yield.
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Figure 4.2: Synthesis of Fe3pomo and Fedpomo-

The synthesis of Fedyome with LIHMDS in dry, degassed THF is not successful. The
ligand is partly isolated after the reaction. The desired complex is not obtained.
There is not enough substance left to try an alternative synthesis route for Fedpomeo-
The other complexation methods presented in this chapter could be tested in the

future.
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Also, L5 is applied in homoleptic complex synthesis. Deprotonation with LiHMDS
in THF and FeBry, does not give the desired product. The reaction mixture turns
brown. Also, the attempt to synthesize Febyomo with KO'Bu in DMF fails.

FeBro
1) LIHMDS, THF
-80°C to RT
2) KPFg, H,0 FN
or N
L5——%—> —ND%QN
FeBro N
1) KO'Bu, DMF N~
2) KPFg, H,0

Figure 4.3: Synthesis of Fe5nomo-

L6 is well suited to study the heavy-atom effect induces by the iodine. It is known
that the intersystem crossing is facilitated by the heavy-atom effect.[" This could
affect the relaxation cascade in the iron photosensitizer and the lifetime of the excited
states. This can be adressed in a future work. Three different synthetic procedures
are tested. First, LIHMDS in THF and FeBr, as iron source are used. No color
change which would indicate a complex formation is obeserved. Second, the base is
exchanged. Instead of LIHMDS, KO'Bu is used. Unfortunately, this does not give
the desired product. Finally, the synthetic route already successful for Fe3y o, is
applied. L6 is dissolved in dry, degassed DMF. FeBr, and KO'Bu are added. After
removal of DMF and washing with water the subsequent anion exchange with KPFg
is conducted. The complex is obtained as orange crystals after recrystallization in
MeCN:Et50.

1) LIHMDS, THF, -80°C to RT

KPFg, Ho0 12
6 2 \N/x
or w > /\N/ \ N
2) KO'Bu, THF, KPFg, Ho0 N— /\
L6 + FeBrp, — — N Fe N, !
& XN
> N 2 PF
3) KO'Bu, DMF, KPFg, HyO N P °
Febhomo

Figure 4.4: Synthesis of Fe6pomo-

To conclude, only four homoleptic complexes are obtained (Felpomo-Fe3nomos

Febhomo). The synthesis of Fedyomo and Febyomo are not successful.
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4.2 Heteroleptic Complex Synthesis

S ynthesizing heteroleptic complexes with only one terminal pyridine offers the
posshility to attach specifically one cobaloxime moiety. With this, dyads can
be realized. The 1:1 ratio of photosensitzer and catalyst ratio can be studied in
those complexes. For that, a special synthesis route is developed which offers the
possibility to introduce subsequently two different ligands.
The first ligand SP (1,1’-(pyridine-2,6-diyl)bis(3-(2,6-diisopropylphenyl)-1H-imidazol-
3-ium) bromide) is very bulky and shown in Figure 4.5. Due to the diisopropylphenyl
ring attached to the imidazol rings the coordination of a second ligand SP is hindered.
Additionally, the applied in-situ base Fe(HMDS), is used in a 1:1 ratio. With this,
no additional base is present to deprotonate a second ligand. SP and Fe(HMDS,)
are combined in dry, degassed THF at -80°C. After warming to room temperature
a violet five-coordinated iron complex Fe(SP)Br, is formed which is water- and
air-sensitive. This parent complex is used in all heteroleptic complex synthesis.

Further details are described in the following.

\
~ ‘N
Fe + 2 Br

' 80°C / Br
~aoNo L~
/Sl' SiL to RT

Fe(SP)Br2

Figure 4.5: Synthesis of Fe(SP)Brs.

4.2.1 Terpyridine-based complexes

The synthesis of Fel and Fe2 start with the formation of Fe(SP)Brs as shown
above. To this solution, the bridging ligands L1 or L2 are added under argon. After
removal of THF, the crude product is dissolved in water. After filtration and an anion

exchange with KPFg, the iron complex is purified over alumina using MeCN:Et,O
(1:5). Fel and Fe2 are obtained in 64% and 65% yield, respectively.
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Figure 4.6: Synthesis of Fel and Fe2 in THF. Anion exchange is performed with KPFg in
H»O0.

4.2.2 Carbene-based complex

In the heteroleptic tetra-carbene iron complex synthesis only L3 is applied. Similar
to the homoleptic carbene complex synthesis, a strong base has to be applied to
obtain the free carbene. Starting with L3 in dry, degassed THF, LiHMDS is added
at -70°C. Then, the carbene solution and Fe(SP)Bry sre combined. Removal and
subsequent anion exchange with KPFg is performed. Purfication over alumina with
MeCN/Et;0 (1:1) gives Fe3 as orange powder in 50% yield.
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Figure 4.7: Synthesis of Fe3.

Homoleptic and heteroleptic iron complexes are obtained with the described synthesis
routes. Characterization by single crystal diffraction for selected compounds is
presented in the following chapter. Further properties of the iron complexes are
accessed by UV-Vis spectroscopy combined with TDDFT and cyclic voltammetry. For
the heteroleptic complexes spectroelectrochemical measurements are conducted. The
excited state dynamics will be discussed together with the corresponding multimetal

complexes in section 5.3.6.
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4.3 Characterization and Properties

A Il iron photosensitizers except Febnomo are characterized by single crystal
diffraction. UV-Vis measurements and cyclic voltammetry give insight
into the absorption properties and redox potentials of the studied compounds.
Heteroleptic systems are further characterized by quantum chemical calculations
(TDDFT). Additionally, molecular orbital schemes extracted from DFT depict energy

levels in the respective iron complexes Fel, Fe2 and Fe3.

4.3.1 Crystal structures

All crystals are obtained via vapour diffusion. Acetone or acetontrile are used as
solvent while Et,0O is used as anti-solvent. First, the crystallographic data of the
homoleptic iron complexes are discussed. They are listed in Table 4.1 and shown in
Figure 4.8. The axial Fe-N bond lengths are 1.886 A and 1.883 A in the terpyridine
systems Felpomo and Fe2yomo, respectively. In contrast, the axial iron-nitrogen
bond in the tetra-carbene system Fe3pomo is elongated to 1.909 A. The equatorial
iron-ligand bond lengths are also shorter for Felpomo and Fe2pomo(1.983 A and
1.977 A), while it is 1.995 A for Fe3pomo. This indicates stronger bonds between
iron and terpyridine ligands in comparison to carbene ligands.

As mentioned earlier, an octahedral geometry is beneficial for a large ligand-field
splitting. The bond angles provide insight into octahedricity of the studied com-
pounds. The inter-ligand bond angle between axial nitrogens and iron is between
178.4-179.2° for all three homoleptic PS. This is very close to perfect 180° angle.
The equatorial bond angles between one ligand and iron are smaller. This is the

important parameter which has to be optimized for an octahedral geometry.

Table 4.1: Crystallographic data of Felpomo, F€2homo and Fe3pnomo-

Bond lenghts [A]

and angles [O] Felhomo Fthomo FeBhomo
Fe-Cequat. 1.995(av)
Fe-Nequat. 1.983(av) 1.977(av)

Fe-Nayial 1.886(av) 1.883(av) 1.909(av)
Neg-Fe-Neg 161.1(av) 161.6(av)

Ceq-Fe-Ceq 158.5(av)
Nox-Fe-N, 179.2(3)  178.41(7) 179.20(10)
torsiongsiple 2.3,25.0 8.9,6.0

torsiony,one 19.6, 25.0 24.4, 31.5
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In terpyridine ligands bond angles are 161.1-161.6°. It is reduced to 158.5° for
the carbene-iron-carbene bond angle in Fe3yomo. In comparison to both bond
angles, C2 exhibits bond angles of 178.4° due the diquinolylpyridine ligands coordin-

ating iron within a two six-membered ring.

Figure 4.8: Single crystal structure of Felpomo (top), Fe2nomo (middle) and Fe3pomo
(bottom). Anisotropic displacement ellipsoids are drawn at the 50% probability level and
hydrogens are omitted for clarity as well as counter ion PFg.

Moreover, the influence of the spacer can be discussed on the basis of the crystal
structures. The torsion angle between the two pyridine rings which are separated by
a triple bond, named torsiongpe in Table 4.1, is between 2.3-8.9° in Felpomo and

Fe2pomo- In Felyome one of the torsion angles is 25.0° which could be attributed
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to a packing effect in the crystal. In comparison, the torsion angle (torsionmeno)
between covalently-bonded two aromatic rings, present in Fe2pomo and Fe3yomo, are
19.6° and 25.0° in the former and 24.4° and 31.5° in the latter. This indicates better
m-orbital overlap in ligand systems with acetylene spacer. The direct coordination
of two aromatic rings either phenyl-pyridine or pyridyl-pyridine results in repulsion
and increased torsion angles and therefore worse m-orbital overlap. This also has an

impact on the absorption properties which will be discussed later.

Heteroleptic iron PS’s are also successfully crystallized by vapour diffusion and
crystallographic data are obtained. They are listed in Table 4.2 and molecular
strcutures are shown in Figure 4.9. Differences in the bond length can be observed
between Fel and Fe with two carbene functionalities and Fe3 containing four
carbene functionalities. While the bulky ligand is stronger bonded in the tetra-
carbene system with Fe-Ngp = 1.916(2) A and Fe-Cgp = 1.968(av) A, the bonds
between iron and the bulky ligand SP are elongated in the terpyridine-bridged
PS (Fe-Ngp = 1.924-1.925 A and Fe-Cgp = 1.982-1.994 A). On the contrary, the
averaged distance between bridging ligands and iron is almost equal in all systems
(Fe-BLay (L1) =1.937 A, Fe-BL,,(L2) =1.933 A and Fe-BL,,(L3) =1.938 A).

Table 4.2: Crystallographic data of Fel, Fe2 and Fe3.

Bond lenghts [A]

and angles [’ Fel Fe2 Fe3
Fe-Ngp 1.925(8)  1.924(6) 1.916(2)
Fe-Cgp 1.994(av) 1.982(av) 1.968(av)
Fe-Npr, axial 1.864(1)  1.867(4) 1.915(2)
Fe-NpL equat. 1.973(av) 1.966(av)
Fe‘CBL,equat. 1950(&V)
Fe-BL,, 1.937 1.933 1.938
Cgp-Fe-Cgp 158.36 158.43 158.79
N,x-Fe-N,« 176.24 177.67 176.93
torsionyyiple 84.9 20.6

torsionmene 45.4 43.3

The crystal structures obviously deviate from the perfect octahedron. Similar to
the homoleptic tetra-NHC iron complex Fe3pomo with 158.5° bite angles from
158.36-158.79° are found for the C-Fe-C angle in all heteroleptic complexes. Also, the
inter-ligand bond angle between axial nitrogens is slightly reduced in the heteroleptic
systems (Nx-Fe-N,, = 176.24-177.67°).

Comparison of the torsion angles in Fel-Fe3 supports the general influence of acety-
lene and phenyl spacer. Torsion angles in Fe2 are 20.6° and 45.4° for torsiongpe and

torsionene, respectively. This is in agreement with the results for homoleptic PS.
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However, the torsion angles between two pyridine rings spaced by an acetylene linker
are slightly higher than expected. Also, in Fel the outer pyrdine ring is rotated by
84.9° despite the triple bond. Most likely, packing effects induce stronger rotation of
these aromatic rings. The torsion angle of 43.3° in Fe3 is in the same range as that
of Fe2 (torsionyen, = 45.4°).

Figure 4.9: Single crystal structure of Fel (top), Fe2 (middle) and Fe3 (bottom).
Anisotropic displacement ellipsoids are drawn at the 50% probability level and hydrogens
are omitted for clarity as well as counter ion PFg".
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Based on the crystal structure analysis the following results can be summarized.
Terpyridine ligands have shorter iron-ligand bond lengths and better bite angles.
Iron-carbene distances are elongated and the bite angles are only about 159°. This
indicates stronger bonds in terpyridine-based complexes which can be attributed
to the better m-acceptor properties of polypyridyl ligands. However, there is still
room for improvement in the ligand design, which aims for better octahedrality e.g.
a suitable insertion between the carbene and the pyridine ring in the C*"N”C-ligand

could increased the bite angle.
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4.3.2 UV-Vis Spectroscopy

A working photosensitizer should have a broad absorption in the visible region of the
solar spectrum. Typically, MLCT bands are in the visible range of the solar spectrum.
With rational ligand design these MLCT bands can be tuned depending on the
energy level of their metal-based donor orbitals and ligand-based acceptor orbitals.
Applying N-donor ligands or NHC ligands has a direct impact on the absorption
properties of the iron PS. The UV-Vis spectra of homoleptic and heteroleptic iron
PS with different ligand motifs are presented in the following.
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Figure 4.10: Absorption spectrum of Felpomo (black), Fe2homo (blue), Fe3homo (orange)
and Febpomo (green).

In Figure 4.10 the absorption spectra of four homoleptic iron PS’s are shown and
the wavelengths of the band maxima are listed in Table 4.3. The compounds can
be divided into two groups. Felnomo and Fe2yomo are terpyridine-based while
Fe3nomo and Febyomo are tetra-carbene systems. For all compounds ligand-based
- *-transitions are visible below 380 nm. Intensities of these m-7*-bands are very
high in the terpyridine-coordinated iron PS because of the large aromatic system
provided by L1 and L2. The band at 324 nm in Fe2},41m0 is the intense one due to
the introduction of a phenyl ring in the ligand backbone. Transitions above 380 nm
are assigned to MLCT transitions.'%! The MLCT band of Felpomo is at 580 nm.
Upon introduction of a phenyl spacer the MLCT band is blue-shifted to 573 nm in
Fe20mo. This is due to the energy barrier introduced by the phenyl ring because of
the poor spatial overlap of 7* orbitals.[10!

The carbene-based systems exhibit two distinct transitions between 390-510 nm. The
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higher-energy band at 399 nm and 403 nm in Fe3yomo and Febyomo, respectively,
involves most likely charge transfer from iron to the carbene moieties as in the
reference complex C3.192 The lower-energy bands at 506 nm (Fe3pom,) and 474 nm
(Febhomo) have most likely mixed contribution from the carbene and pyridine moieties
of the ligands. This is due to the different substitution in the backbone resulting in
different band maxima. The red-shift AX = 32 nm in Fe3yome compared to Febnomo
indicates MLCT stabilization by m-system extension via pyridyl ring introduction.
This will be further supported by TDDF'T calculations conducted for the heteroleptic
PS (see below).
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Figure 4.11: Absorption spectrum of Fel (black), Fe2 (blue) and Fe3 (orange).

The absorption properties of heteroleptic photosensitizers are characterized by UV-Vis
spectra shown in Figure 4.11. The spectra can be again divided into two band regions.
Bands below 360 nm are assigned to m-m*-transitions. Extended ligand 7-systems
in Fel and Fe2 result into more intense bands with extinction coefficients around
45000 cm™ M. In contrast, the ligand-based transition in Fe3 at 294 nm has only
an extinction coefficient of 16800 cm™ M. Between 378-398 nm the characteristic
MLCT band attributed to iron-carbene transitions in the heterolpetic systems are
present. The MLCT band of Fe3 is red-shifted about 20 nm in comparison to the
terpyridine-based PS. This is reflected in the MLCT stabilization which is caused by
an additional pyridine ring in L3 while SP is unfunctionalized in the backbone. In
contrast, the better m-acceptor ability of terpyridine ligands compared to carbene
ligands results into drastically red-shifted MLCT bands at lower energies. While the
MLCT band is at 481 nm in Fe3, MLCT transitions of Fel and Fe2 are found at
528, 568 nm and 517, 555 nm, respectively. The red-shift is between AX = 36-87 nm.
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Table 4.3: Absorption properties of homoleptic and heteroleptic iron photosensitizers.
entry Aabs [nm](e - 1073 [em™ M)

Felpomo 285 (81.7), 313 (63 0), 339 (43.3) 580 (35.5)

Fel 293 (45.7), 336 (16.7) 380 (1.16) 528 (1.08), 568 (1.27)
Fe2homo 287 (64.4), 324 (95.9) 573 (31.2)

Fe2 299 (45.3), 322 (41.4) 378 (1.31) 517 (1.10), 555 (1.13)
Fednomo 303 (12.1) 399 (5.8) 506 (14.5)

Fe3 294 (16.8) 398 (6.6) 481 (11.2)

Febromo 289 (23.8) 403 (9.2) 474 (19.2)

[a] Measured in MeCN at 1-10°5 mol /L.

With UV-Vis-spectroscopy tuning of absorption properties can be quantified. In
addition, theoretical calculations provide further insight into these findings. There-
fore, molecular orbital schemes are extracted from single-point energy calculations.
They are visualized in Figure 4.12. The energy gaps are indicated by arrows and
the energy difference is given in eV and transferred to the wavelength equivalent for
better comparison with the UV-Vis spectra. The average Fe 3d character is included
for dr, d7* and do* orbitals in %.
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Figure 4.12: Molecular orbitals of Fel, Fe2 and Fe3; TPSSh, def2-TZVP(P), SMD
(MeCN). HOMO-LUMO gaps are indicated (eV/nm). The average Fe 3d character is
included for dn, d7* and do* orbitals in %.

The highest-occupied molecular orbital (HOMO) is mainly metal-based (Fe% 3d =
72.6%) with a reduced metal character in Fe3 (Fe% 3d = 68.2%). This suggests a

higher covalency in tetra-carbene systems compared to terpyridine systems. The
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lowest-unoccupied molecular orbital (LUMO) is mainly ligand-based with only an
iron 3d character between 4.7-6.7%. The blue-shift of the lowest-energy absorption
is qualitatively reflected by DFT calculations. The smallest energy gap in Fel at
2.47 eV is consistent with the lowest energy band being present in this PS. Ac-
cordingly, the introduction of phenyl spacer destabilize the LUMO level resulting
in a blue-shift of the absorption bands which is reflected by an increased energy
gap of 2.62 eV. Destabilization occurs also for Fe3 with a HOMO-LUMO gap of
2.77 eV. Here, both HOMO and LUMO levels are destabilized, while the LUMO
level in particular is energetically raised. In addition, the ligand-field splitting Ao
can be discussed by comparison of average dm and do* energies. In Fel and Fe2
a ligand-field splitting Ag of 4.67 eV and 4.69 eV are found, respectively. The
ligand-field splitting is 5.06 ¢V in Fe3 which is inline with destabilization of the MC

states by the introduction of strong o-donor ligands.

With the help of time-dependent DFT (TDDFT) the assignement of the bands
can be further confirmed. Experimental and TDDFT spectra of Fel-3 are shown in
Figure 4.13. A detailed analysis of all relevant singlet transitions are in the appendix.
TPSSh-TDDFT succeeds in describing all relevant bands with partial deviation in
their energy position or intensities. Experimental and computational spectra of Fel
are compared in Figure 4.13 (top). Band A which correlates to the lowest energy
band around 570 nm results from MLCT transition from Fe(II) to the bridging ligand
L1. Also, the band at 528 nm is described by blue-shifted transition B with MLCT
character. Again, acceptor orbitals are located on L1. The absorption band at
380 nm can be described by band C and D. It is a result of MLCT transitions from
Fe(II) to both coordinating ligands L1 and SP. Band E and F cover the absorption
band at 293 and the shoulder at 336 nm. They are mainly described by inter- and
intraligand n-n* transitions dominated by the bridging ligand.

A similar picture is found for experimental and computational spectra of Fe2 (Fig-
ure 4.13, middle). There are two bands A and B which can be assigned to the bands
at 517 and 555 nm. Band A results from dominant MLCT transitions from iron to
the bridging ligand L2, while transition B is characterized by MLCT transitions
to both ligands. Moreover, band C reflects MLCT transition to L2. Also, partial
m-m*-transitions are included. 7-7* bands at 299 and 322 nm are confirmed by band
D which is described by inter- and intraligand transitions.

All relevant bands are covered by TDDFT in Fe3 except the ligand-based UV region
due to a lower number of computed states. The absorption at 481 nm is reflected by
band A. It originates from the charge transfer from iron to the bridging ligand L3
and smaller contribution to SP. Band B reflecting absorption at 398 nm is domin-
ated by MLCT transition to SP. This has been already proposed by comparison of

experimental data (see above). Now, it is also confirmed by theoretical analysis.
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Moreover, absorption at 294 nm is best described by band C which results from
inter- and intraligand n-* transitions.

To conclude, experimental absorption properties of homoleptic and heteroleptic
photosensitizers have been characterized in dependency of ligand modification such
as backbone functionalization or variation of o-donor ligands. Computed molecular
orbital schemes have given insight into the energetic order of HOMO and LUMO
states as well as their nature (Fe 3d character). Additionally, the observed transitions
have been assessed by TDDFT. By that, the MLCT character of the lower-energy

bands has been confirmed.
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4.3.3 Protonation of photosensitizer

Most of the synthesized iron compounds are functionalized with one or two pyridine
rings in the ligand backbone. This pyridine ring can act as proton probe. Therefore,
acetonitrile solutions containing the PS are protonated with trifluoroacetic acid
(TFA) and the absorption changes are followed by UV-Vis spectroscopy. In addition,
unfunctionalized iron complexes are studied to compare the impact of protonation
on their absorption properties. Here, Fe(tpy)22t and C3 are used. In Figure 4.14

absorption changes of Fe(tpy)2?T, Felpomo and Fe2pom, are visualized.
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Figure 4.14: Absorption changes upon protonation of homoleptic terpyridine iron complexes
Fe(tpy)2%T, Felnomo and Fe2pomo.

Starting with the unfunctionalized Fe(tpy)22™, no absorption changes are observable
for this system. It is not affected by protonation. Also, changes in the dielectric
constant due to acid addition are not induced. On the contrary, protonation has
an effect on the absorption properties of Felyomo and Fe2pomo. In both cases, the
lowest-energy band is red-shifted upon addition of TFA. In Felpome the band is
shifted about 19 nm and in Fe2;,,mo a small shift about 3 nm is detected. This is due
to the increased electron acceptability of the pyridine ring by protonation. This effect
has been also investigated by Duchanois et al..[*! They added TFA to a solution
containing a heteroleptic iron PS with a C*"N”C-ligand and a N*N”N-ligand, similar
to the heteroleptic compounds Fel and Fe2. An absorption band at 560 nm was
shifted to 590 nm upon protonation.

The absorption changes of the heteroleptic terpyridine-based PS, Fel and Fe2, are
shown in Figure 4.15 together with Febpomo. Again, the absorption properties of the
unfunctionalized PS Febyomo are not altered by the addition of an acid. A red-shift
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of A’ X = 24 nm is measured for Fel. This is comparable to the literature value. In
contrast, the 554 nm band in Fe2 is only shifted by 5 nm to 559 nm. Apparently,
the pyridine in the L2 motif is less influenced by protonation which is also true for
Fe2,0mo. Focusing on the 350-450 nm range, it can be seen that the 380 nm band
decreases and a band at 419 nm evolves in Fel. In Fe2, 378 nm band is slightly
reduced and a broad shoulder appears on the red part of this band, indicating same

additional feature around 419 nm as in Fel. Absorption changes of tetra-carbene

50000 —;
. ground state Fe1

------- with 2 eq. TFA
ground state Fe2
with 2 eq. TFA

—— ground state Fe6

------- with 2 eq. TFA

AN

o

o

o

o
|

homo

30000 -{|{

20000 +

extinction coefficient € [cm™ M™]

10000 - N\ A\
T T T T — T T ¥
300 400 500 600 700 800
wavelength [nm]

Figure 4.15: Absorption changes upon protonation of iron complexes Fel, Fe2 and
Fe6h0mo.

iron PS upon addition of TFA are shown in Figure 4.16. Here, the influence of
protonation is more pronounced. In Fe3 a distinct red-shift from 481 nm to 551 nm
is observed with AX = 70 nm. Moreoever, a third band appears at 439 nm. Most
likely, the bridging ligand is involved in the corresponding MLCT transitions. Also,
in Fe3pomo the lowest-energy band at 506 nm is shifted to 580 nm (AX = 74 nm).
The protonated homoleptic iron complex Fe3pomo has not a new feature between
420-440 nm. Apparently, the number of pyridine functionalities is less important
because the shifts of either homoleptic or heteroleptic compounds with equal bridging
ligand are in the same order. A third example with C3 confirms no effect of acid
addition on pyridine-lacking systems (cf.Figure 4.16).

To conclude, pyridine-functionalized iron photosensitizer can be applied as proton
probes. Moreover, protonation results into red-shift of absorption bands with dom-
inating bridging ligand contribution as for example the MLCT bands in the red
part of the spectrum. Thus, protonation can confirm the bridging ligand as the
acceptor state in a CT transition and reveal the small contribution of the bridging
ligand to the 380-400 nm band, which is in line with additional contribution of the
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terminal ligand SP. In particular, tetra-carbene systems are more affected resulting
in red-shifts of about 70 nm.

In context of photocatalytic application, proton sensitivity is also an issue since the
catalysis can be operated at different pH. This suggests using acidic conditions to
improve the absorption of the photosensitizers. However, the catalytic window for
an active catalyst has to be kept in mind because its activity also depends on the

pH as presented in section 2.5.1.
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Figure 4.16: Absorption changes upon protonation of tetra-carbene iron complexes Fe3,
Fe3yomo and C3.
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4.3.4 Cyclic Voltammetry

In the last section the energy levels within the iron PS have been discussed on the
basis of UV-Vis and (TD)-DFT. Cyclic voltammetry is a complementary method
which provides insight into the redox potentials. In turn, redox potentials are a good
probe for HOMO and LUMO levels. On the anodic side, metal oxidation takes place.
In this particular case, oxidation from Fe!l to Fe!'l occurs. Depending on the redox
potentials, the HOMO energy levels can be compared. On the cathodic side, the
ligand framework is reduced. The cyclic voltammograms are shown in Figure 4.17
and Figure 4.18. The corresponding redox potentials are listed in Table 4.4. The
potentials are referenced against the Fc/Fct couple.
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Figure 4.17: Cyclic voltammograms of homoleptic complexes Felnomo-F€6nhomo in MeCN
((nBuyN)(PFg), 100 mV/s, 1-10°3 mol/L). Artifacts are marked with an asteriks.

The homoleptic complexes Felpomo, F€2homo; F€3homo and Febpomo can be divided
into the terpyridine-based systems and the carbene-based systems. In the former,
the redox couple of Fel/Tl exhibits a potential of 0.78 V and 0.73 V, respectively.
In contrast, redox potentials E(Fe™ /Fe'') of Fe3pomo and Fe6pome are 0.39 V and
0.40 V, respectively. This cathodic shift reflects the increased electron density at
the iron centre, making its oxidation easier. Higher electron density is provided by
the strong o-donating NHC ligands. The ligand reduction is partially irreversible
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and an energy gap can not be extracted for all homoleptic compounds. Fortunately,

comparison of heteroleptic iron PS gives further insights into energetic order of
HOMO and LUMO levels.

Fe1
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Figure 4.18: Cyclic voltammograms of heteroleptic complexes Fel - Fe3 in MeCN
((nBuyN)(PFg), 100 mV/s, 1-10°3 mol/L).

First, the redox potentials of Fe''/MI decreases in the order Fel>Fe2>Fe3 (0.62 V,
0.58 V, 0.47 V) (cf. Figure 4.18). It suggests reduced m-acceptor ability or increased
m-donor ability of L2 in Fe2yomo and Fe2 in comparison to the PS containing
L1, resulting in a higher electron density on the metal centre. Also, the general
destabilization (energy increase) of the HOMO levels, as reflected by computed
molecular orbital schemes, is confirmed via cyclic voltammetry.

Second, the redox potential of Fe3 (0.47 V) is anodically shifted relative to Fe3nomo
(0.39 V). This can be explained by an improved m-accepting ability due to two
coordinated pyridyl rings in the homoleptic PS which act as electron-withdrawing
groups.

Third, the ligand reduction in these heteroleptic iron complexes is becoming increas-
ingly difficult in the order Fel>Fe2>Fe3 (-1.67 V, -1.79 V, -1.97 V). This has been
also shown by computed molecular orbital schemes in the section 4.3.2 indicating
destabilization of the LUMO levels.
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Table 4.4: Redox potentials of homoleptic and heteroleptic iron photosensitizers.!?!

entry  Eg(Fe''/Fe') [V] Eieqq [V] Ereaz [V] AE, [V]P
Felpomo 0.78

Fel 0.62 (1) 1,67 () 2.29
Fe2home  0.73 (1) 153 “1.67 2.26
Fe2 0.58 (1) -1.79 (r) 2.37
Fe3pomo  0.39 183 (1) -2.02 2.22
Fe3 0.47 (1) 1.97 () 2.44
Febhomo 0.40 (ir)

[a] Measured in MeCN vs. Fc/FcT, 1:10 mol/L; [b] AE,=Eox-Eyed,1-

Finally, the calculated energy difference AE, following equation

AEjp = FEox — Ered,l-

are increased in the following order Fel<Fe2<Fe3 with 2.29 V, 2.37 V and 2.44 V.
This is inline with the blue-shift of the lowest-energy band in the UV-Vis spectra
and the increased HOMO-LUMO gaps assessed by DFT. Thus, CV also confirms
the possibility of complex modification by variation in ligand design. The following
section deals with spectroelectrochemistry. It provides further insights into the redox

processes and is the basis for the analysis of transient optical absorption spectra.
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4.3.5 Spectroelectrochemistry

The selected heteroleptic complexes Fel-3 have been additionally characterized by
advanced spectroscopic methods. With spectroelectrochemical measurements the
nature of specific bands can be assessed. For example, upon oxidation of Fe! to
Fe!'l, by applying an anodic potential, the system is transferred from d® to d®. In the
ground state the iron compound has distinct MLCT bands. However, upon oxidation
one electron is missing so that MLCT transitions are less likely. On the contrary,
due to the vacancy in the metal d-orbitals LMCT transitions become more likely.
This results into absorption changes during bulk oxidation or reduction which are
monitored by UV-Vis spectroscopy.

The absorption changes upon bulk oxidation of Fel are shown in Figure 4.19 (top).
Metal oxidation takes place at +2.2 V and results in decreasing band intensities
at 380, 528 and 565 nm, while two new bands at 417 nm and 591 nm appear
in spectrum A.. Actually, vanisihing of the MLCT bands would be expected.
Presumably, the bulk oxidation is not complete and a geometry reorganization
can be assumed. A potential of +0.5 V is applied to reduce the oxidized species
(cf. Figure 4.19(middle)). However, no band shift is observed, only some intensity
increase is detected in spectrum A,.,eq. In conclusion, the bulk oxidation of Fel
is irreversible. Therefore, ligand reduction is assessed with a fresh solution of Fel.
After applying a potential of -2.3 V the absorption changes are visualized in spectrum
Ajeq (cf. Figure 4.19(bottom)). The bands are broadened and band maxima are
located at 433, 559, 652 and 760 nm. Then, the reduced species is oxidized at 0 V.
Probably, the compound decomposes, resulting also in irreversible bulk reduction of
Fel.

The spectroelectrochemical measurements of Fe2 show different results. Bulk
oxidation at +1.3 V leads to the disappearance of the MLCT bands (516 nm,
555 nm). Instead, a broad band between 500-800 nm arises with maxima at 571 nm
and 627 nm. As explained above, these changes can be explained by the removal of
one electron in the d-orbitals resulting in LMCT bands.!19 Full reversibility of the
systems is confirmed by re-reduction at +0.53 V. The ground state spectrum A
and the re-reduced spectrum A,...q match, although bands at 324 nm and 379 nm
are broadenen or slightly increased (cf. Figure 4.20 (top)). Ligand reduction at
-2.2 V causes the appearance of three new bands (426, 564 and 635 nm) while the
ground state bands are vanished as shown in Figure 4.20 (bottom). The new reduced
absorption spectrum A,.q is very similar to A,.q of Fel, indicating same complex
changes upon reduction. Also here, the ligand reduction is irreversible.

The optical absorption behavior of Fe3 in the ground state A,q, after bulk oxidation
Ao and reduction A,.q is shown in Figure 4.21. Upon metal oxidation at +0.75 V the
MLCT bands at 396 nm and 479 nm are vanished, while in parallel broad features
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Figure 4.19: Changes in the UV-Vis spectrum of Fel (110 mol/L) upon oxidation (Ags
— Aox at +2.2 V (top), re-reduction at +0.53 V Aj¢ g (middle), ligand-based reduction
Ajeq at -2.3 V (bottom).
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between 515-800 nm are detected, indicating formation of a Fe!'l species with LMCT
bands at 613 nm and 766 nm. Bulk oxidation at 4+0.5 V is reversible, since the
re-reduced absorption spectrum A, ,eq overlaps with Ag. A cathodic potential of
-2.5 V does not reduce the ligand framework as can be inferred from the absence of
any changes of absorption properties (cf. Figure 4.21, Ayeq).

Finally, with spectroelectrochemical measurements reversible metal oxidation for
Fe2 and Fe3 are proven. Most likely, Fel exhibits geometry change after oxidation
making the re-reduction unsuccesful and thus, leading to irreversible oxidation of

Fel. All ligand reductions are irreversible in the bulk.
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Figure 4.20: Changes in the UV-Vis spectrum of Fe2 (1-10* mol/L) upon oxidation (A
— Aox at +1.3 V and re-reduction at +0.53 V A,¢ 1eq (top). Ligand-based reduction A,eq
occurs at -2.2 V (bottom).
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Figure 4.21: Changes in the UV-Vis spectrum of Fe3 (110" mol/L) upon oxidation (Ags
— Ao at +0.75 V, re-reduction at +0.5 V A,ceq and ligand-based reduction A,eq at
-2.5 V. Adapted from ref.[®]

4.3.6 Chapter summary

Homoleptic and heteroleptic iron complexes have been characterized by complemen-
tary spectroscopic methods. The trans-angles in tetra-carbene systems is too small
for a good octahedral coordination and better metal and ligand orbital overlap. Here,
improvements in ligand design are necessary.

Absorption properties have been assessed by UV-Vis spectroscopy and combined
with computational analysis via molecular orbital schemes and TDDF'T spectra. The
HOMO-LUMO gap is increased by increase of o-donor ligands or introduction of
phenyl spacer, resulting in blue-shifts of the MLCT absorption bands. MLCT stabil-
ization is applied by protonation suggesting accurate choice of pH in photocatalytic
applications.

The energy gap increase has been confirmed by cyclic voltammetry, especially in
the heteroleptic PS Fel-3. Moreover, spectroelectrochemical measurements show
reversible metal oxidation, except for Fel, and overall irreversible ligand reduction.
Further modification of the physicochemical properties can be realized by the at-
tachement of a second metal.l’>%! In the next chapter dyad and triad synthesis are
presented together with the ground state characterization. Additionally, spectroscopic
investigation of the multimetal complex stability assessed by NMR and UV-Vis spec-
troscopy is conducted, as well as further characterization by spectroelectrochemistry

and transient optical absorption spectroscopy.
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I n multimetal complexes the properties of different metals are combined. The

synthesis of suitable bridging ligands is a key aspect of proper dyad and triad
synthesis (see chapter 3). The connectivity between PS and CAT is realized by
the coordination of pyridine with the cobaloxime moiety. This axial monodentate
coordination presents us with some challenges which will be adressed in this chapter.
A manuscript in preparation includes the results of Dy1-2.1! Published results of
Dy3 can be found here.[*”!

5.1 Dyad Complex Synthesis

-3 y using the presented heterolpetic iron complexes Fel, Fe2 and Fe3, mul-

timetal complexes are realized. Since the iron complexes are inert under

ambient conditions, there is no need to use inert conditions for dyad or triad synthesis.
First, CoCly-6 HoO and dimethylglyoxime are combined in 95% EtOH and warmed
to 70°C. To the brown solution Fel or Fe2 dissolved in DCM are added. Color
change to violet is obeserved. After cooling to room temperature, a stream of air is
passed through the solution and Et,O is added. A formed precipation is isolated
and washed with 95% EtOH, DCM and Et,O. Dy1 and Dy2 are isolated as violet
powders in 90% and 80% yield, respectively.

Figure 5.1: Synthesis of Dyl and Dy2. a) 1) CoCly-6 HyO, dimethylglyoxime, 95% EtOH,
70°C, 2) O, 30min.
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Following this protocol Dy3 is synthesized accordingly. The passing of oxygen
through the solution is elongated to 60 min. Isolation and subsequent washing with
EtOH and Et,O gives Dy1 in 76% yield.[*]

\( —-CI
/k\ s o\ /
N/ \ NN

2 PFG O\H"O

Dy3

Figure 5.2: Synthesis of Dy3. a) 1) CoCly-6 HoO, dimethylglyoxime, 95% EtOH, 70°C, 2)
09, 60min.

5.2 Triad Complex Synthesis

T riads can be synthesized according to the presented protocol above. Using

this strategy, Tri3 is synthesized in 40% yield. Another possibility is the
application of a cobalt precursor complex. Both synthesis routes are presented in
Figure 5.3. Co(dH)(dH;3)Cl; is dissolved in MeOH. The addition of one equivalent
NEt; is used to deprotonate one hydroxide functionality leading to a closed pseudo-
macrocycle formed by two dmgH ligands. L3 suspended in DCM/MeOH is added
to the red solution. It turns violet. Then the solution is treated with an air stream
causing oxidation of cobalt and the formation of a suspension. The violet product is
isolated. Washing with Et,O gives Tri3 in 37% yield.

1) dimethylglyoxime
Fe3homo HO—N/ \N—O 1) MeOH, NEt3
95% EtOH CoCly § \ Fe3homo
2) Oz "6 H0 HO-N" ‘ “N—G 2) O,
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Figure 5.3: Synthesis of Tri3.
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5.3 Characterization and Properties

T he ground state characterization covers XRD, NMR spectroscopy, UV-Vis

spectroscopy and CV. Due to the monodentate coordination the dyad stability
has to be adressed. This is realized by NMR and UV-Vis spectroscopy. Absorption
changes upon protonation are also investigated similar to the iron PS. Finally, the
redox behaviour in the bulk via spectroelectrochemistry is discussed. The excited-
state dynamics via transient optical absorption are investigated for the heteroleptic

compounds Fel-3 and the corresponding dyads Dy1-3.

5.3.1 Crystal structures

Crystals are obtained by vapour diffusion. Acetonitrile or acetone are used as solvent
and Et,O as anti-solvent. Attempts to obtain crystals of Dy2 and Tri3 are not
successful. The crystallographic data of Dyl and Dy3 are shown in Figure 5.4 and
are listed in Table 5.1.

Figure 5.4: Single crystal structure of Dyl and Dy3. Anisotropic displacement ellipsoids
are drawn at the 50% probability level. Hydrogens are omitted for clarity as well as counter
ion PFg .
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In general, coordination of the PS with the cobalt moiety is confirmed by XRD.
The overall coordination geometry of Dy1 is the same as in Fel. It is a distorted
octahedron. The average iron-bridging ligand bond length Fe-BL,, of 1.933 A suggests
a stronger bond of L1 with iron compared to 1.937 A in Fe3. In addition, the
intermolecular bond angle N,-Fe-N,, is slightly improved in the dyad and closer
to 180° (178.69°). Also, the torsiongpe angle, which is 84.9° in Fel due to packing
effects, is drastically reduced to 10.1°. Here, the planarization through acetylene
spacer is visible. The Co-N,; bond length is 1.964(1) A. The second axial position
is coordinated by the chloro ligand with a Co-Cl distance of 2.227(5) A. Two
dimethylglyoxime ligands form a pseudo-macrocycle with an averaged bond length
of 1.897 A to the cobalt.

Table 5.1: Crystallographic data of Fel, Dy1l, Fe3 and Dy3.

Bond lenghts [A]

Fel Dyl Fe3 Dy3
and angles [°]
Fe-Ngp 1.925(8)  1.934(6) 1.916(2) 1.919(2)
Fe-Cgp 1.994(av) 1.990(av) 1.968(av) 1.970(av)
Fe-Npt. axial 1.864(1)  1.867(4) 1.915(2)  1.907(2)
Fe-NBL equat. 1.973(av) 1.966(av)
Fe-ChL equat. 1.950(av) 1.953(av)
Fe-BL,y 1.937 1.933 1.938 1.938
Cgp-Fe-Cgp 158.36 158.68 158.79 158.45
N.x-Fe-N. 176.24 178.69 176.93 179.86
torsionyyiple 84.9 10.1
torsionmono 43.3 30.6
Co-N,, 1.964(1) 1.968(2)
Co-Namgn 1.897(av) 1.894(av)
Co-Cl 2.227(5) 2.2351(7)

In the following crystallographic data of Dy3 is discussed. Upon cobalt coordina-
tion in Dy3 the first coordination sphere around the iron center is only slightly
affected. The average iron-bridging ligand bond length Fe-BL,, stays the same.
The intramolecular angle in the terminal ligand SP, Cgp-Fe-Cg,, is around 158° in
both compounds, while the intermolceular bond angle N,.-Fe-N, is improved to
179.86° compared to 176.93°. Regarding the torsion angle in the bpy motif, it is
reduced upon cobalt attachment from 43.4°in Fe3 to 30.6° in Dy3. This is either
due to packing effects in the crystal or due to a better electron overlap induced
by the second metal. The Co-N,, bond length is 1.968(2) A. The chloro ligand is
coordinated in a Co-Cl distance of 2.2351(7) A. The averaged Co-Nypyen bond length
for the nitrogens in the dimethylglyoxime ligands is 1.894 A.

Comparison between both dyads highlights equal coordination geometry around the
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cobalt. However, by comparing the two different metal-nitrogen bonds it is obvious
that the Co-N,, bond (1.964 A and 1.968 A) is elongated in respect to Co-Namgn
(1.897 A and 1.894 A). This indicates a weaker bond between the pyridine nitrogen
and cobalt, so possible dissociation can be expected at this position. In the following
section the dyad stability is investigated via NMR.
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5.3.2 Dissociation study by NMR Spectroscopy

According to the weaker cobalt-nitrogen bond connecting PS and CAT a significant
risk of dyad dissociation is present in Dy1-3. Previous X-ray scattering studies on
monodentate Ru-Co dyads have revealed dyad dissociation in coordinative solvents
such as MeCN.[194105] Usually, MeCN is the solvent of choice when physical properties
of related iron PS and dyads are studied. Hence, it is important for the following
spectroscopic investigations to understand the dyad stability at different concen-
trations. A concentrated dyad solution (10 mM, MeCN-d3) is diluted gradually
until 0.02 mM. The resulted solutions are measured via !NMR. Details of the NMR
experiment are given in the appendix. In a diluted solution proton signals of PS
and dyad are present. Integrals corresponding to each compound and dominant in
the aromatic region are chosen for analysis and the mole fraction of the associated
dyad as a function of the concentration is obtained. These dissociation curves are

presented in Figure 5.5 for Dy1 and Dy2.

= Dy1
e Dy2

0.8
Fe2 + Dy2
I “ | c0.02mM
(&)
©
5 JLJL cs=0.16 mM
€ 0.4 1

Dy2
=10 mM

0.2 L S A e — T 1
m 7.0 6.9 6.8 6.7 6.6 6.5
1 chemical shift [ppm]

0 T T T T T T T T T T T
0 0.5 1 1.5 2 25 3
concentration [mM]

Figure 5.5: Mole fraction of Dyl and Dy2 calculated from proton integral ratio following
equation: fayaa= layad/(Layad+Ips). Layaa+Ips is proportional to the total amount of species
in solution. Inset shows evolution of Fe2 proton signal (8§ = 6.80 ppm) and decrease of
dyad Dy2 signal (6 = 6.78 ppm) in diluted dyad solution.

An inset exemplifies how the dissociation of the dyad shows up in the proton NMR
measurements. It shows a !NMR cut-out of the strongest signal in the spectrum.
At 10 mM only the dyad proton signal is present. After dilution a second dublett
evolves which corresponds to Fe2 and is shifted more down-field (¢ = 0.16 mM).
The dubletts correspond to the protons in the diisopropylrings of SP in the meta-
position. Subsequent dilution up to 0.02 mM leads to dominanting PS signal and



5.3.2 Dissociation study by NMR Spectroscopy

decreasing dyad proton signal. With the dissociation curve the dyad dissociation can
be discussed more quantitatively. Both dyads are stable until 3 mM. Dissociation
curves until 10 mM can be found in the appendix. Comparison of the dissociation
curves shows that the dissociation starts at 2.5 mM for Dy1 and at 0.6 mM for
Dy2. Depending on the concentration, Dy1 dissociates earlier (steeper slope), while
Dy2 is more stable over a larger concentration window. This suggests that the
bond between Fe2 and cobaloxime moiety is stronger compared to Dy1. Finally, at
0.02 mM only 14% of Dy1 and 50% of Dy2 are intact.

6=6.79ppm

Fe3

M gl
diluted Dy3 (0.18 mM)
8=6.72ppm [ ]

ey

concentrated Dy3 (5.65 mM)
755 745 735 725 745 705 695 685 6.5
chemical shift [ppm]

Figure 5.6: Insight into aromatic region of 'H NMR of Dy3 (concentrated=red, di-

luted=black) and Fe3 (blue) in MeCN-ds. Proton signals in diluted dyad solution origin-

ating from Fe3 are marked with asterisks. Adapted from ref.[99.

Dissociation of Dy3 is also evaluated by NMR. Again, 'NMR spectra are shown
to understand dissociation of the dyad (Figure 5.6) upon dilution. The relevant
aromatic region from 7.55-6.65 ppm is chosen for discussion. NMR spectra of Dy3
at higher (5.65 mM) and lower concentration of 0.18 mM are presented together
with a NMR spectrum of Fe3. Details can be found in the appendix. As described
above, the most intense signals, the dubletts at 6.72 ppm for Dy3 and at 6.79 ppm
for Fe3, are analyzed. According to the integral ratio the dissociation curve for Dy3
is obtained (Figure 5.7). Above 5 mM the dyad is stable (> 95%). Upon dilution,
PS proton signals evolve (marked with asteriks in Figure 5.6). At 0.18 mM only
18% of Dy3 is dissociated. Further decrease of the concentration to 0.02 mM leads

to a dissociation of 58%. Hence, only 42% of dyad is present in such a diluted solution.
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Figure 5.7: Mole fraction of dyad Dy3 calculated from proton integral ratio (marked with
squares in previous figure) following equation: fyyaa= Idyad/(Idyaa+Ips). Total amount of
species in solution is proportional to Iqyaq+Ips. Adapted from ref. [99]

Additionally to the investigation of the dyad stability, the triad dissociation behaviour
is studied. Here, dissociation of two cobaloxime moieties can happen subsequently.
This means three different species are expected in the 'H-NMR spectra. They are
illustrated in Figure 5.8 (right).

6 =7.03 ppm
Fe3homo
0.03 mM photosensitizer
5 = 7.00-7.01 ppm

—

asymmetric dyad

0 =6.98 ppm .

triad

Tri3 (1.67 mM)

chemical shift [ppm]

Figure 5.8: Left) Insight into aromatic region of 'H NMR spectra of Tri3 (concen-
trated=orange, diluted=red, blue) and Fe3pomo (black) in MeCN-ds. Right) Schematic
structures of compounds present in solution upon triad dissociation: triad, asymmetric
dyad and photosensitizer.
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As an example, the evolution of NMR signals of triad, asymmetric dyad and fully-
dissociated Fe3pomo between 7.07-6.92 ppm is presented in Figure 5.8 (left). The
pure proton spectrum of Fe3pomo is added for comparison. Due to a lower solubility
of Tri3 in MeCN the concentration range of the NMR study is between 0.013 mM -
1.67 mM. At high concentrations only triad signal, the corresponding imidazolylidene
proton is shown here, is visible. After dilution by factor 10 three similar but down-
field shifted signals evolve. Protons at 7.00 ppm and 7.01 ppm have the same
intensity and are therefore assigned to the asymmetric dyad which has two different
ligand sides resulting in a double set of signals. The dublett signal at 7.03 ppm is
assigned to Fe3pomo- It overlaps with the reference spectrum of pure Fe3pomo (cf.
Figure 5.8, black). By extracting the integrals the mole fraction f,, of each compound

is calculated following this equation:

fn:IH/<IPS+Idyad+Itriad)a 5.1

with n = PS, dyad or triad. In Figure 5.9 the mole fraction f, is plotted against
the concentration. At the beginning of the dissociation experiment, at 1.67 mM
and 0.84 mM, no dissociation of Tri3 is observed. Below this concentration, at
0.42 mM, additional signals occur which are assigned to the asymmetric dyad with
one cobaloxime moiety dissociated. The concentration of Tri3 decreases while in
parallel more asymmetric dyad is present. The solution at 0.1 mM contains a third
component which is assigned to Fe3nomo. The distribution is 46%, 44% and 10%
for Tri3, asymmetric dyad and Fe3pnomo, respectively. Upon further dilution, triad
dissociates linearly.
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Figure 5.9: Mole fraction of the compounds Tri3, asymmetric dyad and Fe3yomo present
in solution upon triad dissociation.
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A further increase of the asymmetric dyad is attenuated due to the strong increase
of the fully-dissociated species, Fe3pomo. Finally, at 0.013 M there is no triad in the
solution. Instead, an almost equal distribution of the asymmetric dyad and Fe3pomo
is found (48% and 52%).

To conclude, due to the monodentate coordination of PS to the cobaloxime moiety,
the multimetal complexes dissociate in diluted acetonitrile solutions. This process is
reversible when the concentration is increased again. The dyads are stable in the
following order Dy2>Dy3>Dy1 at very low concentrations (0.02 mM). Tri3 is
stable over a large concentration range but dissociates into asymmetric dyad and
Fe3nhomo to different extend depending on the concentration. Consequently, all of the
following spectroscopic methods are discussed in terms of the possible dissociation of

dyad/triad at setting-dependent concentrations.
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5.3.3 UV-Vis Spectroscopy

The absorption properties of the multimetal complexes are as important as the
photosensitizer absorption properties for photocatalytic applications. Ground-state
UV-Vis spectroscopy is conducted at standard concentration of 1-10> mol /L. Deduced
from NMR, we know that none of the dyads and triad is completely intact. Hence,
due to the dissociation behaviour of the compounds concentration-dependent UV-Vis

spectra are recorded. Moreover, absorption changes upon protonation with TFA are

studied by UV-Vis.

Ground-state spectroscopy

The absorption properties of the multimetal complexes are discussed in comparison
to the PS counterparts. First, the terpyridine-based systems are investigated. In
Figure 5.10 the UV-Vis spectra of the photosensitizers and dyads containing either
L1 or L2 are presented. The absorption maxima and the corresponding extinction

coeflicients are listed in Table 5.2.
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Figure 5.10: Absorption spectra of Fel-2 and Dy1-2 in MeCN at 1-10" mol/L.

The absorption pattern can be divided into 7-7*- transitions within the ligand
manifolds and MLCT bands with contribution of either the terminal ligand SP or
the bridging ligand, equal to the assignment for the PS in section 4.3.2. In case
of Fel and Dy1, the absorption does not change significantly. There is only a
minor red-shift of the lowest-energy band from 568 nm to 570 nm. In light of the
dissociation study, presumably the main species at a concentration of 1-107° mol /L

is the photosensitizer. Therefore, spectral differences are only slight. A second
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difference is found for the shoulder at 337 nm in the part of the spectrum where
m-m*-transitions dominate. Here, the intensity of the shoulder is increased from
16,700 cm™* M to 20,400 cm™ M.

The comparison of the UV-Vis spectra of Fe2 and Dy2 shows the same absorption
pattern with differences in peak intensities and overall bathochromic shift of the
bands of ~2 nm in the dyad. Also here, the absorption does not change significantly
due to the dyad dissociation or due to very similar absorption properties of PS and
dyad.

The absorption spectra of carbene-based dyad Dy3 and triad Tri3 are shown in
Figure 5.11. The corresponding spectroscopic data are presented in Table 5.2. In
Dy3, the absorption intensity increases for all bands. The MLCT band is broadened
and red-shifted by A\ = 5 nm. Additionally, a shoulder appears at 440 nm which
is not present in the corresponding PS spectrum. Again, specific dyad features are
difficult to identify due to the advanced dyad dissociation at such low concentration.
In case of Tri3, the absorption is intensified most probably because of the enlarged
molecule which leads to an increased number of transitions within the triad. The
MLCT band intensity is increased from 14,500 cm™M! to 18,300 cm™M™ and a

significant red-shift of A\ = 10 nm is detected. The MLCT band is also substantially
extended until 750 nm.
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Figure 5.11: Absorption spectra of Fe3, Fe3pome and Dy3, Tri3 in MeCN at 1-10°° mol /L.

In summary, some changes between PS and the corresponding multimetal complex
are identified, however the spectral changes are only manifested in small red-shifts
or intensity increase. Therefore, higher concentrated solutions are investigated in a
concentration-dependent UV-Vis study.
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Table 5.2: Absorption properties of iron photosensitizers Fel-3, Fe3nomo and multimetal
complexes Dy1-3 and Tri3.

entry Aabs [nm](e - 10% [em™M1])

Fel 203 (45.7), 336 (16.7) 380 (11.6) 528 (10.8), 568 (12.7)
Dyl 204 (45.9), 337 (20.4) 381 (11.8) 528 (10.2), 570 (12.5)
Fe2 299 (45.3), 322 (41.4) 378 (13.1) 517 (11.0), 555 (11.3)
Dy2 297 (49.1), 328 (51.6) 380 (16.1) 518 (11.7), 556 (12.3)
Fe3 204 (16.8) 308 (6.6) 481 (11.2)

Dy3 292 (26.0) 308 (8.9) 486 (13.0)

Fe3nome 303 (12.1) 309 (5.8) 506 (14.5)

T3 303 (27.7) 308 (9.5) 516 (18.3)

[a] Measured in MeCN at 1-10"° mol/L.

Concentration-dependent UV-Vis spectroscopy

The samples dissolved in acetonitrile are subsequently diluted and the absorption
changes are monitored by UV-Vis spectroscopy. To achieve good signal quality in a
static cell (0.1 cm cuvette), only concentration up to 2.5-10 mol/L can be used.
The absorption properties at different concentrations are plotted for Dy1-3. The
spectra are normalized with respect to the lowest-energy band to highlight intensity
changes upon dilution from 2.5-10* mol/L to 3.2 or 1.6:10° mol/L (¢f. Figure 5.12).
As deduced from NMR, Dy1, Dy2 and Dy3 are relative stable at 2.5-10* mol /L
with 76%, 90% and 76%, respectively.

First of all, the lowest-energy band is located at 576 nm in concentrated dyad solution
of Dy1 which is more red-shifted than in the diluted standard UV-Vis spectrum.
Upon dilution the band is blue-shifted to 572 nm. The ratio between the 525 nm
and the 576 nm band is changed upon dilution causing an increase of 525 nm band
intensity relative to the lowest-energy band. Moreover, a blue-shift of the 380 nm
band is observed reflecting a destabilization of involved states upon dyad dissociation.
In Dy2 spectral changes are not significant. Bands at 519 nm and 556 nm are not
shifted upon dilution. Only the 380 nm band already assigned to transitions located
at the iron side is enhanced relative to the other bands.

The absorption changes of Dy3 upon dilution from 2.5-10* mol/L to 3.2:10"5 mol/L
are shown in Figure 5.12 (bottom). At a high concentration, the evolved shoulder at
440 nm in the standard UV-Vis spectrum is clearly distinguishable from the broad
band around 497 nm. It flattens upon reducing the concentration. In addition, the
lowest-energy band (497 nm) is shifted by 11 nm compared to the diluted spectrum
with a band maximum at 486 nm and it becomes narrower. The blue-shift of this
band can be followed upon dilution and highlights the stabilization of the dyad

formation and the consequence of dyad dissociation.
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Figure 5.12: Absorption spectra of Dy1-3 in MeCN at 2.5-10% mol/L till 3.2-10® mol/L
or 1.6-10°% mol/L.
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In the following, the pure dyad spectrum of Dy3 without the PS influence is
simulated. At each concentration the PS spectrum according to the mole fraction

dedcued from NMR is subtracted from the dyad spectrum following equation

Ut
[\]

Ae = €Dy3 — fn - €res-

As a result, very similar difference spectra are obtained with three main bands in
the MLCT region (c¢f. Figure 5.13). While the MLCT bands at 398 nm and 440 nm
are not shifted in the simulated spectra the lowest-energy band is clearly shifted to
~510 nm. The calculated difference spectra represent the absorption properties of
Dy3 without photosensitizer contribution very well. Since the spectral changes of

Dy1-2 are less pronounced, the simulated spectra are not examined.
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Figure 5.13: Difference absorption spectra of Dy3 in MeCN at 2.5-10% mol/L till
3.2:10° mol/L simulated by calculating Ae = €Dy3-fn * €Fe3-

Protonation studied by UV-Vis spectroscopy

Regarding the dissociation behaviour of the multimetal complexes, it is interesting
to investigate the spectral changes upon protonation with TFA. Since at regular
UV-Vis concentration, all multimetal complexes are partially dissociated, a red-shift
due to the protonation of the free pyridine functionality belonging to the PS is
expected. Note, without a pyridine moiety no absorption shift occurs as shown by
Fe(terpy)22* and C3.

The absorption spectra of Dy1-3 and Tri3 are shown in Figure 5.14. Upon proto-

nation of Dy1 with TFA, below 350 nm no significant changes are observed, while
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the band at 381 nm is reduced and has a shoulder around 410 nm. In addition,
the 570 nm band is red-shifted to 586 nm. In Dy2, a m-7*-band around 295 nm is
attenuated and a minor red-shift is visible.

The carbene-based multimetal complexes are more strongly affected by protonation
equal to the photosensitizer counterparts (c¢f. section 4.3.3). In Dy3, the band
around 400 nm is red-shifted (AX = 4 nm). Moreover, the lowest-energy band of
Dy3 (486 nm) is red-shifted by AX = 48 nm. Due to the red-shift from 486 nm
to 534 nm the rise of a third band at 440 nm becomes visible. It is equal to the
band which can be identified in higher concentrated dyad solutions (c¢f. Figure 5.12
(bottom)).
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Figure 5.14: Absorption changes of Dy1-2 (top) and Dy3, Tri3 (bottom) in MeCN upon
protonation with TFA.
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In this context, a third band (439 nm) is also detected in the spectrum of protonated
Fe3. Thus, protonation or cobaloxime coordination stabilizes the same states that
enable additional MLCT transitions around 440 nm for Fe3 and Dy3.

In Tri3, the shoulder around 300 nm is slightly reduced and the band around 400 nm
is slightly flattened. A wavelength difference of AX = 47 nm can be found for the
lowest-energy feature upon addition of the acid which results in better m-acceptor
ability of the bridiging ligand.[*®l Here, no band appears at 440 nm which is also
true for Fe3nomo and the other homoleptic iron complexes Felpomo, F€2homo and
Febomo. This suggests that the terminal ligand SP might be involved in the bands
at 420 or 440 nm.

To conclude, photosensitizers and multimetal complexes react differently to the
addition of an acid. As a comparison, the red-shifts of the lowest-energy band
are listed in Table 5.3. In each case, the absorption properties of the multimetal
complexes are less affected compared to the PS. This is in agreement with the
concentration-dependent NMR study which has revealed partial dissociation of the
multimetal complex at low concentrations. While available photosensitizer molecules
are protonated, intact dyad or triad molecules are not protonated because the
pyridine moiety is coordinated by cobaloxime. Overall the concentration of free PS is
lower compared to the pure PS solutions and hence the red-shift is less pronounced.
Presumably, at very high concentrations no absorption changes are expected upon

protonation of Dy1-3 and Tri3, since dissociation does not occur.

Table 5.3: Red-shift A\ of selected complexes upon protonation.

compound red-shift

Fel 24 nm
Dyl 16 nm
Fe2 5 nm

Dy2 1 nm

Fe3 70 nm
Dy3 48 nm
Fe3nomo 74 nm
Tri3 47 nm

Investigation of absorption properties by theoretical calculations

As discussed above, the absorption properties of PS can be tuned by protonation or
cobalt coordination. However, the dissociation of multimetal complexes at UV-Vis
standard conditions poses a major challenge to measure the real signature of dyad
or triad absorption. In this regard, further insights are provided by theoretical
calculations. First, molecular orbital schemes of Dy1-3 are extracted from single-

point energy calculations and compared with the PS counterparts. They are visualized
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in Figure 5.15. The energy gaps are indicated by arrows and the energy difference is
given in eV and transferred to the wavelength equivalent for better comparison with
the UV-Vis spectra. The average Fe 3d character is included for d7, dz* and do*

orbitals in % and average Co 3d character for dm and do* orbitals.
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Figure 5.15: Molecular orbitals of Fel-3 and Dy1-3 extracted from single point energy
calculations; TPSSh, def2-TZVP(P), CPCM/SMD (MeCN). HOMO-LUMO gaps are
indicated (eV/nm). The average Fe 3d and Co 3d character is included for dm, d7* and
do* orbitals in %.

As with the photosensitizers, the highest-occupied molecular orbital (HOMO) is
mainly metal-based (%Fepy; = 71.6% and %Fepys = 73.0%) with a reduced metal
character in Dy3 (%Fepys = 68.0%). This indicates a higher covalency in tetra-
carbene systems compared to terpyridine systems. The lowest-unoccupied molecular
orbital (LUMO) is mainly ligand-based with a minor iron 3d character between
5.0-5.8%. The e,*-like do*-orbitals have a %Fe of 64.0% (Dyl), 64.3% (Dy2) and
59.1% (Dy3). Three to.-like Co d7 orbitals are energetically below the iron dm
orbitals. Their average Co 3d character is 38.6% and 34.6% in Dyl and Dy2,
respectively, suggesting a high covalency within the cobaloxime moiety. In Dy3, the
average Co 3d character is 49.0%. The related Co do*-orbitals have a reduced metal
character compared to the Fe do*-orbitals with 55.5%, 56.9% and 52.4%.

The red-shift of the lowest-energy band in the dyad spectra is qualitatively reflected
by DFT calculations. Here, in the dyads the LUMO levels are stabilized resulting in
smaller HOMO-LUMO gaps. As deduced from the molecular orbital scheme, the
cobalt coordination affects the HOMO-LUMO energy differently. A stabilization
of 0.11 €V is found for Dy2 which translates to an expected red-shift of 20 nm.
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Experimentally the absorption changes are only subtle. Upon cobalt coordination in
Dy1, the stabilization of the LUMO levels is expressed by a reduction of 0.14 eV
equal to AX = 29 nm. Again, the experimentally-detected red-shift is only 2 nm. The
reduced HOMO-LUMO gap in Dy3 suggests a red-shift of 37 nm (cf. Figure 5.15).
In the standard UV-Vis spectrum a red-shift of 5 nm is found.

As suggested by theoretical calculations, the stabilization upon cobalt coordina-
tion is stronger than identified in the UV-Vis spectra at 1-10 mol/L. Taking the
concentration-dependent UV-Vis spectra into account, the terpyridine-based dyads
still show a low stabilization effect upon cobalt coordination. On the contrary, the
simulated spectrum of Dy3 with a band maximum around 510 nm has a red-shift of
AX = 30 nm, which is in good agreement with the proposed theoretical red-shift of
37 nm.

The spectral assignment of the bands is assessed by TDDFT. The experimental
and TDDFT spectra of Dy1-3 are shown in Figure 5.16. A detailed analysis of all
relevant singlet transitions are in the appendix.

TPSSh-TDDFT succeeds in describing all relevant bands with partial deviation in
their energetic position or intensities for Dy1. The experimental and computational
spectra of Dy1 are compared in Figure 5.16 (top). Band A which correlates to the
lowest energy band around 570 nm results from a MLCT transition from Fe(II) to
the bridging ligand L1. Also, the band at 528 nm is described by the blue-shifted
transition B with MLCT character. The dominant acceptor orbitals are located on
L1 with spatial distribution on the iron-coordinated pyridine ring and the imidazol-
ylidene rings or extended until the terminal pyridine ring. The absorption band at
381 nm can be described by band C, which is slightly red-shifted. Singlet transition
analysis reveals transition from the cobaloxime moiety to the bridging ligand. MLCT
transitions with iron involvement, which have been previously assigned to this band,
are missing for band C. Donor orbitals are composed of Co dr orbitals with 40%
metal 3d character, hence these transitions can be assigned as MLCT from Co to
L1 (¢f. appendix for details). In addition, LMCT transition from dmgH ligand
framework to Co is found. In comparison, LMCT transition are also present in
the reference cobaloxime, which supports this assignment.® Based on the TDDFT
results of Fel, the 381 nm band is also characterized by MLCT transitions from iron
to the ligand manifold. The band at 294 and the shoulder at 335 nm are described
by band D. It is dominated by inter- and intraligand n-n* transitions within the
bridging ligand L1.

The TDDFT and experimental spectra of Dy2 are shown in Figure 5.16 (middle). In
the red part of the spectrum only one band A covers the two main bands at 518 nm
and 556 nm. The underlying transitions are very similar to the transitions A and B

in Dy1 only the energetic splitting is reduced resulting in the presences of one band
A,
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Figure 5.16: Experimental and computational spectra of Dy1 (red), Dy2 (blue) and Dy3
(orange); TPSSh, def2-TZVP, SMD(MeCN) or CPCM(MeCN).
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Since the other terpyridine-based PSs and dyad are well-described by TPSSh, this
functional is also used for Dy2. In line with the assignment for Fe2, bands between
510-560 nm are best described by MLCT transitions from iron to L2. The band at
380 nm is represented by transition B, which originates from n-7* transitions within
the bridging ligand. Also, the cobaloxime moiety is involved here as donor for the
n-7* transition to L1. Furthermore, the band B is influenced by a strong singlet
transition at 368 nm. It is characterized by MLCT transitions from iron to L2 and
m-1* transitions within the bridging ligand. Ligand-based m-t* transitions below
350 nm are confirmed by band C. Around 330 nm a LMCT transition theoretically
occurs which is also present in Dy1 and the reference cobaloxime. However, this
result is questionable, because donor orbitals orginate from SP and the acceptor
orbitals are located within the cobaloxime framework.

In Dy3, the ligand-based transitions below 300 nm are not covered within the
theoretical calculations due to a lower number of computed states. The concentrated
UV-Vis spectrum of Dy3 is chosen for comparison (cf.Figure 5.12). TPSSh-TDDFT
resolves three bands A-C, which qualitatively describe the experimental spectrum
except the specific feature at 440 nm induced by cobalt coordination. The absorption
around 500 nm is reflected by the blue-shifted band A. It originates from a charge
transfer from iron to the bridging ligand L3 and a smaller contribution to the
cobaloxime moiety. It could be tentatively assigned as MMCT between both metals.
This feature would be unique among the presented dyads. The band B reflecting
the absorption at 398 nm is dominated by MLCT transition to SP. Again, a minor
contribution (14%) is a mixture between MLCT to L3 and to the cobaloxime moiety
(MMCT). Finally, the band C covers the beginning of the intense band below 350 nm
and reflects m-7* transitions.

To conclude, the experimental absorption properties of multimetal complexes have
been characterized in dependency of concentration and protonation. Computed
molecular orbital schemes have given insight into the energetic order of HOMO and
LUMO states as well as their nature (Fe 3d and Co 3d character). Additionally, the
observed transitions have been assessed by TDDFT. By that, the MLCT character
of the lower-energy bands has been confirmed. However, TPSSh-TDDFT has failed
in fully describing the absorption properties of Dy2 and Dy3.



Chapter 5. Multimetal Complexes

5.3.4 Cyclic Voltammetry

Afer the investigation of energy levels within multimetal complexes on the basis of
UV-Vis and DFT, the redox potentials of these compounds will be studied via cyclic
voltammetry. The cyclic voltammograms are added in Figure 5.17. The potentials
are referenced against the Fc/FcT couple. The dissociation of dyads and triads is not
considered because the measurements are performed at 1-10 mol/L and thus all
multimetal complexes are more than 90% intact. In addition to two redox events in
the photosensitizer, the multimetal complexes exhibit three additional redox events
originating from the cobaloxime moiety. The same redox events occur in the reference
cobalt catalyst, cobaloxime C14. The redox potentials are added in Table 5.4. The
redox event on the anodic side of the cyclic voltammogram at 0.73 V is assigned to
a reversible ligand oxidation of the dmgH framework."® On the cathodic side, an

irreversible Co!/!I

reduction occurs at -1.04 V, which leads to the dissociation of
the chloro ligand.[™ Subsequently, a more cathodic potential (-1.50 V) leads to the

second reduction of cobalt from Co! to Col.

~
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Figure 5.17: Cyclic voltammograms of multimetal complexes Dy1 - Dy3 and Tri3 in

MeCN ((nBugN)(PFg), 100 mV /s, 1-10" mol/L).

In case of Dy1, the ligand oxidation is anodically shifted from 0.73 V to 0.76 V

compared to C14 indicating lower electron density on the dmgH manifold. The
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iron oxidation is found at 0.63 V compared to Fel (0.62 V, ¢f. Table 4.4). Thus,
the electron density is shifted away from iron upon dyad formation suggesting a
mild effect of cobalt on the PS redox potential. The ligand reduction is cathodically
shifted from -1.67 V in Fe3 to -1.79 V. Hence, the ligand reduction is more difficult
which is induced by the cobalt coordination. Consequently, the electron density
on the bridging ligand is increased due to the cobaloxime bond. The energy gap
is increased to 2.42 V (A(Fe3)=2.29 V). This is in contrast to the reduced optical
band gaps extracted from UV-Vis spectroscopy upon cobalt coordination. Also,

stabilization of LUMOs are not reflected by the increased energy gap.

Table 5.4: Redox potentials of iron-cobalt dyads Dy1-3 and triad Tri3. Corresponding
photosensitizer redox potentials in square brackets.[?l

entry  Erjgox [V]  Eox(Fe'™) [V]  Eyeq(Co) [V] ELigrred [V]  AE; [V]F
Dyl  0.76 0.63(r) [0.62] -0.98(ir), -1.38 -1.79(r) [-1.67]  2.42 [2.29]
Dy2  0.74 0.57(r) [0.58] -1.01(ir) -1.46(qr)  -1.81(r) [-1.79] 2.38 [2.37]
Dy3  0.77(x) 0.50(r) [0.47] -0.91(ir), 1.46(qr)  -1.94(r) [-1.97] 2.44 [2.44]
Tri3  0.76 (r)  0.44(r) [0.39)] -0.87(ir)

c14ll 073 (1) -1.04(ir), -1.50(qr)

[a] Measured in MeCN vs. Fc/FcT, 1-10 mol/L; [a] AE,=Ere ox-ELigp, red; [b] Taken from ref.[3.

In Dy2, the iron oxidation is slightly cathodically shifted upon dyad formation
(0.58 V to 0.57 V), indicating a destabilization of the HOMO, which is different to
the Fel /Dy1 couple and contrary to the DFT results. The three redox events related
to the cobaloxime moiety are located at very similar potentials compared to C14
(0.74 V, -1.01, -1.46 V). The reversible ligand reduction occurs cathodically-shifted
at -1.81 V. The energy gap AE, is 2.38 V for Dy2.

The cyclic voltammogram of Dy3 exhibits five redox events. On the anodic side,
dmgH oxidation at 0.77 V and Fe' oxidation at 0.50 V occur. The lower Lewis
basicity of Fe3 compared to pyridine in C14 results into lower electron density of
the cobaloxime moiety. In agreement with DFT, the HOMO levels are stabilized
upon cobalt formation, resulting in the anodic shift of iron oxidation. On the
cathodic side, the dyad is reduced. At -0.91 V the irreversible Co™™ reduction
is combined with the chloro ligand loss.[™ Subsequently, cobalt is further reduced
to Co' in a quasi-reversible event at -1.46 V.['%] The reversible ligand reduction
assigned to the bipyridine motif in the L3 framework is anodically shifted to -
1.94 V (Epigy, rea(Fe3)=-1.97 V), thus confirming the improvement of the m-accepting
capability of the bridging ligand in the dyad. To summarize, the electron density are
shifted from the dmgH pseudo-macro cycle and iron to L3 and the cobalt side. The
energy gap is the same for Fe3 and Dy3

Due to overlapping redox events on the cathodic side in Tri3 only the dmgH oxi-
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dation, iron oxidation and first irreversible Co reduction could be quantitatively
analysed. On the anodic side, dmgH oxidation occurs at 0.76 V suggesting stabili-
zation of the dmgH 7 orbital energy levels. Fe!'/! redox potential is cathodically
shifted to 0.44 V leading to a stabilization of the metal-based HOMO levels in Tri3
upon twofold coordination of cobaloxime compared to Fe3pomo (0.39). The first
irreversible cobalt reduction Co™™ is drastically shifted from -1.04 V to -0.87 V.
This indicates easier reduction of the cobalt moieties which is equal to stabilization
of the cobalt-based e,*-like do*-orbitals.

The iron redox potentials in most of the multimetal complexes are anodically shifted
which highlights the stabilization of the iron-based HOMO energy level upon cobalt
coordination. Moreover, the cobalt-based reduction is facilitated suggesting the
stabilization of the cobalt-based anti-bonding energy levels and reflecting better
m-accepting capability of the photosensitizer compared to the pyridine ligand in C14.
Overall, the reduction of the HOMO-LUMO energy gap, as deduced from UV-Vis

spectroscopy and DFT| is not confirmed by CV.
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5.3.5 Spectroelectrochemistry

The bulk redox properties of Dy1-3 are assessed by spectroelectrochemistry. The
measurements are conducted at 1-10* mol/L with expected dyad dissociation rates
of 37%, 26% and 34% for Dy1, Dy2 and Dy3, respectively. Due to very similar
UV-Vis spectra of PS and dyad counterpart of Dy1-2 (c¢f. section 5.3.3) the dyad

dissociation is not adressed. In case of Dy3, effects of dyad dissociation are discussed.
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Figure 5.18: Changes in the UV-Vis spectrum of Dy1(1-10** mol/L) upon oxidation (Ags

— Aok at +0.9 V (top), re-reduction at +0.65 V A,¢eq and ligand-based reduction A;eq
at -1.43 V (bottom).

The spectral changes upon bulk oxidation and reduction of Dy1 are presented in
Figure 5.18. Dy1 is oxidized in the bulk at +0.9 V. The MLCT bands at 528 nm and
572 nm are vanished and a broad signal from 500-800 nm with a maximum at 588 nm

evolves, which is assigned as LMCT band in spectrum A.,.l'% Applying a potential
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of +0.53 V reduces the oxidized species again and the resulted absorption spectrum
A,ered matches the ground state absorption Agg partially. The lowest-energy band is
shifted to 583 nm compared to 570 nm in A,y Also, the band at 379 nm is attenuated
and broadened with an additional shoulder at 406 nm. In general, these spectral
changes are very similar to the absorption changes upon protonation of Dy1. Most
likely, re-reduction and protonation of Dy1 stabilize the same states in the dyad
which promote the additional absorption features. Bulk oxidation is referred to as
reversible. Further ligand reduction results in A,.q which matches Az except the
increased bands at 294 nm and 379 nm. In contrast to Fel, the bulk ligand reduction
is not irreversible at -1.43 V. Instead, no significant spectral changes are detected at
all.
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Figure 5.19: Changes in the UV-Vis spectrum of Dy2 (110 mol/L) upon oxidation (Ags
— Aok at +0.9 V and re-reduction at +0 V Aereq (top). Ligand-based reduction Aeq
occurs at -1.86 V (Ayeq1) and at -2.2 V (Ajeq2) (bottom).
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The spectral changes upon bulk oxidation and reduction of Dy2 are presented in
Figure 5.19. The rise of LMCT bands (560 nm and 633 nm) in parallel with the
decreasing MLCT bands occurs also in Dy2 at +0.9 V. The reversibility of bulk
oxidation at 0 V is confirmed by overlapping spectra of Ay and A,e eq. Spectral
changes upon bulk reduction at -1.86 V are shown in A,.q;. Most notably, the ligand-
based bands between 300-330 nm change their intensity. Further ligand reduction at
- 2.2 V leads to the decomposition of Dy2 as apparent from A, .q2 in Figure 5.19.
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Figure 5.20: Changes in the UV-Vis spectrum of Dy3 (1-10* mol/L) upon oxidation (Ags
— Ao at +0.78 V, re-reduction at +0.5 V A, req and ligand-based reduction A,eq at
- 2.0 V. Adapted from ref.[9

The spectral changes upon bulk oxidation and reduction of Dy3 are presented in
Figure 5.20. Applying a potential of 0.78 V oxidizes Fe!! to Fe!!! resulting in vanishing
of MLCT bands at 440 and 486 nm. At the same time, characteristic broad LMCT
bands appear with maxima at 615 nm, 714 nm and 773 nm as shown in A,,. As
deduced from CV, more than one electron can be removed at a potential of +0.78 V.
Then, the oxidized species is reduced at +0.5 V. The corresponding spectrum A, req
features three bands above 350 nm. The bands at 401 nm and 440 nm corresponds
to the bands in Ag. However, the lowest-energy band is red-shifted from 486 nm
to 515 nm. The strong red-shift is comparable with the absorption spectrum of
Dy3 at higher concentrations and the simulated spectrum of the dyad. Thus, the
spectrum reflects a higher concentration of re-assembled dyad upon re-reduction
compared to the starting conditions of the experiment before bulk oxidation with an
expected dyad dissociation 34%. A fresh solution is used for the ligand reduction

at -2 V. The absorption spectrum A,.q have only two signals between 350 - 500 nm
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with a lowest-energy band at 481 nm. Thus, the reduced spectrum is similar to
the ground-state spectrum of Fe3. No reduction occurs at such cathodic potential,
which is also true in Fe3.

Finally, with spectroelectrochemical measurements reversible metal oxidation for
Dy1-3 is proven. The ligand reduction are unsuccessful in the bulk indicating
decomposition to the respective photosensitizers. Transient optial absorption data, %3]
of the heteroleptic compounds Fel-3 and the corresponding dyads Dy1-3 will be

discussed in the following.
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5.3.6 Transient optical absorption spectroscopy

Excitation after light absorption can range from tens of femtoseconds to a few nano-
seconds. The investigation of ultrafast processes needs laser pulses with femtosecond
duration. With ultrafast transient absorption (TA) spectroscopy photophysical and
photochemical reactions can be studied.['%7 Also, the lifetime of catalytically-active
states of the photosensitizer is an important parameter in photocatalytic applications
and affects the hydrogen evolution drastically. The measurement start with the
excitation of several molecules into an excited state by a pump pulse. After a time
delay of 7 relative to the pump pulse a white light probe pulse is applied. Two
spectra are generated, with (Apump) and without the pump pulse (Ag). From this

spectra, a difference spectrum AA is calculated following
AA = Apump — Ags. 5.3

The variation of the delay time 7 gives a kinetic profile with decaying transient
signal. Then, lifetimes valuable for relaxation process assignment are extracted
by global analysis procedures.l'” A typical difference absorption spectrum AA
has a region of positive residual absorption, called induced absorption, caused by
absorption changes of excited molecule (excited-state absorption, ESA) or absorption
of a formed photoproduct. Negative absorption, termed bleach, occurs due to the
reduced population of the initial ground state by the pump pulse (ground-state
bleach, GSB) or due to stimulated emission. Typically, for iron(II) complexes the
strong ESA signal is assigned to a *MLCT state. MC states can not be followed by
this method because these transitions are Laporte and spin-forbidden.['%8! Thus, the
spectroscopic signature is very weak, spectroscopic silent or overlaps with the ESA
bands corresponding to the excited MLCT states.!'%199 In general, TA spectroscopy
is suitable for studying the lifetime of MLCTs due to its high sensitivity to these
excited states.

TA spectra of the heteroleptic complexes and the corresponding dyads are collected in
cooperation with the Haacke group (Fel, Fe2, Dy1, Dy2) and Gawelda group (Fe3,
Dy3). The investigation of the excited-state dynamics is conducted in acetonitrile
a typical solvent to study excited-state lifetimes of iron d® photosensitizers. The
terpyridine-based compounds have been measured at 1.5-10* mol/L. To circumvent
dyad dissociation the carbene-based PS and dyad have been measured at 1-10"2 mol /L.
Details of TA data analysis for Fe3 and Dy3 can be found here.[”!

First, the dynamics of the terpyridine-based systems are investigated. The results
are based on the interpretation from B. Marekha and S. Haacke.[''®) Further details
can be found in the manuscript in preparation.'®s For that, a pump pulse around
550 nm is used and the probe pulse covers the spectral range from 365 - 680 nm. In
Figure 5.21 the transient absorption data of Fel-2 and Dy1-2 in MeCN are shown
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in a 2D colormap where the probe wavelength Ao is plotted against the delay time
7. Negative signals (bleach) are shown in blue whereas positive ones (excited-state
absorption) are in red. In general, all 2D colormaps are very similar in the spectral

and temporal domains.

o
8

550

Aprobe/nm
Aprobe/nm

@
8

450

g

01 0 01 02 03 10 0 102 01 0 01 02 03 40 10! 102
Delay/ps Delay/ps

Fe2

e
089S

Aprobe/nm
Aprobe/nm

e Ao (

01 0 01 02 03 g0 10! 102
Delay/ps

Figure 5.21: 2D colormaps of transient absorption data for Fel, Fe2, Dyl and Dy2 in
MeCN. Negative signals (bleach, stimulated emission) are shown in blue whereas positive
ones (excited-state, photoproduct absorption) are in red. Contour lines are drawn at 20 %
intervals with respect to the strongest (abs. value) signal. Delay x-axis becomes logarithmic
for delays longer than 0.3 ps. The 550 nm gap corresponds to the spectral range of pump
scattering. Additional pump scattering occurs at 405 nm.
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First, an ultrafast decay of an ESA signal, marked as ESA1, between 400-450 nm
is found around 100-200 fs. A second ESA signal (ESA2) is present above 580 nm.
It decays on the time scale of few ps. In the first few hundreds of femtoseconds it
exhibits a blue-shift. A strong bleach signal (GSB1) from 470-600 nm is completely
recovered on the 100 ps time scale. Around 380 nm a second bleach signal (GSB2)
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Figure 5.22: Picosecond dynamics in transient absorption spectra of Fel, Fe2, Dyl and
Dy2 in MeCN. Transient signal around the pump wavelength (550 nm) was omitted due
to scattering artefacts. Residual pump scattering is also present around 405 nm.

The transient spectra for different delays give further insights into the spectral
dynamics of the compounds studied and are shown in Figure 5.22. The inverted
ground-state absorption spectrum for each compound is added as dotted line in each
panel. Significant spectral evolution is visible on the ultrafast time-scale within the
first few hundreds of femtoseconds.

First, by comparing the spectral shape of the early-time transient spectra with the
inverted absorption spectra, a significant spectral overlap between both GSB and
ESA signals is observed. Otherwise, the inverted absorption spectrum would reflect
the GSB. Due to this overlap, a delayed rise of both GSB signals (GSB1, GSB2)
can be assumed. Without an overlap with the ESA signals an instantaneous rise of
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bleach signal would be expected. For instant, ESA2 overcompensates the GSB above
580 nm.

Second, while the 2D colormap provides a general overview of the excited-state
dynamics, the transient spectra highlight some fine details between photosensitizers
and dyads. ESA1 around 400-450 nm has a qualitatively different shape in Fel-2
and Dy1-2. The transient signal decays faster for the iron complexes on the red side
than on the blue side, while it decays uniformly in the transient spectra of the dyads
within ~200 fs. This can be also regarded as an ultrafast blue-shift of the red-part of
ESA1 accompanied with its decay.

Table 5.5: Relaxation lifetimes 79 and 73 for Fel-2 and Dy1-2.

compound Ty [ps] T3 [ps]
Fel 2.0 (0.3) 140 (10)
Fe2 2.1 (0.3) 140 (20)
cre 1.1 (0.12) 139 (0.12)
Dyl 2.0 (0.3) 120 (10)
Dy?2 2.7(0.2) 145 (10)

C7-Co* 1.4 (0.12) 118 (0.12)

Different error bars due to different set-
ups. a) Adapted from[®3.

Now, the transient data are analysed quantitatively. Unfortunately, global fit with
four time constants (sub-100 fs, few 100s fs, few ps, ~100 ps), that is fitting the
same set of time constants for all wavelengths simultaneously, does not provide
satisfactory description of the data. Therefore, the data are fitted by a sum of
three exponentials convolved with a Gaussian instrument-response function (fwhm
= 60 fs). The advantage is that no particular kinetic scheme of the excited-state
evolution is imposed on the dataset. The extracted, averaged lifetimes from fits of
selected wavelengths are listen in Table 5.5 along with the error bars.

In accordance with the results, the following scheme is proposed:

SMC =2 g,

B 5.4
SMC 5 9,

So M ivLor IS 3T 2 {

After excitation from the ground state Sy to the 'MLCT, a relaxation from the
Franck-Condon 'MLCT to a partially, vibrationally relaxed SMLCT state occurs.
This happens within 80-100 fs (7;) for all compounds. The deactivation of the
SMLCT state is assigned to the lifetime 75. Most importantly, tuning of the bridging
ligand by acetylene or phenyl-acetylene spacer increases the *MLCT lifetime from
1.1 ps (C7) to 2.0 ps and 2.1 ps for Fel and Fe2, respectively. Presumably, it
results from a better delocalization along the bridging ligands L1 and L2. Also, 75

is extended in the case of Dy2 from 2.1 ps to 2.7 ps, while it remains 2.0 ps in case
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of Dy1l.

Quenching of the SMLCT occurs through lower-lying MC states. Due to partial
reduction of the GSB (30%) parallel to the ESA decay, a MC state is indicated, which
is in line with iron(II) polypyridyl complexes with two carbene functionalities.(>4 Tt
retours back to the ground state faster than 7. The ESA2 decays almost completely
at longer delay times, while the GSB1 signal is still detectable for further several
tens of ps. This suggests a quintet MC state where no ESA features are present
between 350-800 nm. It decays within 73 of 120-145 ps to Sy. The lifetime of MC is
reduced upon dyad formation in Dy1 from 140 ps to 120 ps. This is also confirmed
by the C7/C7-Co couple (139 ps vs. 118 ps). In case of Dy2 a slight extension of
the MC state lifetime is obtained.

The carbene-based complexes Fe3 and Dy3 show different excited-state dynamics
related to the increased number of o-donating ligands which causes changes of the
energetic levels of MLCT and MC states, which is in agreement with the DFT
calculations. The TA data are published in Ref.®”) The transient spectra with delay
times 7 = 0.5 -75 ps and kinetic traces of the first 5 ps for selected wavelengths are
shown in Figure 5.23. The excitation wavelength is 515 nm. The dyad dissociation
is circumvented by applying high-concentrated samples.

Two ESA signals and two GSB signals are identified. First, ESA below 370 nm
is very similar for both compounds. In contrast, the ESA signal in the red region
above 520 nm and 580 nm differs significantly for Fe3 and Dy3, respectively. TA
spectra of Fe3 are dominated by GSB from 370-520 nm and by an ESA maximum
at 545 nm. Focusing on the first 5 ps, one can see a temporal evolution of the ESA
signal characterized by a gradual blue-shift and band narrowing. In comparison, GSB
of Dy3 is red-shifted by 30-40 which is inline with the red-shift of the absorption
band in the UV-Vis spectrum of the concentrated dyad solution. In addition, it
agrees with the HOMO-LUMO gap decrease of 0.17 eV in Dy3 as predicted by
DFT (see above.) The ESA signal in the dyad has a different spectral and temporal
evolution compared to the PS. The amplitude of the ESA is higher and the signal is
broadened. Moreover, kinetic traces around 400 nm are different for both compounds
as shown in Figure 5.23 ¢ and d. Here, the apparent GSB in Dy3 has mixed features
from ESA and GSB expressed by amplitudes above zero followed by a decay below
zero. In Fe3 the amplitude of the kinetic trace at 395 nm is below zero and clearly a
GSB.

A global analysis fitting (GA) of selected kinetic traces helps to characterize the
excited-state by extracting relaxation lifetimes 7 and are presented in Table 5.6.

Details can be found here.[)
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Figure 5.23: Optical TA spectra of Fe3 (a) and Dy3 (b) excited at 515 nm in MeCN.
First 5 ps of the evolution of kinetics at selected wavelengths for Fe3 (c¢) and Dy3 (d).

Adapted from ref. (99]

Three time constants are fitted with single value decomposition (SVD). In both

complexes a very short component 7; occurs which is smaller compared to the

instrument response function (IRF = 0.12 ps). Artifacts close to time-zero are

included here.l'"™ The GA results are not effected by the very short 71, hence it is

neglected in following discussion. The second component 75 of 140 fs is present in

all GSB and ESA signals. The longest time constant, termed 74, is inline with the

recovery of the ground-state signal. It is 17.1 ps in Fe3 and 19.8 ps in Dy3.

Table 5.6: Kinetic data of transient spectra of Fel-2 and Dy1-2.19)

compound DAS, 71 DAS, 79 DAS, 73 DAS, 74

Fe3 <IRF  0.14 ps 1.7ps 17.1 ps
Dy3 <IRF  0.14 ps 1.0 ps 19.8 ps

Regarding the qualitative discussion of the different spectral evolution of the red ESA

signal in both compounds, the same nature of the excited states can be assumed.

By covering the full spectral range in the following global fitting, a more reliable

identification of excited-states is possible.''? An additional component, the time
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constant 73, is obtained and contributes to the relaxation cascade. It is 1.7 ps in
Fe3 and 1.0 ps in Dy3.

The obtained time constants are now assigned based on literature. Values (71)
typically below the temporal resolution are indicative of a hot 'MLCT?* [102.113,114]
This is the starting point for the explanation of the relaxation cascade characterized

by TA. Two deexcitation cascades are possible and summarized in the following

equations:
‘wrLerT s ivoor Z3mLert B 3mnor A GS. 5.5
V8N ey MEENES VS Fou MNENESY S oy MNENES Y oI NYeI ) 5.6

Following the first model, the hot !MLCT* decays within 7, into the relaxed 'MLCT
state. This is followed by a relaxation into a hot SMLCT* state chararcterized by
T9. Within 1-2 ps (73) *MLCT* state relaxes into a MLCT state. On the contrary,
cooling within the triplet MLCT scaffold can occur in tens of femtoseconds,!!!?!
indicating that 75 would better describe the transition from *MLCT* to SMLCT
state, as illustrated in model 2. A transition from 'MLCT to *MLCT is excluded in
both models. Based on the excited-state dynamics of C3 and other tetra-carbene
iron(II) complexes, the longest time constant 7, is assigned to the lifetime of the
SMLCT state.[47:49:54]

Since 7,4 is assigned to a MLCT state in model 1, the deactivation ends in the
ground state without MC state contribution. This contradicts several studies on
carbene-based iron complexes, in which MC states are included in the deactivation
cascade.[*355116] Ty model 2, the 3MLCT relaxes within 74 into a MC. Time constant
T3 is assigned to the relxation process MC — 'GS. The mixing of GSB and ESA
signals and the lack of distinguishable characteristic features for the MC state make it
difficult to choose one of the proposed deactivation models. Still, in light of previous
studies, model 2 is more likely.

In terms of MLCT lifetime elongation, the ligand modification results in almost
twofold increase of the lifetime with 74(Fe3) of 17.1 ps compared to 9 ps in C3.
This is due to the MLCT stabilization by the extension of the 7-system®? and
the electron-withdrawing nature of the pyridyl substituent. Further elongation is
achieved by cobalt coordination (74(Dy3) = 19.8 ps) which is in agreement with
UV-Vis spectroscopy and DFT calculations. The same trend is confirmed in the
terpyridine-based dyad Dy2 (see above) and known dyad C7-Co.P!
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5.3.7 Chapter summary

Three dyads and one triad have been characterized by varius spectroscopic methods.
Crystallographic data has shown similar coordination geometry around the iron
center for the corresponding photosensitizers and the multimetal complexes. The
dyad formation has been benefical for the planarization of bridging ligands in Dy1
and Dy3 as evidenced by the reduced torsion angles.

The absorption properties have been assessed by UV-Vis spectroscopy and combined
with computational analysis via molecular orbital schemes and TDDF'T spectra. The
HOMO-LUMO gap was reduced upon dyad formation due to the stabilization of the
ligand-based LUMO levels. It was confirmed by the redshift of the lowest-energy
absorption bands. In the dyads the absorption changes caused by protonation were
less pronounced due to the occupation of the pyrdine coordination site by cobaloxime.
In the following chapter the metal-sensitive method, ultrafast X-Ray emission spec-
troscopy, will help to prove the existence of a MC state, for which TA specstroscopy

is not so suitable.!!17]
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Chapter 6: Photocatalytic Hydrogen Production

I n this chapter, photocatalytic proton reduction is tested using Fe3 and Dy3 as

examples. In this context, the photostability of these compounds is investigated.
The obtained results are explained by sophisticated spectroscopic methods such as
ultrafast absorption spectroscopy and time-resolved X-ray emission spectroscopy.

Computational chemistry supports the results.

6.1 Photocatalytic Measurement

A s a first step of the photocatalytic experiment the photostability of the com-
pounds has to be tested. Fe3, Dy3 and C14 are dissolved in acetontrile-ds
and irradiated with the same xenon lamp which is also applied in the photocatalytic
experiment. 'H NMR spectra are recorded before irradiation, after 2.5 hours and
22 hours of irradiation. Fe3 and C14 do not degradate or decompose during the
complete irradiation time. The corresponding "H NMR spectra can be found here.[*"!
In the dyad three characteristic proton signals can be identified. They correspond
to the 4,4’ bipyridine moiety in L3 (¢f. Figure 6.1). The proton signals Ha, Hp
and H¢ have chemical shifts of 8.34, 7.47 and 7.08 ppm, respectively. In the 'H
NMR spectrum of Dy3 new proton signals evolve after irradiation of 2.5 and 22
hours which have similar coupling pattern as Ha.c. They are marked with A-C in
Figure 6.1. The proton signals at 6 = 8.22 ppm (A) and 8 = 7.52 ppm (B) are
assigned to a terminal pyridine ring similar to Hy and Hg in Dy3. At 6 = 7.09 ppm
a singlet proton signal evolves which corresponds to the aromatic singlet signal Hc.
Presumably, the pyridine-cobalt coordination is weakened resulting in shifts of Ha_¢
to A-C. Dissociation of the dyad can be excluded because the characteristic proton
signals of Fe3 (8.85, 7.53 and 7.18 ppm) are not found. Since all three compounds
are stable under irradiation, they can be applied in photocatalytic proton reduction

reactions.

The Fe3/Dy3 couple is tested in photocatalytic proton reduction measurements.
Details can be found here.’? A standardized proton reduction set-up is used.0 It
consists of a double-walled reactor which is maintained at 25°C. A 300 W Xenon
lamp with a AM1.5 global filter is applied as sun simulator. The reactor is irradiated
from the side and connected via a condenser to an automatic gas burette. The
condenser and the gas burette are kept at 25°C. The experiment is performed under
isobar conditions, hence pressure changes upon gas production are balanced by the
burette. The related volume changes due to the movement of the piston in the burette

are recorded against the time. The corresponding volume-curves are temperature-
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Figure 6.1: Selected aromatic regions of proton NMR spectra of Dy3. Before irradiation
(red), after 2.5 h (orange) and 22 h of irradiation in MeCN-d3 at 2.5-10"3 mol/L. Adapted
from ref.[99

corrected’® and averaged over two runs. Solvent effects are substracted. The
volume change is translated to a turn-over-number (TON). Three systems are tested:
Dy3, Fe3 + C14 (cobaloxime) and [Ir(ppy)q2(bpy)|PFg (termed [Ir] hereafter) +
C14 as reference system. Hence, a one-component system and a multi-component
system can be compared, as well as noble-metal PS with a base metal PS. The
hydrogen evolution over time is shown in Figure 6.2. The corresponding TON's are
summarized in Table 6.1.

Within three hours 25 pmol hydrogen are produced by Dy3. This yields a TON
of 10 with respect to the PS and a TON of 5 with respect to the CAT. After 45
minutes less hydrogen is produced which is noticed by decreasing hydrogen evolution
rate. In comparison, the multi-component system, Fe3 and C14, produces 16 pmol
hydrogen after 45 minutes. A TON of 6 related to PS and a TON of 3 related to the

CAT are obtained. Thus, the dyad is twofold more active than the multi-component
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6.1 Photocatalytic Measurement

system. Presumably, the improved photocatalytic activity of the multimetal complex
is achieved through the conductive connection between both metals. In the following
sections further spectroscopic insights will shed light on the enhanced catalytic

activity of Dy3.
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Figure 6.2: Hydrogen evolution of Dy3 (red) and the multi-component systems Fe3+C14
(blue) and [Ir]+C14 (black). Reaction conditions: 0.25 mM PS/cat/dyad in MeCN/water
(1:1, 20 mL, 5% TEOA) under argon. Due to temperature correction and small volume
production a negative slope of the blue curve originates after a longer time period. Adapted
from ref.[9)

A second multi-component system is investigated in the photocatalytic proton re-
duction experiment. [Ir] and C14 produce 78 pmol hydrogen and are still active
after three hours. A TONpg of 31 and a TON,,; of 16 are obtained. Clearly, the
system containing Ir performs best, however considering the criticality score dis-
cussed by Dierks et al. with a score of 66.3 for Ir and a score of 0.8 for Fe, the base
metal systems are a good alternative.® While the activity of the noble metal-based
system after three hours is only three times higher compared to Dy3, the higher
criticality score by a factor of 82.9 for Ir does not justify the use of precious metals.
Especially, because larger-scale applications are necessary to meet the challenges of
global warming (cf. chapter 2).

Testing the reference system in our set-up reveals also the discrepancies of comparing
the TON of the same system presented by other researchers. For example, a related
Ir-Co dyad had a TON of 224 after irradiation for 35 h at 452 nm and the same
[Ir] +C14 system showed a TONpg of 22 as presented by Elias et al.l®? They ob-
served a decomposition of the multi-component system after 30 minutes under their
conditions. In contrast, in our set-up the studied system remains active for more than
three hours. In another study, Elias et al. obtained a TON of 16 for [Ir]+C14 by

irradiating at 523 nm. The system decomposed after four hours.''8! By using different
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Table 6.1: Photocatalytic proton reduction of one-component system and multi-component
systems with Ir/Fe as photosensitizer and Co as catalyst.

system TONps® TON:¢ V(Hy)[mL] o9mL] n(Hy)[pmol

Dy3 10 5 0.62 015 25
Fe3+C14 6 3 0.39 0.03  16(0.75 h)
[Ir)+C14 31 16 1.92 - 78

a) Reaction conditions: PS, cat or dyad (5umol) in MeCN:water (1:1, 20 mL),5% TEOA,
25°C, 3h. b) TONpg=2n(Hsz)/n(PS), ¢) TON.;=n(Hs/n(cat), d) o=standard deviation,
e) Produced hydrogen n(Hy) in mol with V,;,=24472 mL/mol.

set-ups or reaction conditions such as irradiation wavelength, proton/electron source
or solvent mixture, it becomes difficult to compare the photocatalytic performance
of different systems. Only comparison of trends within a study are possible.

The first study by Elias et al. revealed the improvement by a factor of 10 when
applying a dyad in the photocatalytic reaction. Also, in our experiment the dyad
performs twice as good as the multi-component system. Most likely, the lower im-
provement factor in the base metal system is related to the shorter >MLCT lifetime.
[Ir] has an excited-state lifetime of 390 ns and Fe3 only a lifetime of 17.1 ps.[??!
The results of the photocatalytic experiment indicate that a major focus must be on
extending the lifetime of the excited-state. Strategics and recent progress have been
presented in chapter 2. However, it is very motivating to study hydrogen evolution by
base metal dyads instead of using noble metals. With this research the development
of future large-scale applications is supported. The improvement of the complex
design can be achieved if the working principles of the dyads are understood. There-
fore, time-resolved spectroscopic methods are applied to investigate the excited-state
landscape of Fe3 and Dy3.
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6.2 Spectroscopic Explanation

6.2 Spectroscopic Explanation

I n this section two studies are combined which complementarily explain the
improved photocatalytic performance of the dyad Dy3 in comparison with
the multi-component system. The TA and XES results are included the following

submitted paper.!'19

6.2.1 Time-resolved Spectroscopy

Transient Optical Absorption Spectroscopy

The carbene-based compounds Fe3 and Dy3 are investigated again by ultrafast
optical absorption spectroscopy. The concentrations of acetonitrile solutions are
10 mM. The description of the set-up is presented elsewhere.'?! The excitation
wavelength is adjusted to 400 nm to match the pump pulse of the time-resolved
X-ray emission measurements. Prior, a 515 nm excitation wavelength has been
used for studying the excitation dynamics. The difference absorption spectra AA at
selected delay times 7 of Dy3 are presented in Figure 6.3. The experimental UV-Vis
spectrum of Dy3 is added together with UV-Vis spectra of Fe3 and C14.

o2l e C14:eeeeeee Dy3 | ‘_E
........ g
0.0\ ... 3
e Y : o
< ——0.50 ps
p 1.00 ps
-0.011 / 5.00 ps
/ —10.0 ps
-0.024 ——15.0 ps
\/ ——30.0 ps
——60.0 ps
-0.03- GSB

330 380 430 480 530 580 630
wavelength [nm]

Figure 6.3: UV-Vis spectra of Fe3, Dy3 and C14 (= Co(dmgH)spyCl) combined with
TA results at selected delay times.[19]

The difference spectra are dominated by an ESAT1 till 370 nm and an ESA2 region
above 560 nm. A large GSB region is found between 370 - 560 nm with several
minima. The minima match well with the ground-state spectrum of Dy3. In
agreement with TA analysis at 515 nm, the ESA2 is assigned to a SMLCT state.

A multiexponential fit with three time constants is used for the kinetic analysis
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Chapter 6. Photocatalytic Hydrogen Production

above 560 nm. All coherent artifacts and possible 'MLCT state are included by the
first component (<100 fs).!?! The second component of 350 fs (75) reflects thermal
relaxation of a hot *MLCT* to a relaxed MLCT statel''>1?2] or the intersystem-
crossing (ISC) from 'MLCT to 3MLCT.[13:116:123.124] The first acceptor state after
400 nm excitation has been confirmed to be of !MLCT nature by excited-state
TDDFT.[' The third lifetime 753 = 12.841.2 ps is obtained as average value from
several fits and assigned to the SMLCT state.[''>125127 In comparison, the *MLCT
of Fe3 is assigned to 11.1£0.4 ps. The MLCT lifetime is elongated in Dy3. An
involved metal-to-metal CT process in the relaxation cascade through the *MLCT
state is indicated. However, TA does not provide solid proof for an iron to cobalt
charge transfer. Fortunately, with X-ray emission spectroscopy the spectroscopic

signature for the alteration of charge density at both metals can be investigated.

Ultrafast X-ray Emission Spectroscopy

Before we will discuss the results of the time-resolved X-ray emission spectroscopy,
a short overview of the spectroscopic method is given. A X-ray pulse removes an
inner-shell-electron from the 1s shell, which causes a radiative decay to fill the created
vacancy. Ka and K emissions occur when 2p or 3p levels are involved, respectively,
as shown in Figure 6.4 (left.) Since the refilling of the 1s orbital with a 2p electron is
dipole allowed the transition is very likely and thus, the XES signal is very intense.
In comparison, the Kj3; 3 emission with a smaller transition probability is about
a factor 10 less intense (c¢f. Figure 6.4). Since only a small spin-orbit-coupling is
present in the 3p valence shell, the K3, 3 doublet is typically obtained as a single
peak.'?8l At lower energies relative to Kp13 a KB’ shoulder appears. The separation
between both emission signals results from the pd orbital exchange coupling and can

be used as signature for spin-state assignment (high-/low-spin).[1?’)
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Figure 6.4: Relative intensities of Kay 2 and K3’/K/j31 3 emission lines and corresponding
transitions assigned in an energy level diagram.!!3%]
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6.2.1 Time-resolved Spectroscopy

In a time-resolved set-up, an optical pump pulse is combined with a X-ray probe
pulse. Similar to the TA experiment, two different spectra are obtained, with prior
excitation and without. A transient signal is calculated by subtraction of both
spectra. With transient Ka emission insight about involved MC states can be
obtained,!"% since the width of the XES lines correlates with the effective number of

1321 By variation of the delay time 7 between

unpaired d-electrons!™! and covalency!
pump and probe pulse kinetics are extracted. For example, ultrafast XES has been
shown to provide core-sensitive details about the excitation landscape in several
carbene-based iron complexes.!"#116 In the reference iron complex C3 it was shown,
that the relaxation is branched into two deactivation pathways. In the first one, a
long-lived *MLCT state is involved, while in the second one, a fast transition from
the hot MLCT* state to the 3MC occurs with shorter lifetime.

The two-colour X-ray emission spectroscopy (2C-XES) provides unique insights into
the excitation landscape of multimetal complexes especially for iron-cobalt systems.
The results are presented in Ref."'% as equal contribution from Dr. M. Nowakowski
and M. Huber-Gedert. The most important information are given in this chapter.
Experimental details are added in chapter 8. The data processing and analysis was

done by Dr. M. Nowakowski. More information can be found here.''?!
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Figure 6.5: Schematic representation of the transient Ka XES signals of Fe and Co of
Dy3. Grey area marks the region of interest (ROI) which is used to analyse the integrated
areas at different delay times 7.[119

The advantage of our time-resolved 2C-XES experiment is the simultaneous detection
of both involved metals, iron and cobalt, by using a von Hamos spectrometer.!133]
The potential departure of a charge from iron to cobalt can be investigated in real
time by measuring the dynamics at both metals. The transient K« lines of iron and
cobalt of Dy3 as schematic representation are shown in Figure 6.5. Iron Ka main
lines of Fe3 and cobalt Ka main lines of C14 are measured as references. For both
metals the integration regions of interest (ROIs) are marked. The integrated areas
are plotted against the delay time 7 resulting in transient kinetics. They are shown

in Figure 6.6 with a time window from -5 ps to 15 ps. Note, the emission intensity is
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lower for cobalt because the excitation wavelength is chosen to match the excitation
of the MLCT band in the photosensitizer part of the dyad.

Ko, emission line kinetics &« Fe data
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Figure 6.6: Ko emission line kinetics from -5 ps to 15 ps of iron and cobalt of Dy3.119)

In case of Dy3, three time constants are extracted from the transient kinetics. They
are Ty pe < 0.14 ps, Tope = 10.38(40) ps and 73 r = 1.74(18) ps. The corresponding
time constants of Fe3 are 71 pe ~ 0.25 ps, Tope = 8.98(27) ps and 75 e = 1.71(35) ps.
Most importantly, the longest time constant 74 e in the dyad is extended. This is
in good agreement with the TA results. Overall shorter fitted values in the XES
experiment is attributed to the different sensitivity towards charge-transfer states
compared to TA spectroscopy.

The time constant assignment is rationalized in the following. First, the XES
signatures for 'MLCT and *MLCT are nearly-identical because both states have one
iron-localized unpaired d-electron.¥ Moreover, the coupling of the 2p core-hole and
3d electrons is weak. Therefore, intersystem crossing from the singlet to the triplet
MLCT manifold cannot be followed by transient Ka XES. In contrast, changes in
metal spin multiplicity, e.g. from *MLCT with local spin Sj,. of 1/2 to 3MC state
(Sioc = 1) are visible. The relaxation processes to the singlet ground state, where
one of these states are involved as donor state, can be followed by transient XES.
Based on the TA results and previously reported values, the extracted time constants
T1re-T3 e are assigned in both compounds as follows. Relaxation from the hot
SMLCT* state to the MC state is described by the shortest time constant T1,Fe
and reflects the branching behaviour which was also discussed by Tatsuno et al.l''?!
The ground state is repopulated by relaxation from the 3MC state within ~ 2 ps
(T3.70).2413) The second time constant is assigned to the relaxed MLCT state.

Involvement of the 3MC state in the relaxation cascade is also confirmed by potential
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energy surface calculations (¢f. Figure 6.9).
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Figure 6.7: Kinetics of the cobalt Ko emission in Dy3 and C14 with corresponding fits.
Differential signal is obtained by [C14]- [Dy3] and marked as blue lines (data+fit). Filled
areas represent uncertainties. 119!

The analysis of the Co Ka emission dynamics of Dy3 gives three time constants.
T100 = 0.25(1) ps, Toco = 4.12(1.39) ps and 730, ~ 23.39 ps are obtained. In
the reference cobalt compound C14 only two time constants are present with
T1,00 = 2.76(31) ps and T30, = 23.39(1.82) ps. The different dynamics are also
manifested in different shapes of the kinetics which are shown in Figure 6.7. They are
scaled and area-normalized. In addition, the y0O-values are adjusted to the fits. The
early kinetics till 1 ps are compared for Dy3 (red) and C14 (green). Apparently,
the shortest time constant in Dy3, 71 c,, induces the different shape and indicates a
new excited-state pathway unique for the dyad, since such a short time constant is
not present in C14. This is also in good agreement with the MMCT contributions
in the UV-Vis spectrum of Dy3 as assigned by TDDFT. By subtracting the kinetics
of Dy3 from C14 a differential signal is obtained (c¢f. Figure 6.7), which reflects the
MMCT signature from iron to cobalt. Apart from the real-time CT feature in the
dyad, the low ps lifetimes are assigned to LMCT states in both cobalt compounds.
The presence of the LMCT state in cobaloxime is reflected by the HOMO-LUMO
transition composed of dmgH ligand 7 orbital (HOMO) and cobalt-based d-orbital
(LUMO).B3l However, the direct excitation is very weak because of the low cross-
section at the excitation wavelength of 400 nm as deduced from the optical absorption
of C14 (c¢f. Figure 6.3).

Consequently, the improved catalytic performance of Dy3 results from the MMCT
state, which is an unique feature of the multimetal complex compared to the system

consisting of Fe3 and C14. The respective excited-state with electron and hole
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probabilities is visualized in Figure 6.8. The hole is located on the iron site while
the electron density is distributed among the bridging ligand L3, SP and especially
the cobalt dz2-orbital.

Figure 6.8: Schematic representation of holes (red) and electrons (blue) upon Fe — Co
charge transfer in Dy3.[119

An additional information can be extracted from the iron Ko emission signal. A
coherent nuclear wavepacket signature is identified in both iron-containing systems
Fe3 and Dy3. The modelling describes the oscillations of Fe3 by a single damped
function with a half-period of 0.28(2) ps. For Dy3 two contributions are found with
0.26(3) ps and 0.19(1) ps. Other systems exhibit similar oscillation half-periods.16:136]
In both compounds similar oscillations are attributed to the same origin within the
photosensitizer moiety while the additional oscillation (T;/2=0.19 ps) originates from
the cobaloxime coordination. The potential energy surface calculations reveal that
oscillations occur along the Fe-N distance with >MLCT*/>MC equilibrium at 2.05 A.
The frequency analysis of the excited state structure of Dy3 indicates vibrations
with 175 cm™ where a twisting motion of L3 is present together with a rotational
distortion and stretching of iron-nitrogen bond along the Fe-Co axis.!''®) Presumably,
this characteristic motions affect the MMCT because of the twisting motion of L3
causing the modulation of 7* orbital overlap. The wavepacket motions appear due
to the transition from hot SMLCT* to >MC as one branching pathway. Note, such
transitions can not be assessed by optical TA spectroscopy. 3"

The analysis of transient kinetics of XES has given insights into the excited state
landscape of Dy3. In addition, the use of population analysis helps to confirm the
assignment by testing different kinetic models. The population analysis gives an
additional time constant of 0.22(7) ps for both compounds Fe3 and Dy3. This time
constant reflects the 'MLCT to SMLCT transition which can not be assessed by
transient XES. Moreover, TDDFT confirms the 'MLCT state as first acceptor state
after excitation. Also, in TA a short time constant of 350 fs has been found which is

in good agreement.
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Figure 6.9: Potential energy surface of ground and excited states of Dy3 along the Fe-N
distance (low x-axis) and the Fe-N bite angle (top x-axis).[9]

The potential energy surface of Dy3 is specified with the results from transient
kinetics and population analysis and is shown in Figure 6.9. The branching, which is
indicated by the wavepacket motions, is reflected in the kinetic modelling and leads
to an « (79(5)%) and a 8 (21(5)%) channel. In case of Fe3, the relaxation decay
branches into o and 8 channel with 83% and 17%, respectively. The « channel is
described by the following cascade:

SMLCT® = 3MLCT — 3MC

while the 3 channel is characterized by the direct population of MC from the hot
SMLCT*:
SMLOT" — *MC. 6.2

Moreover, a MMCT deactivation channel originating from the *MLCT is obtained by
kinetic fitting. The lifetime of the MMC'T state is 0.25 ps. Note, also back electron
transfer can occur.!'3¥ In addition, direct excitation populates a LMCT state, similar
to the reference compound C14. The LMCT state decays within 4.12 ps into a lower-
lying state with unknown nature. Most likely, it is a MC state.['*?) Subsequently,
the system relaxes back to the ground state within 23-30 ps as estimated relative to
cobaloxime. There, the population analysis yields a two-state decay with lifetimes of
2.78(3) ps and 24.3 ps. The ratio between direct excitation and charge transfer in
the cobalt XES signal of Dy3 is 43% and 57%, respectively.
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6.2.2 Chapter summary

The photostability of Fe3 and Dy3 after irradiation has been confirmed by 'H NMR.
In a photocatalytic proton reduction set-up the dyad Dy3 was twice as active as the
multicomponent system with Fe3 and cobaloxime. Comparison with a noble metal
PS revealed the need for further SMLCT lifetime elongation to improve the catalytic
activity of the base metal systems.

Ultrafast 2C-XES enables the investigation of photoinduced charge transfer processes
within a base metal dyad. The direct detection of Ka XES signal of both metals with
temporal self-calibration explains the improved photocatalytic performance of Dy3
by proving the MMCT from iron to cobalt with a lifetime of 0.25 ps. An extended
SMLCT lifetime and a MMCT contribution have been confirmed by ultrafast TA
spectroscopy and TDDFT, respectively.
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Chapter 1 - Summary and Outlook

T he objectives of this work were 1) the variation of the carbene count to modu-

late the physical properties of the iron complexes, 2) the tuning of the bridging
ligand and its effect on the excited state dynamics of the iron PS, and 3) synthesis of
multimetal complexes based on the homoleptic and heteroleptic iron photosensitizers.
The succesfully synthesized iron and iron-cobalt compounds were thoroughly charac-
terized by X-ray diffraction, NMR spectroscopy, ESI mass spectrometry, elemental
analysis, UV-Vis spectroscopy and cyclic voltammetry. Selected compounds were
further characterized by ultrafast optical absorption spectrocopy in combination
with spectroelectrochemistry and TDDFT. Dy3 was tested in photocatalytic proton
reduction reactions, with photostability previously confirmed by NMR. Improved
photocatalytic activity of the dyad Dy3 relative to the multi-component system Fe3
+ C14 was explained by transient optical absorption spectroscopy and ultrafast

two-colour X-ray emission spectroscopy (2C-XES).

To modulate different absorption properties of iron photosensitizer six ligands were
synthesized with N*"N*N or C*N”"C coordination site. The terpyridine-based ligands
L1 and L2 are literature-known substances. However, the synthesis route of L2 was
improved in this work. After four steps L1 was obtained in 43% overall yield. L2
was obtained after two reaction steps and in 25% yield. Four novel carbene-based
ligands were synthesized. L3 was isolated after three steps in 30% overall yield.
Two different synthesis routes were tested for L4. First, the center of the bridging
ligand was built by receiving 2,6-dichloro-4-(pyridin-4-ylethynyl)pyridine in two
subsequent Sonogashira reactions starting from 4-iodo-2,6-dichloropyridine. Un-
fortunately, the substitution of the chlorines with imidazole did not work. There-
fore, the central core was generated with bromine substituents. Starting with
2,6-dibromopyridine, iodination in 4-position and two carefully conducted Sono-
gashira reactions gave 2,6-dibromo-4-(pyridin-4-ylethynyl)pyridine, which did not
react neither in a neat-coupling with N-methylimidazole nor in a Ullman reaction or
nucleophilic aromatic substitution via NaH deprotonation.

Second synthesis route of L4 started with 4-amino-2,6-dibromopyridine. Here,
the C"N”C site was constructed before the backbone functionality was adjusted.
Reaction conditions of the Sandmeyer reaction to obtain 4-iodo-2,6-di(1H-imidazol-
1-yl)pyridine were improved to suppress the undesired formation of 4-chloro-2,6-
di(1H-imidazol-1-yl)pyridine. The succesful Sonogashira gave the pyridine-acetylene
functionalized C*N"C core, which was subsequently protected against methylation,
so that only the imidazole rings were methylated. Finally, L4 were synthesized in
2% total yield after deprotection of the terminal pyridine ring.

L5 was obtained as byproduct along the synthesis route of L4 due to the unplanned

113



Chapter 7. Summary and Outlook

methylation of the terminal pyridine ring. The product of the Sandmeyer-type
reaction was used to obtain L6 after methylation. Starting from 4-amino-2,6-

dibromopyridine, L6 was isolated in 18% total yield.

The ligands were applied in homoleptic and/or heteroleptic complex synthesis.
Four homoleptic photosensitizers were successfully synthesized with L1, L2, L3 and
L6 as ligands. Three heteroleptic complexes were obtained with L1-L3 by applying
the in-situ base Fe(HMDS),. After formation of a five-coordinated iron precursor,
the bridging ligands were added and Fel-3 were isolated after work-up. Crystal
structures of all photosensitizers except Febpomo revealed larger bite angles in the
terpyridine containing compounds (approx. 176°-179°), while the carbene-based
C-Fe-C bite angle was about 159°. In conclusion, the octahedral geometry in the
iron compounds has to be improved. The planarization after the insertion of an
acetylene spacer, evidenced by a smaller torsion angle between the aromatic rings,
was confirmed by crystallographic data except in Fel.

With UV-Vis spectroscopy intense bands in the red part of the spectrum were
detected for the terpyridine-based PS, while a blue-shift of the absorption bands
was identified for the carbene-based systems. Computed molecular orbital schemes
rationalized the tuning of the HOMO-LUMO gap in Fel-3 causing increase of
the energy gap upon higher carbene count. Moreover, the observed transitions
were explained by TDDFT, dividing the absorption spectra into ligand-based 7-7*
transitions below 350 nm and MLCT transitions above 350 nm. In addition, CV
confirmed the increasing HOMO-LUMO gap in carbene-based systems compared to
terpyridine-based complexes.

The protonation of the iron photosensitizer showed no effect on systems without ter-
minal pyridine functionality e.g. in Febpomo or the reference compounds Fe(terpy),?t
and C3. The lowest effect was determined for the homoleptic and heteroleptic com-
plexes bearing L2, while red-shifts of about 70 nm were observed for carbene-based
iron complexes Fe3 and Fe3yomo-

The reversible bulk metal oxidation in the heteroleptic compounds Fe2 and Fe3
were assessed by spectroelectrochemistry. In contrast, metal oxidation of Fel was

irreversible. It was shown that the ligand reduction was irreversible in Fel-3.

Multimetal complex synthesis was straightforward. The PS were applied as pyridine
derivative in a standard cobaloxime synthesis. Dy1-3 were isolated in good yield
(76-90%), while the triad Tri3 was obtained in lower yield of 37-40%. Crystallo-
graphic data of Dy1 and Dy2 confirmed similar bond distances and bond angles
as obtained for the PS’s. Moreover, cobalt attachement resulted in smaller torsion
angle and thus, better electronic overlap along the bridging ligand connecting iron
and cobalt.
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Due to the monodentate coordination of PS to the cobaloxime moiety, the multimetal
complexes dissociated in diluted acetonitrile solutions. Hence, the dyad stability was
studied. The stability can be ranked in the following order Dy2>Dy3>Dy1 at very
low concentrations (0.02 mM). Tri3 was stable over a long concentration range but
dissociated into asymmetric dyad and Fe3pomo to different extend depending on the
concentration.

Upon cobalt coordination the lowest-energy bands were shifted to the red part
of the spectrum. In this regard, the stabilization of the LUMO levels and thus
reduction of the HOMO-LUMO gap were confirmed by DFT calculations. Since only
minor absorption changes were identified for the multimetal complexes in comparison
to the corresponding PS’s at 1-10° mol/L, higher concentrated UV-Vis spectra
were recorded. In higher-concentrated solution, Dy1 and Dy2 showed only small
red-shifts, while a shift of 11 nm was found for Dy3. Moreover, the removal of
photosensitizer absorption in the dyad spectrum resulted in a simulated "pure" dyad
spectrum, which exhibited a red-shift of 24 nm. The protonation with TFA had a
similar effect on the absorption properties of the multimetal complexes as on the
photosensitizers. In addition, the carbene-based complexes were more affected by
protonation with significant red-shifts of 48 nm and 47 nm for Dy3 and Tri3. The
influence of protonation on the absorption properties was higher for the PS, since
at the used concentration the multimetal complexes are only partially dissociated.
Hence, full protonation of the pyridine moieties in solution was not possible due to
the coordination by cobaloxime.

The stabilization of the metal-based HOMO levels was assessed by CV. The redox
potentials of the iron oxidation were anodically shifted in the multimetal complexes.
Unfortunately, the observed reduction of the energy gap as dedcued from UV-Vis and
DFT, was not confirmed by CV. The bulk metal oxidation for Dy1-3 was reversible.
However, the ligand reduction failed indicating decomposition into the respective
photosensitizers.

A 3MLCT lifetime elongation upon dyad formation was proved by ultrafast transient
absorption spectroscopy for Dy2 and Dy3. The cobalt coordination did not have an
impact on the SMLCT lifetime of Dy1. In addition, tuning of the bridging ligand
by acetylene or phenyl-acetylene spacer improved the SMLCT lifetime in Fel and

Fe2 in comparison to C7 by a factor of 2.

Photocatalytic proton reduction was tested with the one-component system Dy3
and the multi-component system Fe3 and C14. All compounds were photostable
under Xenon lamp irradiation for several hours as confirmed by NMR. The dyad was
twice as active (TONpg = 10) as the respective multi-component system (TONpg =
6). The improved activity was explained by an extended *MLCT lifetime of the dyad

via ultrafast transient absorption spectroscopy. Furthermore, time-resolved 2C-XES
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revealed charge transfer from iron to cobalt in Dy3, which was also supported by
TDDFT. The enhanced photocatalytic performance was attributed to the presence
of a MMCT state in the dyad.

E cl j
o)
/_ Q spacer \(\3 ~N
- \{
N A
= J— N/ l

<——N N
N 1

-~

Figure 7.1: Proposed multimetal complex combing strategies deduced from this work.

In this work, the synthesis and characterization of multimetal complexes based on
base metals were presented. They are promising alternatives in photocatalytic proton
reduction compared to noble metals. The application of this type of systems could be
less expensive and more sustainable with regard to the criticality score.[*¥) However,
further design developments are needed to achieve better performing base metal
dyads or triads. For that, 2C-XES plays a crucial role to understand excited-state
processes and charge transfer dynamics on the low-ps scale. It is an important tool to
disentagle the relationship between molecular design and photocatalytic behaviour.
Based on the results of this work, the following outlook can be given. The SMLCT
lifetime has to be extended to achieve better TON in the proton reduction exper-
iment. First, this can be realized by increasing the number of carbene counts or
using cyclometalated ligands. In Figure 7.1, one possible molecular structure is
proposed. Carbene or cyclometalated ligand functionalities are highlighted in green.
Fe complexes are obtained when cyclometalated ligands are applied. This results
in different photophysical properties as discussed in section 2.4.2.°759140 Second,
as deduced from 2C-XES the deactivation has to be bypassed via the SMLCT* to
3SMC channel (3 channel). Most likely, by stabilizing the 3MLCT state the 3 channel
contribution can be reduced, so that the population of the charge transfer from
iron to cobalt is potentially increased. Third, nuclear wavepacket dynamics are
involved in the population of the undesired § channel. A more rigid ligand design or
replacement of the iron-nitrogen oscillation via cyclometalated coordination might
hinder the vibrational motions and thus destabilize the 3MC state. In addition, the
tuning of the bridging ligand via acetylene or phenyl-acetylene spacer is a viable
strategy to improve the MLCT lifetime (c¢f. Figure 7.1).

In this context, the multimetal complex stability has to be adressed. The monoden-
tate nitrogen-cobalt coordination is a problem at lower concentrations in coordinative
solvents. However, an arbitrary increase of the concentration does not necessarily
improve the catalysis but could reduce the transmission of irradiation during the

proton reduction reaction. A bidentate ligand design via the dmgH coordination site
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(¢f. Figure 7.1, orange) can drastically enhance the system’s stability at suitable

concentrations for photocatalytic applications.['4!]
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Chapter 8: Experimental Part

8.1 General laboratory information

Schlenk technique was applied to all cross-coupling reactions and iron complex
synthesis. Multimetal complexes were synthesized under ambient conditions. Details
concerning inert or anhydrous conditions can be found in the synthesis description of
ligands and complexes. The solvents were dried prior to usage according to literature
or taken from a solvent-drying system MB SPS 800 from MBraun. Chemicals were
purchased by Sigma-Aldrich/Merck, abcr, TCI or Fisher Scientific. They were used

without further purification in the synthesis.

8.2 Analytic and spectroscopic methods

Column chromatography

The substances were either purified over silica or over alumina (AlyO3, basic/neutral).
The used eluent is stated in the synthesis description. A ratio of 1:20 between
substance and column material was chosen. The column was 3-4 cm in diameter.
Alternatively, medium-pressure liquid chromoatography (MPLC) was applied for
purification. The device Combi Flash® Rf+ was from Teledyne ISCO.

Nuclear magnetic resonance spectroscopy

Substances were characterized by 'H, 3C, N, ¥F and 3'P NMR. Spectra were
recorded either on Bruker Avance 500 with frequencies of 500 MHz (*H) or 125 MHz
(13C) or on Bruker Ascent 700 with frequencies of 700 MHz ('H), 176 MHz (*3C),
70.6 MHz (*°N), 659 MHz (“F) and 283.5 MHz (*'P) by the team of PD Dr.
Hans Egold. Deuterated solvent was specificied for each compound. Spectra were

referenced against the remaining proton signal of the deuterated solvent.

Mass spectrometry

Masses of the compounds were determined using ESI and EI mass spectra by the
team of Dr. Adam Neuba. The ESI measurements were performed with a quadrupole
TOF mass spectrometer SYNAPT G2 from the Waters company. On the DFS-sector

field spectrometer from the company Themo Scientific EI mass spectra were recorded.

Elemental Analysis

The vario MICRO Cube analyzer from elementar was used for the elemental analysis.

Manual calibration of the analyzer was performed. With a thermal conductivity
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detector the content of carbon, nitrogen and hydrogen was determined after gas

chromatographic separation.

IR spectroscopy

Applying the ATR technique IR spectra were recorded on a Vertex70 by Bruker.

Solid compounds were measured.

Single crystal X-ray diffraction

X-ray single-crystal data were recorded and analyzed by Dr. Roland Schoch, Dr.
Frank Pammer or Dr. Regine Herbst-Irmer using a Bruker Venture D8 diffractometer
with a MoK, p-source (A = 0.71073 A) and a Photon III area in detector at 120 K.
Or single crystal data were collected using a Bruker Smart Apex I1 Quasar with an
Incoatec Mo IpS Source (A = 0.71073 A) and an Apex II area detector at 100 K.

UV-Vis spectroscopy

Steady-state absoprtion spectra were recorded on a Lambda 45 double-beam UV
spectrophotometer from PerkinElmer using 1 cm Quartz cuvettes and a concentration
of 1-10° mol/L. The Lambda spectrophotometer from PerkinElmer was used for
solutions with concentration up to 2.5-10 mol/L. They were measured in a 0.1 cm

quartz cuvette. Spectroscopy grade acetonitrile was used for all measurements.

Electrochemistry

The measurements were conducted by Dr. Adam Neuba. An optically transparent
electrochemical cell was used for spectro-electrochemical experiments with a diameter
of d = 1 mm. The measurements were performed in absolute acetonitrile under
argon and (n-Bu);NPFg as supporting electrolyte. The working electrode was a
platinium gauze. Oxidative or redutive potentials were applied causing spectral
changes in the range of 200-1100 nm in the optical absorption which were detected
by a Varian Cary 50 spectrophotometer. The PAR101 potentiostat from Metrohm or
the Compactstat from [vium were used for cyclic and square wave voltammograms.
Samples were dissolved in MeCN (1 mM) with (n-Bu)yNPFg (0.1 M). The working
electrode consisted of Pt (d = 1 mm) or glassy carbon (d = 2 mm). A Pt wire was
used as counter electrode together with Ag/0.01 M AgNOs, 0.1 M (nBu),NPFg in
MeCN as reference electrode. After the measurements ferrocene as internal standard
was added. The potentials are referenced against the Fe™ /Fe couple and analysed

according to the diagnostic criteria by Randles-Sevcik equation and Nicholson.[142145)
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Transient optical absorption spectroscopy

Transient absorption spectroscopy was performed and analysed by the group of Prof.
Dr. Stefan Haacke at the University of Strasbourg or by the group of Prof. Dr.
Wojciech Gawelda at the Adam Mickiewicz University.

A femtosecond laser system using a Ti:Sapphire source (FemtoLasers Synergy 20)
with 800 nm central wavelength was applied for Fel-2 and Dy1-2. A 20 fs temporal
resolution was provided with a repetition rate of 80 MHz. By passing a Chirped
Pulsed Amplification system (CPA-Amplitude Technology, Pulsar) a fundamental
beam with 0.5 mJ energy and temporal resolution of 40 fs at 5 kHz was produced. A
TOPAS Prime (Light Conversion) provided the 60 fs pump pulses at 550 nm. The
home-built set-up was previoisly described.!'%7 Portion of the 800 nm beam was
converted to the white light spectrum (460-1030 nm) in a 2 mm calcium fluoride
plate. At the magic angle (54.7°) the pump and probe beams were linearly polarized
(IRF ~ 60 fs). Six to eigth temporal scans were averaged to achieve good S/N
ratio. To remain in the linear one-photon response regime of the compounds, the
pump pulse energy was adjusted to 80 nJ, resulting in a pump energy density below
1 mJ/cm?. The samples with ~ 1.5 mM concentration in MeCN were cycled in a
quartz flow-cell with 200 pm optical path length. Photobleaching was excluded
due to only minor reduction of absorbance (<5%) after the experiment as deduced
by UV-Vis spectroscopy. Data were processed by a home-made software (Matlab).
Corrections for non-zero background signal at negative time delays, GVD of the white
light, time-zero solvent response and the quartz sample cell ("coherent artefacts")
were applied.[146:147]

The experimental setup for TA measurements of Fe3 and Dy3 was described

[120] Optical transient absorption spectra of Fe3 and Dy3 were measured

elsewhere.
on a Helios spectrometer from Ultrafast Systems with an instrument response function
(IRF) of 120 fs. The adjustment of the original commercial setup was carried out
with a dichroic optical filter which was placed in front of the flow cell. This masked
the residual 800 nm white light continuum. White light continuum generation in
330-720 nm was realized by a continuously moving CaF; crystal. Samples (10 mM,
MeCN) were excited with 400 nm or 515 nm laser (2p1J) with a time window of
450 ps. The signal transmission was ensured by using a 0.12 pm flow cell with CaFy
windows and a gear pump ( 1 mL/s flow) for refreshment of sample. The solvent

contribution was eliminated by substracting the solvent response from the TA data.

Ultrafast X-ray emission spectroscopy

Iron and cobalt K « emission was simultaneously measured (120 fs temporal reso-
lution) at the FXE instrument at SASE1 branch of European XFEL, Schenefeld,
Germany,['*¥) with the help of the XFEL staff and the research group of Prof. Dr.
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Wojciech Gawelda. Data were processed and analysed by Dr. Michat Nowakowski
and interpreted by Dr. Michat Nowakowski and Marina Huber-Gedert. Dy3, Fe3
and C14 (10mM or 5 mM, in MeCN) were measured in a cylindrical liquid jet with
200 pm diameter, using a HPLC pump for sample recirculation. A ~ 55% excitation
rate was achieved by a 400 nm optical laser pulse (5.5 - 15 pJ/pulse) with 50 fs
pulse length. The SASE X-ray probe beam had a central energy of 9.3 keV with
125 bunches per pulse train. The intra-train repetition rate was 0.564 MHz with a
beam size of 20 um (fwhm), pulse duration of 100 fs and ~1012 photons per pulse.
An alternating pumped/unpumped train mode was realized by operating at 10 Hz
repitition rate per train and at 5 Hz for the optical laser. A wavelength-dispersive
16-crystal von Hamos XES spectrometer together with a 2D charge integrating
gain-switching Jungfrau 1M detctor (1024 x 1024 pixels) were used to record the
fluorescence emission (Fe Ko and Co Ko with Ge(440) and Si(531) analyzer crystal
reflections at 75.4° and 77°, respectively). The timing jitter was ~ 70 fs (fwhm)
between the pump and probe pulse. Signal integration was done over 500 trains (=
60 s) per time point. Kinetics were recorded for three different time windows: 1)
-5 ps to 15 ps with At = 1 ps, 2) -1.2 to 3.3 ps with At = 150 fs and 3) -1.0 ps to
1.5 ps with At = 150 fs. A good S/N ratio was achieved by individually adjusting

the number of measurements.

Computational methods

The ORCA 4.0.1, 4.2.0 or 5.0.1 quantum chemistry packages were applied for all
calculations. The PBEh-3c method was applied for all unconstrained DFT opti-
mizations of the investigated compounds.!'®*1%2 Single-point or TDDFT calculations
were performed using TPSSh hybrid functional and the Alrichs def2-TZVPP or
def2-TZVP basis set on all atoms.!'"354 MeCN solvation was included via SMD or
CPCM.[% Correction for dispersion interaction was performed by DFT-D3 with
Becke-Johnson damping scheme (D3BJ).[156-158] Singlet transitions of TDDFT spectra
were broadened by Gaussian broadening with fixed FWHM of 30nm. Avogadro was
used to visualized the donor and acceptor orbitals for selected transitions.

The following calculations were performed by Dr. Hossam Elgabarty from the group
of Prof. Dr. Thomas Kiihne. The potential energy surface including singlet and
triplet states was computed based on the optimized geometry of the ground state.
New states after simultaneous stretching of Fe-N distance (0.05 A steps) and Fe-N
bite angle (0.7° steps) were investigated by computing the 60 lowest-lying singlet and
triplet transitions at each point. By using Mulliken population analysis the excited
states were assigned as 'MLCT, MLCT and *MC state.!'®16% In the context of
the wavepacket analysis, the SMC state was identified and vibrational modes were

computed from the geometry-optimized structure (def2-SVP) by Gaussian 16./16
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8.3 Ligand synthesis

4’(((Trifluoromethyl)sulfonyl)oxy)-2,2:6’,2”-terpyridine 1

A solution of 2,6-bis(2-pyridyl)-4(1H)-pyridon (5.63 mmol, 1.74 g) in dry pyridine
(20 mL) was cooled down to 0°C. Tf,0 (8.45 mmol, 1.4 mL) was added dropwise.
After 30 min at 0°C the reaction was warmed to room temperature. After 20 hours
cold water was added which caused formation of a precipitate. It was isolated and

washed with water. Extraction with n-hexane or DCM gave the desired product 1
in 71% yield.!1%?

'H NMR (500 MHz, CDCls, ppm): § = 8.73 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H),
8.62 (dt, J = 8.0, 1.0 Hz, 2H), 8.43 (s, 2H), 7.89 (ddd, 2H), 7.39 (ddd, J = 7.5, 4.8,
1.2 Hz, 2H).

13C NMR, (125.7 MHz, CDCly, ppm): 6 = 159.0, 158.7, 154.4, 149.6, 137.2, 124.9,
121.6, 113.3.

Elemental Analysis: calc. for C16H1oN3SO3F3 (%): C 50.40, H 2.64, N 11.02, S
8.41: found: C 50.13, H 2.87, N 10.93, S 8.14.

4’(Pyridn-4-ylethynyl)-2,2’:6’,2”-terpyridine L1

1 (2 mmol, 763 mg), 4-ethynylpyridine hydrochloride (2.6 mmol, 363 mg), Pd(PPhj),
(0.14 mmol, 162 mg) and Cul (0.2 mmol, 38 mg) were suspended in degassed DIPA
(80 mL). After two days at 50°C the solvent was removed. The raw product was
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purified over silica using DCM and an increasing amount of acetone (~10%). Altern-
atively, basic alumina could be used. L1 can be isolated in 62% yield.

'H NMR (500 MHz, CDCls, ppm): § = 8.73 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.67
(m, J = 4.4, 1.6 Hz, 2H), 8.64 (dt, J = 8.0, 1.0 Hz, 2H), 8.62 (s, 2H), 7.89 (td, 2H),
7.45 (m, J = 4.4, 1.6 Hz, 2H), 7.38 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H).

13C NMR (125.7 MHz, CDCls, ppm): § = 156.2, 155.9, 150.4, 149.7, 137.4, 132.6,
131.0, 126.1, 124.6, 123.4, 121.7, 91.9, 90.8.

ESI-MS (m/z): [M+H]| theo = 335.1297, [M+H] "¢y, = 335.1313; [M+Na| tpeo =
357.1116, [M+Na|t ey, = 357.1126.

Elemental Analysis: calc. for CooHiyNy (%): C 79.02, H 4.22, N 16.76; found: C
79.48, H 4.56, N 16.71.

4-Ethynylbenzaldehyde 3

4-Bromobenzahldehyde (5 mmol, 945 mg), Pd(PPh3),Cly (0.26 mmol, 179 mg), Cul
(0.25 mmol, 48 mg) and PPhs (0.52 mmol, 135 mg) were combined in degassed NEt;
(25 ml). Trimethylsilylacetylene (7.5 mmol, 1 mL) was added at 60°C. After 19
hours under reflux a black suspension was filtered through silica and washed with
EtOAc. Organic phase was evaporated. Purification over silica with EtOAc:n-hexane
(1:19) gave a yellow powder which was dissolved in MeCN. KOH (5 mol/L, 15 mL)
was added at 0°C. After 15 minutes the mixture was poured into water. Product
was extracted with EtsO and the organic phase was dried over NasSO4. Removal of
solvent and recrystallization gave 3 in good purity. Further purification over silica
with ethylacetate:n-hexane (1:10) yielded the desired product as colourless powder
(48%).Fu-2018

'H NMR (500 MHz, CDCl3, ppm): § = 10.02 (s, 1H), 7.84 (m, 2H), 7.64 (m, 2H),
3.29 (s,1H).

13C NMR (125.7 MHz, CDCly, ppm): 6 = 191.5 136.1, 132.9, 129.6, 128.5, 82.8,
81.2.

Elemental Analysis: calc. for CoHgO (%): C 83.06, H 4.65; found: C 82.46, H 4.15.
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4’(4-Ethynylphenyl)-2,2’:6’,2”-terpyridine 4

4-Fthynylbenzaldehyde 3 (2.3 mmol, 300 mg), 2-acetylpyridine (4.6 mmol, 555 mg)
and NaoH (4.6 mmol, 184 mg) were combined. Concentrated ammonia solution
(18.6 mL) and EtOH (36 mL) were added. The suspension was stirred for five days
at room temperature and turned orange. The solid material was isolated and washed
with EtOH and H5O. The product was dissolved in EtOAc and the solvent was
removed. After drying 4 was isolated as yellow powder in 36% yield.[??

'H NMR (500 MHz, CDCl3, ppm): § = 8.74 (s, 2H), 8.73 (m, 2H), 8.68 (dt,
J = 7.9 Hz, 2H), 7.90-7.87 (m, 4H), 7.64 (m, J = 8.4 Hz, 2H), 7.36 (ddd, J = 7.4,
4.8, 1.2 Hz, 2H), 3.18 (s, 1H).

130 NMR (125.7 MHz, CDCly, ppm): § = 156.3, 156.3, 149.5, 149.3, 139.0, 137.0,
132.9, 127.4, 124.1, 123.0, 121.5, 118.9, 83.5, 78.6.

Elemental Analysis: calc. for Co3HisN3 (%): C 82.86, H 4.54, N 12.60; found: C
81.37, H 4.84, N 12.11.

4’(4-(Pyridin-4-ylethynyl)phenyl)-2,2’:6’,2”-terpyridine L2

4’(4-Ethynylphenyl)-2,2":6",2"-terpyridine 4 (4.65 mmol, 1.55 g), 4-iodopyridine
(5.12 mmol, 1.05g) were combined with Pd(PPh3),Cly (0.37 mmol, 261 mg), PPh;
(0.37 mmol, 98 mg) and Cul (0.47 mmol, 89 mg). After addition of degassed
NEt3; (150 mL) the reaction was stirred for three days at 80°C. After removal of
NEts the residue was dissolved in DCM. Insoluable solids were filtered off. After

drying over NasSO, the solvent was removed. The raw product was purified over
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silica with EtOAc/n-hexane (1:1). L2 was obtained as colourless powder in 70% yield.

IH NMR (700 MHz, CDCls, ppm): & = 8.77 (s, 2H), 8.74 (ddd, J = 4.7, 1.7, 0.9
Hz, 2H), 8.69 (dt, J = 7.9, 1.0 Hz, 2H), 8.63 (dd, J = 4.4, 1.6 Hz, 2H), 7.96 — 7.94
(m, 2H), 7.90 (td, J = 7.7, 1.8 Hz, 2H), 7.72 — 7.70 (m, 2H), 7.45 (dd, J = 4.4, 1.6
Hz, 2H), 7.38 (ddd, J = 7.4, 4.7, 1.2 Hz, 2H).

13C NMR (176 MHz, CDCly, ppm): § = 156.2, 156.2, 149.5, 149.4, 149.3, 139.5,
137.3, 132.7, 132.3, 127.7, 125.9, 124.2, 122.9, 121.7, 119.0, 94.4, 88.1.

ESI-MS (m/2): [M+H]* e = 411.1610, [M+H]* oxp = 411.1617.

Elemental Analysis: calc. for CosHigNy (%): C 81.93, H 4.42, N 13.65; found: C
80.90, H 5.03, N 12.52.

2,6-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine 5

A solution of (1,5-cyclooctadiene)(methoxy)iridium(I) dimer (0.375 mmol, 249 mg),
4,4’-di-tert-butyl-2,2’-bipyridyl (0.75 mmol, 201 mg) and bis(pinacolato)diboron
(25 mmol, 6.35 g) in dry, degassed MTBE (45 mL) was prepared. 2,6-Dichloropyridine
(25 mmol, 3.7 g) was added. After 30 hours the solvent was removed. The raw
product was purified over silica with DCM as eluent. The white crystalline powder
of 5 was obtained in 97% yield.[8’!

'H NMR (500 MHz, CDCl3, ppm): 6§ = 7.58 (s, 2H), 1.35 (s, 12H).

13C NMR (125.7 MHz, CDCly, ppm): § = 150.3, 127.7, 85.1, 24.7.

Elemental Analysis: calc. for C;;H;4NOyCl,B (%): C 48.23, H 5.15, N 5.11;
found: C 48.67, H 5.48, N 5.03.
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2,6-Dichloro-4,4’-bipyridine 6

First, 2,6-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) pyridine 5 (222 mmol,
6.03 g), 4-iodopyridine (20 mmol, 4.1 g), Pd(OAc), (0.32 mmol, 72 mg), PPh;
(1.6 mmol, 420 mg), KyCO3 (68 mmol, 9.4 g) were degassed. Second, degassed
solvent mixture 1,4-dioxane/H,0O (80 ml/20 mL) was added leading to a two-phase
mixture. Stirring at 110°C for two days resulted in color change to brown. The
two-phase mixture was poured into water. The precipitate was collected and washed

with water. The crude product was dissolved in DCM and purified over silica using
EtOAc:cyclohexane (1:1). 6 was obtained in 83% yield.[?!

'H NMR (500 MHz, CDCl3, ppm): 6 = 8.79 (m, J = 4.4, 1.7 Hz, 2H), 7.49
(s, 2H), 7.48 (m, J = 4.4, 1.7 Hz, 2H).

13C NMR (125.7 MHz, CDCl3, ppm): § = 152.0, 151.5, 151.4, 143.6, 121.7, 121.2.
ESI-MS (m/z): [M+H| e = 224.9986, [M+H] o, = 225.0024.

Elemental Analysis: calc. for C1gHgN2Cly (%): C 53.37, H 2.69, N 12.45; found:
C 52.92, H 3.24, N 12.21.

1,1’-([4,4’-Bipyridine]-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium)chloride L3

®
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2,6-Dichloro-4,4-bipyridine 6 (7.5 mmol, 1.69 g) and N-methylimidazole (75 mmol,
6 mL) were combined in a vial. After degassing the mixture was stirred for five
days at 150°C. After cooling the brown solid was dissolved in MeOH and added
dropwise in EtOAc. A precipitate was isolated and washed with EtOAc. The
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crude product was purified over alumina using the solvent mixture MeCN/MeOH

(30:1). After evaporation of solvent L3 was obtained as beige powder in 38% yield.['64

'H NMR (500 MHz, DMSO-dg, ppm): ¢ = 10.77 (s, 2H), 8.94-8.92 (m, 4H),
8.75 (s, 2H), 8.16 (m, J = 4.5, 1.6 Hz, 2H), 8.09 (t, J = 1.6 Hz, 2H), 4.06 (s, 6H).
13C NMR (125.7 MHz, DMSO-dg, ppm): 6 = 152.7, 151.0, 146.2, 141.8, 136.7,
125.0, 121.6, 119.3, 111.7. 36.6.

ESLI-MS (m/2): [M]?* 0 = 318.1503/2 = 159.0797, [M]?* exp = 159.0804; [M-H]"
= 317.1515, [M—H]+exp = 317.1483.

Elemental Analysis: calc. for PFg-salt CisHisNgPoF12 (%): C 35.54, H 2.98, N
13.82; found: C 35.37, H 3.47, N 13.71.

2,6-Dichloro-4-iodopyridine 7-Cl

AN

~

Cl N~ Cl

2,6-Dichloropyridine (10 mmol, 1.48 g) dissolved in THF was cooled down to -78°C.
n-Buli in n-hexane (1.6 M, 10.5 mmol, 6.6 mL) was added. After one hour iodine
(20mmol, 5 g) in THF (12,5 mL) was added dropwise to the solution. After warming
to room temperature over 14 hours the reaction was quenched with an aqueous
sodium thiosulfate solution. The organic phase was isolated and THF was removed.
Product mixture of 7-Cl and 2,6-dichloro-3-pyridine was separated by recrystalliza-
tion in EtOH. The product was isolated as white needles (50%).1"!

'H NMR (500 MHz, CDCl3): § = 7.66 (s, 2H) ppm.

13C NMR . (125.7 MHz, CDCl3): § = 150.9, 131.6, 107.7 ppm.

Elemental Analysis: calc. for CsHoNCloI: C 21.93, H 0.74, N 5.11; found: C 22.20,
H 1.15, N 5.49.
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2,6-Dichloro-4-ethynylpyridine 8-Cl1

X

g2

Cl N~ “Cl

Trimethylsilylacetylene (3.1 mmol, 303 mg) and 7-Cl (3 mmol, 822 mg) were dissolved
in degassed NEt3 (50 mL). Pd(PPh3),Cly (0.12 mmol, 84 mg), PPhs (0.12 mmol,
31 mg) and Cul (0.18 mmol, 34 mg) were added. After one day, the solvent was
removed and the raw product was purified over silica with ethylacetate:n-hexane
(1:1). The TMS-protected product was combined with KOH (30 mmol, 1,68 g in HyO,
5 mL) in MeCN (18 mL) at 0°C. After 15 minutes water was added. A precipitation
was collected. It was dissolved in Et,O. After removal of solvent sublimation gave
8-Cl as colourless crystals in 66% yield.!"

'H NMR (500 MHz, CDCl3, ppm): § = 7.32 (s, 2H), 3.42 (s, 1H).

13C NMR (125.7 MHz, CDCly, ppm): 6 = 151.1, 135.4, 125.4, 84.8, 78.8.
ESI-MS (m/z): [M+H]* e = 171.9721, [M+H]* o, = 171.9690.

Elemental Analysis: calc. for C;H3NCly (%): C 48.88, H 1.76, N 8.14; found: C
49.35, H 2.20, N 8.21.

2,6-Dichloro-4-(pyridin-4-ylethynyl) pyridine 9-Cl

4-Todopyridine (1.3 mmol, 258 mg), Pd(PPh;),Cly (0.04 mmol, 28 mg), PPhs
(0.04 mmol, 10 mg) and Cul (0.05 mmol, 10 mg) were added to 8-Cl. Dried,
degassed solvent mixture NEt3/THF (1:1, 20 mL) was used. After 14 hours a
suspension was formed. After solvent removal purification over silica with ethylacet-
ate:n-hexane (1:20) gave the desired product as yellow powder (98%).

H NMR (500 MHz, CDCl;, ppm): 6§ = 8.68 (m, 2H), 7.39 (m, 2H), 7.38 (s,
2H).
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13C NMR (125.7 MHz, CDCly, ppm): 6 = 150.9, 150.0, 135.0, 129.1, 125.5, 124.5,
92.9, 87.9.

ESI-MS (m/2): [M+H]" theo = 248.9986, [M-+H]* ¢ = 248.9993.

Elemental Analysis: calc. for C;5HgN,Cly (%): C 57.86, H 2.43, N 11.25; found:
C 58.13, H 2.96, N 10.67.

2,6-Dibromo-4-iodopyridine 7-Br

X

g2

Br N Br

2,6-Dibromopyridine 10 (2 mmol, 484 mg) dissolved in THF (8 mL) was cooled
down to -30°C. TMPMgCl-LiCl in THF /toluene (1M, 3 mL) was added dropwise.
After 40 mintues iodine was added. Colour of the solution changed from yellow to
red. After 14 hours and warming to room temperature the reaction was quenched
with an aqueous NayS503 solution. The solution turned into a suspension. Et,O
and EtOAC were used to extract the raw product. Combined organic phases were
washed with an aqueous solution of NH4Cl and dried over NaySOy4. Solvents were

removed and the product washed with acetone. 7-Br was isolated in 69% yield.!%?

'H NMR (500 MHz, CDCls, ppm): § = 7.84 (s, 2H).
13C NMR (125.7 MHz, CDCl3, ppm): § = 141.3, 135.8, 107.7.

Elemental Analysis: calc. for CsHoNBrol (%): C 16.55, H 0.56, N 3.86; found: C
16.91, H 0.82, N 4.11.

2,6-Dibromo-4-ethynylpyridine 8-Br

X

~

Br N Br

2,6-Dibromo-4-iodopyridne 7-Br (1 mmol, 363 g) was dissolved in degassed NEt;
(20 mL). Then Pd(PPhs),Cly (0.08 mmol, 56 mg), PPhs (0.08 mmol, 21 mg) and
Cul (0.12 mmol, 22 mg) were added. The mixture was cooled to 0°C. Trimethyl-
silylacetylene (1.05 mmol, 103 mg, 0.15 mL) diluted in degassed, dry THF (20 mL)
was added dropwise over one hour to avoid twofold acetylation. After complete
addition the reaction was stirred for two more hours at 0°C and warmed to room

temperature over night. The solvent was removed and the raw product purified over
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silica. First, pure n-hexane was used as eluent. Then the amount of ethylacetate
was gradually increased up to 1:1. The TMS-protected product was suspended in
MeCN (5 mL) at 0°C. Aqueous solution of KOH (5M, 4 mL) was added. Addition of
water caused the precipitation of a brown solid. It was extracted with Et;O. Organic
phase was washed with brine and solvent was removed in vacuum. Purification over
silica with n-hexane:ethylacetate (20:1) gave 8-Br (64%).11%

'H NMR (500 MHz, CDCl3, ppm): 6 = 7.50 (s, 2H), 3.41 (s, 1H).

13C NMR (125.7 MHz, CDCly, ppm): § = 141.0, 134.7, 120.3, 84.8, 78.4.
ESI-MS (m/z): [M+H]" e = 261.8690, [M+H]* o, = 261.8751.

Elemental Analysis: calc. for C;H3NBry (%): C 32.22, H 1.16, N 5.37; found: C
32.48, H 1.63, N 5.66.

2,6-Dibromo-4-(pyridin-4-ylethynyl)pyridine 9-Br

Synthesis was conducted similarly to Hiibscher et al. with changes in the order of
reagents and temperature.®! 4-Todopyridine (2.53 mmol, 526 mg) was dissolved in de-
gassed DIPA (40 mL). Then Pd(PPh;),Cl; (0.184 mmol, 129 mg), PPh; (0.184 mmol,
48 mg) and Cul (0.23 mmol, 44 mg) were added. The mixture was cooled to 0°C.
2,6-Dibromo-4-ethynylpyridine 8-Br (2.2 mmol, 575 mg) diluted in degassed and dry
THF (30 mL) was added dropwise in one hour to avoid twofold acetylation. After
complete addition the reaction was stirred for two more hours at 0°C and warmed to
room temperature over night. Solvent was removed. The raw product was purified
over silica with n-hexane/EtOAc (5:1). 9-Br was obtained in 63% yield.

'H NMR (500 MHz, CDCl3, ppm): § = 8.68 (m, 2H), 7.57 (s, 2H), 7.39 (m,
2H).

13C NMR (125.7 MHz, CDCly, ppm): 6 = 150.3, 141.1, 134.6, 129.4, 128.8, 125.7,
93.3, 87.8.

ESI-MS (m/2): [M+H| e = 338.8956, [M+H]| "oy = 338.8996.
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2,6-Di(1H-imidazol-1-yl)pyridin-4-amine 13

NH,
| AN

2,6-Dibromopyridine-4-amine (30 mmol, 7.56 g), imidazole (75 mmol, 5.11 g), K;CO3
(75 mmol, 10.37 g) and CuO (7.5 mmol, 597 mg) were degassed. Dry, degassed DMF
(200 mL) was added and the mixture was stirred for six days at 150°C. After removal

of DMF the residue was suspended in HyO. The solids were isloated and dissolved in
DCM/MeOH. Drying gave 13 in 88% yield.[**!

1H NMR (500 MHz, DMSO-dg, ppm): § = 8.49 (t, J = 1.0 Hz, 2H), 7.84 (t,
J = 1.3 Hz, 2H), 7.10 - 7.09 (m, 2H), 6.68 (s, 2H), 6.67 (s, 2H).

13C NMR (125.7 MHz, DMSO-dg, ppm): & = 159.8, 149.1, 135.9, 130.5, 117.3, 95.0.
ESI-MS (m/z): [M+H] "o = 227.1045, [M+H]* ¢y, = 227.1057.

2,6-Di(1H-imidazol-1-yl)-4-iodopyridine 14

2,6-Di(1H-imidazol-1-yl)pyridin-4-amine 13 (1.9 mmol, 430 mg) was first suspended
in concentrated hydrochloric acid (6 mL). Then water (34 mL) was added. KI
(30.4 mmol, 5.05 g) was added while cooling with an ice-bath. After 30 minutes
NaNO; (7.6 mmol, 524 mg) was added scopewise. The reaction was neutralised with
NaHCO3. After addition of NaySO3 an orange suspension was formed. Solids were
isolated. The aqueous phase was extracted with DCM. After removal of DCM and
combination with the isolated solids the raw product was purified with flash clomun
chromatography using acetone as eluent. 14 was obtained as off-white powder in
59% vield. I:Cl ratio was 88:12.1! Alternative route using H,SO, as acid gave the
desired product in 38% yield.

'H NMR (500 MHz, DMSO-dg, ppm): 6 = 8.77 (s, 2H), 8.23 (s, 2H), 8.15 (t, J =
1.3 Hz, 2H), 7.14 (s, 2H).
13C NMR (125.7 MHz, DMSO-dg, ppm): 6 = 147.6, 135.8, 130.4, 118.2, 116.9,
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111.9.

ESI-MS (m/z): [M+H] heo = 337.9903, [M+H] ¢y, = 337.9908.

Elemental Analysis: calc. for C;HgNsI (%): C 39.19, H 2.39, N 20.77; found: C
39.07, H 2.43, N 20.37.

2,6-Di(1H-imidazol-1-yl)-4-(pyridin-4-ylethynyl)pyridine 11

N\
|/

{
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14 (6.36 mmol, 2.14 g), 4-ethynylpyridine hydrochloride (8.27 mmol, 1.15 g),
Pd(PPh;s), (0.89 mmol, 1.03 g) and Cul (1.91 mmol, 363 mg) were suspended
in degassed DIPA (80 mL) and DMSO (80 mL). After twelve days, the solvent was
removed under vacuum and HyO was added. The raw product was isolated and
dissolved in concentrated hydrochloric acid. Unsoluable solids were removed. The
acidic solution was neutralised by aqueous NaOH (2.5 M) which caused the formation
of a precipitate. It was filtered and washed with water. The product was dissolved

in acetone and the solvent removed. 11 was obtained in 74% yield.

1H NMR (500 MHz, DMSO-dg, ppm): & = 8.81 (s, 2H), 8.74 (dd, J = 4.4,
1.5 Hz, 2H), 8.20 (s, 2H), 8.05 (s, 2H), 7.62 (dd, J = 4.4, 1.6 Hz, 2H), 7.17 (s, 2H).
13C NMR (125.7 MHz, DMSO-dg, ppm): § = 150.3, 148.1, 135.8, 135.2, 130.5,
128.6, 125.4, 116.9, 111.7, 91.7, 89.8.

ESI-MS (m/z): [M+H] "o = 313.1202, [M+H] o, = 313.1206.
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1,1’-(4-((1-Methylpyridin-1-ium-4-yl)ethynyl) pyridine-2,6-diyl) bis(3-methyl-
1H-imidazol-3-ium)iodide L5
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2,6-Di(1H-imidazol-1-y1)-4-(pyridin-4-ylethynyl)pyridine 11 (0.4 mmol, 125 mg) was
dissolved in MeCN (5 mL). Mel (1.4 mmol, 0.08 mL) was added. The mixture was
stirred at 70°C for 20h. The solvent was removed and the residue dissolved in DMSO.
It was filtered and dropped into an aqueous KPFg solution. The precipitation was
collected and washed with HyO. After drying the product was isolated in 58% yield.

'H NMR (700 MHz, acetone-dg, ppm): 6 = 10.03 (s, 2H), 9.23 (m, J = 6.6
Hz, 2H), 8.67 (t, J = 2.0 Hz, 2H), 8.57 (s, 2H), 8.40 (m, J = 6.7 Hz, 2H), 8.08 (t, J
= 1.8 Hz, 2H), 4.68 (s, 3H), 4.26 (s, 6H).

13C NMR (176 MHz, acetone-dg, ppm): § = 146.7, 146.6, 137.6, 136.7, 136.4, 130.3,
125.9, 119.9, 117.3, 95.1, 91.2, 48.9, 37.0.

ESI-MS (m/2): [M]** e = 357.1828/3 = 119.0609, [M]**eq, = 119.0602; [M-
H]?* oo = 356.1749/2 = 178.0875, [M-H]* o, = 178.0881.

Elemental Analysis: calc. for CoHoiNgP3Fis (%): C 31.83, H 2.67, N 10.61;
found: C 31.89, H 3.12, N 10.43.
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4-((2,6-Di(1H-imidazol-1-yl)pyridin-4-yl)ethynyl)pyridine-1-oxide 15
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2,6-Di(1H-imidazol-1-yl)-4-(pyridin-4-ylethynyl)pyridine 11 (1.07 mmol, 334 mg)
was suspended in DCM/H50 (54 mL/7 mL) and NaHCO; (1.18 mmol, 99 mL) was
added. Due to the addition of MCPBA (2.68 mmol, 462 mg) the suspension turned
yellow. The reaction was stirred for 24h at 40°C. Then DCM was removed and
saturated NaHCO3 solution was added. The precipitate was collected and washed

with water. Drying gave 15 in 61% yield.

'H NMR (500 MHz, DMSO-dg, ppm): § = 8.80 — 8.78 (m, 2H), 8.33 — 8.30
(m, 2H), 8.17 (t, J = 1.4 Hz, 2H), 8.00 (s, 2H), 7.65 — 7.63 (m, 2H), 7.17 (dd, J =
1.4, 0.9 Hz, 2H).

13C NMR (176 MHz, DMSO-dg, ppm): & = 148.1, 139.5, 135.8, 135.5, 130.5, 129.0,
116.9, 116.5, 111.5, 91.7, 90.5.

ESI-MS (m/z): [M+H] "o = 329.1151, [M+H] o, = 329.1163.

4-((2,6-Bis(3-methyl-1H-imidazol-3-ium-1-yl)pyridin-4-yl)ethynyl) pyridine-
1-oxide iodide 16
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4-((2,6-Di(1H-imidazol-1-yl)pyridin-4-yl)ethynyl)pyridine-1-oxide 15 (0.65 mmol,
213 mg) and Mel (6.5 mmol, 0.4 mL) were combined in MeCN (60 mL). First, the
reaction was stirred for 90 minutes at 40°C. Then, the temperature was increased
to 80°C for 18h. After cooling the solvent and excess of Mel were removed. Dried

product was isolated in 96%.

'H NMR (500 MHz, DMSO-dg, ppm): 6 = 10.30 (s, 2H), 8.74 (t, J = 1.9 Hz, 2H),
8.45 (s, 2H), 8.37 — 8.34 (m, 2H), 8.07 (t, 2H), 7.67 — 7.64 (m, 2H), 4.03 (s, 6H).
13C NMR (125.7 MHz, DMSO-dg, ppm): 6 = 145.8, 139.7, 136.7, 136.4, 129.1,
125.1, 119.1, 115.7, 115.6, 94.0, 89.2, 62.0.

ESI-MS (m/2): [M+H|" e = 358.1531/2 = 179.0767, [M+H]* ., = 179.0754.

1,1’-(4-(Pyridin-4-ylethynyl) pyridine-2,6-diyl) bis(3-methyl-1H-imidazol-3-
ium)hexafluorophosphate L4
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4-((2,6-Bis(3-methyl-1H-imidazol-3-ium-1-yl) pyridin-4-yl)ethynyl)pyridine-1-oxide iod-
ide 16 (0.12 mmol, 74 mg) was suspended in dry, degassed DCM (12 mL). PBr;
(0.77 mmol, 0.07 mL) was added. After stirring for 24h at 50°C DCM was removed
in vacuo. The residue was dissolved in water and neutralised with NaHCO3. After
filtration the aqueous solution was dropped into an aqueous KPFg solution. A yellow
precipitate was formed. After isolation and washing with water it was purified over
alumina. The educt/product mixture was separated by using MeCN:Et,O (1:1). L4
was isolated in 9% yield.

'H NMR (500 MHz, acetone-dg, ppm): § = 10.05 (s, 2H), 8.74 (dd, J = 4.4,
1.6 Hz, 2H), 8.71 (t, J = 2.0 Hz, 2H), 8.50 (s, 2H), 8.07 (t, J = 1.9 Hz, 2H), 7.58
(dd, J = 4.4, 1.6 Hz, 2H), 4.26 (s, 6H).

13C NMR, (125.7 MHz, acetone-dg, ppm): 6 = 150.7, 146.6, 138.2, 136.3, 128.5,
125.8, 125.6, 119.9, 116.9, 94.8. 87.9, 37.0.

ESI-MS (m/2): [M]**eo = 342.1593/2 = 171.0797, [M]?**e, = 171.0818.
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1,1’-(4-Iodopyridine-2,6-diyl) bis(3-methyl-1H-imidazol-3-ium) hexa-
fluorophosphate L6
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2,6-Di(1H-imidazol-1-yl)-4-iodopyridine 14 (0.3 mmol, 101 mg) was cooled down to
-78°C in DCM (10 mL). Methyl triflate (0.75 mmol, 0.08 mL) was added dropwise.
The reaction was stirred for three days at room temperature. A suspension was
formed. The solvent was removed and DMSO was added. After filtration the DMSO
solution was dropped into an aqueous solution of KPFg. The formed precipitation
was isolated and washed with water. The product L6 was isolated as white powder
in 53% yield.

'H NMR (500 MHz, acetone-dg, ppm): ¢ = 10.02 — 10.01 (m, 2H), 8.73 (s,
2H), 8.69 (t, J = 2.0 Hz, 2H), 8.05 — 8.04 (m, 2H), 4.24 (s, 2H).

13C NMR (125.7 MHz, acetone-dg, ppm): 6 = 145.9, 136.3, 125.7, 124.1, 119.9,
111.8, 36.9.

ESI-MS (m/2): [M]2* g0 = 367.0204/2 = 183.5147, [M]** ey = 183.5195; [M-H]* 0
= 366.0216, [M-H] "y, = 366.0237.
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8.4 Complex synthesis

Fe]—homo

The ligand L1 (0.5 mmol, 167 mg) and FeBry (0.25 mmol, 54 mg) were placed in a
flask containing inert gas. Degassed MeoH (20 mL) was added. After 30 minutes
the solution was filtered and MeOH was removed. The violet residue was dissovled
in HyO. After filtration and addition of KPFg to the aqueous solution the complex

precipitated. Isolation and washing with water gave Felyome in 15% yield.

'H NMR (700 MHz, CD3CN, ppm): § = 9.07 (s, 4H), 8.80 (dd, J = 4.2, 1.6
Hz, 4H), 8.50 — 8.48 (m, 4H), 7.94 — 7.90 (m, 4H), 7.71 (dd, J = 4.2, 1.7 Hz, 4H),
7.16 - 7.14 (m, 4H), 7.10 (ddd, J = 7.1, 5.7, 1.3 Hz, 4H).

13C NMR (176 MHz, CD;CN, ppm): & = 160.5, 157.4, 153.4, 150.7, 139.3, 131.6,
129.3, 127.9, 125.9, 125.6, 124.4, 94.3, 89.6.

ESI-MS (m/7): [M]**iheo = 724.1786/2 = 362.0893, [M]*.,, = 362.0866.
Elemental Analysis: calc. for CyyHogNgFePoFi5 (%): C 52.09, H 2.78, N 11.04;
found: C 51.50, H 2.89, N 10.93.

Fel

o _|2+
\
/N\S?\/N {
</_\;\N Fe\ N V= /:\N
N\,/
The bulky ligand 1,1’-(pyridine-2,6-diyl)bis(3-(2,6-diisopropylphenyl)-1H-imidazol-3-

ium) bromide SP (0.2 mmol, 139 mg) was suspended in dry, degassed THF (15 mL)
and cooled to -80 °C. Fe(HMDS), (0.2 mmol, 76 mg) dissolved in THF was added

£
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as in-situ base. The reaction was warmed to room temperature and turned violet.
Then L1 (0.2 mmol, 67 mg) was added. Stirring overnight and removal of THF
gave the crude product. After dissolving in water and filtration, an anion exchange
with KPFg (1.47 mmol, 270 mg) was conducted. Purification with alumina column
chromatography using MeCN:Et,O (1:5) gave Fel as violet powder in moderate
yield (64%).

'H NMR (500 MHz, acetone-dg, ppm): ¢ = 8.87 (t, 1H), 8.85 (d, J = 2.1 Hz, 2H),
8.77 (m, 2H), 8.68 (d, J = 7.6 Hz, 2H), 8.64 (d, J = 8.2 Hz, 2H), 8.34 (s, 2H), 8.14
(td, J = 7.8, 1.4 Hz, 2H), 7.64 (m, 2H), 7.59 (d, J = 2.2 Hz, 2H), 7.55 — 7.52 (m,
9H), 7.39 (ddd, J = 7.1, 5.6, 1.3 Hz, 2H), 7.30 (t, J = 7.8 Hz, 2H), 6.97 (d, J = 7.9
Hz, 4H), 0.91 (dt, J = 13.2, 6.6 Hz, 4H), 0.73 (d, J = 6.6 Hz, 12H), 0.63 (d, J = 6.6
Hz, 12H).

13C NMR (76 MHz, acetone-dg, ppm): & = 198.3, 158.8, 157.0, 156.5, 153.4, 151.4,
145.8, 143.8, 138.2, 134.8, 132.4, 131.2, 130.3, 128.2, 127.9, 126.4, 126.2, 124.5, 123.2,
118.9, 109.7, 93.1, 90.6, 28.2, 26.8, 23.8.

ESI-MS (m/2): [M]**theo = 921.3930/2 = 460.6965, [M]** ¢y, = 460.6991.
Elemental Analysis: calc. for Cs5;Hs5NgFePoFio (%): C 56.49, H 4.57, N 10.40;
found: C 56.16, H 4.87, N 10.36.

Dy1

CoCly-6 Hy,O (0.05 mmol, 12 mg) and dimethylglyoxime dmgH, (0.11 mmol, 13 mg)
were heated to 70 °C in ethanol/water (95:5, 10 ml). Fel (0.05 mmol, 61 mg)
dissolved in DCM was added. The solution turned violet. After a few minutes
the reaction was cooled to room temperature. Air was passed through the solution
for 30 minutes which resulted into a precipitation. Addition of EtoO enhanced the
precipitation. After filtration and subsequent washing with EtOH, Et,O and DCM
Dy1 was obtained as violet powder in 90% yield.

'H NMR (700 MHz, acetone-dg, ppm): 6 = 8.88 (t, J = 8.3 Hz, 1H), 8.86 (d, J
2.1 Hz, 2H), 8.64 (d, J = 8.3 Hz, 4H), 8.34 (m, 4H), 8.13 (dd, J = 11.1, 4.2 Hz, 2H

~—
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7.70 (d, J = 6.6 Hz, 2H), 7.60 (d, J = 2.1 Hz, 2H), 7.54 (d, J = 5.2 Hz, 2H), 7.39 (t,
J = 6.2 Hz, 2H), 7.26 (t, J = 7.8 Hz, 2H), 6.94 (d, J = 7.8 Hz, 4H), 2.44 (s, 12H),
0.93 — 0.85 (m, 4H), 0.71 (d, J = 6.6 Hz, 12H), 0.63 (d, J = 6.7 Hz, 12H).

BC NMR (176 MHz, acetone-dg, ppm): § = 197.1, 157.9, 155.9, 155.4, 152.5, 152.4,
151.1, 144.8, 142.9, 137.3, 133.7, 133.0, 131.4, 130.2, 127.5, 127.3, 125.6, 125.3, 123.5,
122.2, 118.0, 108.8, 93.9, 90.1, 27.2, 25.8, 22.8, 12.0.

ESI-MS (m/z): [M]*"heo = 622.6983, [M]** oy, = 622.6917 (Signal intensity very
low due to dissociation of the dyad during ESI measurement).

Elemental Analysis: calc. for Cg5HgoN13FeCoClO4P5F15 (%): C 50.81, H 4.53, N
11.85; found: C 50.40, H 4.88, N 11.77.

Fezhomo
N\ ¥
N
NN —= N \F/
NN
N\ /

The ligand L2 (0.5 mmol, 205 mg) and FeBry (0.25 mmol, 54 mg) were degassed.
Degassed MeoH (20 mL) was added. After 90 minutes the solution was filtered
and the volume of the solution was reduced. The concentrated MeOH solution was
dropped into an aqueous KPFg solution which caused the precipitation of the desired

complex. Isolation and washing with water gave Fe2pomo in 21% yield.

'H NMR (500 MHz, acetone-dg, ppm): 6 = 9.72 (s, 4H), 9.06 (d, J = 7.7 Hz, 4H),
8.70 (dd, J = 4.3, 1.6 Hz, 41), 8.58 — 8.56 (m, 4H), 8.09 (td, J = 7.8, 1.4 Hz, 4H),
8.05  8.02 (m, 4H), 7.62 — 7.60 (m, 4H), 7.57 (dd, J = 4.3, 1.6 Hz, 4H), 7.30 - 7.26
(m, 4H).

13C NMR (176 MHz, acetone-dg, ppm): § = 161.0, 158.6, 153.5, 150.4, 149.4, 139.2,
137.4, 133.2, 130.6, 128.4, 127.9, 125.5, 124.6, 124.4, 121.6, 92.6, 89.1.

ESI-MS (m/2): [M]?*1he0 = 876.2412/2 = 438.1206, [M]?* ¢y, = 438.1212.
Elemental Analysis: calc. for CsqHzsNgFePoFqo (%): C 57.65, H 3.11, N 9.60;
found: C 57.82, H 3.29, N 9.68.
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Fe2 was synthesized according to the protocol of Fel. The bridging ligand L2
(1.5 mmol, 616 mg) was used. The complex was isolated in 65% yield.

'H NMR (700 MHz, CD3CN, ppm): 6 = 8.68 (dd, J = 4.2, 1.6 Hz, 2H), 8.64 (t, J
= 8.3 Hz, 1H), 8.35 (d, J = 2.1 Hz, 2H), 8.28 (d, J = 7.9 Hz, 2H), 8.22 (d, J = 8.3
Hz, 2H), 7.98 (s, 2H), 7.92 — 7.88 (m, 4H), 7.79 — 7.77 (m, 2H), 7.54 (dd, J = 4.2,
1.6 Hz, 2H), 7.18 (d, J = 2.1 Hz, 2H), 7.16 (ddd, J = 7.1, 5.7, 1.2 Hz, 2H), 7.13 (dd,
J = 5.6, 0.7 Hz, 2H), 7.04 (t, J = 7.8 Hz, 2H), 6.81 (d, J = 7.8 Hz, 4H), 0.80 - 0.73
(m, 4H), 0.63 (d, J = 6.5 Hz, 12H), 0.57 (d, J = 6.7 Hz, 12H).

13C NMR (176 MHz, CD;CN, ppm): § = 207.6, 199.1, 158.5, 157.3, 156.6, 153.4,
151.2, 146.8, 145.9, 142.9, 138.8, 138.0, 134.8, 133.8, 131.8, 131.7, 131.0, 129.1, 127.7,
126.5, 125.8, 124.4, 124.4, 119.6, 118.7, 109.3, 93.6, 89.4, 31.0, 28.2, 26.7, 23.7.
ESI-MS (m/2): [M]?* e = 997.4243 /2 = 498.7122, [M]2* oy, = 498.7111, [M+H]** theo
= 998.4321/3 = 332.8107, [M+H]3+exp = 332.8176.

Elemental Analysis: calc. for Cg3HzoNoFePoF1o (%): C 58.75, H 4.62, N 9.79;
found: C 58.81, H 5.08, N 9.80.

Dy2

[N ;

Following the protocol of Dy1, Dy2 was isolated as violet powder in 80% yield.

1H NMR (700 MHz, CDsCN, ppm): § = 8.62 (t, J = 8.3 Hz, 1H), 8.35 (d, J
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= 2.1 Hz, 2H), 8.26 (d, J = 7.9 Hz, 2H), 8.21 (d, J = 8.3 Hz, 2H), 8.19 - 8.18 (m,
2H), 7.95 (s, 2H), 7.89 (td, J = 7.8, 1.4 Hz, 2H), 7.87 — 7.85 (m, 2H), 7.77 — 7.74 (m,
9H), 7.46 — 7.44 (m, 2H), 7.17 (d, J = 2.1 Hz, 2H), 7.16 — 7.13 (m, 2H), 7.11 (dd, J
— 5.5, 0.6 Hz, 2H), 7.01 (t, J = 7.8 Hz, 2H), 6.79 (d, J = 7.8 Hz, 4H), 2.36 (s, 12H),
0.78 - 0.71 (m, 4H), 0.61 (d, J = 6.6 Hz, 12H), 0.56 (d, J = 6.7 Hz, 12H).

13C NMR (176 MHz, CD3;CN, ppm): § = 199.1, 158.5, 157.2, 156.6, 154.2, 153.5,
151.9, 145.9, 143.0, 139.5, 138.0, 135.2, 134.7, 134.1, 131.8, 130.9, 129.2, 128.4, 127.7,
125.8, 124.4, 123.4, 119.6, 118.8, 109.4, 98.1, 87.7, 28.1, 26.7, 23.7, 13.3.

ESI-MS (m/z): [M]*"heo = 660.7139, [M]**.y, = 660.7140 (Signal intensity very
low due to dissociation of the dyad during ESI measurement).

Elemental Analysis: calc. for C7;H73N13FeCoClO4PoF 15 (%): C 52.88, H 4.56, N
11.29; found: C 53.16, H 4.90, N 11.51.

Feghomo

o N— )N
— _NTNC 2NN
P s N——Fe——N N
N="" =/ =

_N._»

L3 (2 mmol, 779 mg) was suspended in dry, degassed DMF (50 mL). FeCl, (1 mmol,
127 mg) and potassium tert-butoxide (KO'Bu, 4 mmol, 449 mg) were added. The red
solution was stirred over night. DMF was removed and the residue was dissovled in
H,0. After filtration, it was dropped into an aqueous solution of KPFg. The product
was isolated in washed with H,O. Purification was realized by dissolving the complex

in acetone and dropping into Et,0. Fe3yome was obtained as red powder in 21% yield.

'H NMR (500 MHz, acetone-dg, ppm): § = 8.85 (d, J = 5.6 Hz, 4H), 8.65
(s, 4H), 8.57 (d, J = 1.9 Hz, 4H), 8.10 (d, J = 5.7 Hz, 4H), 7.34 (d, J = 1.9 Hz, 4H),
2.84 (s, 12H).

13C NMR, (125.7 MHz, acetone-dg, ppm): 6 = 201.0, 155.8, 152.0, 149.1, 144.6,
128.0, 122.4, 117.9, 104.3, 35.6.

ESI-MS (m/2): [M]**(he0 = 668.2222/2 = 334.1111, [M+H|* oy, = 344.1141.
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Synthesis was described by Huber-Gedert et al..") Fe3 was isolated in 50% yield.

'H NMR (500 MHz, acetone-dg, ppm): 6 = 8.83 (m, J = 4.3, 1.7 Hz, 2H),
8.72 (d, J = 2.2 Hz, 2H), 8.55 (t, 1H), 8.45 (d, J = 2.1 Hz, 2H), 8.35 (d, J = 8.2 Hz,
9H), 7.70 (s, 2H), 7.63 (dd, J = 4.3, 1.7 Hz, 2H), 7.60 (d, J = 2.2 Hz, 2H), 7.46 (d, J
= 2.1 Hy, 2H), 7.04 (t, J = 7.8 Hz, 2H), 6.88 (d, J = 7.8 Hz, 4H), 2.99 (s, 6H), 1.47
(hept, J = 6.6 Hz, 4H), 1.01 (d, J = 6.6 Hz, 12H), 0.78 (d, J = 6.7 Hz, 12H).

13C NMR, (125.7 MHz, acetone-dg, ppm): § = 201.6, 201.1, 155.0, 154.8, 151.9,
149.1, 146.1, 145.1, 140.1, 135.0, 131.7, 130.8, 127.4, 124.4, 122.5, 120.1, 117.2, 107.5,
103.3, 35.7, 28.8, 27.1, 24.4.

ESI-MS (m/2): [M]?* e = 903.4148/2 = 451.7072, [M]** o, = 451.7065.
Elemental Analysis: calc. for C53Hy; Ny FePoF1o (%): C 53.32, H 4.81, N 12.91;
found: C 52.93, H 4.94, N 12.57.

Dy3

~
N e
N ‘ oo
4 N= N [ l{l
Z_"N Fe N \ N———Co——|-Cl
:< _ / /\\N/ N

<§—ﬁ{§\,ﬁ\$ 2 PFy (')\H,(')

Synthesis was described by Huber-Gedert et al..”] Dy3 was isolated in 76% yield.

'H NMR (500 MHz, acetone-dg, ppm): § = 8.74 (d, J = 2.3 Hz, 2H), 8.60 —
8.56 (m, 1H), 8.42 (d, J = 6.8 Hz, 2H), 8.39 (d, J = 2.1 Hz, 2H), 8.36 (d, J — 8.2
Hz, 2H), 7.67 (dd, J = 5.4, 1.5 Hz, 2H), 7.62 (s, 2H), 7.59 (d, J = 2.2 Hz, 2H), 7.47
(d, J = 2.1 Hz, 2H), 6.99 — 6.95 (¢, 2H), 6.85 (d, J = 7.8 Hz, 4H), 3.00 (s, 6H), 2.43
(s, 12H), 1.47 - 1.39 (m, 4H), 0.97 (d, J = 6.6 Hz, 12H), 0.75 (d, J = 6.6 Hz, 12H).
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13C NMR . (125.7 MHz, acetone-dg, ppm): § = 201.0, 200.9, 154.9, 154.8, 153.4,
152.6, 148.7, 146.3, 146.1, 140.4, 134.9, 131.7, 130.7, 127.5, 125.0, 124.4, 120.1, 117.3,
107.6, 103.3, 35.8, 28.7, 27.1, 24.4, 13.0.

ESI-MS (m/2): [M]** e = 1227.4183/2 = 613.7002, [M]**xp = 613.7103, [M+PFg]* theo
— 1372.3825, [M+PFg]*or, = 1372.3806.

Elemental Analysis: calc. for CgH71N15FeCoO4CIPyF o (%): C 48.25, H 4.71, N
13.84; found: C 47.73, H 4.97, N 13.66.

Tri3
oMo o —|2+
NN = f
CI\(/ 4 IN Ng\ ’ \ / N \( Co-
NS g ¢
/\\N/ \l}l/ N—/ \ / \ -
0.0 SN~ 2 PRy

The cobalt precursor complex Co(dH)(dH5)Cl, (0.05 mmol, 18 mg) was suspended
in MeOH (4 mL). NEt3 (0.05 mmol, 0.007 mL) was added and the suspension turned
brown. Fe3nomo (0.025 mmol, 24.5 mg) suspended in MeOH (6 mL) was added and
the reaction turned violet. Air was passed through for 30 minutes. Then Et,O was
added. The precipitation was collected and washed with Et,O. Tri3 was isolated in
37% yield.

'H NMR (500 MHz, CD3CN, ppm): § = 8.38 (d, J = 6.8 Hz, 4H), 8.07 (d,
J = 2.2 Hz, 4H), 8.03 (s, 4H), 7.91 (d, J = 6.9 Hz, 4H), 6.99 (d, J = 2.2 Hz, 4H),
2.47 (s, 12H), 2.37 (s, 24H).

13C NMR (176 MHz, CD5CN, ppm): § = 200.2, 155.4, 154.3, 152.7, 148.1, 145.7,
128.0, 124.6, 117.7, 104.3, 35.7, 13.3.

ESI-MS (m/2): [M]**theo = 1336.2203/2 = 668.1147, [M]?** ey = 668.1162.
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L6 (0.2mmol, 131 mg) was suspended in dry, degassed DMF (10 mL). FeBr
(0.1 mmol, 22 mg) and potassium tert-butoxide (KO*Bu, 0.5 mmol, 56 mg) were

added. The orange solution was stirred for one hour.

DMF was removed and

the residue was washed with H,O. It was dissolved in MeOH and dropped into an

aqueous solution of KPFg. The product was isolated in washed with H,O. Purification

was realized by recrystallization using MeCN as solvent and Et;O as anti-solvent.

Fe6y,omo Was obtained as orange powder in 43% yield.

1H NMR (700 MHz, CD3CNg, ppm): & = 8.18 (s, 2H), 7.98 (d, J = 2.2 Hz,
2H), 7.02 (d, J = 2.2 Hz, 2H), 2.56 (s, 6H).
13C NMR (176 MHz, CD5CN, ppm): § = 199.9, 170.9, 153.9, 127.1, 116.6, 114.8,

34.9.

ESI-MS (m/z): [M]2* e = 785.9624/2 = 392.9812, [M]2*,,, = 392.9823.
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9.1 Spectra of ligands
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9.2 Spectra of complexes
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Chapter 10: Crystallographic data

Crystal data and refinement method of Felygn,o.-

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Tndependent reflections
Completeness to theta = 252429
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[=2s1gma(T)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

MH 012%1 Oma a

C50 H40 F12 Fe N8 02 P2

1130.69

12002) K

0.71073 A

Orthorhombic

Pnaly

a=84361(9) A o= 90°.
b=31651(3) A = 90°.
c=183528(18) A v=190°.
4900.4(9) A3

4

1.533 Mg/m?

0.469 mm-!

2304

0.280 x 0.140 x 0.100 mm?

2.219 to 28.311°,

-11<=h==11, -42<=k==42, -24=<=]<=24
140217

12177 [Rint) = 0.0544]

99.8 %

Semi-empirical from equivalents
Full-matrix least-squares on F?

12177 /22 /710

1.040

R1=10.0598, wR2 = 0.1486
R1=10.0705 wR2=10.1571

0.44(3)

na

1.253 and -0.568 e A3
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Crystal data and refinement method of Fe2yg0.-

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

MH 0128n Om a

C56 H36 F12 Fe N8 P2
1166.72

1202) K

0.71073 A
Orthorhombic

Pbea

a=14.5962(8) A o= 90°,
b=17.7446(10) A p=90°.
c=387652) A ¥=90°.

10040.3(10) A3

8

1.544 Mg/m3

0.458 mm-!

4736

0.210x 0.180 x 0.160 mm?
2.090 to 28.308°.

-19<=h=<=19, -23<=k<=23, -51<=]<=51

300454

12471 [R(int) = 0.0546]

99.9 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
12471/ 0/ 767

1.082

R1=0.0410, wR2 =0.1061
R1=0.0559, wR2=10.1217

n/a

0.599 and -0.519 e A3



Crystal data and refinement method of Fe3yomo-

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2gigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

mo_mh 00152n_Om_a sq
C39H38F12Fe N12 O P2
1036.60

1202) K

0.71073 A

Triclinic

P-1

a=14.3669(9) A
b=14.4037(9) A
¢=15.2503(10) A
2632.9(3) A3

2

o= 96.830(2)°.

1.308 Mg/m?

0.431 mm-!

1056

0.300 x 0.120 x 0.080 mm?
2.113 to 31.511°.

-21<=h<=21, -21<=k<=21, -22<=|<=22
176570

17524 [R(int) = 0.0683]

99.9 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
17524 /0/ 656

1.049

R1=10.0746, wR2 = 0.1908
R1=0.1151, wR2=0.2269

n/a

1.978 and -2.072 e. A3

B=101.957(2)°.
v=118.218(2)°.
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Crystal data and refinement method of Fel.

CCDC number 2195867

Empirical formula C52 HE5.50 F12 Fe N% O1.50 P2
Moiety formula C57 HS5 N2 Fe, 2{P FE), C3 HE O, C2 H4.5 00.5
Farmula weight 1306.52 Da

Color violet

Shape plate

Temperature 12002) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2yfc

Unit cell dimensions a=26.9301{14] &

b=11.0745(5) A
£=21.3571{11} A

o= 90°

p=20.815(2)°

¥ =90°
Volume £368.8(5) A2
z 4
Density (calculated) 1.363 mg/m?
Absorption coefficient 0371 mm*
F{ooo) 2706
Crystal size 0.26x0.20x0.16 mm?
Theta range for data collection 1.988 to 26.389"°
Index ranges -33=hz33, -132k=13, 2621226
Reflections collected 237684
Independent reflections 12001 [Riint) =0.0377]
Completeness to theta = 25.242° 896 %
Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 13001 /0 /790
Goodness-of-fit on P 1.020
Final R indices [1>2a(1)] R1=0.0625, wR2 = 0.1684
R indices (all data) R1=00682 wR2=0.1745
Largest diff. peak and hole 1.80 &/A? (0.83 A from O1) and -1.50 &/A% (0.60 A from O1)

AR



Crystal data and refinement method of Dy1.

CCDC number
Emipirical formula
IMoiety formula
Formula weight
Color

Shape
Temperature
Wawalength
Crystal system
Space group

Unit cell dimensions

Yaolume

Z

Density (calculated)
Absorption coefficient

F{Q0oo)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.242°

Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>2ail}]

R indices {all data)

Largest diff. peak and hole

2155869
C52 H85.50 F12 Fe NS O1.50 P2

€65 HES M13 Fe Co C1 04, 2(P F6), C3HE O, CH CI3

171394 Da

red

block

12002) K

0.71073 A

triclinic

P-1

a=12.7510(5) A
b=15.4461{10) &
c=195383(9) &

o= 103.857(4)°

B=91.455(3)°

v =96.679(4)°

4664.6(4) A2

2

1.220 mgfm?

0.553 mm*

1760

0.38x 028 x0.22 mm?

2.834 to 22.4932°

-17=h=17, -19=k=26, -26=1=20
55085

22237 [R{int) = 0.0458]
R

Semi-empirical from equivalents
Full-matrix |least-squares on F*
22237 (0 /1037

1.025

R1=0.0738 wh2=0.1708
R1=0.1094 wR2 =0.1909

0.93 ef/A? [1.50 A from CI173) and -0.86 &/4% [0.78 A from P1)
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Crystal data and refinement method of Fe2.

CCOC number
Empirical formula
[Woiety formula
Formula weight
Color

Shape
Temperature
Wawvelength
Crystal system
Space group

Unit cell dimensions

Wolume

i

Density (calculated)
Absorption coefficient

F{ODO)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.242°

Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on P

Fimal R indices [I>2g(1}]

R indices (all data)

Largest diff. peak and hole

21595868

C66 H59 F12 Fe N9 O P2

53 H59 Fe N3, 2(P FE), C3 0
1340.010a

red

needle

120(2) K

0.71073 A

maonoclinic

C2/c

a=40.855(3) A
b=13.7158(8) A
£=253.3540(15) A

o= 90"

B= 109.047(2)°

y=90°

12373.6(13) A?

8

1.439 mg/m?

0.384 mm*

5520

0.30 x0.10 x 0.08 mm?

2.146 t0 30.531°

-5B2hs58, -192k<19, -33£1£33
409074

18510 [R(int) = 0.0998]

59.9 %

Semi-empirical from equivalents
Full-matrix least-squares on F*
185910 /0 / 855

1.067

R1 =0.0585, wR2 = 0.1451
R1=0.0998, wR2 = 0.1794
1.85 e/A? (1.49 A from F25) and -1.58 &/A? (0.63 A from P2)



Crystal data and refinement method of Fe3.

CCDC code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

Fl0o0)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigmal(l}]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2053792

C55 H60 F12 Fe N12 P2

1234.94

100(2) K

0.71073 A

Monaclinic

c2fc

a=41299(11) & o= 90°.
b=15151(3) A
c=22.208(7) A y = Q0%
11789(5) A2

8

1.392 Mg/m?

0.396 mm-*

5104

0.274 x 0.239 x 0.196 mm?

2.325 to 27.433%

-53«<=h==53, -19<=k<=19, -2B«<=|<=28
74175

13445 [R(int) = 0.0348]

99.9 %

Semi-empirical from egquivalents
Full-matrix least-squares on F?

13445 /0 / 750

1.020

R1=0.0382, wR2 =0.0973
R1=0.0468, wR2 = 0.1040

n/a

0.570 and -0.657 e A3

B=121988(9)"
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Crystal data and refinement method of Dy3.

CCDC code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

£

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Feflections collected
Independent reflections
Completeness to theta =215 2427
Absorption correction

Max. and min. transmission
Eefinement method

Diata / restraints / parameters
Goodness-of-fit on F2

Final B indices [I>2zigma(T)]
E. indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff peak and hole

2045533

C51 H71Cl Co F12 Fe N15 04 P2
1518.49

100(2) K

0.71073 &

Orthorhombic

P2;2:74
a=14673(2) & o= 90°.
b =19.008(3) A B=90°
c=29.325(3) A y = 90%.

8178.9(19) A?

4

1.233 Mg/m?

0.527 mm!

3128

0.724 x0.334 x 0.316 mm?
1.277 to 27.918%

-19<=h==19, -24<=k<=24 -38<=|<=38
300927

18328 [Efint) = 0.0331]

100.0 24

Semi-empirical from equivalents
0.4308 and 0.3323

Full-matrix least-squares on F2
19328 / 508 / 960

1.051

R1=10.0345, wR2=0.0872
E1=10.0381, wR2=0.0897
00133019

n'a

0.528 and -0.419 e A



Chapter 11: Computational chemistry

Optimized gas phase structure of Fel in cartesian coordinates (Angstroem):

122

Fe 21.17446539625873 2.96614523892719 8.72022263926293
N 22.84850382259722 0.93346587596815 6.87975684870498
N 23.85548846425781 2.37054050771886 8.07958190787154
N 22.77797619791331 3.88198363662181 9.33895902010150
N 21.33549685676019 5.14398927705133 10.50443211699540
N 19.22635838439082 4.91110504925038 10.37790621193070
N 21.10511466822955 1.59994088418335 10.19915904316169
N 19.62300992728927 2.02890976298743 8.18481659024984
N 20.73111220403626 4.01476414242048 7.07096027385455
N 11.73492490766459 -2.65981953848623 5.52260417630351
C 22.60270598066228 1.92504954907242 7.74404981674172
C 24.21102951975982 0.74635839462652 6.69225973410205
H 24.60080353416641 -0.01704337003573 6.04273008530885
C 24.85194707541093 1.65266167239036 7.44489363784690
H 25.90428349295636 1.83446590093329 7.57353022903106
C 23.96908154290422 3.44109135375892 8.95687637157303
C 25.14168921351151 4.01182698301964 9.41786004707559
H 26.11426213136849 3.66030300297037 9.10689299283637
C 25.01871376066602 5.06668585171831 10.31268776441184
H 25.91095660922505 5.54178614820107 10.69661861575665
C 23.77419185335675 5.51771488635038 10.73248228019802
H 23.68926163890941 6.33060761728199 11.43827684021755
C 22.66589658936907 4.87583540819440 10.20994302006119
C 20.80454316921017 6.10783635776143 11.34119273531136
H 21.39294378675162 6.80472855440243 11.91139198408241
C 19.47482705073153 5.95429730464394 11.25927931654933
H 18.68221028215190 6.49023126404729 11.75048223351381
C 20.36270022600877 4.38497520047289 9.90586844579683
C 21.85624838696398 0.17475522093745 6.16648186837487
C 21.34868555497976 -0.99153228554239 6.75259007709051
C 20.38696292176180 -1.69587148743021 6.03603020641088
H 19.96064532515678 -2.59893553177860 6.44891887643431
C 19.97458857981883 -1.27536276944197 4.78544692826950
H 19.23040477753042 -1.84443275451120 4.24453872570084
C 20.53120164622552 -0.14803167954551 4.21213155116853
H 20.21896373563229 0.14258848165596 3.21888974565520
C 21.49130286144933 0.60305673243985 4.88268275533761
C 21.86854787184118 -1.54257763264579 8.06649332986064
H 22.09477049653360 -0.70668544568417 8.73548961566200
C 20.86474490263612 -2.45000692538052 8.77486409524593
H 19.86816445426696 -2.01174277808161 8.82652999563977
H 21.20140488517424 -2.65341176722157 9.79097187821143
H 20.77207030275465 -3.41605600586514 8.27747662377383
C 23.16285980266999 -2.33463462252717 7.84495414910071
H 22.99566597979478 -3.15796534920774 7.14992324372011
H 23.51428158053908 -2.76035522690522 8.78541160850958
H 23.97183290437065 -1.72555912326589 7.44744607629422
C 22.14576387460524 1.77881822236690 4.18114169159027
H 22.41220667202584 2.53239285770467 4.92943908012638
C 23.42519427249877 1.33943499632930 3.45818241509910
H 23.20113439097687 0.56713932914040 2.72168288387669
H 24.18525604144661 0.94391497047585 4.12713025165351
H 23.87042206629558 2.18239223148473 2.92876444289838
C 21.23255683375810 2.44732758733517 3.15335290339343
H 21.14493656502274 1.85190131043804 2.24394429558401
H 21.64946959490268 3.40979064823613 2.85739689765199
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H 20.22875510648721 2.61927233699546 3.53517218264492
C 17.89396044781851 4.51136702966644 10.01149126658099
C 17.26820758766816 3.49887355997524 10.74984984262973
C 15.97848002854551 3.14091565528615 10.37179916333734
H 15.45607368728503 2.36140572747691 10.90775108432860
C 15.33422041266109 3.77988575148784 9.32916194939325
H 14.32799325235832 3.48899718326636 9.05883592671460
C 15.96076472127033 4.80704742325895 8.64970370602200
H 15.42551271732866 5.31389096402339 7.85917512952120
C 17.25338397202183 5.20528530978032 8.97560228272656
C 17.90310351077450 2.86009656568952 11.97020861831366
H 18.97923852118573 2.76262016132250 11.79759141647096
C 17.35095642812923 1.46845574594225 12.27289372344829
H 17.31408847173945 0.83164028765709 11.38918048886769
H 16.34260364065759 1.51446302140352 12.68560790137326
H 17.97234083260842 0.97753262496860 13.02124936442476
C 17.69980832075200 3.74004429694029 13.20951503804090
H 18.17023800599425 4.71675660554675 13.11994594847093
H 18.12452342268795 3.25923106658345 14.09135393625358
H 16.63774669255454 3.89966842615660 13.39777947709089
C 17.87182220144195 6.39439985761723 8.26368506260322
H 18.95375154831563 6.24031337149242 8.19587343255963
C 17.33846978124011 6.58405813381277 6.84339401054491
H 17.97287294948494 7.28345486299232 6.29929509942300
H 16.33387707724941 7.00842476871171 6.84360978312037
H 17.30469076979448 5.65347148563578 6.28095527421688
C 17.61499797459328 7.69278336222062 9.03878934701922
H 18.02621362881132 8.54517775468146 8.49708055786738
H 18.06044884737459 7.69950646739812 10.03030010167025
H 16.54419288178910 7.86149370064326 9.15701021162704
C 21.94016851522706 1.45184772450217 11.22234206916214
H 22.76692138875395 2.14568294618189 11.28741242849370
C 21.78921617535594 0.46522076001966 12.18042586042025
H 22.49811247609469 0.38965746746677 12.99226146014213
C 20.72107068583757 -0.40763528558430 12.06950076864196
H 20.56805358495547 -1.19263698527631 12.79731383897403
C 19.84833003932541 -0.25817685656422 11.00704800571464
H 19.00810336303174 -0.92844913335211 10.90115310806912
C 20.06319371571041 0.75438384210733 10.08578967874400
C 19.20259410850588 1.00461565361296 8.92184205305202
C 18.06753683164117 0.30136392324008 8.56652367121549
H 17.70861224446419 -0.53219842990691 9.15269967376830
C 17.36690217825445 0.68292255820219 7.41787535431228
C 17.84002187590358 1.76349805895162 6.66760644109178
H 17.30637292401132 2.06615395809960 5.77882041594121
C 18.98217366966481 2.41841060069784 7.08727402857487
C 19.62685071916794 3.57010793787557 6.44092918983287
C 19.16358233601254 4.17291435347040 5.28427652639806
H 18.27630230697947 3.80258275555363 4.79009334583761
C 19.84702881719989 5.25786154295865 4.76274853003460
H 19.49778508990384 5.74048689202637 3.86035718776114
C 20.98016777660319 5.70822697406293 5.41521948402797
H 21.54696179470398 6.55074099666865 5.04590857646966
C 21.38492180627522 5.05428164800014 6.56643722045649
H 22.26717897233112 5.38148318810832 7.10007103775197
C 16.20105457290511 -0.01106202294548 7.02391637503261
C 15.20346463879533 -0.60212150152484 6.69017543295834
C 14.03044529689078 -1.29807977339035 6.29535458997461
C 13.32573524523136 -0.91934006367100 5.15333566018419
H 13.65490070773881 -0.08976114325849 4.54372520465976
C 12.18812200555383 -1.63511748294929 4.81687211561012
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H 11.61720768487639 -1.36709179159127 3.93573666051022
C 13.55514631906669 -2.37681173025768 7.04015417658697
H 14.06681555397219 -2.70778906789297 7.93280917151875
C 12.40577702459466 -3.01774308092091 6.60672177302622
H 12.00970454568149 -3.85953106131689 7.16232636655648
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Optimized gas phase structure of Fe2 in cartesian coordinates (Angstroem):
132
Fe 20.23088634034499 1.90669714343351 12.92781943784373
N 22.78395732391120 -0.01545014187417 13.20395748626087
N 20.85126584251466 -0.84295974439316 12.88547437974065
N 18.99257888353401 0.41017993301295 12.81352132669161
N 17.42101035686057 2.00949813819834 12.74191677271932
N 17.87910867218103 4.08573981493043 12.70555550344633
N 20.26385855094348 2.18531631401413 14.91836098471970
N 21.41612749521012 3.37747437760954 13.00418357180674
N 20.59654735175831 2.11992978341060 10.96054116010730
N 29.29120825709060 14.75277316125004 13.45834670718408
C 21.50637025005770 0.35052180435861 13.04906534456284
C 22.93360598309623 -1.39264784016028 13.12157612124369
H 23.89099450090034 -1.87367725016858 13.21160522738242
C 21.71646865212372 -1.92090464275580 12.92331162640553
H 21.41132320677856 -2.94587233058067 12.80743677675461
C 19.46588887578170 -0.82860026124188 12.78249302616218
C 18.63150829034059 -1.92602720009012 12.67137265282135
H 19.01017738889172 -2.93705283262993 12.64584098447327
C 17.26763202753939 -1.67414130255192 12.59689832771731
H 16.58022159846025 -2.50451201384714 12.51248501206981
C 16.76805178825725 -0.37865777434137 12.62401592370346
H 15.70621966747730 -0.19345924490392 12.55797792735748
C 17.69062250969226 0.64672865686237 12.72940294834768
C 16.20207923942112 2.65771171130153 12.66908919104310
H 15.25089849599885 2.15618361236260 12.64145291562534
C 16.49689009962775 3.96573032439633 12.64849908339211
H 15.84922286768010 4.82305192772275 12.59869330479668
C 18.47368129904093 2.88823718572756 12.77196928805676
C 23.84964415025463 0.87809332778794 13.56976484960329
C 24.15989136970200 0.99729080393055 14.93040602648457
C 25.14845869061635 1.91175296079751 15.28017841102753
H 25.41901784739671 2.03866135087893 16.31944436888126
C 25.80685755332800 2.65265489146610 14.31767876290946
H 26.56999742959191 3.36139222885784 14.61038008523807
C 25.52311521892007 2.46257593307565 12.97682756281923
H 26.08633783468548 3.01995993669957 12.24199006977009
C 24.55094467497884 1.55717463928533 12.56632015298772
C 23.54993920983927 0.10711169790567 15.99585255260761
H 22.55321202707762 -0.20720342722535 15.67135282489415
C 23.38947538366465 0.79859777618169 17.34800667759298
H 22.91191868684067 1.77045475315524 17.25762125846277
H 24.34688286494240 0.94141948547853 17.84995446639328
H 22.77892031861944 0.18402750852570 18.00946611715150
C 24.41633146191582 -1.14362029390716 16.18968751079005
H 24.55739643741363 -1.71536521866117 15.27474206963313
H 23.96788470774078 -1.80980623421591 16.92728574701122
H 25.40762974102227 -0.86767757425247 16.55117225834419
C 24.35219888531600 1.25763040026245 11.09346407336493
H 23.28399322933441 1.11829782984374 10.90296067724929
C 25.07105127355091 -0.04261796410708 10.71310674983113
H 24.95804177104715 -0.24283525917102 9.64715526665683
H 24.68590877173443 -0.91083366509692 11.24383804372457
H 26.13781112538578 0.03018117062571 10.92650650040835
C 24.85231229905068 2.37067400356914 10.17667686722753
H 24.53201788491477 2.17933343448377 9.15299363668353
H 25.94177055304063 2.41963292044193 10.15911218409048
H 24.48318547433755 3.35343550792086 10.47135708358859
C 18.54351866627979 5.35983448625658 12.62468464779304
C 18.80915007793113 6.06116647424238 13.80765946890915
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C 19.43437566946664 7.29805645415013 13.68604239921524
H 19.65739278515874 7.87754889132640 14.57069799061496
C 19.76048446708003 7.81959883990548 12.44863583111914
H 20.24361766604280 8.78509938744052 12.38013202188760
C 19.44895776599067 7.12174254499758 11.29755776265935
H 19.68639478159066 7.56204209596499 10.33952001278033
C 18.82588472616358 5.87927762767273 11.35324318267747
C 18.37929205021281 5.56562976999231 15.17539291275708
H 18.48654403997348 4.47683349941671 15.20462167802263
C 19.21866983588849 6.14943273585594 16.31062327614453
H 20.28894835760929 6.09076708498105 16.11281133387693
H 19.01542903944080 5.61308279512045 17.23685130143216
H 18.97442159056325 7.19608059825823 16.49589073145427
C 16.90843297155352 5.90590730711697 15.44335367906954
H 16.22560303273888 5.41997275684831 14.75042507244112
H 16.74340734809956 6.98146692475850 15.37368719082881
H 16.62243311058542 5.59087104709303 16.44740102374533
C 18.42071916511529 5.18772185622336 10.06460415971090
H 18.49742764831104 4.10495752152525 10.20675090829817
C 16.97103162682933 5.52416643896787 9.69398307068637

H 16.70412876587113 5.05698943287214 8.74550290878832

H 16.84603309026840 6.60125137689387 9.57895737717414

H 16.24857164771818 5.18501196465548 10.43209763418198
C 19.30910132790526 5.56545746437334 8.87921817894196

H 19.13829254297439 4.87548792911097 8.05327580068706

H 20.36893475303328 5.53959284355085 9.12483908157342

H 19.08020038642434 6.56417397307959 8.50592817892226

C 19.58716458060320 1.51995314103136 15.84782430915187
H 18.96342149429196 0.70415205333515 15.50791817290145
C 19.64981614991517 1.83614999291221 17.19375327019826
H 19.06971364857728 1.27045426075657 17.90842656122418
C 20.46777400533526 2.87922814692265 17.59047215566181
H 20.55208306695828 3.15172529648068 18.63356744811265
C 21.19105755069764 3.56227580265922 16.62855899621674
H 21.84708836853833 4.37091724015653 16.91679804084680
C 21.06019847127298 3.20357028913758 15.29686087476210
C 21.71776017592749 3.90450713008597 14.18579491021264
C 22.53456606356037 5.01649797998175 14.27225492711086
H 22.81312730814649 5.42845969869148 15.23208337362498
C 23.01987105596607 5.60438043751100 13.10288784343899
C 22.67538227169645 5.02121621638975 11.88244113516112
H 23.00428129370869 5.47974990474046 10.96016239796033
C 21.87703475570731 3.89265609348554 11.86951076233194
C 21.42797290471675 3.14389170210888 10.68825834474307
C 21.83005910574713 3.42372386892485 9.39225522474388

H 22.50517616397183 4.24323292445662 9.19252985900136

C 21.36594307780048 2.63960519787682 8.35148293512287

H 21.67126036350576 2.84363108463190 7.33438486620886

C 20.50440628133418 1.59531220119442 8.63796722678443

H 20.11359980488684 0.95607568887187 7.85951680861089

C 20.14791913416974 1.37426192639643 9.95664417074388

H 19.47724552434064 0.56412487930756 10.20866983278628
C 23.85584425510356 6.80786886347494 13.15340449501370
C 23.57277633230618 7.83053666118111 14.05961051878710
H 22.71311330168035 7.75237851077953 14.71412143107912
C 24.34989994708538 8.97011644682471 14.10426941105898
H 24.11287471255686 9.76248058856531 14.80051949174583
C 25.44509598969142 9.11660096969041 13.24632501062078
C 25.73277118291901 8.08911256358591 12.34172426090142
H 26.58361492109414 8.18671895989536 11.68198103150980
C 24.94527081550713 6.95670091783351 12.29453399571285
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Chapter 11. Computational chemistry

H 25.20496872010191 6.16385426535252 11.60341110924241

C 26.24647892803827 10.28304415364964 13.29221669694263
C 26.92550251129785 11.27946954659040 13.32631387664632
C 27.72548770831234 12.45233641507495 13.37116504349521
C 27.44999531293123 13.47317923400410 14.28022003494156
H 26.62262412807433 13.39373587489833 14.97119692648770
C 28.26296071820042 14.59463956251056 14.27799981878246
H 28.07287926280829 15.40413200198406 14.97320576576787
C 29.55112006139049 13.78147552273075 12.59629402248311
H 30.39781220086789 13.93654823475656 11.93774725035024
C 28.80761439946304 12.61614811998680 12.50731758628255
H 29.06256034059040 11.85374307234216 11.78483309022601

Optimized gas phase structure of Fe3 in cartesian coordinates can be found here.[99]
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Optimized gas phase structure of Dyl in cartesian coordinates (Angstroem):

154

Fe 1.87083097985194 10.43476175169173 18.91767523280098
Co 2.02443399955718 1.98263349182497 8.46145883143278
C1 2.02281841126951 0.62444005008439 6.74244423541477
O 3.48167627519555 0.13745857715441 9.97314880217199
0O 3.07384089464319 4.02035710993499 6.71196906032627
0O 0.56668780176796 3.87982466682079 7.01608698718895
0O 0.97554356522625 -0.18920037228507 10.04158056197422
N 4.89317122789912 11.16562378662705 18.10683385690319
N 3.92270796376436 12.21197817196565 19.68230094295663
N 1.83514367760168 11.74569719531330 20.35808317711809
N -0.26687242986263 11.02372803372801 20.66056194399514
N -1.10836604049928 9.41792801254648 19.55040131199723
N 2.57272322480893 8.81631599565393 19.86939941994298
N 1.88440015400491 9.22395587205152 17.46643207554255
N 1.16929740976010 11.65901187368549 17.47985173014343
N 2.02449703687401 3.22821396528876 10.03710576082547
N 3.57479485468193 1.09583796510411 9.13195201422959
N 3.33441839280634 3.03657977300594 7.56949667157469
N 0.47375101402636 2.84059738453425 7.75519905092259
N 0.71474530165028 0.87193433151927 9.28221693646962

C 3.72776159095119 11.21385711939443 18.76260212837285
C 5.78731822196177 12.11356101327244 18.58592368016610
H 6.77282935007415 12.23214047176091 18.17161627035110
C 5.18104210839402 12.77559692902213 19.58212483771134
H 5.53664822034106 13.57664451913202 20.20579167874277
C 5.23528169991322 10.24945705712778 17.05177556174582
C 4.96806689515038 10.62213497019114 15.72816919903820
C 5.32795134607396 9.72352066736081 14.72930268212052
H 5.14035632285829 9.96597214005938 13.69302521765944
C 5.94536459518105 8.52505251485860 15.03281255197118
H 6.22422903426189 7.84619693621257 14.23807490640664
C 6.23193140280028 8.20333757152254 16.34579805440503
H 6.74221423119231 7.27410609558788 16.55604930897664
C 5.89193942601624 9.05784327021362 17.38979147498080
C 6.30105490874752 8.70651329177420 18.80859573697934
H 5.53502240338887 9.07849544088603 19.49695920884778
C 7.63906702409299 9.36037400210589 19.17556025081264
H 7.60447452677973 10.44671027819410 19.16944487437450
H 8.41998361004819 9.04940655447905 18.48096263195126
H 7.94694611665704 9.05638460977358 20.17651889279170
C 6.43981775862396 7.20075741186156 19.03378399225056
H 5.60423193767215 6.63605119938726 18.62499818333860
H 6.49875971161289 6.98963949180831 20.10124866767501
H 7.35460663313063 6.80950163094226 18.58720784996231
C 4.39097988293901 11.97401843963096 15.35365688232042
H 3.67044069071760 12.27423994709699 16.12063211819287
C 3.66358122198184 11.96164953972603 14.01041401105769
H 2.97448117412047 11.12263821899779 13.91569477175478
H 4.36030757579885 11.90959511978240 13.17316244595733
H 3.09656708140105 12.88382710171264 13.88696727645207
C 5.49334460946242 13.03819850848687 15.29562881090312
H 5.98451287342073 13.19452960330075 16.25341970229334
H 5.07912210978130 13.99861934998530 14.98712096068978
H 6.25951699206707 12.75956415921605 14.57158122987408
C 2.89022631881260 12.52414421950549 20.55709744491098
C 2.89508035024043 13.51556044890668 21.52166622297183
H 3.75285130889956 14.14913315953382 21.69189123253465
C 1.73536653785661 13.67181026706186 22.26942200823058
H 1.69752102652841 14.43538804154182 23.03411335183841

229



Chapter 11. Computational chemistry

C 0.61955041135041 12.87492772965892 22.04866741937225
H -0.28213703464169 13.01262396297355 22.62676981571913
C 0.72241324363623 11.91269980327837 21.06053761569711
C 0.01430243084168 10.13874000736990 19.65197619681962
C -1.54682509273403 10.85945093245613 21.15648158019551
H -1.97108183501047 11.45503705314623 21.94538841005302
C -2.07353442173715 9.84808550832423 20.45033777043023
H -3.04874103413068 9.39827911623164 20.50508343198135
C -1.29109521536446 8.27842185488189 18.69208964003024
C -1.04948041346712 7.00552726098140 19.22632172109658
C -1.21253788627330 5.91768253160195 18.37430684038166
H -1.03839592084361 4.91629842386320 18.74271110312944
C -1.61280090735563 6.08993967745788 17.06311687335327
H -1.73497299033143 5.22956001574915 16.41880030336252
C -1.89241916895867 7.35539615880172 16.58065478716267
H -2.24071434932038 7.45970885016861 15.56304063933918
C -1.75487692989259 8.48068989089872 17.38623788722466
C -2.18989777540822 9.84070793872756 16.87499109006393
H -1.51007958261328 10.60082751123795 17.27180821321743
C -3.60550174060057 10.17069905320327 17.36363907555820
H -3.67865234356941 10.23010374468173 18.44736089811103
H -4.31503000196559 9.41553239359561 17.02432565981860
H -3.93044258484523 11.13324373309972 16.96730283527783
C -2.17148019181394 9.94514777873640 15.35170260194427
H -1.24038411497231 9.58067037094665 14.91776650126663
H -2.30597724863752 10.98331269292969 15.04956503250952
H -2.98668384047752 9.38041523475485 14.89806753883058
C -0.71541326358540 6.76843936691633 20.68709784682624
H -0.14597670538578 7.62413504602036 21.06402267213001
C 0.12829181494336 5.51467642720584 20.91604949985064
H 0.96512278218378 5.44421402110619 20.22545477153800
H -0.46407918651350 4.60466210671857 20.81579067640627
H 0.52818245457865 5.51623906369652 21.92990130425198
C -1.99840562806000 6.63376977986076 21.51690963048312
H -2.63088905338958 7.51720867086884 21.48023807023861
H -1.75677678571917 6.45215463361566 22.56455633442057
H -2.59397982551311 5.79140761549463 21.16356821658170
C 2.91639723843824 8.70750460412270 21.14713807124125
H 2.79759598039324 9.59000066860005 21.76135019045014
C 3.40931088166335 7.53493726900845 21.69426767313940
H 3.67834020045316 7.49923430457562 22.74012533134589
C 3.54447843480625 6.42874423707309 20.87552746077367
H 3.92328300211970 5.49364583825751 21.26453047812517
C 3.18036636617285 6.53557888416902 19.54411012354759
H 3.27159225460112 5.68176329461660 18.88748311834509
C 2.70106308886451 7.74285749653218 19.06597376718793
C 2.30368252079966 7.97930332792319 17.67113030626733
C 2.34401953991943 7.06943178870854 16.63085549745956
H 2.67920130587831 6.05343444441231 16.77812872680101
C 1.94453867852674 7.48440863169323 15.35822385519062
C 1.51347362017606 8.80172846383213 15.17903495072838
H 1.20748416662442 9.13065162942621 14.19651414875424
C 1.49186107160352 9.65075743919235 16.26930404500674
C 1.06615105237676 11.05652725196136 16.28005099347248
C 0.58817259415939 11.73164583492238 15.16838801945336
H 0.50783151596749 11.23286106473456 14.21380201229548
C 0.21034247930549 13.05682503012429 15.28819736707972
H -0.16487473208883 13.59870725339731 14.43091651984739
C 0.32283892731502 13.67117226545982 16.52301766715559
H 0.04159453353901 14.70436449178376 16.66710152721535
C 0.80635483842444 12.93278566829219 17.58858483942502

230



H 0.90208313134815 13.39040257913884 18.56350651438549
C 1.70133257513379 4.51293262645899 9.88187663560545
H 1.43430809134637 4.84642546749283 8.88755894958170
C 1.68065124882611 5.40239690048423 10.93776840033217
H 1.41007472036526 6.43291886521860 10.76050690219488
C 2.00732043414593 4.94859276147235 12.21283895266179
C 2.34538293672599 3.60651726129982 12.36364445647800
H 2.60948348939169 3.19850176077063 13.32822010538701
C 2.34156399430806 2.78395646874373 11.25409908072961
H 2.61506066438541 1.74134727990410 11.35134831350069
C 6.02356791484287 0.96106936651147 9.03273348962323
H 6.69118981581629 1.70269232255905 9.47514734970455
H 6.52160582388337 0.56025410428215 8.14809488739193
H 5.89821781245121 0.14721274103604 9.74127924137650
C 4.70140611302492 1.54817494752175 8.68026150394303
C 4.54771518736915 2.66315665183195 7.74769753806370
C 5.68665298833518 3.28087059760646 7.01427188457229
H 5.62777238678905 3.02249276147775 5.95535781086600
H 6.64429600223859 2.93536293438376 7.39322133194410
H 5.65794392406859 4.36802628807469 7.07769864683755
C -1.97500204556532 2.77567976566556 7.60246472754104
H -1.84997408640799 3.65473426648074 6.97655587595730
H -2.64347409597426 3.03206191580325 8.42637529293309
H -2.47189347411819 2.00869205921838 7.00567868070570
C -0.65275644931067 2.29706489371717 8.09198233117017
C -0.49878347999270 1.13223090434779 8.96142634382859
C -1.63753978338595 0.27661190378784 9.39485558269745
H -1.57829187145224 -0.69517081532910 8.90125576561899
H -2.59533902817389 0.72415616348742 9.14509678818135
H -1.60883238651708 0.08974549593080 10.46772834442614
H 2.05447524854930 4.04405237699110 6.66980591220613
H 1.99521182759722 -0.23600494230306 10.05405782910585
C 1.97415971560888 6.58820273906295 14.26373758095243
C 1.99246848492505 5.83214249512509 13.32471483896618
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Optimized gas phase structure of Dy2 in cartesian coordinates (Angstroem):
164
Fe 20.34863674282454 2.09667934579946 12.92261229655693
N 22.88851932929359 0.30031448769455 13.71357375718716
N 21.03400431676739 -0.62123193741762 13.23024239705387
N 19.16901787515660 0.55138288875259 12.80830137634380
N 17.57577534825588 2.07930826585341 12.41028865452098
N 18.00241576819768 4.14581601011459 12.14695695720837
N 20.09478997491240 2.55271711685970 14.86749712542619
N 21.49463660374377 3.59841196706065 13.03270305244455
N 20.99151820894741 2.14985354423483 11.01488572857695
N 29.85861166995707 14.60789624288641 13.76069152724068
C 21.63365745094270 0.60464227119841 13.36214555656714
C 23.08027105002965 -1.07264671911514 13.78115945084409
H 24.02864329030413 -1.50966015871144 14.03753593513548
C 21.91216377503180 -1.65961282879125 13.48024491059522
H 21.64915152817432 -2.70109185261789 13.42300657543038
C 19.67041129077060 -0.66618453136780 12.96702437617086
C 18.87865137679929 -1.79760307005549 12.88928133398555
H 19.28083271454533 -2.79182332635978 13.01581645621414
C 17.52495681772303 -1.60267554732092 12.64750938638291
H 16.87004274422307 -2.46071315290140 12.58359277008265
C 16.99444296668059 -0.32937730356746 12.48576787608364
H 15.94082296780575 -0.18871870145350 12.29518155787735
C 17.87667708923352 0.73239364092996 12.57143208884856
C 16.36196137739203 2.67699902077151 12.12515125687937
H 15.42695439272436 2.14850380465213 12.06514178166938
C 16.63671119383549 3.97999465456990 11.96323810214454
H 15.98282355414292 4.80201813501801 11.73337617083787
C 18.60382921278992 2.98611071490130 12.43703497755964
C 23.87203167054786 1.26149401358815 14.13480277296346
C 23.97696878494046 1.52512531478368 15.50693185214145
C 24.88451304093233 2.50400763655693 15.89930317595761
H 24.99709885844636 2.74263734848340 16.94797176536682
C 25.66331520330226 3.16767777581973 14.97078285255215
H 26.36132202311081 3.92770031993431 15.29574732090239
C 25.58469739576871 2.83472575475243 13.63027510131963
H 26.24147493209881 3.33299685271761 12.93147543282710
C 24.70079205127195 1.86067528169728 13.17879374834658
C 23.23640934460414 0.72234308232436 16.55927588286280
H 22.29638062011068 0.35742348558974 16.13437102763890
C 22.88756470862245 1.52828099922849 17.80869257507348
H 22.42057715150730 2.47969542974548 17.56863154652990
H 23.76627420892956 1.73170645493766 18.42137239825054
H 22.19603619489382 0.96325833691774 18.43347852967687
C 24.08017490058895 -0.48619048040510 16.98402131653795
H 24.33989400053559 -1.14245939570449 16.15621610873350
H 23.54550490884585 -1.08546208907839 17.72146655345523
H 25.01505646935316 -0.15718051242097 17.43897936050389
C 24.72862520240952 1.40968959165960 11.73119874423187
H 23.70342097918790 1.21660410574928 11.40114811290078
C 25.52103205331839 0.10359554394430 11.59480699860102
H 25.57312032700520 -0.20275213286746 10.54956697393649
H 25.07757509948236 -0.72177567980654 12.14744971042420
H 26.54211027464820 0.23313297393891 11.95454293997760
C 25.34030112638186 2.44138887026889 10.78715536518095
H 25.17738505963366 2.14002763217723 9.75289228223523
H 26.41955018578562 2.52196908484440 10.92266749908562
H 24.91587621762084 3.43663216265249 10.92181025484184
C 18.69325869919492 5.38079767980959 11.88992272893446
C 18.97778125124706 6.24319216506949 12.95537593088413
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C 19.70756944031866 7.39013244442900 12.66238646427747
H 19.95955998020966 8.08524729923515 13.45056302141169
C 20.10168534969943 7.67986566278999 11.36827816278759
H 20.66674487247752 8.58030158012199 11.16735519519015
C 19.74044310125405 6.84560054144661 10.32779757288962
H 20.01418993462141 7.11541295489909 9.31706164853127

C 19.01664570079399 5.68022614520024 10.55991444365820
C 18.43424151086360 6.01469016797106 14.35253038086812
H 18.50034549355427 4.94808678009895 14.58743268075972
C 19.19469691064528 6.78203198401257 15.43081147158245
H 20.27419954879882 6.64664340387096 15.35921998159645
H 18.87552456122236 6.44888072227410 16.41781105458433
H 18.99253888203919 7.85273126736307 15.38220886087022
C 16.95722192022926 6.42170494790650 14.42363062962050
H 16.32210551657672 5.83191201340305 13.76629652850415
H 16.83299075748312 7.47030756103278 14.15199297096259
H 16.57534171047961 6.29328765330797 15.43692971813482
C 18.52141137382836 4.85772181949290 9.38578557536616

H 18.39199557039182 3.81944592954550 9.70608648592908

C 17.16562936524881 5.39257195061646 8.90769986809134

H 16.78764558754750 4.79129331842916 8.08040120412168

H 17.26479698020686 6.41909162084682 8.55322558946497

H 16.40451063478169 5.39386064231428 9.68494060612563

C 19.48121388544225 4.85061226778376 8.19780010359859

H 19.17078091372328 4.09680570718867 7.47444748448499

H 20.50283941524970 4.62897837791830 8.49450282466087

H 19.48521342990089 5.80526549569892 7.67098598537783

C 19.28151632543720 1.97424874313065 15.74439837764609
H 18.71627016183388 1.11966937445095 15.39780654280219
C 19.13471768336002 2.42446095581288 17.04481687765454
H 18.44999246974658 1.92440891356043 17.71444377703828
C 19.87798966193683 3.51722300675383 17.45465770464920
H 19.79439496152648 3.89761941591018 18.46345190769888
C 20.74414999480310 4.10963866242999 16.55257845953192
H 21.34187361071649 4.95792916417563 16.85312552925273
C 20.82716491942493 3.61209036397701 15.26199339198758
C 21.65354974010404 4.20631717819125 14.20327160412759
C 22.50296683103143 5.29101905616173 14.32321433969270
H 22.68389536023591 5.75121751758772 15.28455137459078
C 23.15503355464243 5.77889019849984 13.19084225913054
C 22.94019431410184 5.12817354710866 11.97602499621231
H 23.40019086469901 5.51049027632137 11.07552665583904
C 22.11767241715401 4.01733001290471 11.93671210315818
C 21.84209048361264 3.16568379300356 10.77250608026986
C 22.43409369535254 3.33402676851390 9.53101531776127

H 23.11123118842091 4.15685704980204 9.35305698504640

C 22.15965086748158 2.43065243114166 8.51935946074952

H 22.61902977625308 2.54216134323964 7.54679232373096

C 21.27857377225281 1.39436218459742 8.77304144504487

H 21.02798839362592 0.66791502509410 8.01357959236016

C 20.71467897350506 1.29850214615742 10.03326736702562
H 20.01957532468411 0.50099824096250 10.25853632059995
C 24.04221264884983 6.94514331570902 13.27402051065781
C 23.70518385511568 8.03982898877098 14.07032867286365
H 22.76809298374516 8.04850661689573 14.61374433765488
C 24.53416282694474 9.14129676400545 14.14449656159763
H 24.25620292522436 9.99023485950030 14.75346677925591
C 25.73367072357396 9.17343847028703 13.42708050890752
C 26.07588872214454 8.07478540378671 12.63305316464049
H 27.00661918913944 8.08586520550065 12.08312905437824
C 25.23798413017137 6.98043459594396 12.55635780756639
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H 25.53612032183759 6.13011324916555 11.95505348696148
C 26.58873415004641 10.30145592300812 13.50163286340560
C 27.31652731530165 11.26060886427724 13.56193995228233
C 28.17411200326523 12.38938833463930 13.63026845560893
C 27.88938861806611 13.46355352912138 14.46836016052199
H 27.00676273175364 13.46882557333089 15.09063933289303
C 28.75209593233781 14.53991358931076 14.50085587244479
H 28.53145956779850 15.37696640989838 15.14482951239131
C 30.13447159604980 13.58112068730175 12.95667295495993
H 31.03501448501604 13.63940287382121 12.36537672132475
C 29.33127119750823 12.46342644872701 12.86027264588914
H 29.60999699277454 11.66278546050339 12.19126306219319
H 29.99225505734489 16.54039108547950 18.27876634994300
C 30.06296862540809 17.44502105944697 17.67548191330880
H 30.97193850384660 17.96324128412363 17.98625610537162
H 29.21441019658502 18.08390874387354 17.90342608032037
O 31.81322696225630 15.65277899833305 16.58154253886118
C 30.14100815580846 17.12671934052944 16.22294736822705
H 32.44926093466427 15.15138736850109 15.95831505125277
H 27.50135177612781 18.36865386244203 16.22491562201724
N 30.98552407295139 16.28113553397105 15.75346089132598
H 28.68424314661644 19.65397693242235 16.01581832198475
C 28.25153736770383 18.77118418335628 15.54141506413078
C 29.30535177385482 17.77090152523299 15.21251734523026
O 33.15376077501296 14.57024405816746 14.73528394379650
H 27.74675031150607 19.09501755934628 14.63536894955051
Cl 32.41134551497526 17.97549699725845 13.95427636716120
Co 31.08414531816311 16.22442431914456 13.85369208684532
N 29.59598493129210 17.41381193522134 13.99512462083203
N 32.63914573923512 15.12335004590742 13.71748632774342
O 28.98037373124558 17.83378402440908 12.96972997627709
H 34.80074897846611 13.85669509068990 13.10296602000969
C 33.12822860371782 15.02817769388140 12.51509419718350
C 34.39421840989149 14.30803728290827 12.20206435306185
N 31.27021334387283 16.28333566246212 11.96043494543837
H 35.14529409670672 14.99232468593854 11.80316741068054
C 32.33744578890506 15.73132816115041 11.50782710973004
H 29.79804950271748 17.40223652248925 11.75571346824460
H 34.24669805011212 13.51883251106441 11.46208405276646
0O 30.48722726007068 16.97125992656101 11.13621262882733
C 32.74543154556186 15.84526564686830 10.08031445075890
H 33.04100198611837 16.87385586515557 9.86527238298328
H 33.58571844729668 15.19693524447624 9.84813755532839
H 31.92136690621166 15.60542546846312 9.40927647659940

Optimized gas phase structure of Dy3 in cartesian coordinates can be found here.[99]
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Loewdin %Fe 3d and % Co 3d character of dn, dn* and do* orbitals of Fel and Dyl.

Fel Dyl
%Fe 3d %Fe 3d %Co 3d
state character state character state character
dn HOMO-2 81.0 HOMO-4 80.9 HOMO-15 36.5
HOMO-1 68.8 HOMO-1 65.7 HOMO-9 41.2
HOMO 68.1 HOMO 68.2 HOMO-8 38.2
dnt averaged 72.6 71.6 38.6
dr* LUMO 7.2 LUMO 6.5
LUMO+2 6.3 LUMO+4 6.2 LUMO+8 6.2
LUMO+4 4.6 LUMO+6 4.6 LUMO+11 6.8
drt* averaged 6.0 5.8
do* LUMO+7 68.5 LUMO+12 68.4 LUMO+2 59.8
LUMO+14 60.2 LUMO+18 59.6 LUMO+7 51.2
do* averaged 64.4 64.0 55.5
HOM:;F;UMO -2.47 eV, 501.7 nm -2.33 eV, 531.2 nm
dri-do* gap -4.35eV, 285.3 nm -4.35 eV, 285.3 nm
average dn(Av)- | 7 v/ 265.6 nm -4.67 eV, 265.4 hm
do*(av) gap

Loewdin %Fe 3d and % Co 3d character of dm, dn* and do* orbitals of Fe2 and Dy2.

Fe2 Dy2
%Fe 3d %Fe 3d %Co 3d
state character state character state character
dmt HOMO-2 80.9 HOMO-4 80.9 HOMO-16 35.7
HOMO-1 68.3 HOMO-1 65.7 HOMO-12 37.2
HOMO 69.0 HOMO 68.2 HOMO-9 30.8
dm averaged 72.7 71.6 34.6
dr* LUMO 5.8 LUMO 6.5
LUMO+2 3.9 LUMO+4 6.2
LUMO+4 4.5 LUMO+6 4.6 LUMO+7 6.0
drt* averaged 4.7 5.8
do* LUMO+9 67.3 LUMO+14 68.4 LUMO+2 59.5
LUMO+15 60.9 LUMO+19 59.6 LUMO+7 54.2
do* averaged 64.1 64.0 56.9
HOM:a_:;UMO -2.62 eV, 473.3 nm -2.51eV,493.1 nm
dn-do* gap -4.38 eV, 283.2 nm -4.36 eV, 284.2 nm
average dn{Av)-| 4 co oy 264.4 nm -4.68 eV, 265.1 nm
do*(av) gap

Loewdin %Fe 3d and % Co 3d character of dm, d7* and do™* orbitals of Fe3 and Dy3

are published elsewhere. %)
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Computed dominant vertical excitation of Fel. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified.

transition .
donor acceptor contribution | character
(nm)
558.8 241 - HOMO 243 - LUMO+1
0.63 MLCT
240 - HOMO-1
0.31 MLCT
482.8 240 - HOMO-1
0.42 MLCT
<
0.24 MLCT
400.2 240 -HOMO-1 245 - LUMO+3
0.55 MLCT
(% ¢
240 - HOMO-1 246 - LUMO+4
0.37 MLCT

236



399.7

240 - HOMO-1

246 - LUMO+4

0.54 MLCT
¢
240 - HOMO-1 245 - LUMO+3
0.39 MLCT
d s
371.6 241 - HOMO 247 — LUMO+5
0.8 MLCT
[
328.6 242 - LUMO
0.59 -t
323.8 235-HOMO-6 243 - LUMO+1
0.41 -
232 - HOMO-9
0.34 -
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238

317.1 232 - HOMO-9 242 — LUMO
0.4 m-m*
0.25 ¥
268.0 232 - HOMO-9 245 - LUMO+3
0.33 ¥
€ (%
225 -HOMO-16 242 — LUMO
0.27 -1t *




Computed dominant vertical excitation of Dyl. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified.

transition .
donor acceptor contribution | character
(nm)
570.6 324 -HOMO 326 - LUMO+1
0.51 MLCT
%
323 -HOMO-1
0.40 MLCT
“To
513.3 323 -HOMO-1
0.73 MLCT
“Te
324 - HOMO
0.13 MLCT
e
505.2 323 —-HOMO-1
0.32 MLCT
o
324 -HOMO
0.31 MLCT
%o
323 —-HOMO-1
‘%‘% 0.16 MLCT
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240

402.3 315 - HOMO-9 325-LUMO
0.46 MLCI/
TU-TU
0.23 LMCI/
TU-TU
0.20 MLCI/
T-TU
345.0
0.62 m-r*
<
307.9 307 - HOMO-17 325 - LUMO
0.41 m-r*
0.23 MLCT




Computed dominant vertical excitation of Fe2. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified.

transition donor acceptor contribution | character
548.7 261 -HOMO 263 - LUMO+1
0.66 MLCT
260 —HOMO-1
0.30 MLCT
514.2 260 - HOMO-1
0.93 MLCT
478.6 260 - HOMO-1
0.34 MLCT
260 - HOMO-1
0.30 MLCT
260 - HOMO-1
0.16 MLCT
474.9 260 - HOMO-1
0.51 MLCT
260 - HOMO-1
0.40 MLCT
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242

470.6 260 - HOMO-1 262 - LUMO
0.36 MLCT
0.20 MLCT
0.15 MLCT
376.8 261 — HOMO 267 — LUMO+5
0.51 MLCT
262 - LUMO
0.35 T-Tt*
313.6
0.31 MLCT
0.10 -1t *




m-m*

n-n*

-t *

¥

0.30

0.12

0.11

0.29

0.19

0.14

LUMO+3

265 -

LUMO+3

265 —

264 — LUMO+2

265 -LUMO+3

LUMO+3

265 -

264 - LUMO+2

256 - HOMO-5

-3

258 - HOMO

-5

256 - HOMO

256 - HOMO-5

-3

258 - HOMO

-3

258 - HOMO

307.5

305.8
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Computed dominant vertical excitation of Dy2. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified.

transition donor acceptor contribution | character
555.5 344 - HOMO 346 - LUMO+1
0.54 MLCT
343 - HOMO-1
0.40 MLCT
541.7
0.49 MLCT
344 - HOMO
0.34 MLCT
395.3 339 —-HOMO-5
0.41 T-T*
0.26 T-T*
368.0 354 - LUMO+9
0.44 MLCT
338 —-HOMO-6 345 - LUMO
0.30 -t
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326.8

336 -HOMO-8

347 - LUMO+2

0.25

LMCT

0.17

*
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Computed dominant vertical excitation of Fe3. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified. Adapted from!®?)

Transition =~ Donor Acceptor Contri- Character
(state) bution

a(8) HOMO (237) LUMO+3 (241) 0.73 MLCT
395.9 nm S o

& )
HOMO-2 (235) LUMO+1 (239) 0.10 MLCT

HOMO-2 (235) LUMO+1 (239)

’,
.- ach

HOMO (237) LUMO+2 (240)

» L

.,
.- et

HOMO (237) LUMO+3 (241)
(T e

’,
.- ach

c(4) 0.64 | MLCT

446.0 nm

0.20 MLCT
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HOMO-2 (235) 0.09 | MLCT

LUMO (238)

Computed dominant vertical excitation of Dy3. Donor and acceptor orbitals are visualized.
Contribution to and character of the transition is specified. Adapted from!®?!

Transition Donor Acceptor Contri-  Character

(state) bution
a(l7) HOMO (320) LUMO++7 (328) 0.37 MLCT
401.9 nm ‘ S

b (15)

413.1 nm

HOMO-2 (318)

e .
. . ¢

.

-
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c(8) HOMO-1 (319) LUMO (321) 0.78 MLCT
480.6 nm . g

0.08 MLCT/
MMCT

248



Chapter 12: Cyclic voltammograms

Homoleptic iron complexes

1x10°° ‘
5x107 k
\_‘
z / —
=] 04 -
[3) @\V/
50 mV/s
— 100 mV/s
— 200 mV/s
= -6 -
510 —— 400 mV/s
800 mV/s

-0.2 0 02 04 06 08 1 12 14 16
potential vs. Fc/Fc+ [V]

Cyclic voltammogram of Felpome vs. Fc/Fct in MeCN with 50-800 mV /s scan rate -
reversible Fe(II/III) oxidation.

Electrochemical data for oxidation/reduction in Felygpmo.

v [mV/s] 50 100 200 400 800
Epa [V] 0.81 0.81 0.81 0.81 0.82
Epc [V] 0.74 0.75 0.74 0.74 0.74
E2 [V] 0.78 0.78 0.77 0.78 0.78
AE [mV] 71 66 76 71 78
lpa [10C A] | 2.02 2.81 3.91 5.09 6.32
loe [10°A]  |-0.99 -1.54 -2.85 -4.07 -5.58
lparlpc 2.04 1.83 1.37 1.25 1.13
lpa/ VY 0.29 0.28 0.28 0.25 0.22
lpe/VV -0.14 -0.15 -0.20 -0.20 -0.20
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2x10°®
1.5x10°8

1x10°6 ‘

5x1077

current [A]
\\
NS

5x107 - \‘
1 — 100 mV/s
-1x10° ~ 200 mV/s
400 mV/s
-1.5x10°6 —— 800 mV/s

-0.2 0 02 04 06 038 1 1.2 14 1.6
potential vs. Fc/Fc+ [V]

Cyclic voltammogram of Fe2pome vs. Fc/Fct in MeCN with 50-800 mV /s scan rate -
reversible Fe(II) /I1T) oxidation.

Electrochemical data for oxidation/reduction in Fe2yopm,.

v [mV/s] 100 200 400 800
Epa [V] 0.75 0.75 0.76 0.76
Epc [V] 0.69 0.69 0.69 0.70
E1p [V] 0.72 0.72 0.73 0.73
AE [mV] 68 66 66 61
los [10°A] |0.44 0.64 0.96 1.45
Ipc [LO®A] |-0.47 -0.64 -0.94 -1.45
lpa/lpe 0.92 0.99 1.02 1.00
lpa/VV 0.04 0.05 0.05 0.05
lpe/VV -0.05 -0.05 -0.05 -0.05
v [mV/s] 100 200 400 800
Epa [V] -1.51 -1.50 -1.50 -1.51
Epe [V] -1.56 -1.56 -1.56 -1.56
E1s2 [V] -1.53 -1.53 -1.53 -1.54
AE [mV] 51 54 54 44

v [mV/s] 100 200 400 800
Epa [V] -1.64 -1.65 -1.64 -1.64
Epc [V] -1.69 -1.69 -1.68 -1.69
Evy2 [V] -1.67 -1.67 -1.66 -1.66
AE [mV] 49 42 49 46
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5x10
4x10° A
3x10° -
2x10° 4
z B |
= 1x10° S
o T P —— —
3O —
- -6 |
X107 — 50 mVis
-2x10°8 + —— 100 mV/s
| 200 mV/s
-3x107 400 mV/s
1 800 mV/s
-4x10° +— . . — . .

04 -02 0 02 04 06 08 1 12 14
potential vs. Fc/Fc+ [V]

Cyclic voltammogram of Fe3pomo vs. Fc/Fct in MeCN with 50 - 800 mV /s scan rate -
reversible Fe(II/III) oxidation.
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Electrochemical data for oxidation/reduction in Fe3yomo-

vimv/s] |50 100 200 400 800
Epa [V] 0.49 0.47 0.43 0.45 0.44
Epc [V] 0.31 0.29 0.34 0.33 0.34
Exz2 [V] 0.40 0.38 0.39 0.39 0.39
AE [mV] 173 181 90 120 100
lpa [106A] | 0.61 0.92 1.91 2.44 3.52
b [10°A] |-0.44 -0.54 -1.67 -1.81 -2.99
lpa/Ipc 1.37 1.71 1.15 1.35 1.18
lpa/VV 0.09 0.09 0.14 0.12 0.12
lpe/VV -0.06 -0.05 -0.12 -0.09 -0.11
vimv/s] |50 100 200 400 800
Epa [V] -1.81 -1.80 -1.81 -1.81 -1.81
Epc [V] -1.87 -1.87 -1.86 -1.87 -1.86
Eip [V] -1.84 -1.83 -1.83 -1.84 -1.83
AE [mV] 54 61 56 61 56
I [10°A] |0.76 1.03 1.50 2.14 3.08
lpc [10°A] |-0.54 -0.74 -1.03 -1.49 -2.15
lpa/pc 1.42 1.38 1.45 1.44 1.44
lpa/VV 0.11 0.10 0.11 0.11 0.11
lpe/VV -0.08 -0.07 -0.07 -0.07 -0.08
vimv/s] |50 100 200 400 800
Epa [V] -2.00 -1.99 -1.99 -1.99 -2.00
Epc [V] -2.04 -2.04 -2.04 -2.05 -2.05
Eip [V] -2.02 -2.02 -2.02 -2.02 -2.03
AE [mV] 44 51 46 56 51
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3x10°®

2x10°
— 1x10°6 |
< g
= ay=——
2 04 ..-———"// / A
= =
© N N’
-1x10° 50 mV/s
—— 100 mV/s
200 mV/s
-2x10°® - 400 mV/s
800 mV/s

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
potential vs. Fc/Fc+ [V]

Cyclic voltammogram of Fe6pome vs. Fc/Fct in MeCN with 50-800 mV /s scan rate -
reversible Fe(II/III) oxidation.

Electrochemical data for oxidation/reduction in Fe6yomo.

v [mV/s] 50 100 200 400 800
Epa [V] 0.43 0.44 0.43 0.44 0.44
Epc [V] 0.36 0.37 0.37 0.37 0.37
E12 [V] 0.40 0.40 0.40 0.40 0.40
AE [mV] 68 68 66 63 71
lpa [10°A] | 0.48 0.65 0.90 1.39 1.95
lc [10°A] |-0.48 -0.66 -0.91 -1.32 -1.86
lparlpc 1.01 0.98 0.98 1.06 1.05
lpa/VV 0.07 0.07 0.06 0.07 0.07
loc/VV -0.07 -0.07 -0.06 -0.07 -0.07
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Heteroleptic iron complexes

6x10°6 -

4x10°® +

2x10°6 /\\\
o /\\N_ L J;;

§. ] % — 50mV/s
5 -2x10° - > ! —— 100mV/s
S 1 ——— 200mV/s
© -4x10° 400mV/s
6x10° ] 800mV/s
- X - i i i i i i i i
4x10° 4 —— square-wave 25Hz
2x10°6 /L
0 . . . T . .
2 15 -1 0.5 0 05 1 15 2

potential vs. Fc/Fc+ [V]

Cyclic voltammogram of Fel vs. Fc/FcT in MeCN with 50-800 mV /s scan rate.

6x10°®
4x10°
2x10°6
— 0 -
§ ] Is
 -2x10° - V/s
5 : V/s
© 4x10° Vis
| V/s
-6x10°® . . . . " —T— y
25 2 15 -1 05 0 0.5 1 15

Cyclic voltammogram of Fe2 vs. Fc/FcT in MeCN with 50-800 mV /s scan rate.
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Electrochemical data for oxidation/reduction in Fel.

v [mV/s] 50 100 200 400 800
Epa [V] 0.66 0.66 0.66 0.67 0.68
Epc [V] 0.58 0.58 0.58 0.58 0.57
Ev [V] 0.62 0.62 0.62 0.62 0.63
AE [mV] 76 73 83 88 100
lo [10°A] | 1.18 1.64 2.34 3.24 4.53
le [10A] | -1.25 -1.79 -2.39 -3.15 -3.94
lpar lpc 0.95 0.92 0.98 1.03 1.15
lpa/ VW 0.17 0.16 0.17 0.16 0.16
lo/VV -0.18 -0.18 -0.17 -0.16 -0.14
v [mV/s] 50 100 200 400 800
Epa [V] -1.63 -1.63 -1.63 -1.63 -1.63
Epc [V] -1.70 -1.70 -1.70 -1.70 -1.70
Ez [V] -1.67 -1.67 -1.67 -1.67 -1.67
AE [mV] 71 63 66 66 66

I [10°A] | 1.18 1.74 2.34 3.49 5.10
loc [10°A] | -1.06 -1.49 -2.08 -2.90 -4.10
lpar Inc 1.11 1.17 1.13 1.20 1.24
lpa/VV 0.17 0.17 0.17 0.17 0.18
lpe/VV -0.15 -0.15 -0.15 -0.14 -0.14

Electrochemical data for

oxidation/reduction in Fe2.

v [mV/s] 50 100 200 400 800
Epa [V] 0.61 0.61 0.61 0.61 0.62
Eoc [V] 0.54 0.54 0.54 0.54 0.54
Ey [V] 0.58 0.58 0.58 0.58 0.58
AE [mV] 73 71 71 71 78

lpa [10°A] | 1.07 1.50 2.10 2.94 4.10
lc [10°A] | -1.10 -1.55 -2.16 -2.94 -4.08
loa/ loc 0.97 0.97 0.97 1.00 1.00
loa/VV 0.15 0.15 0.15 0.15 0.14
lpe/VV -0.16 -0.15 -0.15 -0.15 -0.14
v [mV/s] 50 100 200 400 800
Epa [V] -1.76 -1.76 -1.76 -1.76 -1.76
Eoc [V] -1.83 -1.83 -1.83 -1.83 -1.83
Ei [V] -1.79 -1.79 -1.80 -1.79 -1.80
AE [mV] 68 63 66 66 71

la [10°A] | 1.01 1.39 2.15 3.14 4.34
lc [10°A] | -0.91 -1.24 -1.79 -2.55 -3.56
lpo/ lpe 1.11 1.12 1.20 1.23 1.22
loa/VV 0.14 0.14 0.15 0.16 0.15
lpe/VV -0.13 -0.12 -0.13 -0.13 -0.13
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—200
—400
——800

-6 — T 1 r T T T T T T T T T T 1
25 20 -15 -10 -05 0.0 0.5 1.0 15
E/V vs. Fc/Fc*

Cyclic voltammogram of Fe3 vs. Fc/Fc' in MeCN with 50-800 mV /s scan rate.

Electrochemical data for reversible reduction in Fe3.

v [mV/s] 50 100 200 400 800
Epa [V] 0.51 0.52 0.52 0.52 0.53
Epe [V] 0.44 0.43 0.43 0.42 0.41
E2 [V] 0.475 0473  0.471 0471 0470
AE [mV] 76 85 93 98 115
la [10°A] | 0.99 1.39 1.92 2.63 3.56
loc [10°A] | -0.91 -1.34 -1.82 -2.14 -3.05
loa/loc 1.09 1.03 1.06 1.23 1.17
loa/VV 0.14 0.14 0.14 0.13 0.13
lpc/VV -0.13 -0.13 -0.13 -0.11 -0.11
v[mV/s] |50 100 200 400 800
Epc [V] -2.01 -2.01 -2.01 -2.01 -2.01
Epa [V] -1.94 -1.94 -1.94 -1.94 -1.94
Es2 [V] -1.97 -1.97 -1.97 -1.97 -1.97
AE[mV] |66 68 66 68 68

loc [10° A] |-0.89 -1.26 -1.78 -2.51 -3.52
loa [106 A] | 1.03 1.49 2.17 3.01 431
loa loc 1.15 1.18 1.22 1.20 1.22
loc/VV -0.13 -0.13 -0.13 -0.13 -0.12
lpa/VV 0.15 0.15 0.15 0.15 0.15
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Chapter 12. Cyclic voltammograms

Electrochemical data for oxidation/reduction in Dyl.

v[mV/s] |50 100 200 400
Epa [V] 0.79 0.77 0.77 0.77
Epc [V] 0.74 0.74 0.74 0.74
E2 [V] 0.77 0.75 0.75 0.76
AE[mV] |44 29 32 37
v[mV/s] |50 100 200 400
Epa [V] 0.66 0.65 0.65 0.66
Epc [V] 0.60 0.60 0.60 0.60
E1/2 [V] 0.63 0.63 0.62 0.63
AE[mV] |54 51 51 59
v[mV/s] |50 100 200 400
Epa [V] -0.67 -0.54 -0.10 -0.03
Epe [V] -0.94 -0.96 -0.99 -1.03
Ei [V] -0.81 -0.75 -0.54 -0.53
AE[mV] | 266 425 896 1001
v[mV/s] |50 100 200 400
Epa [V] -1.31 -1.32 -1.35 -1.37
Epc [V] -1.42 -1.43 -1.43 -1.44
i [V] -1.37 -1.37 -1.39 -1.40
AE[mV] | 115 107 88 76
lpa [10° A] |0.59 0.66 0.72 -0.94
loc [10° A] [-0.73 -1.01 -1.46 -2.08
lpa/lpe 0.80 0.65 0.49 -0.45
lpa/VV 0.08 0.07 0.05 -0.05
lpe/VV -0.10 -0.10 -0.10 -0.10
v[mV/s] |50 100 200 400
Epa [V] -1.73 -1.73 -1.72 -1.72
Epc [V] -1.85 -1.85 -1.86 -1.86
Ei/ [V] -1.79 -1.79 -1.79 -1.79
AE [mV] |117 125 137 149
l,. [10 A] |0.68 0.94 1.35 1.86
loc [10° A] |-0.66 -0.97 -1.45 -2.06
lpa/lpe 1.02 0.97 0.93 0.90
pa/VV 0.10 0.09 0.10 0.09
lpe/VV -0.09 -0.10 -0.10 -0.10
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Electrochemical data for oxidation/reduction in Dy2.

v[mv/s] |50 100 200 400
Epa [V] 0.78 0.77 0.77 0.75
Epc [V] 0.71 0.71 0.71 0.70
Ey2 [V] 0.75 0.74 0.74 0.73
AE[mV] |76 66 56 51

v [mV/s] 50 100 200 400
Epa [V] 0.60 0.61 0.60 0.60
Epc [V] 0.54 0.54 0.54 0.54
Ev2 [V] 0.57 0.57 0.57 0.57
AE [mV] 61 66 59 63
la [105A] | 0.78 1.05 1.55 2.18
loe [10°A] | -1.34 -1.86 -2.56 -3.55
Lo loc 0.58 0.56 0.60 0.61
lpa/VV 0.11 0.11 0.11 0.11
loe/VV -0.19 -0.19 -0.18 -0.18
v [mV/s] 50 100 200 400
Epa [V] -0.59 -0.55 -0.49 -0.04
Epc [V] -0.99 -1.01 -1.03 -1.09
Ei2 [V] -0.79 -0.78 -0.76 -0.57
AE [mV] 398 461 542 1050
v [mV/s] 50 100 200 400
Epa [V] -1.40 -1.41 -1.41 -1.41
Epc [V] -1.50 -1.50 -1.50 -1.50
Ey2 [V] -1.45 -1.46 -1.46 -1.46
AE [mV] 98 90 83 85
ls [10CA] | 0.64 0.94 1.34 2.02
loe [10°A] | -0.56 -0.79 -1.13 -1.53
lpa/ loc 1.13 1.19 1.18 1.32
lpa/VV 0.09 0.09 0.09 0.10
lpe/VV -0.08 -0.08 -0.08 -0.08
v [mV/s] 50 100 200 400
Epa [V] -1.78 -1.78 -1.78 -1.78
Epc [V] -1.84 -1.84 -1.84 -1.84
Evz [V] -1.81 -1.81 -1.81 -1.81
AE [mV] 61 63 59 63
la [10°A] | 0.49 0.80 1.25 1.83
le [10°A] | -0.66 -0.95 -1.38 -1.98
lpa/loc 0.74 0.84 0.90 0.93
lpa/VV 0.07 0.08 0.09 0.09
lpe/VV -0.09 -0.10 -0.10 -0.10
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Electrochemical data for oxidation/reduction in Dy3.

v[mV/s] |50 100 200 400 800
Epa [V] 0.80 0.81 0.81 0.81 0.80
Epc [V] 0.74 0.74 0.73 0.73 0.72
Exs2 [V] 0.768 0771 0769  0.769  0.761
AE[mV] |59 71 76 85 79
lpa [10° A] | 0.68 0.86 1.27 1.60 1.99
loc [10°A] |-0.45 -0.59 087  -115 -1.48
Ipa/lpc 1.52 1.44 1.45 1.39 1.34
loa/ VV 0.10 0.09 0.09 0.08 0.07
lope/VV 006  -006 -006  -006  -0.05
v[mV/s] |50 100 200 400 800
Epa [V] 0.53 0.53 0.53 0.53 0.53
Epc [V] 0.46 0.46 0.46 0.46 0.46
Evs2 [V] 0.497 0498 0494  0.495  0.493
AE[mV] |63 66 63 66 71
lpa [10¢ A] | 0.58 0.82 1.25 1.76 2.43
lpc (106 A] |-0.71 096  -142  -2.05 -2.86
Ipa/lpc 0.81 0.85 0.88 0.86 0.85
lpa/ VV 0.08 0.08 0.09 0.09 0.09
lpe/VV 010 -010 -0.10  -0.10  -0.10
v[mV/s] |50 100 200 400 800
Epc [V] -1.50  -1.50  -150  -1.49 -1.49
Epa [V] -1.43 -1.42 142 -1.42 -1.42
Ex2 [V] 146  -146  -146  -1.46  -1.46
AE[mV] |71 76 71 71 73

loc [10 A] |-0.72 -1.02 -1.53 2217 -3.00
loa [10° A] | 0.82 1.24 1.76 2.57 3.72
lpa/loc 1.13 1.22 1.16 1.18 1.24
lpe/VV 010  -010  -011  -0.11 -0.11
lpa/ VV 0.12 0.12 0.12 0.13 0.13
v[mV/s] |50 100 200 400 800
Epc [V] 197  -1.98  -197  -197  -1.97
Epa [V] -1.92 -1.92 191 -1.91 -1.92
Exz [V] -1.94  -1.95 194 194  -1.94
AE[mV] |59 61 66 61 59
lc [106A] |-0.56  -0.87 131 194 -2.77
loa [10° A] | 0.68 1.05 1.59 2.25 3.21
loa/loc 1.21 1.21 1.22 1.16 1.16
lope/VV -0.08  -0.09 009  -010  -0.10
Lo/ VV 0.10 0.11 0.11 0.11 0.11
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Electrochemical data for oxidation/reduction in Tri3.

vimv/s] |50 100 200 400 800
Epa [V] 0.79 0.79 0.79 0.80 0.80
Epc [V] 0.72 0.73 0.73 0.73 0.73
Ei2 [V] 0.75 0.76 0.76 0.76 0.77
AE [mV] 66 56 63 68 73
lba [10°A] |1.42 2.06 3.06 4.12 5.76
loc [10°A] | -0.87 -1.33 -1.69 -2.75 -3.78
loa/pc 1.63 1.55 1.81 1.50 1.52
loa/VV 0.20 0.21 0.22 0.21 0.20
loc/VV -0.12 -0.13 -0.12 -0.14 -0.13
v[mV/s] |50 100 200 400 800
Epa [V] 0.47 0.47 0.46 0.47 0.47
Epc [V] 0.40 0.40 0.40 0.41 0.41
Ei2 [V] 0.43 0.43 0.43 0.44 0.44
AE [mV] 66 66 63 61 61
loa [10°A] | 0.86 1.17 1.81 2.49 3.71
loc [10°A]  |-0.97 -1.38 -1.90 -2.60 -4.13
lpa/Ipc 0.88 0.85 0.95 0.96 0.90
loa/VV 0.12 0.12 0.13 0.12 0.13
loc/VV -0.14 -0.14 -0.13 -0.13 -0.15
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