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Thesis overview

This thesis work describes a study related to tba af Artificial photosynthesis.

Chapter 1: Introduction gives a glimpse of photosystem Il and our apprdachmimic its
donor side electron transfer chain. This chapteisemth description of our strategy and the
objectives of this thesis work. We have synthesi®¢eral organometallic complexes based
on ruthenium bipyridyl derivatives. Characterizationthe complexes was performed using
electrochemical and spectroscopic techniques, #sergbtion of which can be found in the
Chapter 2: Experimental techniques The next four chapters present the main results
obtained during the thesis pericdhapter 3: Artificial mimics of TyrZ/His190 electron
relay of photosystem Il gives the details of characterization of rutheniondazole-phenol
(chromophore-electron relay) complexes mainly fedusn the intramolecular electron
transfer processes and their kinetics and enesgetith particular attention to the effect of
coupling between electron transfer and deprotongtionesses. Later on @hapter 4: Light
induced Tryptophan oxidation we have put forward a potentially more efficieghthetic
methodology, based on “click chemistry”, to syntheslarger, modular photocatalytic
assemblies. Using this approach we have connectegt@phan residue to a chromophore
and investigated the mechanism of Tryptophan radaranation. As a continuation of the
work described in Chapter 3 we have tried to cowfldink our chromophore-electron relay
system to an oxidation catalyst as describe@hapter 5: Water oxidation catalysts This
approach was not successful and therefore we marestigated on the possibility of catalyst
activation in a bimolecular reaction. For use fiuctional device the photocatalyst should be
grafted on the surface of an electrode. As theetampmplete photocatalysts were not
available we have performed functionalization @haomophore with phosphonate anchoring
groups. Details can be found in tldapter 6: Grafting of photosensitizer onto a TiQ
surface and photoelectrochemical measurementét the end of this thesis conclusions and

perspectives of this work are givenGhapter 7: Conclusions and perspectives



1.0 Introduction

1.1 General concept

In this growing world there is increasing deman&wérgy and this demand will go as high as
28-35 TW in 2056compared to current 16 TW in 201 Population of the world is projected
to grow to 10-11 billion in 2050, the factor whichainly brings this difference in energy
consumptior?. In order to fulfill this demand we mostly depend fossil fuels (Figure
1.1).Recent statistics shows that 87% of the werdrgy is produced from fossil fuels in
20122The sources of these fossil fuels are limited ameransumption will lead to their
shortage in the near future. Additionally, theimdmustion produces carbon dioxide, carbon
monoxide, smoke and suspended particulate matteahwdauses environmental problems.
Gases such as carbon dioxide are greenhouse gab@sirsimization of their emission is of
great concerfi® Thus in order to meet the additional 15-20 TW okrgy demand in
sustainable way energy must come from carbon fvaeces. Therefore alternative, renewable

energy sources have to be develop&d.

World Energy Sources

mRenewaI:nie;
Biomass 01.4%

H dm1 i

i "r Coai

2 -
Mucear 25%

559
Fetroleum

Matural Gas

21%

34%

Figure 1.1: World energy scenario
As seen in Figure 1.1 we use only 0.4% of renewalplergy from all available sources
(Figure 1.2). There are many options available riemewable energy sources like wind
energy, hydroelectric, biomass and solar energyognthese solar energy is the most
important resource, available in far excess ofrequirement. The amount of energy from the
sun arriving at the earth per hour about equalsetiergy utilized by humankind for all its
activities in one yeat.Thus utilizing solar energy in a proper way widllp us to tackle the

energy problem.
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Figure 1.2: Available renewable energy resources

The available energy from the sun is not equalritiuted on the earth therefore some parts
have more or less energy than other parts. Alswamelistribution of sun energy due to
seasonal variation and diurnal cycle causes ditfeesulin its proper utilization. These things
make handling, storage and supply of solar enefigig @roblem'® There are some ways out
to utilize available solar energy either by direse or by suitable conversion into a form

which can be further used as a source of energy(€il.3)"

)] Direct use of sunlight to generate electricity gssemiconductor material as in
photovoltaic devices (Figure 1.3, right)

i) Plants use sunlight via photosynthesis to prodacbohydrates and oxygen (Figure
1.3, left)

i) A third way which mainly interests us is, use ohlgght to split water (Eq. 1.1) by
using suitable photo-catalysts and produce prowamsh can be reduced further to

generate hydrogen by employing another catalyst 1E).

2H,0> 4H + 46 + O, (Eg. 1.1)

AH" +46>2H, (Eq. 1.2)



Semiconductor-eleciralyie cell Frotowoitaic device

Figure 1.3 Solar energy can be used by three means to generergy:Left: in photosynthesis plants use
solar radiation in conjunction with CQand water to produce sugars and oxygRight: photovoltaic devices
can directly convert solar energy into electrioenter: water splitting cell with electrodé$

Water is a most abundant (79%) on the earth anlihbtirs freely available on our planet. By
using water and sunlight to generate hydrogen wisidonsidered as a green fuel (since its

combustion results into water, Eq. 1.3) can belatisn for future energy crisis.

2H+ 0> 2H,0  (Eq. 1.3)

The water splitting reaction, Eqg. 1.1 is an intégat of natural photosynthesis. Therefore,
by mimicking the process of natural photosynthésshould be possible to split water. For
this purpose there is a need of robust photo-cstaly

Our research work concerns water splitting usirgibspired molecular photo-catalyst and
in the following we will present basic concepts ridtural process to clearly understand

mechanistic aspects required to move a step forimatds area of research.



1.2 Natural Photosynthesis

The origin of Photosynthesis goes back to billigesrs agd:™® It is a process in which
organelles like photosynthetic bactérfa.g. Cyanobacteria, purple sulfur bacteria), algad
plants utilize light energy to make energy rich ang compounds (Eq. 1.A)his
transformation of light energy into chemical eneiggarried out by multiple protein subunits

called reaction centers (RCs).

Photosynthetic products like carbohydrates or ATE ased as a source of energy in
photosynthetic organisms. These autotrophs are keémment of the food chain on the earth.
Thus basically all life on our planet directly ordirectly depends on photosynthesis. The
photosynthetic process can be termed as oxygerinaxygenic photosynthesis depending on
whether oxygen evolves in the process or not. Heee mostly consider oxygenic

photosynthesis (Eq. 1.4)

6CQO, + 12H0 + Light Energy> CgH1206 + 60, + 6H,0 (Eq. 1.4)

The photosynthetic process gets initiated by ligatvesting antennas after receiving light
energy from the sun. Antennas can be pigmentschikarophyll, carotenoid, bilin depending

on the organism.

In plants, photosynthesis occurs in a thylakoid tmeme located inside chloroplasts (Figure
1.4). Thylakoid membranes are disk-like structustacked over one another, resembling
stacks of coins. Chlorophyll and carotenoid pigreeate located inside the thylakoid

membrane.

In a broad sense photosynthetic processes can vigedliinto two kinds of reactions
depending on their requirement of light:

1) Light dependent reactions: useful to increase éresrgy of the system
2) Light independent reactions (Calvin cycle): uséfutonvert free energy into chemical

bonds by forming carbohydrates



The light reactions in the The Calvin cycle in the stroma
thylakoid membrane uses CO,, ATP, and NADPH to

produce O,, ATP, and make carbohydrates, such as
NADPH. sugars.
Chloroplast
Light
Cuter Granwm

Membrane

,:’.

I

I\
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i 1
= "
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= ‘""-.._H ﬁ
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Innear - y
Membrane Strama Thylakaids

Sars
Figure 1.4: Open structure of chloroplast showing thylakoidhmbeane and light and dark reactions

The light dependent reactions occur in the thyldkmembrane while dark reactions occur in
the stroma of the chloroplast (Figure 1.4). Ligbacations are responsible for oxidation of
water (Eq. 1.1) and production of ATP and NADPHe3& NADPH and ATP are further
used in dark reactions to reduce £© form carbohydrates. Energy is conserved iro#ll
these processes.

1.2.1 Light dependent reactions

Light dependent reactions do proceed by using kgiergy from the sun. These reactions are
mainly carried out by two reaction centers funatgnin series, called photosystem | and
photosystem II.

Electron transfer Primary
electron
Photon acceptor
Reaction
Reaction- center

center
chlorophyll

Transfer Anterifia
of energy pigment
molecules

Photosystem

Figure 1.5 Photochemical reaction center and light harvegtantenna



1.2.2 Photosystems

When a photon strikes the chlorophyll moleculehia thylakoid membrane, the energy level
of an electron is excited equivalent to the amafrgnergy absorbed. The absorbed energy
migrates rapidly as excited state through lightvlsting pigment molecules to the reaction

centre of the photosystem by resonant energy egafsigure 1.5).

Light absorbing pigments and their associated mactarriers are arranged in a thylakoid
membrane to form clusters. These clusters are pystiEms. Photosystems absorb light in the

visible region of the spectrum especially in thegafrom 400 to 500 nm and 600 to 700 nm.

Two main photosystems are,
Photosystem I:responsible for the reduction of NADP to NADPH (irig 1.6)
Photosystem II: responsible for the oxidation of water. (Figuré)1.

The detailed view of photosystems inside thylakmiembrane is as in Figure 1.6. As seen
two photosystems function in series; several eneetgctron and proton transfer reactions
taking place to oxidize two molecules of water gimotosystem 1) and to reduce NADB
create reducing equivalents of NADPH (by electranmfphotosystem I) and to convert ADP
to ATP (via a transmembrane proton gradient). Hited being the primary source of energy
for the organisms. NADPH is further used to redG€® to carbohydrates by dark reactions
(Figure 1.4).

Each photosystem has a special ensemble of pigmintk receive the excitation energy and
induce the electron transfer processes, either B7B880 for photosystem | and photosystem
Il, respectively. The numbers 700 and 680 indicte wavelength at which these

photochemically active pigments absorb. At struadtand functional level both photosystems

have been well studied using advanced techniqui:seguorted in literatur&®*°
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ferredoxin-NADP reductase

cytochrome

®

oxygen-evolving complex

thylakoid lumen

Figure 1.6: Detailed view of the photosynthetic electron tfanshain with two photosystems

1.2.3 The Photosystem | (PS 1)

Photosystem | is responsible for the productiomeoiucing equivalents of NADPH with the
aid of the electron carrier ferredoxin which iscaissed for the dark reaction to reduce,CO
Photosystem | (PS 1) is an integral membrane protemplex and in presence of light it
catalyses an electron transfer process from plgatic to ferredoxin. The PS | includes

about110 co-factors. The primary electron dond?®fl is P700 which is a chlorophyll dimer.

1.2.4The photosystem Il (PS 1)

PSIl is a unique enzyme which is responsible fadatkon of water to molecular oxygen in
natural system§'® It consists of about 20 protein subunits in cyawderium
Thermosynechococcus (T.) elongateish a total molecular mass of 350 kDahese 20
protein subunits include 77 cofactdP$® These 77 cofactors are: 35 €hll4 lipids (+3
detergent molecules), 11 beta-carotenes, 2 plastoges (PQ), 2 pheophytines (Pheo), 1
Mn4O4Ca complex, 2 heme Fe, 1non-heme Fe, 1 hydogentao

One important thing about PSII is that it usesbleslight between 400 nm to 700 nm to drive
the water oxidation reaction. The electron trangfiercess is initiated by excitation of the
primary electron donor, P680. From its singlet tectistate, P680 transfers an electron to
Quinone (Q) resulting into the charge separated state PE3Q The P680 is reduced by
one of the tyrosine residues (TyrZ) resulting ingutral TyrZ radical. The generated TyrZ
radical has been characterized by high field Ebecparamagnetic resonance techniques. The



photogenerated TyiZradical is subsequently reduced by deriving arcteda from the

oxygen evolving complex (OEC).

Stroma

. membrane

In PSII: hv . -

e e e
. Y /"_\\ /_\ ; Co,
yrz i
Mn 4 P680 Pheo Qs Qp

~e 7 |
Biom,

Figure 1.7: Electron transport chain in photosystenf1?

1.2.5 Hydrogen bonding between TyrZ and His190

The recent crystal structure of 1.9 A resolutioaught new insight into water splitting site of
photosystem If* The hydrogen bonding between TyrZ and His190 piaysmportant role in

the water oxidation (Figure 1.8).
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Figure 1.8: Hydrogen bonds aroundlyrZ (labeled as D1-Y161): a) Bonds between metal atants water
ligands are depicted as solid lines, and the hydrodonds are depicted as dashed lines. Distances ar
expressed in Angstréms. b) Hydrogen-bond netwarnk fthe Mn4CaO5 cluster through TyrZ to the lumenal
bulk phase. Water molecules participating in thdrbgen-bond network are depicted in orange, whetbhase
not participating are depicted in gréy.

There are two redox active tyrosines in PS Il, Taril TyrD, out of these TyrZ is in close
distance to MgCaG;, (OEC). TyrZ acts as a redox active link betweea photosensitizer
P680 and the OEC. Extensive hydrogen bonding m&tivas been found between TyrZ and
Mn4CaGs. The existence of H-bond between TyrZ and His inportant to for efficient

electron transfer by coupling electron and protangfer (Figure 1.9).

; JJ{:H: {x’__'\ o \ tegL re -J_,((FH{ N‘)—c:- H\

4 H 7 1
I('j y N%’CH?\_ H‘N A‘T’m:}h_
PEED' " s S FEED K
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Figure 1.9: A scheme for proton coupled electron transferptedi to P680 reduction by TyrZ with His190 as
hydrogen bonding partn&

1.2.6 Oxygen evolving complex (OEC)

The oxygen evolving complex (OEC) or water oxidiggcomplex (WOC) is the site of water
oxidation in photosystem Il. The OEC has four Marege ions, one Calcium ion and one
chloride ion. Four Mn atoms and one Ca atom forMraCa clustef? Its precise structure
and the oxidation state of each Mn is still an opeestion and many studies have been

carried out using in particular spectroscopic téghes like high field EPE& or EXAFS>%
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The recently reported crystal structure of PS [L.&tA resolution shows involvement of five
oxygen atoms to form oxo bridges with five metainas (Figure 1.10§" thereby forming a
MnsCaG; cluster. Out of these, three Mn, one Ca and fouat@ns form a cubane like
structure. Additionally, four water molecules amtchloride ions are found to be associated
with the MnyCaGQ; cluster® Two water molecules each are coordinated to oneuMhone Ca
atom. Direct attachment of these water moleculdgates their involvement as a substrate in

the water oxidation reaction.
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Figure 1.10: a) Distances (in A) between metal atoms and oxdgbs or water molecules b) View of the
Mn,CaQ; cluster and its ligand environmefit.

(b)

1.2.7 S-states

Four photons are necessary to oxidize two wateeocubts to generate molecular oxygen, O
at the OEC. Each of these four photons advancedukter through different oxidation states
called S-states (Figure 1.9). Kok and Joliot insejemtly found the four-step photocatalytic
cycles where the OEC changes between five oxidatiates hence named as Kok’s cycle. In
the Kok'’s cycle firstly the OEC is oxidized frometly state to a highly oxidizing,Sstate via
successive one-electron steps by photo-oxidizedP@®Bius at the end of a cycles(State),
the OEC accumulates four oxidizing equivalents Wlhiiaises to split two molecules of water
to generate molecular oxygen and the OEC itselsst back to its original,3taté® (Figure
1.11).

Figure 1.11 Kok’s cycle

11



1.3 Artificial photosynthesis

Humans are often trying to mimic nature. We ar@ngryto mimic the natural photosynthesis
to solve the energy quest in front of entire humace. Mimicking of natural processes of
photosynthesis is termed as “artificial photosystsie?’ Water oxidation to dioxygen is an
important half reaction either in water splittimigd molecular hydrogen and oxyg@mr in
reduction of C@o methanof® Thus the main goal of artificial photosynthesigdsmimic
photosynthetic organisms to make energy rich chalsfit*>? Therefore this is of
considerable interest from a future energy prospeeint of view.

Hundred years ago, Giacomo Ciamician, an Italiatgthemist already talked about
artificial photosynthesis in his speech and arclertin Sciencé® In his own words: “With
nature as a source of inspiration, many differ@mreaches to achieve conversion and storage

of solar energy can be applied.”

Inspired from the natural photosynthesis artifigilotosynthetic systems are based on the
same designing principles. As the natural systengréficial photosynthetic system requires
three basic components (Figure 1%12)) A light-activated complex which generates redox
equivalents ii) A water oxidation catalyst which isplwater into protons, electrons and
molecular oxygen and where the generated elecgenstored as reducing equivalents iii) A
proton reduction catalyst which uses the reducingivalents generated by the water

oxidation catalyst to produce hydrogen as fuel.

2H" +1/205

HZO_//

water oxidation proton reduction
catalyst catalyst

Figure 1.12: Artificial photosynthetic system showing waterdation and proton reductid
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In the last few decades much effort has been nmadertstruct such artificial systems which
can convert solar energy to chemical energy. Then nstrategy behind this artificial
constructs is to make supramolecular assembliesngpaphotosensitizers (P), electron
acceptors (A) and electron donors (D) and which caate a long lived charge separated
state after light absorption similar to natural fusynthetic systems. (Figure 1.3%)The
reducing state Aactivates a reduction catalyst (gt and D activates an oxidation catalyst
(Caby) after repetitive light absorption-electron traerséequence. This process accumulates
required units of reductive and oxidative equivideat Cat.qand Casx for overall water

photolysis.

'oow‘.‘ 0 .m-n.o'

Light
Harvesting
Antenna

Y G o e
H,0 S e

Catg.q Q
2 H,

Y 02
D = Electron Donor

C = Chromophore
A = Electron Acceptor

Figure 1.13: Diagram illustrating the essential elements in @assembly for artificial photosynthesis and the
sequence of events that occurs after light is aisthr (Cateq= catalyst for chemical reduction, Ggt= catalyst
for chemical oxidatiori}

This forms a basis for the modular approach tdfigiei photosynthesid® The modular

approach has to fulfill various requirements likeergy transfer, electron transfer, and
catalysis. This represents a great complexity affetudty for synthesis of such a structure
with several functional units. In the modular apgwoh, beside others, two types of
chromophores are mainly employed and those arehgons and polypyridyl based
complexes. These complexes are efficient in elactiransfer and in creating charge

separation states and their potentials can be toyedrying functional groups.

1.3.1 Artificial mimics of photosystem I

The above explained principles of photosynthesigehmspired chemists to mimic the
reactions of photosynthesis by using supramolecudgnthetic assemblies. These
supramolecular construct have been synthesizednbicrthe donor side of photosystem Il i.e.

to oxidize water to molecular oxygen. Proton codm&ectron transfer (PCET) plays a crucial
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role in these artificial mimics as in natural systeand is severely discussed. Therefore we
present in the following a few examples of artdicmimics of photosystem Il extensively
discussed in the literature.

Prior to this we would like to discuss the propestof[Ru(bpy)s]** photosensitizers since our
artificial mimics of photosystem Il are based [&u(bpy)s]>* photosensitizer. Therefore it is

indispensible to discuss its properties in detail.

1.3.2 [Ru(bpy)}]** as Photosensitizer / Chromophore

A chromophore is a colored substance which abslghs of certain wavelengths in the
visible spectruni? The absorbed light thus causes an excitation aflactron from ground
state to the excited state. This phenomenon castumked by using various spectroscopic
techniques like fluorescence spectroscopy, laashfphotolysis etc.

Many transition metals complexes df fdmily have characteristic long lived excited stat
This unique characteristic attracts photochemistpdrform photo and redox chemistry of
such complexes and ruthenium complexes also fall tims category. The most extensively
studied and characteriz&d® chromophore based on ruthenium metdRis(bpy)s]*(Figure
1.14) It has been studied for its photophysicalpprties over last three decad®¥. In
artificial photosynthesis the main feature[Bfi(bpy)s)** lies in its redox potential which is
1.26 vsNHE®® which is close to the redox potential of natufatoenophore, P680 (1.2&s.
NHE)**% In addition it satisfies most of the requiremefutsa photosensitizer like kinetic,
spectroscopic and excited state properfiés.

In the literature hundreds of Ru polypyridine coexags are reported which are synthesized
by changing ligands or its substituents, thus twnof its potentials and excited state

properties**® It is easy to play with its solvation properties ¢thanging the counter ion of

N X

|
A

the complex.

Figure 1.14:[Ru(bpy)]*‘complex
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1.3.3 Properties of [Ru(bpy}]®*

Before discussing the photochemistry[Bfi(bpy)s]?*, it is useful to consider the electronic

structure of its excited state.

The Figure 1.15 is an absorption spectrunjRaf(bpy)s]** in acetonitrile. It shows distinct
features of metal to ligand and ligand to ligandrgkatransfer transitions. The absorption
maxima at 453 nme(= 13000 M' cni?) is due to the allowed metal to ligand charge fiems
transitions (MLCT) betweenyd orbitals localized on ruthenium and orbitals of the
bipyridine. The sharp band in the UV region at 290 is attributed to intraligand-n*

transition of the bipyridine orbitals.

3,5
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Figure 1.15: Absorption spectrum ¢Ru(bpy)]?* in acetonitrile

The unique combination of chemical, photophysigdiptochemical, and electrochemical
properties is summarized in Figure 1.16. TRa(bpy)s)®" in the ground state upon
excitation forms a spin allowed excited staf@&u(bpy)s]** which relaxes via radiationless
deactivation to the spin forbidden, long lived (u6 and 0.8 ps in water and acetonitrile
respectively) [Ru(bpy)s]>* excited state with quantum vyield of unity. Anattieteresting
feature is that[Ru(bpy)s]**as well as’[Ru(bpy)s]>* can undergo one electron redox
(oxidation and reduction) processes. Due to theggnmput by excitation [Ru(bpy)s]*'is
both, a good reductant and a good oxidant whichdraue photoinduced electron transfer.

The latter feature dRu(bpy)s]** is most interesting concerning our present study.
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Figure 1.16: Important properties ofRu(bpy)]?"; shows one electron excitation and redox behavid;
potentials mentioned are against SEE.

1.3.4 Artificial mimics based on [Ru(bpy)]2+

In literature several supramolecular complexes lmen reported based on {Rei(bpy)s)**
photosensitizer which mimic photosysten?’if®** Among these supramolecular systems
covalently linked photosensitizer and electron yet@nstructs play an important role in
studying intramolecular electron transfer procesdik® in natural system. In all we would
like to mention one exampl®u-Tyrosine, a Ruthenium photosensitizer covalently linked to
a tyrosine residue, (Figure 1.17), which is repbhig Hammarstrém and co-workérs?

Upon light activation th&u-Tyrosine complex shows fast recovery of Ru(lll) to the Ru(l
state due to intramolecular electron transfer fribva tyrosine residue (Figure 1.18) and
generation of tyrosine radical was confirmed byt paramagnetic spectroscopy (EPR).

The electron transfer scheme was depicted as uré-ig19.

003

5 COOEt A
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Figure 1.17: Ru-Tyrosinecomplex Figure 1.18 Transient kinetic traces at 450 nm
showing fast recovery for Ru(lll) to Ru(ll) (lower
trace) than decay of electron acceptor monitored at
600 nm (upper tracey

16



COOEt
T
H-0

‘ MV or Co™*

Figure 1.19: Electron transfer scheme f&u-Tyrosinein presence of external electron acceftor

Later on Licheng Sun, Hammarstrom and co workeve ltavalently linked a binuclear Mn
complex toRu-Tyrosine (Figure 1.20). This complete photocatalytic assgmlzs supposed
to be one of the first examples to mimic the chrphwe-electron relay-catalyst ensemble as
in photosystem II. The photocatalytic complex wasven to undergo sequential electron
transfer processes (Figure 1.20). At the end géonaraf Mn(ll/lll) oxidation states was

confirmed by monitoring EPR spectra.

In Photosystem II In Artificial system
%@\ Redox potentials
A
N
Ru
1.2
Pego = T
10
Tyr, Tyr o
I!! =
|
VA
(Mn), [NHM':;“—-O—-—Mn/j
0.6 v ‘\2
+°°8 Mo { °f C’f)_/,”

E,,(Vvs. NHE)

Figure 1.20: Comparison of electron transfer sequence betwdwtogystem Il (left) and artificial system
(right); illustrating chromophore, electron relaynd Mn complex with respective potentials for eact. 1}

But one thing to be mentioned here is that thestesy had only a tyrosine unit. As already

mentioned in the previous sections, photosysteima#l tyrosine (TyrZ) alongside histidine
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(His190) which is engaged in a hydrogen bond wighZT Therefore the effect of H-bonding
and its role for the function of the complete electrelay cannot be concluded.

1.40bjectives of the thesis work

In our group we have tried to overcome the drawhafcthe Ru-Tyrosine complex and we
had already reported a family of complexes withhaomophore imidazole phenol motif
(Figure 1.21J* which mimics more closely photosystem Il. Thesetays had some
drawbacks as discussed in the following chapterthacefore we have decided to synthesize
new complexes within the same family with some rficdiions, to mimic PS Il more closely
than all existing models. The first goal of thisrwas to try to investigate with these new
complexes the electron transfer and proton tramschanism, including the importance of

H- bonding as observed in natural system.

2PF
|\

H
NG N

/ Ry
N7 N
T K

Ru-1 R,=OH,R,=H, X=NH
Ru2 R,=H,R,=0H, X=NH
Ru3 R,= R,=H,X=NH

Figure 1.21: Previously reported complexes from our gréfip

A second goal was to covalently link a catalytiatun our chromophore electron relay
system to investigate its function in a completetpbatalyst. This complete photocatalyst,
with proper functionalization of thfRu(bpy)s]>* unit, can be grafted on the surface of an

electrode to obtain the photoanode of a photo@ekaemical cell (Figure 1.22).

2H,0 D

Photoanode Pt Cathode

Figure 1.22Photoelectrochemical cell showing a photocatalgystem grafted on the anodic surface; ¢ =

chromophore, Ox = oxidation cataly$t.
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2.0 Experimental techniques

This chapter gives the description of experimenthniques that have been used to

characterize our complexes. These techniques are:

2.1) Electrochemistry (EC)

2.2) UV-Visible spectroscopy (UV-Vis)

2.3) Fluorescence spectroscopy

2.4) Laser Flash Photolysis (LFP)

2.5) Electron Paramagnetic Resonance (EPR)

2.6) Infrared spectroscopy (IR)
All the chemicals for experiments were used asivedgrom Sigma Aldrich.

2.1 Electrochemistry

Techniques usedCyclic voltammetry and differential pulse voltantnye

2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a versatile technique mfrequently used in all disciplines of
chemistry. It is a comparatively easy electroamedyttechnique to study electroactive
species. Cyclic voltammetry is based on the priecgd linear sweep voltammetry. In linear
sweep voltammetry the working electrode’s potensaswept at a fixed scan rate between
initial and final potential values while in CV theorking electrode’s potential is swept back
to perform a reverse scan after reaching a cepaiential value (forward and reverse scan,
Figure 2.1). Figure 2.1 shows a voltage sweep Etwél and V2, once the voltage reaches

V2 the scan is reversed back to V1.

volage

\\/2————-—-/-;,K _______

Vif-----mmmmmmm - -

Figure 2.1 reversible voltage scan between V1 and V2 vadtiéiged rate.
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Cyclic voltammetry uses a three electrode systemsistng of a working electrode, a

reference electrode and a counter electrode (F@@)e In order to avoid oxygen interference

the sample solution is usually purged with ined.ga

Function Generator Cyelic voltanmiogram

NI
. _"“'\_/

T

Potanhiostat

ClW| K

(T

L y

Figure 2.2 Typical experimental set up for measurement: Reference electrode: Ag/AgCl, W = working
electrode: Glassy carbon, C= Counter electrodewite, Ar = Argon gas

During operation the potential of the working etede vs the reference electrode

potential is changed linearly versus time (witlcarsrate expressed as V/s) and the current is

measured between the working electrode and the eoalgictrode. The obtained result in the

form of a plot of current (i) vs. potential (E)cdsalled cyclic voltammogram; a typical cyclic

voltammogram is shown in Figure 2.3.

Faradaic Anodic (oxidation)
- Positive Current

/""‘;otential /v

Current
Capacitive (analyte)
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Cathodic (reduction)
- Negative Current
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Figure 2.3: Typical cyclic voltammogram showing anodic anchodic peak potentialsf£and E° respectively.
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The reversible nature of the cyclic voltammogramFigure 2.3 is not always the case in
many electrochemical reactions. In the reversildeecthe midpoint potential, termed as

“redox potential”’, can be measured by using theagqn,
E1y =1/ (B§ + Ef)

2.1.2 Differential pulse voltammetry (DPV)

Differential pulse voltammetry is similar to normaililse voltammetry; the only difference
lies in the application of pulse potential. In nainpulse voltammetry potential pulses of
increasing amplitude are applied while in differahpulse voltammetry pulses with fixed
potential steps of small amplitude (generally 10@® mV) are applied superimposed on a
slowly varying base potential (Figure 2.4) . Therent is measured at two points for each of
the pulsei.e. before application of the pulse and at the enthefpulse. The difference in
respective current values between these two pmmtstermined for each pulse and plotted as
a function of potential. A typical differential md voltammogram is shown in Figure 2.4.
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Figure 2.4: Pulse application procedure and current potentiaives for (a) Normal pulse voltammetry; and (b)
Differential pulse voltammetry (c) Typical diffeteth pulse voltammogram
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2.1.3 Experimental

We measured cyclic voltammograms and differentidsg voltammograms using a model
600E CHInstruments potentiostat. All measuremertgehbeen performed under an inert
(argon) atmosphere. We have used a glassy carbdkingcelectrode, a platinum wire as
counter electrode, and a Ag/AgCI reference electré@erocene was used as a reference in
most experiments. The working electrode was patidbefore each measurement by using 1
pm and 3 um diamond paste and sonicated in ethanoh few minutes. Prior to its
utilization, the working electrode has been wasagdin with ethanol and dried with tissue
paper. Tetra butyl ammonium hexafluorophosphate AHBwas used as a supporting
electrolyte and its concentration was maintaine@d &tundred fold excess compared to the
sample. For most experiments the sample concesriratas 1.0 mM in acetonitrile. Typically
a scan rate of 100 mV/ s was used to measure cyait@mmograms.

Typical parameters for differential pulse voltammetere:

Increment in potential = 0.004 V, Amplitude = 0Nd5Pulse width = 0.05 sec

2.2 Ultraviolet and Visible Absorption SpectroscopyUV-Vis spectroscopy)

Ultraviolet and Visible absorption spectroscopy&sed on the principle of measurement of
the amount of light absorbed after passing thrainghsample. The absorption measurement
can be of two types, at particular wavelength derded over the UV- Visible spectral range
(200-800 nm). Some spectrophotometers are equifgpedrry out measurement until 1000
nm. The UV-Visible light is quite energetic whishsufficient to enable electronic transitions
from lower to higher energy levels within molecut@sinorganic complexes in solution. For
example, metal to ligand charge transfer transi(igiCT) and ligand to ligand charge
transfer transition (LC) can give rise to distirghed absorption bands depending on the
concentration and according to spin rule.

A spectrophotometer is used to measure absorppectrs. There are single beam and double
beam spectrophotometers. Nowadays double beamrgplestometers are most frequently
used. The double beam UV-Visible spectrophotomietgrumentation scheme is shown in
Figure 2.5. It consists of a light source, a mdmomator (diffraction grating), sample and
reference cells, detector (photomultiplier tubed aecorder (usually a computer, not shown).
We have used a Jena Optics Specord 210 spectropttetomvhich is a double beam
spectrophotometer.
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Figure 2.5: Scheme showing double beam absorbance spectropbteo

Quantitative measurement of absorption of lighgassible by using Beer Lamberts law.

2.2.1 Beer Lambert’s law

Beer-Lambert’s law is the combination of Lamberdisd Beer's law and considers the
relation between absorption of light and the thedsand concentration of solution.

The law states that “there is a logarithmic depandéetween the transmission “T”, of light
through a substance and the product of the absarpbefficient of the substancey”; and
the distance the light travels through the matdrial the path length),t”. The absorption
coefficient can be written as a the product ofrti@ar absorptivity (extinction coefficient) of
the absorber,€”, and the concentration “c” of absorbing specrethe material

In equation form it is can be written as,

log (l/ I) =ect (2.1)

This is a fundamental equation of Beer-Lambertig, Isince absorbance (A) = logo(l} this

equation can be conveniently expressed as,
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A=gcl (2.2)

Where,

¢ = molar absorptivity of the analyte in L mbem™*

c = concentration of analyte in mof‘L

¢ = path length of the cell in cm

By using equation 2.2 it is easy to determine threcentration of the sample.

2.2.2 Experimental

Sample concentrations for our measurements of $\b spectra are about 50 uM for a 1

cm cell pathlength. The solvent used for the meamsant is depending on the counter ion of

®
the complex. The software WinASPECI§ used to visualize obtained absorption spectra.

2.3 Fluorescence spectroscopy

Fluorescence spectroscopy is a kind of electrontagrspectroscopy which is used to
measure fluorescence from a sample. The instrumbith measures fluorescence is called

fluorometer or fluorimeter.

2.3.1 Fluorescence —the phenomenon

When incident light falls on a substance, it gdisoabed depending on the concentration of
analyte and wavelength of incident light in abotdemto second (I8 sec) and the atom or
molecule is excitedle. an electron moves from the ground singlet stat@nt@xcited singlet
state. Several phenomena may occur after excitatfoan electron from ground state to
excited singlet states (Figure 2.6). The excitedtmon either can relax back to the ground
state by following non radiative pathways or it camit light (radiative pathways). The
emissive pathway for decay from a singlet excitiedesis termed fluorescence. Sometimes
electron in the excited singlet state undergo mdlar via intersystem crossing before
emitting light to ground state and this processai$ed phosphorescence.

Fluorescence is fast, usually occurring in few nagords time scale while phosphorescence

is relatively slow and generally has lifetimes rawggrom microseconds to seconds.
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Figure 2.6: Jablonski energy diagram

We have used a Varian Eclipse fluorimeter to measteady-state emission spectra. The

general instrumental scheme is described in FigufeFluorescence light has lower energy
than incident light.

Excitation I Sample
Source
monochromator I Call

monochromator

Figure 2.7: Scheme showing different elements of fluorimeter

Recorder

This fluorimeter can be used to measure emissiorcttispdy exciting at a particular

wavelength or to measure excitation spectra byopmihg a scan of excitation wavelengths
for a particular emission wavelength.
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2.3.2 Experimental

We used this fluorometer to perform pH titratiorysnbeasuring emission spectra at different
pH. We also employed it to determine quantum yietdsemission for complexes by

comparing their emission with that of a standard.

2.4Electron paramagnetic resonance (EPR)

Chemical species that have one or more unpairettretes, such as organic and
inorganic free radicals or inorganic complexes pss#g a transition metal ion are studied by
using Electron paramagnetic resonance (EPR) otretespin resonance (ESR) spectroscopy.

This technique was invented by Zavoisky in 1944.

Electron spin resonance is a branch of absorptmecteoscopy in which paramagnetic
substances cause absorption of microwaves whichcendransitions between magnetic
energy levels of electrons with unpaired spins. Agnetic field is applied in order to

introduce magnetic energy splitting.

When a strong constant magnetic field H is appitethe unpaired spins of electrons a
torque acts to make the electron dipoles line tipeeiparallel or antiparallel to the direction
of the magnetic field. For electron spins which pagallel in the field, E = pH, whereas, for
those which are aligned antiparallel, E = - pHla®a in Figure 2.8.

+1/2 Electron spin
only effect /

A
-1/2
Eo
AE =hv=gugH
/ +1/2
A 4
-1/2

-1/2

Figure 2.8: Energy level splitting in EPR
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Electron spin resonance spectra are a result msitran from one spin state to the other state
of an electron. The splitting pattern of the ESRc#jgeis governed by hyperfine splitting.
Hyperfine fine splitting arises by the interactiddetween the spinning electrons and

neighbouring spinning magnetic nuclei.
2.4.1 Zeeman effect

The Zeeman effect is named after the Dutch physRister Zeeman. In presence of static
magnetic field atomic energy levels split into numbglevels and the spectral lines are also
split. This splitting is called the Zeeman effeEtansitions between different sub levels are
governed by selection rules. This effect can bel @sea measure of the magnetic field since
the distance between sub levels is a function ajmatic field. Therefore Zeeman effect has
important application in the spectroscopic techagjwhere magnetic field is applied like
Electron Paramagnetic Resonance (EPR), Nuclear &lagResonance (NMR), Magnetic
Resonance Imaging (MRI).

No Magnetic Field Magnetic Field present
m; =
my =1
1=2 | I mI =0
T .-
mI = -2
hv
vil wll wll -4
I
_ v vl vl vl ..
S T
ml = -1
A my =+1 A m; = -1
A my =0
Spectrum without Spectrum with magnetic
magnetic field field present

Figure 2.9: Spectral splitting in the applied magnetic fiefldbeman effect

During transitions between sub-atomic levels tleetebn follows selection ruleal = +/- 1).
The allowed atomic transitions from2 tol=1 level are shown in the Figure 21€ @ngular

guantum number).
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In normal Zeeman effect the emission line split® iat triplet of equally spaced lines as
predicted. But in experiments one observes mora theee spectral lines. This is called
anomalous Zeeman effect which is due to the exastefhthe electron spin.

2.4.2 Experimental

We used ESR spectra to detect transient specieshvaine formed after an electron transfer
reaction. These transient species can be eithanmrgadicals or certain oxidation states of
transition metal ions. These species were genefatagdsing irreversible sacrificial electron
acceptors like 4-Nitrobenzenediazonium tetrafluoocate (diazonium salt). As the lifetime of
the generated species is very short we freezeaimplss in the EPR tube in dry ice before
measuring the spectrum. The obtained splittingepattells us the nature of the generated

transient species.

2.5Laser flash photolysis (LFP)

2.5.1 Principle

Flash photolysis technique was developed by GeBageer and Norris in 1949. Laser flash
photolysis is an important technique to study ti@msspecies in chemical and biological

systems generated by laser pulses.

pUM  SOUMCE
' shutbar
——
lens lens
> D > | U > detector
v manachromator
ins shutter sample s  specirograph

Figure 2.10Principle layout of a Laser flash spectrophotometer

The experimental principle is depicted in Figure®. When the laser light is absorbed by the
sample a high concentration of electronically eectitnolecules is produced. These excited
molecules are generally unstable and decay tot#idesground state. Transients and products
that are formed during the lifetime of the excistdte have characteristic absorption spectra.
Formation and decay of transient species can besures by kinetic traces. For that purpose
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a monochromator and a photomultiplier tube (PMTaaketector are used (Figure 2.11). The
detector can be a PMT or a gated CCD camera depgrah the kind of measurement

performed either, kinetic or spectral, respectively

Excitation

Trigger
— Pulsed laser

Attenuation

Timing filter Oscilloscope
generator i

Pulsing
unit
A—
. Detector T
Light |:| D ! MC
Sogurce Cuvette g
Cut-off Filter/Monochromator/Spectrograph

filter

Figure 2.11:Set up of laser flash photolysis with nanosecordaoulaser (430 -650 nm) as excitation source, a
pulsed Xenon lamp as measuring light source andadgmultiplier tube (PMT) or CCD camera as detector

2.5.2 Experimental

We have used an Edinburgh Instruments LP 920 fastolysis spectrometer system (Figure
2.12) for transient absorption kinetics and timsefeed spectral measurements. These
measurements allow to characterize the excite@ giedperties of the complexes and an
intramolecular electron transfer process from igand to Ru(lll). Our instrumental setup
incorporated a Continuum Surelite optical parametscillator (OPO) for sample excitation
(~5 ns pulse duration). The OPO was pumped by ditarm Q-switched Nd:YAG laser
operating at 355 nm. The laser energy was typichligd per flash. For [Ru(bp}j* based
complexes we have used 460 nm as wavelength faaggo. The LP 920 was equipped with
a 450 W pulsed Xenon arc lamp for the probe lighetection of the signal was performed
either by a PMT (Hamamatsu) or a water-cooled IC&imera (Andor). The changes in

absorbanceAA) are measured with correction for emission and@reackground whenever
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necessary. The software L900 provided with the I0P®as used to record and view spectra

and kinetic traces.

Xe lamp top lid manual adjustable
iris slits
1 [}

N P90

Pl
.‘:5:% MBS

Monochromator /
sample Spectrograph
base

chamber
plate

Figure 2.12: Edinburgh Instruments LP 920 flash photolysis sjpeceter system

2.5.3 Sample preparation

For all UV-Vis measurements a 1 cm quartz cuvetteevused. The cuvette were sealed with
a rubber septum to allow to purge the samples srtgon (Figure 2.13 a). Purging with the

inert gas Argon allows to avoid interference frormlecular oxygen since oxygen is a good
triplet quencher and electron acceptor. Most ofabsorption experiments were carried out at

30 UM complex concentration in acetonitrile.

2.5.4 Electron acceptors

We have used reversible electron acceptors likenyhatiologen (MVZ*, Figure 2.13 b),
ruthenium (1) hexamine trichloride as well asewersible electron acceptors like sodium
persulfate, 4-Nitrobenzenediazonium tetrafluoro ab®r (diazonium salt) and cobalt-
pentamine. When working with sodium persulfate arttienium (llI) hexamine trichloride a

sufficient amount of water was present (1:1 acétiberi water) to avoid solubility problems.
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(@) (b)

Figure 2.13:a) cuvette 1 cm with rubber septum b) methyl vier

2.5.5 Data analysis

Data analysis is an importeand crucial part in the treatmentaftained data. The softwal
L900 was used to fit simp kinetic traces otherwise data re exporéc into Origin and

plotted to fit kinetic traces ung appropriate equatis.

2.6 Infrared spectroscopy

Infrared spectroscopy (IR sctroscopy) is an analytical technique usfor characterizatiol
of functional groups and hiding interactions in chemical substance spectroscopy is
vibrational spectroscopy. Aorption of R radiation leads to excitatiorf vibrational mode
of chemical bonds which gi' rise to characteristic absorption bands yng an IR absorptio
spectrum. Absorption bandn the IR spectra correspond to charactc functional group:
and bonds presern the chemical substance. Therefore an IR speciis a fingerprint fol
identification of a particulachemical compound. Thwavelength of Il spectra is rangin
from 2.5 to 25 pmife. 4000 o 400 cn'Y).

CE WE RE

ll I Sample
< pfism
Focusing (Si,
element diamohd)
—% {(ZnSe)

Vi N

IR
bearT>7 4 N\ FP— MCT detector

Figure 2.14 Setup usingn ATR prism for IR spectroelectrocherry
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2.6.1 Experimental

We have used a Nicolet Infrared spectrometer tosmrealR absolute spectra. We also
performed experiments using differential infrarededroscopy recoding the spectral
difference induced by either photochemistry or wtmhemistry. For Infrared

spectroelectrochemistry we have mounted a threetretlee systems (similar to cyclic

voltammetry measurement) on the attenuated tdlacten (ATR) prism (Figure 2.14)
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3.0 Artificial mimics of TyrZ / His190 electron relay of

photosystem Il

3.1 Introduction

The amino acids tyrosine and histidine (Figure 3By vital roles in several enzymatic
reactions due to their redox activityd “tyrosine-histidine” couple (Figure 3.2) acts as
electron relay in Photosystem Il (PS3f. The functioning of this electron relay in PS4l i
subject of numerous studf&susing various biophysical techniques as well &s-directed
mutagenesis and theoretical calculatibfts.One difficulty is related to the proximity of thi
amino acid couple to the oxygen evolving compleEQ), the presence or absence of which

modifies its functiort?*3
//\NH
N o

OH 0
H,N
NH;

HO OH

Figure 3.1: Structures of tyrosine and histidine
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Figure 3.2: H-bond network around TyrZ. Red and green sphiedisate water O and Cl atoms, respectivély.
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Mimicking the chromophore-electron relay in simplgynthetic complexes permits to study
the essential functional properti#s> In the natural system the electron transfer ieads
governed by a difference in redox potentials betwBé80and TyrZ to make the reaction
thermodynamically feasible. The respective redaeipials in the natural system are difficult
to determine and not well known. In the syntheppraach these features can be more easily

measured and also modified in a controlled manner.

In chemical mimics activation of the two units, dakzole and phenol, is mainly studied
separately and less as a functional couple. Masliet on biomimetic complexes concentrate
on the phenol unit and neglect the intimate conaeatith the imidazole unit. Indeed, phenol
oxidation is nowadays intensively investigated asleh reaction for the phenomenon of the
proton coupled electron transfer (PCET). Beforengoio see some more information
concerning PCET we would like to mention one examphich concerns the connection

between imidazole and phenol.

Moore and coworkers reported on a bioinspired cansbased on a porphyrine macrocycle
attached to an imidazole-phenol couffleThe low temperature D band EPR spectra
demonstrated occurrence of a charge separated astdtéormation of a phenoxyl radical.
With a similar complex they have performed anotlstndy to observe the effect of
protonation state on the imidazole unit and theartgnce of the hydrogen bond between
imidazole and phendf. These authors concluded that in presence of besen phenol is
deprotonated, though H-bonding exists, its potemt@s too low to be thermodynamically

able to drive water oxidation.

The phenol is the active functional group of tynesi(Figure 3.1). The proton dependent
equilibria can be studied by altering the pH of sieéution. Thus proton dependent equilibria
in phenols lead to the variation in the electrocicahproperties (Figure 3.3}.This allows to
predict mechanistic details concerning proton cedlectron transfer reaction of phenols.
An important parameter in this context is th&, pf tyrosine which is 10.3 for neutral and -2
for oxidized tyrosin&. For a pH in between these values the apparendatd potential of

phenol is pH dependent with a slope of -60 mV peupit.

One point that can be noted here is that the stdidyolated phenols can give only an idea
about its individual redox chemistry which mighttroe identical to the redox chemistry at

work in more complex ensembles (either biologicayorthetic).
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Figure 3.3: Determination of thermodynamics of phenol oxwlati(A) cyclic voltammetry of 0.2 mM phenol as
a function of pH (B) peak potential (in V vs NHE) a function of pH (C) variation of apparent stamila
potential with pH, showing zones of thermodynaribility of various species and gK

When tyrosine had been attached covalently[Rugbpy)s]** chromophore by Hammarstrom
and his co-workers they were able to show intramdée oxidation of the tyrosine by
oxidized Ru(lll) created by excitation with a lagksh in presence of a sacrificial electron
acceptor>?° On the same supramolecular complex (Figure 3.4) bave investigated pH
dependent oxidation ratés®* For pH below [, of tyrosine (pH < 10) the rate of electron
transfer increased with pH and became independeuit above pH 10. However, the slope
of the increase of ET rate with pH was only abaaif that expected. They have concluded
that electron transfer from tyrosine to chromophoceurs via concerted electron transfer
proton transfer (CEP) mechanism (Scheme 3.1). Eurtbre in 2012 a new study concerning
similar complexes but with varying strength of RD(Ru(ll) oxidant was publishetf In this
study four mechanistic regimes could be identifiedectron transfer followed by proton
transfer (ETPT), concerted electron-proton trangféEP), proton transfer followed by
electron transfer (PTET) and electron transfer (Eall) with different slope of rates. pH.
From these and a series of related studies it beisbncluded that the mechanism of PCET

in such systems is not yet clearly understood.
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state absorption after excitation and oxidative mgheng and at 600 nm, monitoring the formation aeday of
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Scheme 3.1PCET mechanism fdRu-Tyrosine

We have already introduced the concept of syntlatificial mimics using tyrosine-histidine
as an electron relay and a series of complexes avittydrogen-bonded imidazole-phenol
couple has been synthesized and published in khedfore (Figure 3.57 This has been the

first approach to mimic this feature of naturalIPS

Ru-l1 R,=OH, R,=H,X=NH
Ru-2 R,=H,R,=O0H, X=NH
Ru-3 R, = R,=H,X=NH

Figure 3.5: Previously studied complexes
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In aqueous solution all three complexes of thisesewere able to perform fast electron
transfer from the ligand to the chromophore aftestpactivatior?® From a kinetic point of
view all complexes seemed to work equally well, thiee the phenol group was artho or
para position and even in absence of a phenol functioraddition, the importance of an
internal hydrogen bond, postulated as an essdattire for function of the electron relay in
PS Il was not put in evidence. But the main drawbafcthese complexes lies in the redox
potential of the ligand. Due to the presence airgjly electron donatintert-butyl groups on
the phenol the oxidation potentials of the ligamdse quite low, with 0.58 and 0.38 V vs
SCE forortho andpara-phenol, respectively. Together with a Ru(ll)/R{(ppotential of 1.3-
1.4 V this yielded a large driving force for theental electron transfer reaction. This is
problematic for two reasons. First, as shown by Hanstromet al the mechanism of PCET
changes with the driving force of the reactidrSecond, a large driving force is not a good
model for the situation in PS Il, which is spealig optimized to drive water oxidation with
very low overpotential and where the redox potérdiierence between P680 and TyrZ is
only 150 mV?* Figure 3.6 shows proton coupled electron transf&s |1.

o 5N
O ., _H )\ O H, o H /l;
o N gt
L Ly
. —_— N
| T H H
o
5y “ﬁ(’f

Figure 3.6: Proton coupled electron transfer in photosystef I

In the previously reported complexes no detailedlystof PCET had been performed and
probably it was futile to study because of the higiving force for ET due to the low redox
potential of the ligand. The main objective of thisrk was to increase the redox potential of
the ligand to make it compatible with driving theater oxidation reaction thereby
approaching the situation in the natural systems Thplies using phenol groups without the
strongly electron donatingert-butyl groups. We thought of synthetic modificatioh the
phenol ring by less electron donating methyl salstins which might be expected to result
in higher redox potentials of the ligand comparedthe previoustert-butyl substituted

versions. In fact, we would not expect to see thiemial of the Me-substituted phenol groups
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very different from unsubstituted phenols since hylesubstituents hardly affect the redox
properties of the ligand. Once we have suitablepdexres in our possession we will try to
characterize ligand oxidation in these systems fagusn the issue of hydrogen bonding and
giving emphasis on the proton coupled electronsfiearand the role of the imidazole group as

internal base. Additional control complexes ar® agnthesized.

Together with collection of control samples theded®s should give us sufficient

information concerning

1) The effect of H-bonding on the electrochemical alattron transfer properties
2) The effect of individual functional group eitherigazole or phenol
3) The effect of distance and conjugation between robphore and oxidizable

ligand

3.2 Synthesis of complexes and their characterzatio

We have synthesized a series of complexes by wsBigilar synthetic methodology as that
for the previous complexeRu-tert-imi-phOH ?* and our complexes with H-bonding on the
ligand part were obtained with higher yields. Thifoonding on the ligand part (between
nitrogen of imidazole and phenolic hydrogen) resesitihat observed in photosystenf’ll.
The reaction Scheme 3.2 shows our synthetic syrategsynthesize our complexes. The
starting material is 1, 10- phenanthroline whiclompxidation in highly acidic media forms
phendion€® This is the major intermediate to undergo a Stmaét Day reactioi with
respective aldehydes functionalized with methyl stients at different positions with
respect to the phenolic —OH group. The condensa#antion leads to the formation of our
ligand®® which then has to undergo metallation with rutbemi For that purpose we used
ruthenium bisbipyridyl chloride which is synthesizaccording to literature proceddreThe
chloride units in ruthenium bisbipyridyl chlorideeaharder to undergo reaction and would
need higher temperatures. Therefore, we replacesktbhlorides with —N£by stirring the
solution of silver nitrate in methanol. Eventualhe reaction with the ligand formed the
desired coordination complex and further precipdatas PE salt using ammonium
hexaflurophosphate. Each complex has undergone rdication procedure whenever
necessary by column chromatography and was chamstteby Nuclear magnetic resonance

(NMR) spectroscopy and mass spectrometry (MS) Es@erimental part for details).

42



Three complexes have been synthesized which diffdr respect to the position of the
methyl (Me) substitution on the phen&tu-3Me, Ru-4Me and Ru-6Me (Figure 3.7). The

rational for this was to observe eventual diffeesm the electronic properties. In particular
Me substitution on position 6 could lead to stériledrance with twisting of the phenol ring

and result in weakening of the H-bonding betweenitfidazole “N” and phenolic “H”.
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Scheme 3.2Synthetic pathway fdRu-xMe complex: Conditions: (i) Conc.430Q,, Conc. HNO3, NaBr, 5h, 160
°C (ii) CH;COOH, methyl salicylaldehyde, NBIAc, 3 h, 100 °C; (iii) MeOH, Ru(bp@l.

To answer the question whether a methyl group gubst on the phenol ring modifies its
electron transfer properties another complex withoathyl group,Ru-imi-phOH has been
synthesized using salicyaldehyde as a precurgbeiSteak and Day reactfdr{Figure 3.7).

Ru-imi-phOH

Figure: 3.7 ComplexesRu-3Me, Ru-4Me, Ru-6Me and Ru-imi-phOH showing chromophore- electron relay
system with H-bonding.
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As further reference samples fBu-3Me, Ru-4Me, Ru-6Me and Ru-imi-phOH, we have
used two other complexeRu-imi and Ru-cT-phOH*’, both with only one reactive
functional group, either imidazole or phenol, retpely (Figure 3.8).

The Ru-cT-phOH was available from a previous study in our gréUgRu-imi was
synthesized by replacing methyl salicyladehyde Wwithzaldehyde in the second step of the

reaction Scheme 3.2 while other reactants and tondiwere the same.

2PF¢

Ru-cT-PhOH Ru-imi

Figure 3.8: Complexes as a control with individual functionabgp i.e. either imidazole or phenol

Furthermore, we thought useful to use for comparsgystem without protonatable group on
the ligand. Therefore we have synthesized compPlexEt-imi by replacing the hydrogen

present on the imidazole by an ethyl4-g) group (Figure 3.9).

Ru-Et-imi

Figure 3.9: ComplexRu-Et-imi synthesized to observe the importance of protathemmidazole

The entire chapter is based on the above mentionatplexes which are summarized in
Chart 3.1.
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Ru-cT-PhOH |
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Chart 3.1: Complexes studied in this chapter

Ru-Et-imi
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3.3 Electrochemistry

Replacement of strongly electron donatiteyt-butyl groups with moderately electron
donating methyl groups is expected to impart drastianges in the redox potential for the
ligand for Ru-xMe compared toRu-tert-imi-phOH. Thus in order to verify the redox
potential of the ligands of our newly synthesizeanplexes,Ru-xMe, we have measured
their electrochemical properties using cyclic vuitaetry (CV) and differential pulse

voltammetry (DPV).

Cyclic voltammetry and differential pulse voltammyetvere performed with a CHI 600E
potentiostat (CH Instruments) using a glassy cakborking electrode, a Ag/ AgCl reference
electrode and a platinum wire counter electrode @onventional three-electrode cell. Most of
the time ferrocene was used a reference and pal®mgiven in the following ares Fc.
Anhydrous acetonitrile was used as a solvent factedchemical measurements. The
supporting electrolyte was 100 mM tetrabutylammortiarafluorophosphate (TBAP), and
the solution was deoxygenated by bubbling with argthe working electrode was cleaned
between experiments by polishing with a diamondepasd sonication in ethanol. A sample
concentration of 1 mM was used. The voltammograrmsevwneasured at a scan rate of 100
mV/s.

The cyclic voltammograms of th&ku-xMe samples (Figure 3.10) resemble typical
voltammogram of [Ru(bpy)s]*‘complexes which are characterized by one reversible
oxidation wave for the ruthenium [Ru(lll)/Ru(l)paple at about 1.0 Vsferrocene (Fc) and
three reversible reduction waves for bipyridineswleen -1.7 and -2.3 Ws Fc. But
differences tdRu(bpy)s]**are noticed in the reversibility of the rutheniumidation wave as
well as in the presence of one additional irre\@esoxidation wave in the 0.9-1.0 ¥ Fc
range. The latter is attributed to oxidation of ligand® In previously studied compleRu-
tert-imi-phOH due to the presence of strongly electron donat@mgbutyl groups on the
phenol the oxidation potential of the ligands weqtate low, 0.58 and 0.38 Vs. SCE for
ortho andpara phenol, respectivel§®
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Figure 3.1Q Cyclic voltammograms oRu-xMe Figure 3.11: Normalized Cyclic voltammograms
complexes in acetonitrile vs. ferrocene; scan rate  showing oxidation part foRu-xMe complexes in
100 mV/s acetonitrile vs. ferrocene; scan rate 100 mV/s
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Figure 3.12 Differential pulse voltammograms BRil-xMe in acetonitrile with ferrocene as a reference, way
0.0 V corresponds to ferrocene oxidatiori frc.

When the thre®u-xMe cyclic voltammograms are compared it is clear Ra4Me differs

in the reversibility of the Ru(lll)/Ru(ll) oxidatiomwave. This is most obvious when looking
only at oxidation part (Figure 3.11).The Ru(lll)/Rywave is reversible in case 8fu-4Me
while for the other twdru-xMe it is quasi-reversible.

From the cyclic voltammograms it appears that dieeeof ligand and chromophore occur at
similar potentials and they are therefore not weflarated. Differential pulse voltammograms
were recorded with the aim to better visualize ¢he=dox transitions (Figure 3.12). These
data reveal only a single oxidation band in theeaaisRu-3Me, for Ru-6Me a shoulder at
0.75 V, and forRu-4Me shoulders at 0.75 and 0.82 V can be distinguishredddition for
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Ru-4Me the main oxidation peak is shifted by about 60 taVWigher potentials compared to
the other two complexes. All obtained potentials smmmarized in Table 3.1, together with
Ru-tert-imi-phOH potentials from the published data for compariSon.

Comparison of potentials dRu-xMe and Ru-tert-imi-phOH (Table 3.1) shows that the
potential of the ligand oxidation is increased fror9 V to 0.75 V. This is attributed to the
replacement of the electron donatbegt-butyl groups. Thus our first aim in synthesiziRg-
xMe complexes with increased redox potential was ssfak From a thermodynamic point
of view these complexes are suited as electrory rielaa water oxidation catalytic system
(discussed more in detail in Chapter 5)

Table 3.1: Summary of potentials vs ferrocene in acetonitfilpotentials are converted from SCE to

Fc[E(Fc'/Fc)]= 0.395 V vs. SCE. Note that attribution oéthigh potential values in the range 0.8 to 1 \Rto
or the ligand is preliminary.

Ei Eip Ey/, (bipyridines)
Ru(l1)/Ru(ll) Ligox/Lig
(ligand)

Ru-3Me 0.89 0.75 -1.78 -1.98 -2.33
Ru-4Me 0.95 0.75,0.82 | -1.78 -1.98 -2.33
Ru-6Me 0.89 0.75 -1.77 -1.98 -2.33
Ru-tert-imi- | 0.90 0.19 - -2.00 -2.40
phOH?
Ru-imi 0.96 0.55,0.80 | n/d n/d n/d
Ru-Et-imi 0.96 0.52 n/d n/d n/d

Electrochemical characterization &u-imi and Ru-Et-imi was also performed and the
obtained results are shown in Figure 3.13 and Ei@ut4 respectivelyRu-imi shows three
oxidation waves, we can assume that one is forlRRiu(ll) and the other two for oxidation
of the ligand® In case ofRu-Et-imi we have observed two oxidation waves, both are
reversible. Thus electrochemical properties are fismtiby elthylation of an imidazole

(Figure 3.14). Summary of all potentials can benfbin Table 3.1.
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Figure 3.13 Cyclic voltammogram (blue) and
differential pulse voltammogram (red) Ri-imi in
acetonitrile; scan rate 100 mV/s

3.4 Absorption and emission properties
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Figure 3.14 Cyclic voltammogram (blue) and
differential pulse voltammogram (red) RE-Et-imi
in acetonitrile; scan rate 100 mV/s

Figure 3.15 shows absorption spectra Rifi-3Me, Ru-4Me and Ru-6Me along with

[Ru(bpy)s]?* as a reference. These absorption spectra showtamsé band in the visible

region with maxima at 460 nm corresponding to tla@dition from metal, Rugd to ligand

centered #*) orbitals generally called metal to ligand chargansfer transition (MLCT).

Another intense band in the UV region at 290 nmresponds to intra-ligandrn©n*)

transition of the bipyridines.

354
——Ru-3Me
—— Ru-4Me
—— Ru-6Me
— [Ru(bpy)5I**

3.0

254

2.0

1.5+

Absorbance

1.0

0.5

0.0 T T T T T T
200 300 400 500 600 700 800 900

Wavelength / nm

Figure 3.15 Absorption spectra oRu-3Me Ru-
4Me, Ru-6Meand [Ru(bpy)}]? in acetonitrile
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Figure 3.16 Steady state emission spectraRuf-
3Me, Ru-4Me Ru-6Me and [Ru(bpy}** in
acetonitrile
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These features are similar ®U(bpy)s]?*, the reference compount? In addition to these
two bands there is an additional band observednar@30 nm and a shoulder on the MLCT
transition tailing up to 550 nm. These featuresehalready been observed in the case of
Ru-imi-tert-phOH and are attributed to intraligand transitions imid the phenanthroline
and imidazole group®:®

Emission spectra in acetonitrile are similar Ru-xMe complexes. They closely resemble
[Ru(bpy)s]** emission spectra with emission maxima at 605 nigu¢g 3.16).

3.5 Photophysical studies

In order to study excited state properties and ghdticed electron transfer we used laser
flash photolysis. We normally used an excitationvetangth of 460 nm from a pulsed
nanosecond laser unless otherwise specified (sapt€i2 for details).

3.5.1 Emission Kinetics

All Ru-xMe complexes show typical emission decay with aififetof ~1.2 ps in acetonitrile
(Figure 3.17). The lifetime is bit higher compared[Ru(bpy)s]** (~800 ns) and previous
phenol complexeRu-imi-tert-phOH (~1 us).

0.10

Ru-3Me (1 = 1.26 ps)
Ru-4Me (t = 1.21 ps)
Ru-6Me (1 = 1.16 pus)

0.084

0.06 4

0.04 +

Emission / a.u.

0.024

0.00

10IOO 20IOO 3OIOO
Time / ns

o4

Figure 3.17:Emission kinetics at 610 nmRfti-xMe in acetonitrile; Ar-purged, excitation wavelengtBo nm.
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3.5.2 Electron transfer studies

As we have seen according to electrochemical measnts (and independent of exact
attribution of the observed waves) the differenteadox potentials between ruthenium and
ligand are small for alRu-xMe complexes AE ~80 to 100 mV). This indicates that the
driving force for internal electron transfer must feéatively smafl. To investigate whether
the oxidized state of the chromophore is able tidipe& the ligand, electron-transfer
experiments in the presence of Ki\Vas an external electron acceptor were performed
(MV=methyl viologen).

Figure 3.19 shows laser flash induced absorbamarsiants folRu-3Me, Ru-4Me andRu-
6Me, along with [Ru(bpy)s]*‘as a reference, in presence of 20 mM f¥s an external
electron acceptor. The flash-induced absorbancegesain the MLCT band of the Ru-
chromophore are due to formation of the exciteteqiastantaneous bleaching), followed by
guenching of the latter due to the reduction ofak&ernal electron acceptor (MV) leading to
formation of the oxidized state Ru(lll) of the chrophore, and eventually reduction of the
Ru(lll) state by internal electron transfer (ETQrir the ligand. The Scheme 3.3 describes the

corresponding reaction sequence.

hv Kq Ket Krec
Ru(IL + MV? ----> Ru(ll)'L + MV?* --—-> Ru(ll)L + MV"" —--> Ru(Il)Leyx + MV"* --> Ru(ll)L + MV**

Scheme 3.3Simplified reaction scherhe

The quenching of the Ru* state by the externaltedacacceptor is a pseudo first-order
reaction due to the large excess of electron accepypical rates for the quenching rate
constantk, are (80 nsy for [MV?] =20 mM. Increased concentrations of MV therefore
increase significantly the rates of emission quamgifFigure 3.18 a),e. excited state decay
and formation of Ru(lll), (Figure 3.18 b). The obgs quenching is more for 10 mM and 20
mM MV concentration therefore we have used one ladsé concentrations for our

experiments.

!In fact, the difference in potentials from electrochemistry should be considered as an upper limit as they refer
to fully equilibrated final states, which are not necessarily the potentials relevant for a given (PCET) transfer
step.

? Back reaction of MV with Ru(lll) is neglected here as ke>>krec*[MV" 1,
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Figure 3.18 Effect of increasing methyl viologen concentratiftom 0 mM to 20 mM on thRu-4Me on
emission kinetics at 610 nm (left) and b) on absonpkinetics at 440 nm (right)

In the reference compouriBtu(bpy)s]®‘internal ET is absent and the Ru(lll) state is oedl
by MV'" in a second order reaction witke. ~ 5*10° M7's’. As the flash-induced
concentration of MV [MV']o is 1-2*10° M the back reaction occurs on a hundred ps time
scale (black and grey traces in Figure 3.19). Tibmodbance transients for the complexes

under study show a very different behavior.
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Figure 3.19: Transient absorbance traces at 440 nmRor-3-Me (red), Ru-4-Me (blue), Ru-6-Me (greeand
[Ru(bpy)]®* (black) upon excitation with nanosecond laserHssat 460 nm in MeCN, Ar-saturated solution.
20 mM methyl viologen (MY) was present as external electron acceptor. Tragege normalized to equal
concentrations of reduced MVas measured by absorption at 605 nm (grey lines).
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The transients in Figure 3.19 show biphasic kindtéhavior at 440 nm for all three
complexes, as well as ffRu(bpy)s]**. One fast phase with an apparent time consta80of
100 ns and a second, slower phase. In cafRugbpy)s]**, interpretation of these two phases
is clear. We observed a strong bleaching at 44@uento disappearance of ground state Ru
MLCT absorption. The bleaching indicates the foioratof excited state Ru(ll)* and
subsequently of Ru(lll) in a quenching process Witti** as electron acceptor. This excited
state decay Ru(ll)*>Ru(lll) is fast and determined by the concentrabbelectron acceptor
(see Figure 3.18). After decay of the Ru exciteatestsome bleaching remains due to
absorption of the Ru(lll) state which decays byrgearecombination with reduced MV at
longer time scales (~200 us). All thréai-xMe complexes show a very different kinetic
behavior, with a decay of the absorption change&gt@tnm much faster than the decay of the
MV eq Signal at 605 nm. This clearly demonstrates oecuwe of internal electron transfer
further confirmed by positive absorption at 440 aniater times in all complexes. The latter
feature had also been observed in earlier complaresis attributed to absorption of the
radical on the ligand formed by the electron transéaction.

8 us
5us
2us
3us
lus
——400 ns
——200ns

g 400 600 800 <<(1
- wavelength / nm
400 500 600 700 800 400 500 600 700 800
wavelength / nm wavelength / nm
Figure 3.20: Transient absorption spectra &u- Figure 3.21: Transient absorption spectra &u-
6Me in MeCN, recorded from 0.2 to 8 us after 6Me in MeCN after subtraction of MV
excitation.Inset: MV™" absorption spectrum. contribution.
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Transient absorption spectra (Figure 3.20) conflienobservations from kinetic traces at 440
nm and clearly show evolution, on a ps time schtan a bleaching in the 420-500 nm

regions to a positive absorption. These spectradaneinated by strong absorptions of MV

(sharp peak at 390 nm and broad band around 605ea8rnset in Figure 3.20). Therefore we
performed an interactive subtraction of a Mvadical spectruthand the results are shown in

Figure 3.21.

Besides the absorption band around 440 nm thess#rapeveal features of the absorption
spectrum of the radical which were not clearly biisibefore subtraction of the MVradical

spectrum. The radical formed is characterized bprb®n maxima at 390, 440 and 490 nm
and a band in the near infrared around 850 nm. eadbling is observed below 350 nm,

attributed to disappearance of ground state ahearpt

We have also used ruthenium hexamime [(Ru(NH)s]Cl; as an electron acceptor. The
advantage of [(Ru(NH)CIs lies in its absorption characteristics as it has smgnificant
absorption in the visible region, neither in thedized nor in the reduced form. However,
[(RUu(NH)]Cl3 is not soluble in MeCN and experiments have to gegformed in a
MeCN/H,O mixture. The resulting spectra for the three cexgd are shown in Figure 3.22.
They confirm the features of the radical absorptdentified above in presence of MV and in
absence of water. They show very clearly the alisorgand in the near infrared region.
Closer inspection reveals that these spectra andasifor the three complexes, but not
identical. In particular the relative amplitude thie 500 nm absorption band varies, being
largest forRu-6Me and smallest foRu-3Me. We note that the fact that the radical shows
close to zero absorption at 605 nm justifies thenatization employed in the presentation in
Figure 3.19.

> The MV*™ spectrum was obtained in the LFP spectrometer by UV illumination of a solution of MV in ACN in
presence of a small quantity of MeOH as electron donor.
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Figure 3.22:Transient absorption spectra &u-xMe in MeCN/HO (1:1), with 20 mM [(Ru(NH)CI; as
electron acceptor.

Whereas the radical formed in the experiments wdither MV#*/MeCN or with
[(Ru(NH)]Cls / MeCN/HO appears to be the same, the kinetics of radexa¢mgtion on the
ligand was much faster in the latter case beingpteta in less than 1 ps. To find an
explanation for this drastic effect we have clodelyked at the experimental conditions. It is
hard to imagine that the nature of the electronepimr modifies to such a point
intramolecular electron transfer. Therefore it mostconcluded that the solvent, pure MeCN
and MeCN/HO, respectively, plays an important role, or, mooacretely, that presence of
water accelerates the kinetics of radical generatimteed, a control experiment, recording
kinetic traces using M¥ as an electron acceptor in a MeCMIH1:1) mixture confirms this
hypothesis (see Figure 3.23 fBu-4Me), as Ru(lll) disappearance and radical formation
become about 50 times faster in presence of 50 A similar effect has been observed for
all Ru-xMe complexes but foRu-4Me the effect is most striking because in MeCN tloavs|
phase is largest for this complex (Fig. 3.19). laspnce of water the 440 nm transients are

practically identical for the three complexes.

MeCN:H,O (1:1)
0.00 i
r=39 ns
= MeCN
{-, 002
g oo [ e g~

T T T T T T T
05 00 05 10 15 20 25 30

time (ps)

Figure 3.23: Transient absorption traces at 440 nm Ru-4Me in acetonitrile (red) and in acetonitrile water
mixture (1:1) (violet); Ar-saturated solution. 20Mrmethyl viologen (M¥) was present as external electron
acceptor in both cases.

55



When looking at the above Figure 3.23 it seems asvithat there must be a transition
between slow (no water) and fast (50% water) kosefior lower water concentrations.
Experiments to investigate this will be presentatérl At this point we just want to put
forward two possible hypotheses to explain theceféé water. Water could, either due to its
high dielectric constant and/or hydrogen-bondinteriactions preferentially stabilize the
oxidized state on the ligand. This would lead taremeased driving force and acceleration of
the electron transfer reaction. Or water mightesch base to accept a proton released during
oxidation of the ligand. As mentioned before depnation of the phenol group must occur
upon oxidation due to the very loviKpof oxidized phenol. Under this hypothesis, ETPT, a
observed in ouRu-Trp study (see Chapter®) could then be ruled out because in this case
the rate for ET is not expected to depend on aopratceptor. But a concerted mechanism
(CEP) or PTET could be consistent with the obs@aat although this is not straightforward
either, as the hydrogen-bonded imidazole groupdcbel expected to act as internal base for
the phenolic proton released upon oxidation ofghenol group. On the other hand the ligand
contains two potentially oxidizable species (imwlaz phenol) which makes things more

complex.

Therefore in order to resolve this complexity ie #lectron/proton transfer we have decided
to investigate the effect of water, base, aeitt, on the reaction and compare our PS Il

mimics to simpler system&(-imi, Ru-cT-phOH) as control.

Before going to describe these studies it is ingrarto discuss a quantitative aspect related to
the amplitudes of observed absorbance changesambant of flash-induced Ru(ll)* excited
state can easily be determined by the maximum bilegcaround 450 nm and the known
extinction coefficient of the chromophore. Under experimental conditionsAQDca 0.1,
¢rca 14500 Mcm™) the concentration of Ru* formed by the laser Hlas about 6 pM.
However, even a fast quenching by MV (at high cotregtions of the latter) leads to much
lower concentration of Ru(lll) due to the limitedcape yield for the MV radical (about
0.3)3" In the presence of comparably fast internal ebectransfer it is therefore not always
facile to estimate which part of the absorptiorablein the 450 nm region corresponds to the
Ru(ll)* and the Ru(lll) state. This problem can selved by comparing the amplitude of
positive absorption at 605 nm which is due to thé Mradical, the extinction coefficient of
which is known (13700 McmY). The concentration of initially formed Ru(lll) mube

identical. A detailed analysis of this, given iretlppendix 1 (Section 1) and taking into
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account corrections for small absorptions of M\A40 nm and of Ru(lll) at 605 nm, shows
that if we compare 440 to 605 nm traces, for 1009dIR we should have a bleaching at 440
nm with an amplitude which is 78% of the positiesarption at 605. This fits well with the

experimentally observed ratio of amplitudes[Ru(bpy)s]** (Figure 3.19).

As seen in Figure 3.19, distinct differences in Blll) decay monitored at 440 nm are
observed for the three complexes. Ror3Me andRu-6Me we observed two distinct phases.
One is very fast (<100 ns), close to the kineticdaeray of the excited state, and one slower
with a time constant of some ps. In the following will call these two kinetic phases the
“fast” and “slow” phase, respectively. Whereas Ru-3Me andRu-6Me the amplitudes of

both phases are about equal,Ru-4Me we have observed essentially only the slow phase.
To summarize these results in neat aprotic solvent:

* ForRu-4Me virtually all Ru(lll) decays in one, slow phase
* ForRu-3Me andRu-6Me, Ru(lll) reduction is biphasic with a major fastgsle and a
second slower phase the rate of which is similéinéoone observed Ru-4Me.
In case of our complexe®R(@-3Me and Ru-6Me), the fast phase is always limited by the
concentration of electron acceptor used. Therefecannot resolve the fast phase further.
Apparent time constants for the slow phase are, ®631s and 4.9 us f&®u-3Me, Ru-4Me
andRu-6Me respectively.
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Figure 3.19 (reproduced)Transient absorbance traces at 440 nm Rar-3-Me (red), Ru-4-Me (blue), Ru-6-
Me (green)and [Ru(bpy)]?* (black) upon excitation with nanosecond laseshles at 460 nm in MeCN, Ar-
saturated solution. 20 mM methyl viologen @\was present as external electron acceptor. Tragese
normalized to equal concentrations of reduced?s measured by absorption at 605 nm (grey lines).
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We observed some variation in the slow rates froqeement to experiment which we
attribute to slightly different experimental corndits’. In the following, we present additional
experiments with the aim to rationalize the surpgs(and interesting) findings of biphasic

ET and the differences observed between the coraplex
The biphasic ET foRu-3Me andRu-6Me might be because of two reasons:

1) Heterogeneity. Two populations of complexes exigh wlifferent conformations or
protonation states of the ligand and which are attarized by different kinetics
(“fast” and “slow”).

2) Energetic equilibrium between the oxidized stat&Rorand on the ligand.

In the case of the first hypothesis, heterogeneiight arise from two populations of
complexes which differ, for example, in conformation protonation state. The second
hypothesis merits some more explanation. Energejiglibrium means that the difference in
energy between two states is smadl, not exceeding somd (k is the Boltzmann constant
andT is temperaturekT is ca 25 meV at room temperature). In an electransfer reaction

between two species in energetic equilibrium (smalling forceAG) the rate of the reverse

reactionk_;, can then no longer be neglected &ndndk_; are related by

kl/k_l _ e—AG/kT

An equilibrium with partial oxidation of the eleotr donor and partial oxidation of the
electron acceptor is established with an appametki®’ = k; + k3. However, taking into
account such equilibrium is not sufficient to déserour biphasic absorption transients and
we have to postulate a minimum reaction schemeef8eh3.4) with a second, consecutive

reaction step with ratk, which depopulates the equilibrium state to yidid final product

state, lo’.
ky ko
Ru(llDL < Ru(l)Lox> Ru(ll)Led
k1

Scheme 3.4Simplified reaction scheme of intramolecular réags with reversible electron transfer. Reactions
of complexes with electron acceptors have beertedrfior clarity.

4Especially dryness of solvent (see below).
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Figure 3.24 Effect of driving force on the kinetic traces4a0 nm. Decay of reduced electron acceptor is shown
by the blue line. Amplitudes are determined bynekitin coefficients deduced from spectral data tikese in
Figures 3.20 and 3.21.

Figure 3.24 shows a mathematical simulation of gdign transients based on this reaction
scheme (Scheme 3.4). It can easily be seen thanial AG the absorbance kinetics at 440
nm are indeed biphasic and that the ratio of aomgdis of fast and slow phase viery
sensitivetowards the driving force. The second hypothesisn@rgetic equilibrium between
two states (oxidized chromophore and oxidized kijas therefore in principle able to explain
the observed behavior and an interesting optiavyiged an interpretation for the slow phase

can be obtained.

The slow phasekf) observed at 440 nm related to Ru(lll) reductiowd aadical formation

(ligand oxidation) is not restricted to this wavedéh but appears at other wavelengths too.

Some examples are shown in Figure 3.25. The spassaciated with the slow phase have
been determined for the three complexes (for praeedee Appendix 1, Section 2) and are

shown in Figure. 3.26.
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Figure 3.25: Examples for wavelengths where the slow phasdsdration change is clearly visible. Sample
Ru-3Me For better visualization the decay due to baacebn transfer from the external electron acceftas
been removed (see Appendix).
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Figure 3.26: Spectral absorption changes associated with thes glhase taken as the difference in absorption
between t=1 pus and t=10, 20, 30 us, respectively.

These reconstructed “decay” associated spectreoanplex but they can be fully rationalized.
They clearly contain contributions from radicalrf@tion on the ligand (positive absorptions
around 850 nm and in the 350-550 nm region), bsb aontributions from recovery
Ru(ll)=>Ru(ll) (positive absorption at 450, negative at 60l 900 nm). However, the
essential information is that the spectra don'wsBmnificant change with time. This is taken
as evidence that one and the same transition bettwee states occurs in all complexes,
Ru(lllL>Ru(ll)Le’ and that an eventual intermediateqd) is spectroscopically not
significantly different from the final stateo2. This is consistent with the hypothesis of
reversible, biphasic ligand oxidation.
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3.6 Effect of the methyl substitution

To answer the question whether the methyl substitoa the phenol ring can affect the
electron transfer properties we performed similgegiments withRu-imi-phOH using MV

as an electron acceptor (Figure 3.27). The obsdraedient at 440 nm closely resembles the
one of theRu-4Me complex, with only a small fast phase of Ru(lllcdg and a slow phase
with an apparent time constant of 10 us. This ofag®n gives an interesting hint concerning
the effect of the position of the methyl substdati Substitution at the 4-position on the
phenol ring has little effect, but substitutiongpasition 3 and 6 modify the properties of the

ligand. As with the other complexes presence oewatakes radical formation very fast (not

shown).
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Figure 3.27: left: Transient absorbance traces at 440 nm (rad)l 605 nm (black) foRu-imi-phOH upon
excitation with nanosecond laser flashes at 460imrivieCN, Ar-saturated solution. 10 mM methyl viang
(MV*") was present as external electron acceptor. Righmparison with the kinetic traces from tRa-xMe
complexes, reproduced from Figure 3.R2i-4Mein blue. Amplitudes normalized to identical [M}.

3.7 Role of hydrogen bond

The complexes investigated before had in commorptégence of a hydrogen bond between
the phenol group and an imidazole. To obtain intram about the role of this biomimetic
feature we have studied as control two other corgslevhich don’t possess such a hydrogen
bond, Ru-cT-phOH and Ru-imi. In Figure 3.28 are shown example traces obtaimial
Ru-imi. In pure MeCN (black traces) internal electron tfans very slow characterized by a
time constant of 43 ps. Addition of 5%® (blue traces) leads to only weak acceleration (18
ps). But after addition of 10 mM buffer, pH 8 (gneaces), internal electron transfer gets
very fast (0.3 pus) showing the importance of agmaicceptor for oxidation of the imidazole

moiety. Intriguingly, at 605 nm additional absoggtiis visible with the kinetics of radical
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formation. This can be understood by inspectiothefdifferential absorption spectra (Figure
3.28). Clearly these spectra are very differenmfrthose obtained before for the phenol
complexes. In particular the spectra associateth Wigland oxidation show well defined
maxima of absorption at 382 and 578 nm and a cteisiic negative band at 466 nm. The
578 nm band tails up beyond 600 nm and this ligaeskd absorption contributes to the 605
nm absorption kinetics besides the major contritsufrom MVP. An absorption band in the
NIR, around 850 nm, as Ru-xMe, is missing. This information might tell us thatdase of

Ru-xMe the generated radical is localized primarily onghenol and not on the imidazole.
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Figure 3.28:Left: Transient absorbance traces at 440 nm (solid lireg) 605 nm (dashed lines) fBu-imi
upon excitation with nanosecond laser flashes @ Af. 20 mM methyl viologen (MY was present as
external electron acceptor. Black: in neat MeCNylye: +5% HO; green: +10 mM HEPES buffer, pH 8.
Right: Transient absorption spectra f&u-imi in MeCN, 10 mM HEPES pH 8 buffer. ContributioranirMV
have been subtracted.

The complexRu-Et-imi was produced as a variant Ri-imi which has no proton on the
imidazole ligand. In this case we would not exbat presence of a base (buffer) accelerates
the internal ET. As shown in Figure 3.29, electtransfer kinetics was similar tRu-imi

(50 us in MeCN) and not accelerated in presenck0®&6 HO (although the back reaction
with MV was slightly faster). Unfortunately soluityl problems after addition of buffer
prevented to study the behavior at high pH. Thatiradly fast kinetics observed under such

conditions are difficult to explain and might beedio some strange side effect of the buffer.

> This fact precludes normalization of kinetic traces at 605 nm.
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Figure 3.29:Left: Transient absorbance traces at 440 nm (solid )irmesl 605 nm (dashed lines) fRu-Et-imi
upon excitation with nanosecond laser flashes @ Af. 20 mM methyl viologen (MY was present as
external electron acceptor. Black: in neat MeCNjehl+10% HO. Right: Transient absorption spectra f&u-
Et-imi in MeCN, 10 mM phosphate pH 8 buffer. Contribuginom MV have been subtracted.

The Figure 3.30 shows transient kinetic traces inbthfor Ru-cT-phOH in pure MeCN
(black traces) and after addition of 10%CHin presence of 20 mM MYV. The observed
internal electron transfer was slow with apparé@netconstant 34 ps in MeCN and addition
of 10 % of water accelerates the rate of electransfer to 6.7 ps. This is consistent with
reports in the literature for the phenol case wihweaiger acts as a proton acceptor to fasten the

rate of electron transfér.
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Figure 3.30: Transient absorbance traces at 440 nm (solid )irsegl 605 nm (dashed lines) fBu-cT-phOH
upon excitation with nanosecond laser flashes @ Af. 20 mM methyl viologen (MY was present as
external electron acceptor. Black: in neat MeCNegm: +10% HO.

3.8 Variation of water concentration

We had observed before (Figure 3.23) a strikindetBhce in ligand oxidation kinetics

between aprotic solvent and 50% water. In ordesht@in a clearer picture about the role of
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water we performed a study starting from pure Me@MNl increasing successively the
concentration of bD. The raw data are shown in Figure 3.31 and 2BR{fi-6Me andRu-
4Me, respectively. The data fé&tu-3Me are very similar tdRu-6Me and are shown in the
Appendix 1 Section 3. Again there appears a diffebehavior ofRu-4Me compared to the
two other complexes. FdRu-6Me and Ru-3Me the relative amplitude of the fast phase
progressively increases whereas the rate of the plmage remains rather constant. Such a
change can be easily rationalized in the framewafrfikhe energetic equilibrium model
discussed above as an increase in driving forcetHer electron transfer reaction (see
simulation Figure 3.24). For water concentratioighér than about 1 M radical formation is

essentially monophasic and very fast.

/,#”'dewﬁ [H20]/ mM:

/’ 0.5
5

‘ 1*107 50

500 (1%)

1650

5500 (10%)

16500

T T

0 10 20 30
time (us)

440/605

Figure 3.31: Effect of increasing water concentration on absmnpttransients forRu-6Me 20 mM MV was
used as electron acceptor. The black curve cornedpdo neat MeCN. Arrows indicate changes withéasing
water concentration.

For Ru-4Me the results seem different. The kinetics areelitiensitive towards low
concentrations [up to 500 mM, (1%)] ot®, followed by a steep increase in the rate of the
slow phase. An observation common to all complése@sclear decrease in the rate of charge

recombination (between MVand the oxidized ligand) as can be seen on thegraic605 nm.
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Figure 3.32: Effect of increasing water concentration on absiom transients forRu-4Me 20 mM MV was
used as electron acceptor. The black curve cornedpdo neat MeCN. Arrows indicate changes withéasing
water concentration.

The change in the relative amplitudes of fast dod phase observed fétu-3Me and Ru-
6Me (Figure 3.31), visually very impressive, has totékeen with same caution as we have
observed at some occasions a decrease in the adepbt the slow phase in older samples or
after excessive flashing. The fact, that this is oluserved wittRu-4Me measured the same
day under the same conditions, gives us confidehat this feature is unlikely to be an
artifact. Given the high sensitivity of this relai amplitude to the driving force of electron
transfer reaction (see Figure 3.24) there is inae#y a relatively small change (less than 50
meV) in AG necessary to explain the observation. More inféionacan be obtained by
inspection of the fit parameters for absorptiomsrants at 440 nm as a function of water
concentration for the threRu-xMe complexes (Figure 3.33). This data immediately show
that the most significant change is observed fortithe constant of the slow phase (Figure
3.33, blue traces) which decreases sharply aro@@dniM of water concentration (slightly
higher forRu-4Me). At low concentrations of water there is a grddiecrease observed in
the amplitude of the slow phase, Aslow, Ru-3Me andRu-6Me, whereas foRu-4Me this
amplitude stays high and rather constant up to Ambther interesting feature is the increase
of the amplitude of the absorption due to the radat long times, which seems to mirror the
decrease in Aslow foRu-3Me and Ru-6Me. The decrease of this absorption at high
concentration, above 1 M, might be due to diminiskgtinction coefficient but the increase
at low concentrations of water probably indicatesircrease in concentration of radical

formed. A possible explanation is that even theesta,’ is energetically not far below
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Ru(ll/Ru(ll) and that this equilibrium is gradilshifted in favor of the oxidized ligand

with increasing concentration of water.

We conclude that there exist two regimes of wabecentration with different effects. At low
water concentrations the already described decraabe amplitude of the slow phase is the
main effect accompanied by an increase in radibabigption, but at higher concentration
another mechanism is taking over. Raur-4Me only the second regime seems to be operative
and it sets in at higher water concentrations. 8ssiple mechanisms responsible for these
two regimes we might postulate action giHas hydrogen-bonding partner to the imidazole
and as a proton acceptor (external base), respbctiVhe results are consistent with an
increased driving force induced by hydrogen bondimgreby strengthen the hypothesis of
energetic equilibrium as the cause of the biphalgictron transfer kinetics.
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Figure 3.33: Parameters obtained for best fit of absorptiomsints at 440 nm fdRu-xMe as a function of
water concentration. Black, blue: time constantsfést and slow phase, respectively. Red: amplitoidslow
phase. Green: amplitude of absorption at long timdes to the radical on the ligand. To display tldues for
[H,0]=0 mM these points were arbitrarily positioned @01 mM. Note that at least in the casdRaf3Me the
time constants for the fast and slow phase becanesimilar making precise determination of Aslafficult.
This is probably the reason for the apparent inseaf Aslow at high concentrations of wateRm-3Me.

To rationalize the effect of water on kinetics, eféect on electrochemistry was investigated.
Changes in differential pulse voltammograms havenbmeasured by adding sequential
aliquots of water (Figure 3.34). The detailed Fagucan be seen in Appendix 1 Section 4.
Figure 3.34 shows combined effect of different @miation of water orRu-xMe. In
presence of 1% (5.5 M) water the DPV response vwgasfisantly modified. As seeRu-4Me
complex required twice higher water concentratibantRu-3Me and Ru-6Me to see a
distinct separation between ligand and rutheniutimxegootentials. But for all complexes, the
point is to be noted that the separation betwegamt and ruthenium has been narrowed from
~100 mV to 60 mV. This shows that water affects ploéential of ligand oxidation but the

narrowing is not in line with an increase in drivifogce for ET. However, the concentrations
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used in these electrochemical studies are in thke boncentration regime identified in the
kinetic measurements and therefore might not ctiteleffect of water at low concentration.
Furthermore, due to the proximity of the two oxidat potentials, the electrochemical
measurements contain necessarily a double oxidafiadhe complexes (Ru(lll) andyy), a

situation which is not encountered in single flagperiments.
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Figure 3.34: Effect of water on differential pulse voltammogsanfRu-xMe
3.9 Kinetic isotope effect with O

In a proton-coupled electron transfer reaction,réte usually displays a kinetic isotope effect
(KIE), i.e.it is slower when the involved proton is replatgda deuteron (except in the case
of rate-limiting ET, whereky/kp =1). We measured absorption transients with varyin
concentrations of $0 or D,O and analysed the kinetics of the slow phas®tedMe.

o o
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Figure 3.35: Effect of DO (left) and HO (right) exchange on transient kinetic traces 40 4m forRu-4Me
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We have obtained KK indicating the involvement of protons in the rhmeiting reaction
(Figure 3.36).
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Figure 3.36: Dependence of the rate of the slow phase on ctratiem of HO (blue) or BO (red) forRu-4Me.

3.10 Effect of proton acceptors

Pyridine titration

As explained in the previous part, water accelerdbe rate of the slow phase of internal
electron transfer. This acceleration due to wateghinbe due to water acting as a base to
abstract the proton of the imidazole group upomatxon of the ligand. To investigate further

on this hypothesis we performed experiments withdnye as an external base. Th€,f

the pyridine is ~12.3 in acetonitrifeand therefore pyridine is a relatively strong base

r\%
CK/'" [pyridine] / mM:

0
0.127
0.381
1.4
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440/605

0 10 20 30
time (us)

Figure 3.37: Transient absorbance traces at 440 nm (lower sa@d 605 nm (upper traces) fRu-6-Me
upon excitation with nanosecond laser flashes a@ #én in MeCN, Ar-saturated solution for increasing
concentrations of pyridine. 20 mM methyl violog&tVt") was present as external electron acceptor. Traces
were normalized to equal concentrations of redudad* as measured by absorption at 605 nm.
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The effect of increasing acentration of yridine on absorption tresients is shown in
Figure 3.37 foRu-6Me. The data folRu-3Me andRu-4Me can be foun in the Appendix 1
Section 5. It can be seen tlfor all complexes relatively low concentraxs of pyridine (0.1:
mM) lead to considerablacceleration of the slow phase. The variatiof the fit parameter
which describe the kineticare shown in Figure 3.38. Indeed the ease oftslow with
increasing pyridine concention is the most prominent effect, remirent of the situatio
with water, but occurring aconcentrations three orders of magnitudwver. Other change
concern an increase in tramplitude of radical absorption (green :es in Figure 3.3¢
suggesting that presence he base favors the extent of final radicThe chages in the
amplitude of the slow phas)bserved at the higher concentrations salso significant, bu
as in the case of water titron, the precision of the parameters becc low when the tim
constants of the two kinel phases approach the same e. Therefre we refrain fron

drawing conclusions from tb feature.
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Figure 3.39: Structures of pyridine, imidazole and DMSO

In order to distinguish betven effects of hydrogen bonding and prcacceptor action w
performed some similar eeriments with DMSO. DMSO is very lar and capable ¢
accepting hydrogen bonds,t it isnot a proton acceptorg = —1.5 in HO). The results are
shown in the Appendix 1, Stion 6. FoIRu-imi DMSO has no effect ujo 10% (1.5 M). Fo
Ru-4Me acceleration of th slow phase is observed but for muchher concentration

compared to pyridine.



Pyridine as a strong base can eventually depratotiet imidazole group (see below for
determination of [, in H,O). To check for this possibility we performed dtion of the
absolute absorption spectrum (Figure 3.40). Inddxedacteristic spectral features attributable
to deprotonation were detected and the concentradépendence indicated deprotonation in
the ground state for concentrations higher thaneshomdred mM, similar for all threleu-
xMe complexes. The concentration of pyridine necessaiyduce deprotonation is about'10
times higher than the concentration of the com@exsed. This shows that the ground state
pK, of the imidazole in ACN must be about 4 units leiglthan the K, of pyridine (in
MeCN), ie. it must be around 16.3, much higher than in wgikg, ca. 8; see below). This
might seem surprisingly high but compares favorablyalues reported for benzimidazoles in
MeCN>® The DMSO had no effect on the ground state UValsorption spectra even at
10% concentration. We take this as indication byatrogen bonding without proton transfer

is spectroscopically silent although it acceleréesation of the radical on the ligand.
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Figure 3.40: Left: Titration ofRu-6Me in MeCN with increasing concentration of pyridifelowed by changes

in the UV/vis spectruniRight: absorption increases at characteristic wavelengths

When we plot the rate of the slow phasg, as a function of pyridine concentration
(Figure 3.41), a saturation behavior can be obseride data can be well fit with an
equilibrium binding model similar to the one propdsby Pizancet al® according to the
equation,

K 4[B]
ky = kgr + kpcer #A[B]

(1)

wherekgr is the rate observed in absence of pyridipesr the maximum rate at saturating
concentration of pyridine anf, an association equilibrium constant describingective

binding of the complex to pyridine. The fit paraerstare summarized in Table 3.2.
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Table 3.2:Parameters of fit curves according to Eq. 1 fotadm Figure 3.41

Complex ket /st kocer /st K/ M™
Ru-3Me 3.1*10" 4.6*10° 690
Ru-4Me 1.7*10° 0.95*10° 2230
Ru-6Me 2.9%10° 3.2*10° 510

We see that the ratecer is two orders of magnitude higher thegr. This is taken to
demonstrate the importance of proton coupled @mnctransfer in establishing the fully
oxidized from of the ligand. FdRu-4Me the rates are smaller by a factor of 2-4 comp&oed
the other two complexes but it shows a higher dguuim constant.
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Figure 3.41: Dependence of the apparent rate of the slow pbaggyridine concentration. Solid lines represent
best fit with a equilibrium model equation 1. F@rameters see Table 3.2.

It is useful to summarize the results of thesatitn experiments concerning the changes in
k.. To do this we plok, on a logarithmic scale for the concentrations ({Feg3.42). This
visualization is quite instructive. The pattern ariset of acceleration df, for the three
complexes is similar for #0 and pyridine, but the two are offset by a faaddr1000.
Differences between the complexes observed fodmgiare reproduced for water, wiu-
4Me less sensitive than the others.
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Figure 3.42:Plot on a logarithmic scale of apparent rate afglphase (R as a function of concentration of
pyridine (left) and water (right). Note that theipts for neat MeCN is arbitrarily positioned at @.enM. The
dashed red line shows the diffusion limit (k210" s1).

The analysis of the dependence of the apparest foat the slow phase based on an
equilibrium binding model (Eg. 1) certainly givesal fits to the data points but it is not very
satisfying, because it lets us with phenomenoldgesametersKa, kecer), the mechanistic
meaning of which is not evident. We therefore psgpan alternative model based on a rate

limiting ET step following deprotonation of the idaizole according to the Scheme

ket ket
Ru(lPhImiH + B = Ru(llPhimi~ + HB*> Ru(ll) Phylmi Scheme 3.5
Kpr

In this model the left state, Ru(ll)PhimiH, is iequilibrium with Ru(ll)PRxImiH as

discussed before (fast phase of Ru(lll) reducti@gprotonation of the imidazole group is
necessary to allow complete oxidation of the liggndhinly localized on phenol) for an
equilibrium fraction of complexes characterized thwe extent of slow phase of internal
electron transfer from ligand to Ru(lll). The proadion of the base is diffusion controlled
thus depending on the concentration of base= [base]*13° M's") and deprotonation is
given by modulated by the equilibrium between pmat@mn of imidazole and protonation of
the basel-pr=10'" Mg * 10PKPasePKiM - Bast fits with this model are shown as solicéinn

Figure 3.42 and parameters are given in the Taddteb
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Table 3.3Parameters of fit curves according to Scheme 3.%dta in Figure 3.41/3.42. For pkof
pyridine (pKbase) in MeCN a value of 12.3 was U8eds the rate observed in neat MeCN.

Complex ko/s? ket /st pKa (Imi)
Ru-3Me 4.2%10" 4.3*10° 12.31
Ru-4Me 1.7%10° 0.93*10° 11.9
Ru-6Me 3.0*10° 3.1*10° 12.5

As expected this analysis reproduces the minimuch rmaximum rates for the electron
transfer reaction determined above with the equuiih model. The main results however are
the values for the i, of the imidazole group which are found between Hh8 12.5 with
Ru-4Me slightly more acidic than the other complexes. Tdwt that these values are lower
by about 4 units than the ground staig pf the imidazole group (see pyridine titrationtloé
ground state presented before) shows that deptatanaf imidazole occursfter phenol
oxidation and that this preceding oxidation of tigand causes a decrease in the imidazole

pKa.

A similar fit applied to the data for water titrai (solid traces on right side of Figure 3.42)
also gives good fits for the increase in the rdite,oFor these fits we input th&kpvalues for
imidazole from Table 3.3 and obtained for the appaK, of the base values between 9.0
and 9.3, indicating that water is a relatively wdmse. It might be argued that the proton
acceptor in the case of water is OtHe concentration of which is T§H ,0]. However it can
be doubted that this applies to small concentratiohsvater in MeCN making such
consideration unreliable. In addition there arddations that a proton can be stabilized only
in water clusters of a certain minimal size andt ttee structure of water in MeCN is
significantly perturbed, making this case rather plax® As a final point we want to
mention that in the range of water concentratiopleged in the above study (up to 10%) the
pK, of the imidazole group is likely to change sigrafintly and can no longer be treated as
constant for precise simulation of the titratiommveu The decrease d% for the highest
concentrations of water, a probably reliable featusible in the data in Figure 3.42, might be

a manifestation of such phenomena.
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3.11 Acid/base properties of complexes

When electron transfer is coupled to proton trangfee acid/base properties of the groups
involved in the reaction are of great importancar Ru-xMe complexes have two functional
groups, imidazole and phenol. In water the pheasld K, of 10 while the K, for imidazole
deprotonation is about 7.Kp values in MeCN are difficult to determine, but waght
presume that allig, values upshift by some units, as was deduced thenpyridine titrations
presented before. The following pH titrations dreréfore a tool to get information less on
absolute values ofify than on relative values characterizing the difiecmplexes.

Our complexes exhibit three ionization sites (Sohedrb). The effect of protonation and
deprotonation events on these available sites eaollowed by varying pH of the complex
solution and measuring absorption or emission ptgse As known from the literature
deprotonation of the imidazole leads to reducedssiom quantum yield whereas full
protonation can be detected by shifts of the emissiaximunt->*

Scheme 3.6Possible protonation states of the complexes

3.12 pH titration of absorption

We have performed UV Visible titration at differguit. These measurements are carried out
by preparing a solution of the complex in acetdeitand then 10% of an aqueous buffer
solution of known pH was added. Each solution’sogltson spectra were measured using a

UV-Visible spectrophotometer.

Figure 3.43 shows titration of absorption speciva Ru-6Me with increasing pH. As

described in the literature we have observed iseréa absorbance at 330 nm and 500 nm
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which corresponds to the deprotonation of the imite®>* A plot of absorbances. pH

gives a K, value of 8.0. We expect to have simil&,walue forRu-3Me andRu-4Me.
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Figure 3.43: Evolution of the absorption spectrum as a functibpH and fit of the absorbance at 330 nm.

Similar to the ground stateKp we have determined excited stat€;pby measuring the
relative yield of emission of an Ar purged solutiah different pH in a fluorimeter. The
sample concentration for each measurement wastadjtssan absorbance of 0.05 at 450 nm.
The pH of the sample solution was varied by addi@go buffer solution of known pH and
the required pH was adjusted by adding either aciohse. The obtained emission spectra are
shown in Figure 3.44. When the emission intengtplottedvs. pH a K, 7.35 forRu-6Me
was determined. This is &pfor deprotonation of imidazof&:** For the other complexes

details can be found in Appendix 1, Section 8.
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Figure 3.44: Emission spectra at different pH and emissiomtitm curve forRu-6Me. The solid line is a fit
giving pky* = 7.35

Other experiments were performed to follow the atgons of the wavelength of the emission

maximum at very low pH and in these experimentea&d K, values of 0.17, 1.41 and 0.22
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for Ru-3Me, Ru-4Me and Ru-6Me, respectively (Figure 3.45). The excited stakg palues

for protonation and deprotonation of the imidaZoleRu-xMe complexes are summarized in
Table 3.4. It is very interesting to note that hagainRu-4Me behaves differently from the
other two complexes, a feature which corrobordtesdifferences found concerning kinetics
of ligand oxidation. This gives a hint that the iios of the methyl group might also
influence on the acid/base properties of the ligamithh substitution on position 3 and 6
rendering it more acidic. When the complex is fyblyotonated by addition of strong acid
ligand oxidation is severely inhibited if not blaxk (data not shown). This corresponds to the
situation on the left in Scheme 3.6 where the hgenobond between phenol and imidazole is

no longer present.

O Ru-6Me
» Ru-4Me

635
1 Ru-3Me

630—3
] pK =1.41
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615
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Figure 3.45:Emission maximum wavelength as a function of pHRiexMe complexes and fits givingks

Table 3.4:Protonation and deprotonation pKvalues

Complex Protonation pK, Deprotonation pK;
Ru-3Me 0.17 7.08
Ru-4Me 1.41 7.25
Ru-6Me 0.22 7.35

For comparison we have determined also the exsite K, values ofRu-imi and we have
found values for K;* of 85 and 1.62 (Figure 3.46). The higher valuk pX, for
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deprotonation is explained by an effect of hydrogpemding interaction with the phenolic

OH- group. The K,* for protonation is very close to th&gf value ofRu-4Me.
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Figure 3.46:pH titration plots forRu-imi; deprotonation (left) and protonation state (right).

3.13 Effect of temperature on the photophysical proerties

With increasing temperature the rates of Kaephase accelerates (Figure 3.47) and the
temperature dependence is well fitted with an Amibe equation. The activation energy
obtained is 198 meV, typical for similar reactidng lower than the value of 320 meV for a

Ru-Tyrosine compleX
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Figure 3.47:Left: Effect of temperature on kinetic traces at 440fanRu-4Me;Right: temperature dependence
of the rate constant.
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3.14 Conclusions

We have successfully synthesized complexes witthranesophore electron relay system
which are artificial mimics of photosystem II. Acdarg to electrochemistry these complexes
were shown to exhibit higher ligand redox potesti@ompared to previously studied
complexes. With redox potentials around 0.75 V8. Fc these groups fulfill the

thermodynamic requirement to function as electedayrin chromophore-catalyst assemblies

for water oxidation. Therefore our first aim fomslyesizing these complexes was fulfilled.

The higher redox potential implies a small drivilegce for electron transfer to the oxidized
chromophore. Despite this fact, oxidation of thectbn relay was found to be very fast,

another prerequisite for efficient function of adi photocatalytic system.

Our three complexeRu-xMe were shown to behave slightly differently whercames to
electron transfer properties which offer the passyto investigate mechanistic details. The
small driving force causes reversibility of theatten transfer reaction, which was detected
by biphasic kinetics. A fast phase, dominanRu-3Me andRu-6Me, but small inRu-4Me
was limited by the concentration of electron aceepnd could not be resolved further. Such
fast electron transfer was only observed in congdewxith a hydrogen bond demonstrating
the important role of an internal base which asstast deprotonation of the oxidized phenol.
A slow phase, dominant iRu-4Me but also present in the other two complexes wasddo

be very sensitive to external proton acceptors.oftiag to our findings it is related with
deprotonation of the imidazole 1-nitrogen, whicmat involved in the hydrogen bond. The
pK, of this 1- nitrogen increases upon oxidation @f pimnenol and transfer of the proton in the
H-bond and deprotonation stabilizes the oxidizediesbn the ligand by compensating for the
positive charge. Imidazole with its two protonabiies therefore has a special role as a proton

acceptor and donor.

The situation of small driving force observed for complexes is very similar to the situation
in PS 1I. In PS II, P680 is a shallow trap and adig primary charge separation is reversible.
Small energy differences also exist for the domde seactions. However, due to reversibility
kinetics become much more complicated as kineticgibsequent steps has an influence on
kinetics of previous steps. This makes analysisiredtic data difficult as apparent kinetics of
single molecular reaction steps become multiphasetin general molecular rates cannot be
observed directly. Comprehensive analysis then :x@e@dadequate reaction scheme for the

molecular processes together with an energeticnseland additional information is usually
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required to disentangle the underdetermined sys@mparison of energetic and dynamic
features of the natural and artificial systems likese described here might therefore be
particularly useful to advance our understandingingportant principles of these energy

conversion processes.
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4.0 Light-induced Tryptophan oxidation

4.1 Introduction

In biological systemsglecton transfer reactions are important astudied within the
matrices: Mostly in such tological systems the mechanism of the tron transport chai
involves electrons and pras flow across the protein boundai* These charge transf
processes are difficult to sly in vivo. Thus it would be quite convemnt to study isolate
biological complexes actived by various means likelectrochemicdl chemical, physica
and photochemic&lThese Ind of studies help us to elucidate compmechanistic detail
behind charge transfer presses occurring in biological systems tlgiving guidance t
mimic biological processésin biological systems redcreactions of arno acits have been

studied and still theris a groving interest in studyinsuch reactions.

There are 20 amino acids sent in natural systems and some of thely an important rols
in enzymatic reactions both plant’ and animal&:® Out of these 20 amo acids redox activ
amino acids such as tyrosthend tryptophaft (Figure 4.1) are most ravant for our stud
Upon oxidation tyrosine al tryptophan undergo radical formation | these radicals a
important mediators in ermatic reactions*** Radical formation ivolves an electro
transfer and this electron nhsfer from an amino acid is often couplwith deprotonation
This gives rig to the phenoienon of proton coupled electron transferET) , a topic whicl
is intensely discusséd:*®

0
OH
A\
;N
H

Figure 4.1: Tryptophan

Here we studied tryptophamdical generation by photoactivation. T Tryptophan radice
gets generated by either :ctron transfer to the photogenerated ant or via k-atom
transfer. Depending on tf, tryptophan (Trp) radicals are either med as protonate
tryptophan (TrpH) or neutrd tryptophan radical (T°) (Figure 4.2Y. For easy identificatiol
these radicals are depictedTable 4.1
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These radicals are key intermediates in the ribleotide reductas lignin peroxidas¥,
cytochrome c peroxida¥eand DNA photolyas&" Tryptophan is a secondary amine wittup
of 17. The high value ofKy, indicates that the proton present in the tryptopisanot easily
dissociable and this unique characteristic has rtapb consequences in biological electron
transfer. The K. of the protonated radical (TrpBl is 4.7 which means that it will

deprotonate under physiological conditions.

0 (] O [ ] c)
y 0.19 0.15
o. O ® 05} o. ®. _ g 014(0.19) , © 8. @ 031
o Oxidation ® H LA ®
> () O .’ _’o O (%] 0.19 (0.35) —'o @ © 0.13
@ 025 — 0.37(0.41) =] 0.19 0.60
I A & e
w-‘|' w'

Figure 4.2 Schematic of a one-electron oxidation of tryp@mmph Numbers correspond to spin density
calculated by DFT methods. Color schema:ffroton (@) carbon @) nitrogen @) spin density’

Abbreviation Name Structure
w* tryptophan radical cation T
z
N
Hf .+
w* tryptophan radical e
z
N
L]

Table 4.1:Tryptophan radicals

According to the literature these tryptophan raditeve typical transient absorption spectra
shown in Figure 4.3 with maxima at around 510 and & for Trp and TrpH' radicals
respectively?®
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Figure 4.3 Absorption spectra of TrpHand Trp radica®

Detection of the formed tryptophan radical by vasiaophisticated techniques has been
already reported in the literature. Techniques Bkectron paramagnetic resonance (EPR)

and flash photolysfs were applied.

Gray and his co-workers have reported X-band EP&tapm of the tryptophan radical
obtained in thé>seudomonas aeruginosaurin protein environment (Figure 4%4) The 285
GHz (Figure 4.4, lower left inset) yieldgdvalues close to 2.003.

.-

1.0 20 3.0 40 5.0
time, h

9.48 GHz
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g
20045 2.0035 2.0025 2.0015

335 337
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Figure 4.4: X-band EPR spectrum é&fseudomonas aeruginosa azurimder anaerobic conditions (77 K pH
7.2, v = 9.4753 GHz). Lower left inset: 285 GHz E&ffectrum under nonsaturating conditions (50 K) &lpp
right inset: room-temperature decay of the EPR aignonitored at g = 2.011, v = 9.7972 GHZ)

4.2 Photo-activation of tryptophan

From the available published information the photivation of the tryptophan was carried
out either via covalent linkage between chromoptand amino acfd or by bimolecular

pathway by mixing chromophore and amino acid in sb&ution?*® Based on these two
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approaches we can easily classify in a broad semesphotoactivation of an amino acid by

two ways:

1) Intermolecular (bimolecular) interaction of an amiacid with the photosensitizer in
solution
2) Intra-molecular photoactivation by covalent linkagetween photosensitizer and

amino acid
These two methods have advantages and disadvamegesach other.

4.2.1 Intermolecular activation of tryptophan

Hammarssm and his coworkers reported the intermoleculam@becular) oxidation of

tryptophan with water as a primary proton acceptdheir study had shown that bimolecular
tryptophan oxidation follows either a concertedceten-proton transfer mechanism or a
stepwise electron transfer proton transfer mechanighe kind of mechanism followed is
depending on the pH and the oxidizing power ofRlglll) used as photooxidant. They have
used different tryptophan derivatives;Ac-TrpH and O-Et-TrpH (Figure 4.5) in order to

avoid the complicated protonation behavior of thenwad tryptophan. Figure 4.5 also shows

the Ru-polypyridyl photosensitizers used in thaidy.
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Figure 4.5 Structure of tryptophan derivatives and Ru(llhsiizers used in Hammarstrém’s stady

The tryptophan oxidation studies were performethapresence of 20 mM methyl viologen
as an electron acceptor, 30 uM Ru(ll)polypyridiramplex and 1-5 mM of tryptophan
derivative in 0.55 mM of phosphate buffer using déraglash Photolysis technique. The
kinetic behavior as a function of pH is shown igute 4.6. From the obtained dependence on
pH they were able to conclude th@&Et-TrpH and [Ru(dmb)s]®*'were reacting via a
concerted electron proton transfer (CEP) mechamigen the pH range 4.5 -11 with kinetic
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isotope effect (KIE) of 2.3-2.6. For the rate abt@EP a slope of 0.3-0.5 was obtained when

log k (reaction rateys.pH was plotted.
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Figure 4.6: Typical transient absorbance kinetic
traces for the reaction betwee@-Et-TrpH and
laser flash-quench generatedRu(dmb)]®* at
different pH values, showing the rapid (<100 ns)
generation of the MV radical cation at 600 nm
(upper traces) and bleach of the Ru(ll) absorption
at 450 nm (lower traces). The 450 nm absorption
recovery monitors the subsequent

Figure 4.7: pH dependence of the observed rate
constants for intermolecular oxidation of
tryptophan to the flash quench generated Ru(lll) in
0.5 mM phosphate/borate buffdk-Ac-TrpH and
[Ru(bpy)]®" (red open circles),0-Et-TrpH and
[Ru(bpy)]®* (green filled circles)N-Ac-TrpH and
[Ru(dmb)]®*" (black open circles) an®-Et-TrpH
andRu(dmb)]®* (blue filled circles respectivefy.

bimolecularPCET from tryptophan to Ru(lll) and
shows pH-dependent kinetfcs.

However, in the presence §Ru(bpy)s]®*, a stronger oxidant, an electron-proton transfer
(ETPT) mechanism was proposed to occur at pH <tb KiE = 1.0 whereas at pH > 6 the
CEP mechanism dominates with KIE = 2.0. While isecafN-Ac-TrpH a pH independent
kinetics was observed between pH 4-10 (Figure 4.7).

Another article concerning a similar bimoleculandst of oxidation of tryptophatiN-Ac-

TrpH) by the polypyridyl metal complejOs(bpy)s]** was published by Mayer and his co-
workers®® Their article focuses on the oxidation of tryptaphfollowing a concerted

Electron-Proton transfer (EPT) mechanism using ¢iide as a base. (Scheme 4.1) They
have used cyclic voltammetry and stopped flow spptibtometry techniques for the study.
First order rate dependence with respect to [Otas observed for pH between 10-12. This
gives an indication for CEP mechanism and no effadtinetics was reported in the pH range

6-9.
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ky

Os(bpy);” + TrpNH Os(bpy); "+ TrpNH™*

L

TrpNH™ TrpN®" +H"
TrpNH* + TrpN®——= TrpNH + TrpN*
TrpN * —22%2_w oxidation products

Scheme 4.1:Mechanism showing [OHas a proton acceptor and subsequent generatiomadfcal on the
tryptophan?®

4.2.2 Intramolecular activation of tryptophan

Recently Hammarsim and his coworkers reported photo-activation ofogine and
tryptophan by using covalent linkage with a chronmei®? Their findings have confirmed
electron transfer and radical formation in sucheys. The difference between tyrosine and
tryptophan is the side chain which is a phenohdble group, respectively (Figure 4.8). Thus
both of these amino acids have one oxidizable spasither phenol for tyrosine or indole for
tryptophan. One electron oxidation generates radjpecies (either phenoxyl or tryptophanyl)
and this oxidation is coupled with the movementgbroton, making these amino acids of
great importance in bioenergetic systems. This kihthechanism is called “proton coupled
electron transfer” which describes electron andgeranovement on thermodynamic grounds.
From the pH dependence and varying again the streafgRu(lll) as an oxidant by varying
substituents on the chromophore, Hammarstrémal. have concluded on the PCET
mechanism. In this PCET reaction there was conipetiietween stepwise reaction in which
electron transfer is followed by deprotonation lué tadical, termed ETPT mechanism, and a
concerted reaction, in which both (electron arutgr) migrate in a single step better called
CEP.

Figure 4.8: Structures of covalently attached chromophoreytptophan (Ru-Trp%#

The oxidation potential of an amino acid residueniasured a&° (Trp'H */ TrpH) = 1.21 V

(vs. NHE)*® An important thing which has to be considered desiredox potentials is that
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the radical can exist in its protonated state. Higerre 4.2 and 4.3 shows that radical can exist
as a protonated or neutral state. Upon oxidationtmygtophan first forms a protonated
radical, TrpH"(pKa ~ 4.3-4.7F> which rapidly loses a proton to give Tig = 1.1 ps). To
favor a given pathway, proteins can stabilize eiffre or TrpH™. The determining factor for
one over the other form of radical is the differeraf redox potentials between these two
species which is ~ 100 m¥.Thus it is absolutely necessary to distinguish siudly these
two states of radical. The technique laser flasbtgisis will be helpful to distinguish one
radical form from the other by recording transiahsorption spectra and transitions between
the two forms can be followed by observing kinetios each one at corresponding

wavelengths.

The intramolecular approach has some advantages iotgmolecular electron transfer

studies as it allows,

1) To fix the constitutive units at a given distance,
2) Exclude the energy needed for the encounter confpteadectron transfer processes,
3) Minimize deleterious intermolecular pathways

4) Permit intramolecular electron transfer

Here we studied photoactivation of tryptophan cemtly attached to thiRu(bpy)s]**

chromophore via a click chemistry modular asseni®y,Trp (Figure 4.9).

Figure 4.9: Ru-TryptophanRu-Trp)

4.3 Synthesis

The idea behind the synthesis of the complex wasdlds:

1) Validate click chemistry as a tool to link chromophand redox active unit
2) Investigate the mechanism of electron transfer praton transfer under suitable

conditions
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In click chemistry a triazole ring is formed duritite reaction which acts as a coupling unit

between chromophore and azido functionalized moiety

4.3.1 Click chemistry - Introduction

The copper catalyzed azide cyclo addition, commaaled click chemistry, has been first
described by Sharpless in 20811t is often used in a tailored approach to assempickly
and to synthesize rapidly giant molecules by cagp8mall units together. Since then it has
been used in wide disciplines of chemistry anddgjpf® The simplified scheme of click

chemistry is exemplified by the following reactiScheme 4.2.

0.25 - 2mok% Cus0, =5 H,0

. R
ol 4+ —p 5 - 10 mol-% sodium ascorb ate . M B I R: alkyl, CH,0Bn
H,O AtBuOH (1:1), rt.,6- 12 h fx R" Ph, CO,H

LY

Scheme 4.2Typical conditions for the Copper-Catalyzed Azidkyne Cycloadditioff
4.3.2 Mechanism of the Copper-Catalyzed Azide-Alkym Cycloaddition (CUAAC)

The copper-catalyzed azide-alkyne cycloaddition mesy advantages over Huisgen 1,3-
Dipolar Cycloaddition. Basically, Huisgen 1,3-Dipol Cycloaddition requires elevated
temperature to undergo reaction between alkyneaaide. High temperature used for such
reaction produces two regioisomers when asymmeitikgnes are used. These kinds of
drawbacks can be easily avoided by using coppeiyzad azide-alkyne cycloaddition. The
copper catalyst permits acceleration of the reactimte by 16 to 1¢ compared to the

uncatalyzed reaction. It works at low temperatisensensitivity to agueous environment,
and operates in a broad pH range 4-12. The regyitioduct of the reaction can be isolated in
pure form by simple filtration or extraction withouse of routine purification techniques like

chromatography.

The active Cu (I) catalyst can be generated fron(ICsalts or Cu (Il) salts using a reducing
agent like sodium ascorbate. Oxidative homo coughireglucts can be prevented by addition

of a slight excess of sodium ascorbate.
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4.3.3 Ru-Tryptophan (Ru-Trp) Complex synthesis

The azide modified tryptophan derivative was sysised following the method of Todst
al.*®> Nucleophilic substitution of 2-bromo acetic acid presence of sodium azide (NAN
gave 2-azido acetic acid in high yield. The pepftitkage with tryptophan methyl ester
yielded the azido tryptophan derivative quantitdyi{&cheme 4.3).

N\)J\ ~
OH . .
BI'/\”/ —I> NS/\H/OH 1]

] o i?@ B

H,N

Scheme 4.3Reagents and Conditions: (i) NaNH,0 (93%5°% (i) HBTU, DMAP, DIPEA, CHCN (99%§>%
DMAP=4-(Dimethyl-amino)-pyridine; HBTU=0-Benzotriale-N,N,N’,N’-tetramethyl-uronium-hexafluoro-
phosphate; DIPEA=N,N-Diisopropylethylamine

The complex Ru-triazole-tryptophafRu-Trp) was obtained after performing a copper
catalysed azide-alkyne cycloaddition reaction betwehe alkyne-derived compleRu-
CCH, and the azido-derived tryptophan (Scheme 4.4).

This azido tryptophan was undergoing click reactiopresence of copper sulfate and sodium

ascorbate as a reductant to form the rutheniumdpyan complex.

Ru-CCH Ru-Trp
Scheme 4.4Reagents and Conditions: (i) Cu$&H,0, sodium ascorbate, GBI,/H,O (90%)

For synthetic details and its characterizationrredeghe experimental section.
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4.4 Electrochemistry

The electrochemical properties &u-Trp in acetonitrile were studied by cyclic and
differential pulse voltammetry using ferrocenelas teference. Besides the typical features of
ruthenium trisbipyridyl complexesg. a quasireversible Ru(lll)/Ru(ll) oxidation wave(a82

V (AEp = 110 mV) and three quasi reversible reductiomesdor the bipyridine ligands

(-2.25, -1.99, -1.78 V;XEp = 90, 80, 60 mV), we observed an additional iersible wave at
0.69 V (Figure 4.9) which is attributed to the otida of the tryptophan. For clear
visualization of oxidation wave of cyclic voltamnragn and differential pulse voltammogram
refer Appendix 2 (Figure 4.A1 and Figure 4.A2).Nmlox activity of the triazole unit was

detected in the potential window investigated irsthexperiments.
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Figure 4.9: Cyclic voltammogram of 1 mRu-Trp vs. ferrocene in argon-saturated acetonitrile wighrabutyl
ammonium hexafluoro phosphate as supporting ellstéroScan rate: 100 mV/s.

The pH dependence on the oxidation potenti&wiTrp was studied using differential pulse
voltammetry in water while varying the pH of thdwmn by addition of diluted solutions of
HCI and NaOH. The potential was independent of pkbWw pH 3 and displayed a slope of —
30 mV/pH unit in the range pH 3-8, correspondingatdwo-electron, one-proton process.
These results are in agreement with those repamtesimilar systemé®?® A pK, of about
2.7+0.5 (Figure 4.10) can be estimated for the isgml tryptophan which is at least one unit
lower than typical values for isolated tryptophai£4.3-4.7)***" No significant change of
the Ru(ll)/Ru(ll) potential with pH was observed.
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Figure 4.10: Difference in potential between ruthenium and topbtan as a function of pH; pk.7+ 0.5 for
tryptophan

4.5 Photophysical studies

4.5.1 Absorption and emission properties

Ru-Trp shows ground state absorption properties verylaino those of th&u-CCH and
[Ru(bpy)s]*parent compounds. Its absorption spectrum is ddeinby strongt-n* (bpy)
transitions at 290 nm, and a Metal to Ligand Chargensfer (MLCT) absorption with
maximum at 458 nm (Figure 4.11) both comparab[&tgbpy)s]*>* as described in Chapter 1

Introduction.
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Figure 4.11: Absorption spectrum oRu-Trp in Figure 4.12: Emission decay dRu-Trp at 620 nm
acetonitrile (inset: emission spectrum) in acetonitrile

The Ru-Trp emission properties are characterized by an eomgsiaximum at 620 nm and
emission kinetics shows monoexponential decay aviifetime of 1040 ns (Figure 4.12).This

value is in agreement with the emission quanturtdyeé 0.074 which was determined from
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steady state emission usin@Ru(bpy)s]?* as referenc® These data show that the
photophysical properties of the chromophore areltemega in the Ru-triazole-tryptophan
assembly, which is in agreement with previous tesobtained on other triazole-connected
chromophore-ligand assembli®$® The fact that the emission is not quenched shdwes t
absence of either excited state energy transfeglemtron transfer between the ruthenium

chromophore and the ligand.

4 5.2 Electron transfer studies

Flash photolysis experiments were performed in rorae investigate the light-induced
oxidation of the tryptophan residue. ExcitationRu-Trp in a MeCN/HO (50:50) mixture
with 460 nm laser flashes in presence of 10 mM mietivlogen acting as a reversible
electron acceptor showed depletion of the Ru(fjinal as evidenced by a bleach in its 450 nm
absorption band, and the concomitant formatioredficed methyl viologen (MV) observed
as an increase in the absorption at 605 nm (FigLir®). The recovery of the 450 nm Ru(ll)
signal is very fast (350 ns) whereas the recoveth@fxidised methyl viologen occurs on a
much longer time scale: (300 ps, inset in Figure 4.13). These results gleadicate that the
Ru(ll) ground state absorption is recovered byammilecular electron transfer from the
tryptophan ligand to the oxidised chromophore natttlgan by intermolecular charge
recombination between Ru(lll) and the reduced faythe electron acceptor. From a
thermodynamic point of view, this process is inadcwith the electrochemical data where
the oxidation of Trp by the Ru(lll) is expectedie exergonic by about 130 mV. Comparison
of the emission lifetime in presence of the electaoneptor and the kinetics of recovery of
Ru(ll) reveals apparent rates which are identicighiw the error range. This indicates that,
under the MV* concentrations used (10 mM), formation of the t>dd state of the
chromophore by inter-molecular reduction of /\is rate-limiting for the subsequent ligand
oxidation, and that the intrinsic rate of intereééctron transfer is significantly faster. Using
higher MV?* concentrations allows to accelerate the formatiotme Ru(lll) state to about 20
ns, as detected by the emission decay kineticsetUtitese conditions the rate of internal
electron transfer could be determined as 100 n&tl®y kinetic analysis of the 450 nm
kinetics. This value confirms the hypothesis of tifi@zole ring providing a link which allows
for efficient electron transfér:*°

94



200 400 600 800
time / ps

T T T

T
0 20 40 60 80
time / ys

Figure 4.13: Transient absorption traces f&u-Trp in argon-saturated MeCNA® (50:50) solutions at 605 nm
(black) and 450 nm (blue) upon excitation with neewond laser flashes at 460 nm. 10 mM*vas used as
external electron acceptor. Inset: decay of 605transient at longer time scale.

These laser flash photolysis results suggest itiatt éxcitation ofRu-Trp in presence of an
external electron acceptor leads to oxidation of lipend, i.e. formation of a tryptophan

radical.

4.6 Electron paramagnetic resonance (EPR)

We performed EPR experiments on a sample frozemglwontinuous illumination for 10
seconds in presence of 4-nitrobenzenediazoniuraflieroborate as sacrificial, irreversible
electron acceptor. As depicted in Figure 4.14, seoved the formation of a narrow signal at
0~2.00 (width 14 G) typical for an organic radichhis signal is attributed to the formation of
the tryptophanyl radical which gives further comfation to laser flash photolysis
experiments. The broad signalgat2.72 is attributed to Ru(lll) species formed byiadnal

oxidation of the ruthenium-tryptophanyl species.
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Figure 4.14: X-band EPR spectrum (10 scans) of a mixture of HO0 Ru-Trp with 25 mM 4-
nitrobenzenediazonium tetrafluoroborate in acetdeit after 10 second illumination with 450 nm light
Experimental conditions: microwave frequency 9.8z, microwave power 0.100 mW, modulation amplitude
10 G, temperature 50 K, time constant 1.28 ms, sgdth 5000 G, modulation frequency 100 kHz. Ingetm

on the g~2.00 radical signal.
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4.7 Proton coupled electron transfer

The use of MV as external electron acceptor has the advantagégtredox state can easily
be followed due to the strong and characteristgogttion of its reduced form at 390 and 605
nm. However, the same property represents a dravivaen monitoring changes in the
visible range that might arise from the oxidationf ¢he ligand. Therefore,
hexamineruthenium(lll) chloride, which shows neiylig absorption changes in the visible
region upon reduction was used as an alternateetreh acceptor. Figure 4.15 shows the
transient absorption spectra at 3 ps after thetatiam flash of a mixture of compldRu-Trp
and 20 mM hexamineruthenium(lll) chloride upon tigéxcitation at 460 nm light in an
acetonitrile/water mixture. Citric acid buffer wased to adjust the pH of the solution at
values above and below th&of the oxidised Trp. The two spectra are chargtterof the
protonated (pH 2.4) and deprotonated (pH 5) forfthe tryptophan radical which show a
broad absorption maximum at 530-600 nm for the &rrand a sharper maximum at 500 nm
for the latter At time = 3 ps after the excitation flash the tegecies are fully formed and
decay in some hundred microseconds due to chacgentenation with the reduced form of
the electron acceptor.

At pH >pK(Trp'H") oxidation of Trp is expected to be accompaniedéyrotonation. Time-
resolved spectra with a sample in water (neutra) phow indeed transition from the
protonated form of the Trp radical to the deproteddorm on a time scale of 1 pus (Figure
4.16).
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Figure 4.15: Transient absorption spectra recorded Figure 4.16: Transient absorption spectra &u-

3 us after the laser flash f&u-Trp in MeCN/HO Trp in water with 40 mM [Ru (NB **as electron
(50:50) with 20 mM [Ru(NB¢* as electron acceptor measured at 200 (purple), 300, 500, 700,
acceptor and 5 mM citric acid as buffer. 1000 ns (red) after laser flash.
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From the spectra of the two forms (Figures 4.15 &) it appears that the deprotonation
reaction could be followed in the 500 - 600 nm $@dcegion. Absorption transients at 570
nm and 510 nm are shown in Figure 4.17. At bothelangths prompt rise in absorption is
due to flash-induced formation of the Ru exciteatestvhich decays quickly in about 25 ns
due to quenching by the electron acceptor. At GviCarslower decay phase is detected which
is well described by single exponential with a tic@nstant of 410 ns. This transient is
attributed to fast (<100 ns) formation of the ‘Hpradical by internal electron transfer and its
subsequent disappearance due to deprotonatiorrrto Togp which has lower absorption at
570 nm. From the initial signal amplitude (2.6®)Gand using an extinction coefficiéhfor
Trp'H* of 3000 M* cm*, an initial concentration of 0.9 uM could be estted. This value
compares well with the concentration of reducedcted@ acceptor (which equals the
concentration of Ru(lll)) formed under our experita conditions (compare Figure 4.13)
and shows that oxidation of the Trp is quantitatid¢ 510 nm an exponential rise in
absorption is apparent, described by a rate of (&)4 Similar increases in absorption are
observed at shorter wavelengths down to 495 nm veadassign this absorption rise to
formation of Trp, the deprotonated form of the Trp radical, whidks ha slightly higher
extinction coefficient than the protonated fornthirs region. The similar kinetics observed at
570 nm and 510 nm show that under these condibaitation of the tryptophan residue is

followed by deprotonation with a rate of 221§,
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Figure 4.17: Kinetic traces at 510 nm (black) and 570 nm (reith 100 mM [Ru (Nh)¢] *"as electron acceptor
in MeCN/HO (50:50). The smooth lines represent best fith mibnoexponential functions for t >100 ns.
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4.8 Effect of water on deprotonation

The deprotonation of the tryptophan residue atraépH is thermodynamically driven by the
low pK, of its oxidized form. However, from a kinetic poiof view proton dissociation is
controlled by preformation of a favorable configisa between the acid and a suitable base
acting as the proton acceptbrWith water as the proton acceptor successful gaten of
the dissociating proton requires a percolating petwof hydrogen-bonded molecules.
Addition of organic solvents has been reportedréab this structure and lead to a decrease in
the rate of deprotonation reactidfisThis effect is also observed in our complex as
demonstrated by the results shown in Figure 4.18revkhe concentration of water is varied.
Methyl viologen was used in these experiments ksxanf the insufficient solubility of
hexamine ruthenium(lll) chloride in acetonitrilehd deprotonation of the Tig" radical can

be followed by the distinct decay of absorptiontop of the larger absorption due to the
MV™ radical, which decays on the hundreds microsecime scale. With decreasing
concentration of water, the rate of deprotonat®drastically slowed down. For 10 vol% the
corresponding time constant is 5 ps and for 3% T4 us. For concentrations below 3%
deprotonation can no longer be observed as its amjgroaches the rate of charge

recombination between MVand TrpH".
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Figure 4.18: Kinetic traces at 570 nm in MeCN with varying cemization of HO. 20 mM MY* was present as
electron acceptor.

4.9 Conclusions

In summary (Figure 4.19), we have used Click chagniss an efficient tool to perform the

modular assembly of a chromophore and an amino Scich easily prepared model systems



allow for time-resolved studies of one-electrondakion reactions by creating a strongly
oxidising state on the chromophore by excitatiothva laser flash in presence of external
electron acceptors.

Kinetic transient absorption studies in aqueousitgni upon excitation with a nanosecond
laser flash revealed fast intramolecular electrrangfer leading to the formation of a
protonated tryptophanyl (TrH") species detected by its characteristic absor@ticv0 nm.
At pH>pK, (Trp'H"), the absorption at 570 nm disappears in lessdharmicrosecond with a
concomitant increase in absorption at 510 nm, afpaf the deprotonated form of Trp
radicals. This observation demonstrates that @edtnansfer from Trp to Ru(lll) is followed
by deprotonation to yield the neutral Tmadical species. The kinetics of the deprotonation
reaction is strongly dependent on the water comaton.

From a thermodynamic point of view, the system igtidn this work is characterised by a
moderate driving force for internal electron tramsfrom the ligand to Ru(lll) resulting in
formation of a weak acid. The value 86 = -130 meV deduced from the difference of the
redox potentials of chromophore and ligand (beltsvKz) has to be considered as the
maximum possible value for the electron transfegpstCorrections for electrostatic
interactions would bring this value close to, oerWbelow, 100 meV. Despite this low driving
force, the rate of internal electron transfer it,f&10 s%). This fast rate is taken to indicate
good electronic coupling between chromophore aedrifptophan via the triazole spacer, but
the relative close proximity between the tryptoplaand the sensitizer together with some
flexibility of the amide link might also allow thrgh-space electron transfer to occur.
Estimation of the electron transfer rate in thenfeavork of Marcus theory shows furthermore
that the reorganization energy of the reaction nhestelatively small. The latter fact is in
agreement with a stepwise mechanism where elettosfer is independent of deprotonation
of the Trp radical.

H
| R o P . i [ 2~ HH
- H
’ 3 '\-\.x | -
. - -

Ru-CCH Ruw-Trp

- BEepTor H* acceptor

Figure 4.19: Graphical summary showing click reaction and imwa@ecular electron transfer followed by
deprotonation event (ETPT)
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The covalently linked chromophore-amino acid systlscribed in this work can be looked
at as a first step in an effort to bind a chromapho a peptidic motif. Preparation of azide-
functionalized proteins by different methods hasrbelescribed?***> Combining the high

reaction yields, mild reaction conditions of clickemistry, and the stability of the triazole
link, this approach seems like an optimal altexsatior site-specific and selective post
modification of proteins. Importantly, our resulshow that coupling of the ruthenium

complex does not lead to significant modificatiarishe redox and acid-base properties of

the addressed amino acid. This synthetic strategybe used to address electron transfer

studies in more sophisticated polypeptide and pratgstems where visible light activation
by a covalently linked chromophore can lead to pacitivation of complex units in both

oxidation and reduction reactions.
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5.0 Water oxidation catalysts

5.1 Introduction

Water oxidation using molecular photocatalysts ke step in solar energy conversion for
production of hydrogefi? The keen interest in this field has lead to theetment of
molecular catalysts based on transition metals likthenium, iridium, cobaft® These
transition metal complexes are able to split watéh varying turnover numbers (TON).
Most efficient catalysts with significant TON argllsvery few to the date. One point to be
noted is that in most studies a sacrificial oxidanised, mainly ceric ion [Ce(IV)], to check
the activity of the catalyst. This avoids problemise to potential decomposition of a

photosensitizer which could be the limiting fadtophotocatalytic experiments.

In 1982 Meyer's group reporteds,cis-[(bpyk(H-0)Ru" ORU" (OH,)(bpy)s]** as water
oxidation catalyst commonly known as “blue dinfér"The blue dimer contains twoRu(lll)-
OH; groups. These two ruthenium ions are bridged lbjaaionic oxide ligand and each
ruthenium is linked to two bipyridyl ligandgFigure 5.1). In presence of Ce(lV), the blue
dimer can oxidize water to yield TON = 19Blue dimer was one of the first reported

molecular catalysts for water oxidation.

o et
2T " at y/
4—’1’__#\,-:, i OwﬁL N {
il ' ’ L B T

Figure 5.1: Structure of the blue dimegis,cis-[(bpy)(H,0)RU" ORU" (OH,)(bpy)]**(Green= carbon atoms,
Blue = nitrogen atomsRed= water molecules)

In a study by Gratzel and his co-workers as an avgment of Meyer’'s blue dimer a
bis(aquo), bis(5,5-dicarboxylated-2,2‘-dipyridyljuthenium complex as a catalyst was

reported™*(Figure 5.2). Upon oxidation this catalyst forms @-bridged binuclear cluster
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similar to Meyer’s blue dimer. This catalyst wapaded to give a TON of 75 using Co(lll)

as a sacrificial electron acceptor.

Figure 5.2: Gratzel Ru-Ru catalyst

In 2005, Thummel and Zong published a detailed aittarization of another diruthenium
polypyridyl complex?(Figure 5.3A). This complex at optimum conditionasmreported to
give a maximum TON of 3200. Tuning of propertiea ba possible by changing substituents
on the linked pyridine ligand. However there isagreomplexity involved in the synthesis of

the ligand.

Sunet al also reported a diruthenium complex (Figure 5.8Bpenerate TON of 1700 in

presence of Ce(lV) as an oxidant.

R= N(CH;;}Q. CH3, CF(; 1

(A) (B)

Figure 5.3: Catalytic complex of (A) Thumnie(B) Sun et af
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Mononuclear complexes also have been shown

to zxidivater.

A family of

[Ru(tpy)(bpy)(OH )] based complexes have been synthesized and chaedtéFigure

5.4)° But in fact the reported TONSs are few hundredsiagnitude.

4 Ce’V\ R

/_k 4 Celll +4 H+

1M HCIO,

Figure 5.4 Mononuclear Ru complexes

Bernhard et al have reported a series of organometallic comglegé iridium for

homogeneous oxidation of waferThese complexes have general formuis-[Ir

(L)2(H20),]" and have been synthesized with different ligarféigufe 5.5A). With this

library of complexes TON up to 2760 were obtain@dly drawback of Ir catalysts is that it
takes seven days to reach completion in order tovdiigh TONs (Figure 5.5B), whereas

ruthenium complexes undergo completion in less tranhour. This means that the turnover

frequency must be very low.

1
1000 / 2000

= 200 1000
1 Rl = H, R2 =H
2 Rl = CH3, Rz =H
3 R,;=CHj;R,=Ph p Se(V) control) o
4 R|=CH3,R2=F 0 1 2z -3 4 5 L] T
5 R;=CHs,R,=Cl Lime (davs)

Figure 5.5: (A)

Ir complexes (B) Week-long oxygen evolution is shown from 10 agueous solutions

containing 0.5 pmol of 1, 2 and 4 and excessivebpmol of ceric ammonium nitrate along with aadyt-
free control. The axis on the left measures mictemof oxygen produced, whereas the axis on th# giyes

the conversion to turnover numbérs.
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In short, there is no existi synthetic catalyst for homogeneous wioxidation which is

simple, robust, and reasonz fast.

Elucidation of the mechanii of these catalysts to drive the water spg reaction i still a
great concern. This is duio the considerable complexities involvin the mechanisti
prediction of removal of fouelectrons and four protons from two wateolecules to genera

the oxygenexygen double bnd

5.2: Our strategy

The thesis worldeals with jhotocatalysts based on artificial mimicsphotosystem 11 (fo
details see Chapter 1, Introztion). Therefore the final aim of our syntic approach consis
of realizing a molecular pytocatalyst with three basic elemeri.e. a chromophce, an
electron relay function and ccwvalently bound catalyst (Figure&. As usual, we choose
[Ru(bpy)s)** based chromojpore, an imidazo-phenol group as electroelay and a Mn sale

or Ru(tpy)(bpy)OH, complex as catalys

Figure 5.6: our synthédt strategy showing A: Chromophore, B: Electron relayd C: Catalyst un

The Mn salen based Jacoh’s catalyst (Figur5.7) is a wellknown catdyst for oxidation o
alkenes to form epoxidé&™ Scheme 1A illustrates epoxidation of ola by the Jacobsen
catalyst. The catalytically ave species is a Mn=0 formed by a 2 elen/2proton activatio
of a metalbound water mlecule. This oxidation catalysis is theree simpler than th
4H'/4€ oxidation of water. 2 start with light activation of a functionakidatior catalyst we
decided to covalently bind t Jacobsen catalyst to a chromophore viglectron relay
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Figure 5.7: Salen based Jacobsen’s catalyst

0)

CsH CH Jacobsen catalyst
R /7% 4 NaOCl (aq) A
— CH2C12

CgHs CHj

Scheme 5.1Epoxidation of olefin using Jacobsen’s catdfyst

The traditional synthetic method is quite long (ilves numerous steps) and tedious as
purification is almost necessary at each and esty. To avoid this we decided to use again
click chemistry to synthesize our oxidation photatgt. The click chemistry approach has

already proven its ability with respect to efficiantramolecular electron transfer via the

triazole linkage as for example shown in the cdfRwTryptophan® (refer Chapter 4). The

targeted photocatalyst is shown in Figure 5.8 A.

Another catalyst that we decided to emploRRigtpy)(bpy)OH .. As mentioned earlier in this
chapter, theRu(tpy)(bpy)OH.complex is proven to be a useful catalyst for water
oxidation(Figure 5.45. Also our lab has recently reported on the mechanif its
photoactivatior” The targeted complex with this catalyst coupled fthotoactive unitia an

electron relay is shown in Figure 5.8B.
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Figure 5.8: Targeted modular complexes showing chromophod,(edectron relay (blue) and catalyst
(orange) units.

5.3 Synthesis

Synthesis of the catalytic complex has been caoigdy using click chemistry, in a similar
approach as described in detail in the Chapter stddéscribed, in order to perform click
chemistry we need to have precursors with propectiomalization of each unite. with

azide and alkyne.
This synthesis includes three steps:

5.3.1 Functionalization of ligand with alkyne

5.3.2 Complexation of ligand with ruthenium

5.3.3 Functionalization of the catalytic unit with azide

5.3.4 Click chemistry reaction between alkyne and azidé ahchromophore-

electron relay and catalyst respectively.
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5.3.1: Functionalization of ligand with active alkyhe group

In order to functionalize the ligand with alkyneogp we have started with 4-bromo
salicyaldehyde. After palladium catalyzed reactmath trimethylsilyl acetylene followed by
deprotection of alkyne group by,80O; we have obtained the 4-ethynyl salicyaldehydes Thi
alkyne derivative of salicyaldehye undergoes SteakDay reactiofi to form the ligand with

active alkyne group (Scheme 5.2).

0\3 O\ O\
HO i HO i HO iii
—> e
Br ‘ ‘ ‘ ‘
Si

Scheme 5.Zunctionalization of imidazole phenol ligand witbti@e alkyne group (i))[PdG(PPh),],PPhs,Cul,
(CoHs)aN, trimethylsilyl acetylene,dry THF, under Argon asphere, RT (ii))CEDH, K,COsRT (iii)1,10-
phenanthroline-5,6- dione, GEOOH, NHCOOCH;, 80°C

5.3.2 Complexation of ligand with [Ru(bpy)Cl;] to obtain Ru-imi-phOH-CCH

Starting with Ru(bpy).Cl,we used AgN@ to replace chlorides with nitrites (-NDin
methanol. Then the formed white precipitate of Aglds filtered off and the reaction
continued with ligand obtained in the step 5.3.1g&i the product which was further

precipitated as RRusing ammonium hexafluorophosphate salt in meth@aieme 5.3).

Ru-imi-phOH-CCH

Scheme 5.3 Complexation of ligand is to obtairRu-imi-phOH-CCH. Reagent and condition: (i)
[Ru(bpy)Cl,],AgNO;,CH;OH.
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Figure 5.9: Important intermediat®u-imi-phOH-CCH

This complex is important as it is one of the inmtediates for the click reaction. In fact, the
active alkyne can undergo click reaction with aetgrof azide functionalized compounds to
create entirely new library of photoactive catalytomplexes. This library of complexes will
help us to understand mechanisms of electron gafrsfm a chromophore with electron relay

to catalysts. Characterization of this intermediatgescribed in a later part of this chapter.

For our two targeted complexes (Figure 5.8) we ubedintermediate to synthesize them.

Therefore the above mentioned first two stepstaesame for our both target complexes.

5.3.3: Functionalization of the catalytic unit withazide

0] For the complex with salen-Mn, Figure 5.8A

The photocatalytic complex (Figure 5.8A) is basedaddin salen catalytic unit. In order to
couple the Mn salen catalytic unit to the complex need to functionalize it with azide to

obtain the dissymmetric salen cavity shown in FegbirO.

Figure 5.10: Targeted dissymmetric salen
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The synthesis of targeted dissymmetric salen falomo steps as described below,
Step 1:To obtainmoneimine ammonium salt

We started with cyclohexane diamine to obtain s$ielely the mono ammonium chloride salt
under drastic acidic condition. Further reactioaswith aldehyde to form the mono-imine
ammonium salt (Scheme 5.4).

- . ———  HNCl N—

H,N  NH, H,N  NHgCl HO

Scheme 5.4:Synthesis of mono-imine ammonium salt (i) HClthgie ether, RT, (ii) 3, 5-di(tert-butyl)
salicyaldehyde, ¢H:0H, RT

Step 2:To obtain desired dissymmetric sdfen

The moneimine ammonium salt obtained in step 1 reactedh witido salicyaldehyde in
ethanol for three days at room temperature. Thep stas supposed to give the desired

dissymmetric salen but resulted into symmetric @wheme 5.5).

;e; _; E_
— N N
HaNCI N o i
OH HO
HO o / Y
N3

Dissymmetric Salen

—N; NE —
Symmetric Salen

Scheme 5.5Dissymmetric salen synthesis: (i)(z)sN, GHsOH, 4A° molecular sieves, RT, 3 days.
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The problem encountered in the step 2 reactionthaswhenever we have tried the above
reaction it always resulted into symmetric salerthwa tert-butyl group rather than
dissymmetric salen with an azide group (necessargdr synthesis) though the reaction was

performed according to well known literature proses®?°

(i) For the complex with Ru(tpy)(bpy)(OH,), Figure 5.8B

We have obtained the 4-azido terpyridine (Figurelp.from our laboratory which was

frequently used to synthesize various complexes.

Figure 5.11:4-azido terpyridine

5.3.4: Click chemistry reaction between alkyne an@zide unit of chromophore-electron
relay and catalyst:
(1) For the complex with salen-Mn, Figure 5.8A

This reaction was not performed due to unavailgbilif desired asymmetric salen unit
(Figure 5.10).

(i) For the complex with Ru(tpy)(bpy)(OH,), Figure 5.8B

This complex was supposed to be obtained by ckektron oRu-imi-phOH-CCH with 4-

azido terpyridine in presence of Cul as a catglysheme 5.6).

Scheme 5.6Click reaction (i) 4-azido terpyridine, Cul ,8;0H
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But the expected complex was not obtained at thdeoéthe reaction. In the reaction step it is
necessary to remove the Cu(l) trapped in the cafitiie terpyridine. Therefore we have used
solution of aqueous HEDTA as a complexing agent stirded with the HEDTA for about
two hours. This might be too drastic conditions tfee removal of Cu. This condition might

affect the phenol and lead to breakdown of the dexnas observed.

In summary, despite many trials we were not sufcked® synthesize our targeted

photocatalytic complexes.

5.4 Characterization of Ru-imi-phOH-CCH

Nevertheless, we have carried out experiments whth Ru-imi-phOH-CCH complex
(Figure 5.9) to characterize it and to check whethethis complex the electron transfer
properties are preserved and are as in the othepleresi.e. Ru-3Me, Ru-4Me and Ru-
6Me.

The absorption spectrum is shown in Figure 5.12 @nldas all the typical features of

[Ru(bpy)s]** type complexes as mentioned in the previous chapte

4

1.0

Absorbance

0.5

/\

0.0 . . . . - ——
200 300 400 500 600 700 800 900

Wavelength / nm

Figure 5.12: Absorption spectrum dRu-imi-phOH-CCH in acetonitrile showing all features of the typical
[Ru(bpy)]*"type complexes

Emission properties of tiRu-imi-phOH-CCH were verified with laser flash photolysis and
show the emission maxima at 605 nm (Figure 5.13Ae emission lifetime was 1.27 ps
(Figure 5.13 B). These features compare well vithsé observed in tHeu-xMe complexes

(see Chapter 3).
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Figure 5.13:A) Emission spectra fdRu-imi-phOH-CCH in acetonitrile recorded after10, 100,500 ns shayvi
maxima at 605 nm B) Emission kinetic&ofimi-phOH-CCH at 605 nm

In experiments with laser flash photolysis in preseof MV as electron acceptor the complex
showed fast recovery at 440 nm like fRe-xMe complexes and positive absorption at long
times due to the radical formed on the ligand (bkaace in Figure 5.14). The apparent rate of
electron transfer was (11 f)sand was accelerated in presence of 5@ Kblue trace in
Figure 5.14).

b,

8
g g
3
5 / c1o? /AJ
AL A i
.S [5110°
0 10 20 30 40 50 60 70 80 90 200 500 600 700 300

time / us wavelength / nm

Figure 5.14: Transient absorption traces at 440 nm Figure 5.15: Transient absorption spectra fétu-

(black) and 605 nm (red) foRu-imi-phOH-CCH imi-phOH-CCH recorded after 10 (black) and 50
in acetonitrile; Ar-saturated solution. 10 mM (red) ps in presence of 10 mM MV; Ar-saturated
methyl viologen (M¥) was present as electron solution.

acceptor. Blue: 440 nm in presence of 5%©oH
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Transient absorption spectrum f&u-imi-phOH-CCH in presence of MV shows the
evolution of radical on the ligand (Figure 5.15heTradical on the ligand has absorption in
the 440 nm region typical for oRu-xMe complexes.

All this characteristics together show that thepgrties of theRu-imi-ph-CCH are relatively
unchanged compared Ru-xMe complexes and that it resembles clogelyimi-phOH and

Ru-4Me, i.ethe complex where the methyl substitution has ¢astl effect.

5.5 Bimolecular activation of a Salen-Mn catalyst wh Ru-3Me

By taking into account the failure of the synthesighe complete target photocatalysts we
have performed experiments with Mn salen in a baoalar way using our Ru-imidazole-
phenol Ru-3Me) complex. We have already confirmed that the @eadi state of the
chromophore is sufficiently oxidizing to create lzepoxyl radical on the ligand. The aim of
the following experiments was to show that the @adi state of the ligand can activate the
catalyst and lead to Mn(V)=0 formation. The scheoapresentation of the electron transfer

sequence is show in Scheme 5.7.

Electron
acceptor

Scheme 5.7Driving activation of a Mn salen catalyst: lightduced formation of Mn(1V)

We have carried out laser flash induced experimextging Ru-3Me at 460 nm in presence
of 200 uM Mn(lll) salen catalyst and 5 mM of theewersible electron acceptor, diazonium
salt, which is an efficient quencher, soluble inQe Special care was taken to not expose
the sample to significant light during sample pragan and purging with Argon to avoid
oxidation of complexes before excitation with thedr flash. We also refrained from signal
averaging and the data below are single shot axpets. We know from the previous
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experiments that in this complex the oxidized stdtehe ligand will be formed within some

ps and that this radical does not show absorptiod$above 550 nm.

The essential results of these experiments arersowigure 5.16 and 5.17. In the kinetic
mode we have clearly observed a strong absorpticrease at 680 nm, a wavelength typical
for the Mn(IV) formation (Figure 5.16§*' This is nicely confirmed by the transient
absorption spectrum obtained at 100 us after feessr, shown in Figure 5.17, which shows a
broad absorption centered at about 680 nm andbatiéd to formed Mn(1V). The kinetics of
Mn(IV) formation, about 6 ps, is pseudo-first ordexcause the catalyst is in large excess

compared to the flash-induced phenoxyl radical @M). It seems diffusion limited with
K"%=10° M7s™,

E g 3
1N 1*10 5*10-3
0 0 20 30 40 50 400 500 600 700 800 900
time (us) Wavelength (nm)
Figure 5.16 Laser flash induced formation of Mn Figure 5.17 Transient absorption spectrum at 100

(IV) shown by kinetic trace at 680 nm in presence us after laser flash dRu-3Me in presence of 200

of 5 mM diazonium salt as an acceptor in pM Salen-Mn catalyst, in presence of diazonium

acetonitrile; Ar- saturated; single shot salt as an acceptor in acetonitrile; Ar-
saturated;single shot

To investigate whether the catalyst could be oedifurther we have performed experiments
with continuous light illumination by using a ligleimitting diode (LED, emitting at ~450
nm), again using an irreversible electron accepifter illumination for a specific time we
have recorded the absorption spectra (Figure 5TI®) figure shows increase of absorption at

680 nm after irradiating for 5 min. This gives domiation for formation of Mn(IV) species.

After 10 minutes of irradiation the absorption batetreased and disappeared after 15 min.

This might be due to the formation of Mn(V)=0 spmecialthough we lack more direct
confirmation for this to be completely sure. A tis@an with continuous illumination (Figure

5.19) gives transients consistent with the propdsedation of Mn(1V) species and gradual
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decrease with further illumination. This kind ofpeximents could in principle be interesting

to investigate effects of substrates for the catadynd other experimental conditions (e.g. pH).

Ru -3Me 50 UM + Mn-Salen 500 uM + Diazonium 5 mM 50uM Ru-6Me+500uM Mn-salen+ SmM diazo

154 Initial

After 1 min irradiation
After 5 min irradiation
After 10 min irradiation
After 15 min irradiation

0.6 4

Light OFF

1.04 0.4

Absorbance

0.2

Absorbance @ 680 nm

0.04 Light ON

0.0 T T T 3 T T T T 1
500 600 700 800 900 0 500 1000 1500 2000

Wavelength / nm Time / seconds

Figure 5.18: Light-induced formation and Figure 5.19 Time scan recorded at 680 nm using
disappearance of Mn(lV) shown by continuous  UV-Visible spectrophotometer
illumination 450 nm.

To summarize this study of bimolecular activatioraafatalyst we propose that it follows the
reaction sequence presented in Scheme 5.8. Futiméirmation of Mn(V)=0 formation

should be obtainable by using EPR spectroscopy.
Ru(ll)Lig + hv+ EA-> Ru(lll) Lig + EA”
Ru(llNLig > Ru(ll) Lig™
Ru(ll)Lig®™ + Mn(lll) = Ru(ll)Lig + Mn (IV)

Scheme 5.8Photoactivation of Mn(lll) salen to generate Mvifj EA=Electron acceptor
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6.0 Grafting of photosensitizer onto a TiQ surface and

photoelectrochemical measurements

6.1 General concept

Hydrogen is considered as a green fuel and theszesaveral options available for its
generatior’:? But it would be more promising if we could generdtydrogen using most
abundant element on the earia water. As explained in Chapter 1, Introductiomnirthe

splitting of water hydrogen can be obtained acewdo the Eq. 6.1.
2H,0 > 2H, + O (6.1)

The energy required to drive this reaction is qlaige, 474.4 kd/mol. Actually in practice
this energy could be supplied by using sunlight. tBare is one problem since water does not
absorb visible light. This problem could be overeobhy employing a visible light harvesting

device. Photolysis of water comprises two half tieas,
2H,0> O+ 4H' + 4e (6.2)
2H" + 26> H, (6.3)

which are best realized in two half cells of a jplet¢ctrochemical cell as illustrated in Figure
6.1. Each electrode is made up of semiconductinggmaawith attached photosensitizer (at
least at the anode) and a catalyst for the resqgebalf reaction. Two half cells are separated
by a proton exchange membrane which allows diffusioprotons through the membrane and
also prevents short-circuit reactions in the dell,example oxidation of pat the anode and
reduction of Q at the cathode. Our project concerns the halfti@ma¢Eq. 6.2) and we will
discuss hereafter the development of a photoanode.

Figure 6.1 Photoelectrochemical cell
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For preparation of the photoanode the followingredats are needed:

1) Glass plate coated with semiconducting materiaie mee used ITO (Indium tin oxide
coated plates)
2) Nanostructured Titanium dioxide (T#D

3) Chromophore which can absorb light in the visildgion of the spectrum

TiO, is a semiconductor and it is ideal for such kifighleotocatalytic studies due to its low
cost, durability, stability, physical propertiesiO} absorbs light in the UV region and
photocatalytic water splitting has been carried osing TiQ initially in the 70's’This
material has limited application only in the UV i@gbecause of its high band gap (3.2 eV).
Therefore it can absorb only 4% of the available@ismdiation. But our aim in the project is
to use visible light not UV and therefore it is assary to functionalize the TiQwith a

photocatalytic assembly.

The unique property of Ti£allows us to make nanocrystalline thin films oa furfaces and
much development has been done in this area bygusiloidal suspensiorfs.
Nanocrystalline thin films of Ti@can be visualized by Transmission electron mi@pgc
(Figure 6.2). These nanocrystalline thin films messextensively mesoporous morphological
structure which leads to an increase in specifitase area by about a factor of 1000. When
chromophores are grafted to this surface (dye ses$dn) a significant part of the solar
spectrum can be absorbed. Dye sensitization caoe by applying simple methods.

Figure 6.2: SEM image of sintered nanoparticles Tiayer
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Several examples can be found in the literaturelvdemonstrates grafting of a large variety

of dye molecules on the surface of Fiin films®*°

Light energy excites the photosensitized complext¢She excited state (S*). This excited
state complex injects an electron into the conduchand of the semiconductor (B)OThe
driving force for this charge injection processhe difference between oxidation potential of

the excited sensitizer and conduction band of ike (Figure 6.3).

CB

$* —= Products
VB

Figure 6.3: Photosensitization of a semiconductor particlehvat sensitizing dye; the conduction and valence
bands of the semiconductor particle are indicatgd@B and VB respectively. The electron donatinggne
levels (oxidation potential) of the ground and éedistate of the sensitizer are indicated by S%int

This photosensitization of semiconducting surfagas first used in the Dye Sensitized Solar
Cell (DSSC) by O’'Regan and Gratzel commonly cabedGratzel ceft? In a Gratzel cell
(Figure 6.4) a photoanode is prepared by depositirggide doped tin oxide (SnF) on a
glass plate (which gives 85% transmittance in vsiiglgion) and on this a 10 pum thick layer
of TiO, nanopatrticles was deposited by autoclaving at 458fter soaking this plate in the
ruthenium polypyridine dye (Figure 6.5) solutioreyhhave obtained a homogeneous thin
layer of the dye bound to the TiQurface. Another electrode was prepared by depgsit
platinum on the conducting surface. Both thesetldes are joined together to make a
complete cell putting iodide solution as an elegtml(Figure 6.4). An overall energy
conversion efficiency of 7.1-7.9 % was achievedimulated solar light and 12% in diffused
daylight*?

The overall efficiency is affected by one of thefeomponents of the cell i) Tiused either
in the anatase or rutile form and its crystal sigé&hotosensitizer dye iii) Platinum coated
electrode iv) Electrolyte. In this the important qmment concerning our study is the
photosensitizer dye. Along with the visible lightsarption characteristics it requires to have
stable electronic coupling with Ti3**® Physicochemical properties of the dye influenee th
covalent linkage between dye and TiTThis includes type of metal and ligafid, and

anchoring groups of the dy&2°

123



Bectionte | (1] [FT0

| =~
O =
S O~ "OH
Figure 6.4: Gratzel celff* Figure 6.5: Ruthenium polypyridine dye

used in Gratzel ceff

Anchoring groups are used to graft the photoseesittn the semiconductor surface. Several
anchoring groups to graft on the Ti€urfaces are reported in the literature like phospte,
carboxylate, acetylacenonate, silane, salicylate. é&fmong these anchoring groups

phosphonate and carboxylate and their acid anal@most commoh?>?3

Although both carboxylate and phosphonate anchomngups are frequently used,
phosphonate groups have many advantages over géatsgroups. In our lab we have also
synthesizedRu(bpy)s]?* based complexes with carboxylate groups and faiadl these
complexes are less efficient compared to phospkayratups for similar kind of study. Some
advantages of phosphonate groups are,

1) Phosphonate groups have higher surface bindinggitrethan carboxylate group.
With[Ru(bpy)s]*‘complexes the surface binding constant of phosgkeria twice as
high as carboxylate groups.

2) Terpyridyl ligand with one phosphonate group hasimstronger adsorption on TiO
surface as compared to four carboxylate grdfips.

3) In water [Ru(bpy)s]** with two carboxylate groups hardly adsorbed on @,

surface while complexes with two phosphonate grauserb well?

Because of these advantages of phosphonate greapsarboxylate groups we have chosen

phosphonate groups for our study.

Mayer et al. have reported photooxidation reactions on;ith a variety of chromophore

catalyst molecular assemblits**>’ One of the best known examples in their studyhés t
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Ruthenium complex with phosphonate anchoring grospswn in Figure 6.6.For this
complex[Ru(Mebimpy)(4,4'-(HO).-OPCH,),bpy)(OH»)]** where [Mebimpy = 2,6-bis(1-
methylbenzimidazol-2-yl)-pyridine; bpy = 2;Bipyridine], they reported turnovers number of
3600 with turnover frequency of ~0.12 at 1.85 Vvs NHE at pH 1 (0.1 M HNg) after

grafting it on an ITO electrode surface (Figure)8.6
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Figure 6.6 Structure offRu(Mebimpy)(4,4-((HO),-OPCH,),bpy)(OH,)]** and schematic representation of its
attachment to a metal oxide electrdde.

6.2 Photosensitizer, [Ru(bpyd** with phosphonate groups

When photoanodes or photocathodes are to be madgalting of modular photocatalytic
systems, it is always the chromophore module wisichrectly attached to the surface. This is
because it is the excited state of the chromopWwhieh injects or extracts electrons from the
semiconductor. The oxidized (reduced) form of theomophore then drives oxidative
(reductive) activation of the catalytic unit. Atetlend of this work a complete photocatalytic
assembly (chromophore + electron relay + catalyst¥ not available. Therefore we will
report in the following the synthesis and charaz#gion of a[Ru(bpy)s]?** chromophore
functionalized with phosphonate anchoring groups Ru-Phosphonate(Figure 6.7) and
present the corresponding experiments of sensdizatf TiO, surfaces with this complex.
The grafting on TiQ of a complete photocatalytic assembly should woitke same way.

2PF6"
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Figure 6.7 : Ru-PhosphonatdRu(ll)(bpy)(4,4-(POsEL,),bpy)]*8°
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6.3 Synthesis of [Ru(ll)(bpy}(4,4’-(POsEt,).bpy)] complex (Ru-Phosphonate)

The synthesis involves several steps to obtain 4liethyl phosphonato-2, 2'-bipyridine
(Scheme 6.1) which was then used for complexatidm Ru(bpy).Cl, to get the desireRu-

Phosphonatecomplex by using known literature procedure (Fégéi7}®*°

O,N NO,
N N Y N N N s e
Vi \ / \
\ N N / \ @f\l/ \N@ / \ N N /
\ / \ /
@O Oe eo Oe
(©)

(C2H5)203R O3(CyHs), B

P

Scheme 6.1 Synthesis of 4, 4'-diethyl phosphonato-2,2"-bigipe: (a) CHCOOH, HO,, 80°C* (b) H,SQ,
HNO;,  100°G° (c) CHCOBr, CHCOOH, 100°¢"% (d) PBgMeCN, 95°C¢% (e)
(C2H5)2PO3H,Pd(PP|%)4,PPI’b, (CzH5)3N, Toluene, 1100@

6.4 Preparation of photoelectrochemical cell

6.4.1 Preparation of photoanode

ITO plates were purchased from Sigma Aldrich withface resistivity of 30-6Q/sq and
thickness of ITO coating of 300-600 A (Figure 6.8.physical properties are summarized in
Table 6.1.

Figure 6.8: ITO plates used in our study
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Table 6.1:Physical properties of ITO plate

Surface resistivity 30-60Q/sq
L x W x thickness 75 mm x 25 mm x 1.1 mm
Transmittance >84%

TiO, (Ti-Nanoxide T, Figure 6.9) was purchased from Sotax. It is in the form of

slurry (11% wt) of 15 -20 nm size anatase particles

Figure 6.9TiO, paste (Ti-Nanoxide T) used in our study

6.4.2 Procedure to deposit thin layer of TiQ

First, the surface was cleaned using ethanol amut ke dust free environment. The

conducting surface side was determined by elettdoaductivity measurements using a
multimeter. This side of the plate has an ITO lageposited on it. We deposited a
homogenous thin film of Tigpaste, 1Qum thick, defined by Scotch tape by doctor blading
technique. The layer was left to dry for approxieiatone hour in a dust free environment.
After this theTiQ coated ITO plate was transferred into a furnacerdielus) where the

temperature was maintained at 450°C for about 2shdure heating of the plate at such high
temperature ensures binding of the 710 the ITO surface. Heating was then turned off an
the furnace allowed cooling slowly to room temperat The plate was removed from the

furnace and was now ready to use for our study.

6.4.3 Grafting the photosensitizer complex on thdextrode

For grafting we used 1mM solution of the complexbt grafted. Normally we dipped the

plate in such solution for overnight.
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6.5 Characterization of the Ru-Phosphonate complex

The photophysical properties Bii-Phosphonatecomplex was studied in solution and on the

surface of a Ti@electrode.

6.5.1 Absorption properties

Absorption spectra oRu-Phosphonatein solution and on a Tigurface closely resemble
spectra of [Ru(bpy)s]** type complexes but the absorption maximum of tHeCWl band is
red shifted by 20 nm compared [Bu(bpy)s]>* (Figure 6.10). The observed absorption
maxima were 440 nm and 460 nm for complex in sofund on Ti@ surface respectively.
In the literature the reported value for similar @dex with phosphonic acid groups is 467 nm

in watef® and 458 nm in methand.

The optical density of the chromophore film on theface of TiQ indicates that there is
guite good amount of complex grafted on the surfibe concentration of absorbed complex
corresponds to a 20 UM solution in a 1 cm cuveitec€[Ru(bpy)s)®* € = 14,600 M* cm?).3?

149 —— Ru-Phosphonate in MeCN

— Ru-Phosphonate on TiOy surface
— Ru(bpy)3]** in MeCN

1.24

1.04

0.8

0.6

Absorbance
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0.0 T T T
300 400 500 600 700 800

Wavelength / nm

Figure 6.10: Absorption spectra dRu-Phosphonati acetonitrile solution (black); on the TiGurface (red)
and for[Ru(bpy)]*" in acetonitrile (blue).

6.5.2 Emission properties

We have measured emission propertieRwfPhosphonateusing laser flash photolysis with
a nanosecond excitation flash at 460 nm. The eomsspectra in acetonitrile and on the 710
surface are shown in Figure 6.11. The emission maxi is blue shifted by 20 nm on the
TiO, surface as compared to the emission spectrum i@l The observed emission
maxima were 665 nm and 650 nm in solution and o@,T8urface, respectively. For

[Ru(bpy)s]®* the emission maximum (in solution) is 607 nm thusctionalization with
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phosphonate groups lead to a red shift of the eomis®aximum. Solvent also affects the
emission properties of tHeu-Phosphonateas shown in Figure 6.12 and wavelength maxima

are summarized in Table 6.2.

—0 Ti02 —— MeCN
——in/MeCN T —  DME
‘% 2 —H,0
Lu -
S/ S \
Z S
400 500 600 700 800 900 500 600 700 800 900
Wavelength / nm Wavelength /nm
Figure 6.11: Emission spectra dRu-Phosphonate Figure 6.12: Comparison showing Solvent effect on
in acetonitrile at 100 ns after laser flash (red)ca the emission spectra oRu-Phosphonate in
on the TiQ surface at 10 ns after laser flash acetonitrile (black), in DMF (red) and water (blue)
(black).
Table 6.2:Emission maxima and lifetime in different solvertitained from LFP
[Ru(bpy)s]** Solvent Amax T
ACN 607 nm 870 ns
H,O 609 nm 600 ns
DMF 615 nm 980 ns
Ru-Phosphonate ACN 665 nm 690 ns
H,O 684 nm 185 ns
DMF 675 nm 475 ns

Kinetic measurements of the emission decay at 670formmRu-Phosphonateyielded a
lifetime of 690 ns in acetonitrile solution (FiguBel3), which is shorter theiRu(bpy)s]?*
(870 ns). In the case &tu-Phosphonatecomplex grafted on the TiGsurface the emission
lifetime was 13 ns with a minor phase of 150 nsnmwimeasured at 650 nm (Figure 6.14). The
time constant of 13 ns corresponds to the time wésal of the detection system. This shows
that the life time of the excited state is veryrshoonsistent with fast electron injection into

the conduction band of T¥D The small component of longer lived excited statebably
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corresponds to a minor fraction of less well codptdromophores. The Figure 6.13 also

shows the effect of solvent on the emission kisedied their lifetimes are summarized in the

Table 6.2. This shows that change in solvent aBggtificantly lifetime of the emission.

MeCN
. ——DMF

T T T
0 1000 2000 3000

Time /ns

Figure 6.13: Emission decay dRu-Phosphonatg
at 670 nm in acetonitrile (black), DMF (red) and
water (blue).

6.5.3 Electrochemical properties

T T T T
0 200 400 600 800 1000

Time /ns

Figure 6.14: Emission decay dRu-Phosphonatat
650 nm on the Tigsurface. The red line represents
a fit with two exponentials.

Electrochemical properties were studied by usingicyoltammetry and differential pulse

voltammetry. The comparison of cyclic

Phosphonateis shown in Figure 6.15.
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Figure  6.15: Cyclic voltammograms  of
[Ru(bpy)]?* and  Ru-Phosphonate in

acetonitrilevs. Ferrocene (Fc)shown in black and
red respectivel; scan rate 100 mV/S

Current / A
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Figure 6.16: Differential pulse voltammogram of
Ru-Phosphonata acetonitrilevs. Ferrocene (Fc)
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In the Ru-Phosphonate comple’, Ruthenium is 10 mV more oxidizing than in
[Ru(bpy)s]**.The observedreduction waves arehifted towards les negative potenti
compared to[Ru(bpy)s]**.The differential pulse voltammogram otu-Phosphonatevs.

Ferrocene (Fc) is shown injure 6.1€

6.5.4 Photoelectrochemicalneasurements

The cell used for the photactrochemical measurements are shin Figure 6.17. The ITO
plate with the thin layered O, grafted withRu-Phosphonateacts as ephotoanode while
platinum plate was used a cathode. Irradiation was done witisible light from a Xenot
lamp from which UV irradision was blocked by using a blue filter. Aiectrical shutter (nc
shown in the Figure) wassed to switch illumination on and off. 2 photocurrent we
measured by a current to \age converter (Stanrd Research Instrumits) and recorded t

an AD converter (Measurernt Computing

Lamp Filter

Figure 6.17: Experimental set up fcthe photoelectrochemicateasuemen

For the measurement 200/ tetrabuty-ammoniumhexafluorophopha(TBAP) used as &
electrolyte. This electrolyte,ilso used for electrochemical measurem is not redox activ
and therefore, as expecteio significant photovoltaic current resgse is observed. T
simulate a photocatalytic ituation we performed measurements presence of sme
guartities of methanol and ater. The rational for this was that the Ry state formed afte
electron injection into Ti@is able to oxidize methanol and that thenode will achieve

sufficiently negative poteral to reduce protons to hydrogen. Ur tlese conditions

photocurrent measuremershow rapid anodic current responsesen irradiation wa
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switched on and off (Figure 6.18). Photocurrentsitees were measured at different applied

bias (from 100 mV to 400 mV) and a current densfio ~50 pA/crfwas observed at 400

mV applied bias voltage (Figure 6.18).

50
1 Light ON Light ON Light ON Light ON
25+
0+~
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2  -254
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Time /s

Figure 6.18:Anodiccurrent response to on/off cycles of illuntima with visible light at constant applied bias.

These experiments show that with such a deviceiiit principle possible to measure catalytic
activity as photocurrent. Variation of substratelvent conditions and applied external bias
can be used to discriminate whether the cathodianodic reaction is limiting the overall

current. In the absence of a complete photocatabtybe grafted to the electrode we did not

pursue such experiments further but work along thine with different potential
photocatalysts is ongoing in the lab.
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7.0 Conclusions and Perspectives

Artificial photosynthesis is often considered tovéagreat potential to provide alternative,
renewable fuels by harvesting, conversion and georaf solar energy. One promising
approach is the development of modular moleculaotquatalysts inspired by natural
photosynthetic enzymes. The thesis deals withi@aif mimics of the water oxidizing
photosystem Il composed of a chromophore and atreferelay as synthetic counterpart of
the P680-TyrZ/His190 ensemble of photosystem Ile€muthenium polypyridyl — imidazole
- phenol complexes with varying position of a métgsoup on the phenol ringRu-xMe)
were synthesized and characterized by electroclaraied photophysical methods. As an
improvement compared to earlier complexes the as@é redox potential (~0.9 Vs.
Ferrocene) of the phenol groups makes their fundi® an electron relay in a photocatalytic
system for water oxidation thermodynamically poksiliime-resolved absorption studies
revealed fast intramolecular electron transfer 185ps in aprotic solvent and <100 ns in
water) despite the low driving force, and the intance of the hydrogen bond between the
phenol and the imidazole group was put in evideB8tight differences between the thiRe-
XMe complexes and investigation of the effect of exerbases allowed to derive a
mechanistic picture in which the imidazole is inxedl in a “proton domino” reaction.
Accepting the phenolic proton upon ligand oxidat{mmthin the H-bond) renders its second
nitrogen site more acidic and only deprotonationttoe$ site pulls the overall equilibrium

completely towards oxidation of the ligand.

A chromophore-tryptophan construct was synthesiasithg a click chemistry approach.
Light-induced oxidation of Trp in thiBu-tryptophan complex was shown to follow a ETPT
mechanism. Depending on the pH conditions tryptopfaalicals, either Tipor TrpH were

detected and spectral measurement at different simogved the transition between the two
forms. Deprotonation of the radical was dependenthe concentration of water as proton

acceptor.

Many efforts were made to covalently bind a catalyinit to the previously characterized

chromophore-electron relay module. The click chémispproach was not successful to
obtain the final photocatalytic assembly. Therefomnolecular activation of a Mn salen

catalyst was performed and formation of Mn(lIV) specwas observed. As a step towards
utilization of these types of photocatalysts in atpklectrochemical cell a [Ru(bpjj*

chromophore with phosphonate anchoring grolps-Rhosphonat¢ was synthesized and
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grafted on the surface of a TiOnesoporous semiconductor surface anode to perform

photocurrent measurements.

Perspectives

We have synthesized an artificial complex which l{ikepresents the closest mimics of the
electron transfer chain on the donor side of Plystesn 2. Energetic and kinetic properties of
this system have been characterized and reveateldusiies with observations made with the
natural system. In order to obtain further inforimat in particular on the (de)localization of
the radical on the imidazole-phenol ligand, othreshhiques could be used, like high field

EPR, infrared spectroscopy and DFT calculations.

Infrared spectroscopy was available in the lab aedtried to employ this technique for
characterization of our complexes. It should imgiple allow to follow protonation and
deprotonation events which are not spectroscopichditinguishable in visible spectroscopy.
Unfortunately, the high sample concentrations reargsfor these experiments lead to fast
decay of the radicals by bimolecular back reacti@rse possibility to overcome this problem
could be to avoid soluble electron acceptors bpgisomplexes grafted to Tiut the fast
internal electron transfer kinetics in our compexeill be very difficult to resolve.
Preliminary results with IR spectroelectrochemistrgre obtained (Figure 7.1) by recoding
IR difference absorption spectra at different agplipotentials (ox-red, red-ox). When
contributions due to chromophore oxidation are mbéd these data indicate modifications
in vibrational bands for phenol and imidazole. Forclear assignment however, model
compounds should be compared or isotope effectetbaker. In addition, it is not clear that
electrochemical oxidation lead to the same oxidasitates than photooxidation and it is not
feasible to avoid simultaneous oxidation of thedRtomophore, again a situation which does

not exist in a flash experiment.
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Figure 7.1: Infrared spectroelectrochemistry BU-6Me (+0.8 V&2 +1.2 V)

In this work we encountered difficulties to obt#éme final catalytic complex (chromophore +
electron relay + catalyst). There might be someriadttive ways out to synthesize similar
complexes. In our laboratory we have already syantled several ruthenium photosensitizer
based complexes and Ru-Tryptophan is one of thém.complexRu-imi-phOH-CCH was
successfully obtained which can serve as an imporeactant to make a new library of
chromophore —electron relay —catalyst system. Dugernited thesis period we couldn’t carry

out synthesis by using other possibilities.

Instead of developing the catalytic unit on tRei-imi-phOHCCH fragment, the complete,

azide functionalized catalytic unit can be thgsized separately and click reaction
performed between these two units i.e. chpmee-electron relay and a metal
containing catalyst (Figure 7.2). This will certgirhvoid the blockage of the cavity by
trapping Cu inside it.

Another possibility would be to construct the etentrelay catalytic unit by performing click
chemistry reaction between alkyne functionalizedngin¢hroline-imidazole-phenol and azide

functionalized catalytic unit (Figure 7.3).
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2PF¢"

Figure 7.3 Another approach to synthesis chromophore electeday catalyst via click chemistry reaction
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We have already successfully synthesized a chroorephith anchoring phosphonate groups
(Ru-Phosphonatg¢. We were also successful to graft this chromoplar the surface of a
TiO, electrode to obtain a photoanodeand this phot@aneés assembled in a
photoelectrochemical cell and photocurrents werasmeed. The system seemed rather stable
even after addition of water thus showing the uUsefs of the phosphonate group over
carboxylate groups. A complete photocatalytic cemptan be grafted on the electrode the
same way and photocurrent generation and photgtataubstrate transformations can be

measured.

A possible alternative for grafting a complete mhattalysts could be grafting a chromophore
and a catalyst separately on the same electrod@csuiSuch an approach has recently been
reported by Moore et al. Figure 7.4. By employixgess chromophore the light-limited rate
of activation of the catalytic units can be incesxhsn this way. The only drawback of this
approach is that it is hard to control (and opt&hizhe interaction between the two

components.

2,0 O+aH"

Figure 7.4: Electron transfer reaction on the dye sensitiz&d, photoanode

For real future applications once efficient andblghotocatalyst have been developed the
ruthenium metal has to be replaced by one of theeraarth-abundant elements (Figure 7.5
shows annual production of metals in 2010) like Qipthen, Manganese. Nature also uses

one of these abundant elements for the water ogidaatalyst.
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EXPERIMENTAL PART

Chapter 3: Artificial mimics of TyrZ / His190 electron relay of photosystem Il

1) 1, 10-Phenanthroline-5, 6-dione

/7 \ 7/
O

F

1, 10-Phenanthroline (5.00 g) was added in smaltetions to conc. 8O, (97%) while
continuous stirring in a round bottom flask. Taostleibtained solution 2.5 g of NaBr and 15
mL of conc HNQ (52.5%) was added. The mixture was heated to 16°G h using reflux
condenser. At end of the reaction heating was tuafieand reflux condenser was removed to
let all bromine vapors go out during gentle stgrifhe reaction mixture was allowed to cool
to room temperature and poured over 400 mL ice dreakd stirred to get a homogenous
solution. This mixture was neutralized to pH 7 witB M sodium hydroxide solution.
Obtained turbid solution was then filtered anddslivere extracted with water. All combined
agueous solution was extracted with dichlorometh&n¥ 80 mL). The organic phase was
washed with 100 mL water and dried with anhydrooadiiem sulfate. Then organic solvent
was removed under reduced pressure to obtain bnystarude product. This product was
then recrystalized using 350 mL toluene to yield32yof the 1, 10-Phenanthroline-5, 6-dione
(46.8% vyield)

'H NMR (400 MHz, CDCls) &: 9.09 (dd, J = 4.6 and 1.9 Hz, 2H, H-aryl), 8.48, (#¢: 7.8
and 1.8 Hz, 2H, H-aryl), 7.57 (dd, J = 7.9 andHz 2H, H-aryl)

ESI-MSm/z= 233.0321 [M + Na]. Calcd.for G> Hs N> O.Na m/z= 233.0327
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2) Ru(bpy):Cl2

A mixture of RuC}.H,O (780 mg, 3.0 mmol, g, 1.0 eq), 2,2’-bipyridined@mol, 937 mg,
2.0 eqg) and LiClI (890 mg, 21 mmol, 7.0 eq) wasalis=d in 10 mL dry DMF and refluxed
for 16 h under an argon environment. Then reaatidtture was cooled to room temperture
and 100 mL of acetone was added in a flask. Thiskflwas kept at -20°C for complete
precipitation. The next day obtained precipitates \itbhered, washed with water and copious
qguantity of diethyl ether. Then drying under vacuyielded 755 mg of pure product. Yield:
52%

'H NMR (400 MHz, DMSO) &: 9.97 (d, J= 5.9 Hz, 2H), 8.64 (d, J = 8.2 Hz, 28448 (d, J

= 8.3 Hz, 2H), 8.06 (t, 8.2 Hz, 2H), 7.77 (t, 6.5,12H), 7.68 (t, 7.7 Hz, 2H), 7.51 (d, 5.7 Hz,
2H), 7.1 (t, J = 6.8 Hz, 2H)

ESI-MSm/z= 449.0091 [M-CIJ. Calcd.for GgH16N4 Cl Rum/z= 449.0107

3) 6-methyl-2’-(1H-imidazo [4,5€][1,10]phenanthroline-2-yl)phenol

R
N _~ H
/
[\ N
P HO

1, 10 Phenanthroline -5, 6-dione (210 mg, 1.0 mrhd), eq) and 3- methyl ,2-hydroxy
benzaldehyde (137 mg, 1.0 mmol, 1.0 eq) was susgkindacetic acid. This reaction mixture
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was heated to 80°C for 30 min; this resulted in bgemeous dark yellow solution. To this hot
solution ammonium acetate (1.54 g, 20.0 mmol, 2@Ppwas added resulting into reddish
brown solution and reaction temperature was rateed00°C. After 3 hours, thick solid
solution was obtained. This solid solution was tliéered after cooling down to room
temperature. The solid was washed repeatedly wateny diethyl ether and finally dried

under vacuum to yield 281 mg product. Yield: 85%

'H NMR (400 MHz, DMSO) &: 9.01 (d, 3.4 Hz, 2H), 8.87 (d, J = 8.0 Hz, 2H),18(@, J =
7.5 Hz, 1H), 7.81 (dd, J = 7.5 Hz and 4.2 Hz, 2H24 (d, J = 7.2 Hz, 1H), 6.94 (t, J = 7.5
Hz, 1H)

ESI-MSm/z= 327.1240 [M + HJ. Calcd.for GoH1sN4O m/z= 327.1246

4) 5’-methyl-2’-(1H-imidazo [4,51][1,10]phenanthroline-2-yl)phenol

1, 10 Phenanthroline -5, 6-dione ( 210 mg, 1.0 mrd eq) and 4- methyl,2-hydroxy
benzaldehyde (137 mg, 1.0 mmol, 1.0 eq) was susgkindacetic acid. This reaction mixture
was heated to 80°C for 30 min, this resulted in bgemeous dark yellow solution. To this hot
solution ammonium acetate (1.54 g, 20.0 mmol, 2@Pwas added resulting into reddish
brown solution and reaction temperature was rateed00°C. After 3 hours, thick solid

solution was obtained. This solid solution was tliéered after cooling down to room

temperature. The solid was washed repeatedly wateny diethyl ether and finally dried

under vacuum to yield 256 mg product. Yield: 78%

'H NMR (400 MHz, DMSO) &: 9.05 (dd, J = 4.3 Hz and 1.6 Hz, 2H), 8.92 (dd,812=Hz,
1.5 Hz, 2H), 8.08 (d, J= 8.3 Hz, 1H), 7.85 (dd, 8.6 Hz, 4.6 Hz, 2H), 6.91 (d, J = 6.1 Hz,
2H)

ESI-MSm/z= 327.1235 [M + HT. Calcd.for GoH1sN4O m/z= 327.1246
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5) 3-methyl-2’-(1H-imidazo [4,5€][1,10]phenanthroline-2-yl)phenol

1, 10 Phenanthroline -5, 6-dione (210 mg, 1.0 mrhd, eq) and 6- methyl ,2-hydroxy
benzaldehyde® (137 mg, 1.0 mmol, 1.0 eq) was suspended in aeefid. This reaction
mixture was heated to 80°C for 30 mins, this ra@sglin homogeneous dark yellow solution.
To this hot solution ammonium acetate (1.54 g, 2n@ol, 20.0 eq) was added resulting into
reddish brown solution and reaction temperature ragged to 100°C. After 3 hours, thick
solid solution was obtained. This solid solutionswhen filtered after cooling down to room
temperature. The solid was washed repeatedly wateny diethyl ether and finally dried
under vacuum to yield 137 mg product. Yield: 45%

'H NMR (400 MHz, DMSO) &: 8.9 (d, J=8.1 Hz, 2H), 8.8 (d, J= 8.0 Hz, 2H), IpJ = 7.5
Hz, 1H) 7.7 (dd, J=8.0 Hz, 2H), 7.2 (d, J=7.0 H4),16.9 (t, J = 8.0 Hz, 1H), 2.2 (s, 3H).
ESI-MSm/z= 327.12 [M + HT

6) Ru-3Me

In a typical reaction Ru(bpy@l, (73 mg, 0.15 mmol, 1 eq) was treated with silnirate
(51 mg, 0.30 mmol, 2.0 eq) in methanol for 3 haatrsoom temperature. The solution was

filtered in order to remove silver salts and th&dte was added to a round bottom flask
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containing 6’-methyl-2’-(1H-imidazo [4,8{1,10]phenanthroline-2-yl)phenol (49 mg, 0.15
mmol, 1.0 eq). The solution was refluxed for 3 Isour dark under an argon atmosphere. At
this time the reaction mixture was allowed to gadom temperature and the solvent was
evaporated under reduced pressure. The obtaitieldwsas dissolved in a minimum amount
of MeOH and precipitated as a fFalt by adding saturated aqueous solution of anumon
hexafluorophosphate. The flask was kept at -20 V€ roght to obtain complete precipitation
and filtered. After repeated washings with wated @opious quantity of diethyl ether, the

obtained product was dried under vacuum (131 mghdYB4%.

'H NMR (400 MHz, CDsCN) &: 9.0 (d, J = 8.1 Hz, 2H), 8.54 (d, 8.1 Hz, 2H), @I5J = 8.1
Hz, 2H), 8.11 (td, J = 7.9 Hz and 1.5 Hz, 2H), 80d, J = 5.3 Hz and 1.1 Hz, 2H), 7.99 (td, J
= 8.0 Hz and 1.5 Hz, 2H), 7.91 (d, J = 8.4 Hz, TH6 (dd, J= 5.7 Hz, 0.8 Hz, 2H), 7.78 (dd,
8.2 Hz and 5.4 Hz, 2H), 7.6 (dd, 5.6 Hz and 0.92#4), 7.46 (td, J = 6.7 Hz and 1.8 Hz, 2H),
7.32(d, J = 7.7 Hz, 1H), 7.22 (td, J = 6.7 Hz,HZ 2H), 7.0 (t, J = 7.6 Hz, 1H)

ESI-MSm/z= 370.07 [M]**, 739.34 [M-H]*

7) Ru-4Me

2PF¢

/ :
N\

‘H—0

ZT

Ru-4Me

In a typical reaction Ru(bp@l, (150 mg, 0.31 mmol, 1.0 eq)was treated with sihierate
(106 mg, 0.62 mmol, 2.0 eq) in methanol for 3 lscalrroom temperature. The solution was
filtered in order to remove silver salts and thé&dte was added to a round bottom flask
containing 5’-methyl-2’-(1H-imidazo [4,8{1,10]phenanthroline-2-yl)phenol (101 mg, 0.31
mmol, 1.0 eq). The solution was refluxed for 3 Isour dark under an argon atmosphere. At
this time the reaction mixture was allowed to gadom temperature and the solvent was
evaporated under reduced pressure. The obtaitieldwsas dissolved in a minimum amount
of MeOH and precipitated as a fFalt by adding saturated aqueous solution of anumon

hexafluorophosphate. The flask was kept at -20 V€ roght to obtain complete precipitation
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and filtered. After repeated washings with wated @opious quantity of diethyl ether, the

obtained product was dried under vacuum (224 mgldY71 %.

'H NMR (400 MHz, CDsCN) &: 8.89 (d, J = 7.5 Hz, 2H), 8.56 (d, J = 8.7 Hz, 28452 (d, J

= 8.2 Hz, 2H), 8.11 (td, J = 7.9 Hz and 1.4 Hz, 28i)6-7.96 (m, 4H), 7.87 (dd, J = 5.7 Hz,
1.0 Hz, 2H), 7.8 (d, J = 9.1 Hz, 1H), 7.71 (dd, 2.4 Hz and 5.5 Hz, 2H), 7.67 (d, J = 5.9 Hz,
2H), 7.46 (td, J = 6.7 Hz and 1.3 Hz, 2H), 7.26 {te¢ 6.7 Hz, 1.5 Hz, 2H), 6.64 (s, 1H), 6.52
(d, J = 7.4 Hz, 1H), 1.96 (s, 3H)

ESI-MS m/z = 370.05 [MF*, 739.28 [M-H]*

8) Ru-6Me

In a typical reaction Ru(bpy@l, ( 194 mg, 0.4 mmol, 1.0 eq)was treated with silvigrate
(136 mg, 0.8 mmol, 1.0 eq) in methanol for 3 haatrsoom temperature. The solution was
filtered in order to remove silver salts and th&dte was added to a round bottom flask
containing 3’-methyl-2’-(1H-imidazo [4,8{1,10]phenanthroline-2-yl)phenol (131 mg, 0.4
mmol, 1.0 eq). The solution was refluxed for 3 Isomr dark under an argon atmosphere. At
this time the reaction mixture was allowed to gadom temperature and the solvent was
evaporated under reduced pressure. The obtaiiedwss dissolved in a minimum amount
of MeOH and precipitated as a fFalt by adding saturated aqueous solution of anumon
hexafluorophosphate. The flask was kept at -20 V& roght to obtain complete precipitation
and filtered. After repeated washings with wated @opious quantity of diethyl ether, the
obtained product was dried under vacuum (249 mghdY61%.

'H NMR (400 MHz, CDsCN) &: 9.03 (d, J = 8.1 Hz, 2H), 8.55 (d, J = 8.2 Hz, 28451 (d, J

= 8.2 Hz, 2H), 8.1 (td, J = 8.0 Hz and 1.4 Hz, 281)6-7.94 (m, 5H), 7.86 (d, J = 5.6 Hz,
2H), 7.74 (dd, J = 8.5 Hz and 5.2 Hz, 2H), 7.63X&, 5.7 Hz, 2H), 7.46 (td, J = 6.6 Hz and
1.4 Hz, 2H), 7.29-7.18 (m, 3H), 6.83 (t, J = 7.5 HH), 2.27 (s, 3H)
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ESI-MSm/z= 885.1222 [M —P§" . Calcd. for Go HsoFs Ng O P Rum/z= 885.1228m/z=
739.1497 [M-H]" Calcd. for Go HoeNg O Rum/z= 739.1508n/z = 370.0800 [M]** Calcd.
for C40 HzoNg O Rum/z= 370.0788.
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EXPERIMENTAL PART

Chapter 4: Light-induced Tryptophan oxidation

Synthesis of Ruthenium-Tryptophan (Ru-Trp)

Chart 1 : Structures of the complex Ru-Trp.

Scheme 1 Reagents and Conditions: (i) NaNH,O (93%)2 (ii) (3) HBTU, DMAP, DIPEA, CKCN (99%)?
(iii) (5),® CuSQ.5H,0 (15 mol%), sodium ascorbate (45 mol%),,CH/H,O (1:1) (90%).

Chart 2 : Structures of the compounds (3) aBf (
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2-Azidoacetic acid (2)

1 _OH
Ns/\”/

o)

To sodium azide (3.74 g, 57.6 mmol) inM (25 mL) was added bromoacetic acid (1.60 g,
11.5 mmol). The reaction mixture was stirred atmaemperature overnight, acidified to pH
1 with 32% hydrochloric acid and extracted with Bt)3 x 75 mL). The combined organic
extracts were washed with saturated aqueous Nd@lisothen dried (MgSQ), filtered and
concentrated under reduced pressure to give 11386 (mmol, 93%) of 2-azidoactic acid) (
as a colourless oll.

2-Azidoacetic acid (2):C,H3N30..

'H NMR (400 MHz, CDCl3) &: 10.98 (br s, 1H, COB); 3.96 (s, 2HH-2).

13C NMR (100 MHz, CDCls) &: 174.7 €-1); 50.2 C-2).

MS (ESI): m/z 100.0 [M-H].HRMS (ESI’): calculated for @H,N3;O, 100.0152, found
100.0149.

(S)-Methyl 2-(2”-azidoacetamido)-3-(H-indol-3”-yl)propanoate (4)2

To a solution of 2-azidoacetic acid) (0.53 g, 2.10 mmol, 1.0 eq.) ahetryptophan methyl
ester hydrochloride4j (0.21 g, 2.10 mmol, 1.0 eq.) in anhydroussCN (52.0 mL) were
added HBTU (0.79 g, 2.20 mmol, 1.0 eq.), DMAP (5@, 0.42 mmol, 0.2 eq.) ardN-
diisopropylethylamine (1.1 mL, 0.81 g, 6.29 mmal) 8g.). The reaction mixture was stirred
at room temperature under argon atmosphere for LiEshend concentrated under reduced
pressure. The residue was dissolved in EtOAc argh&dhwith 10% citric acid (2 x 40 mL),
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5% NaHCQ (2 x 40mL) and brine (1 x 40 mL). The organic mhass dried over MgSQ
filtered and concentrated under reduced pressure.ré@sidue was purified by flash column
chromatography using silica gel (cyclohexane/EtOB&) to give 0.62 g (2.07 mmol, 99%)

of the desired amidel) as colourless glue.

(S)-Methyl 2-(2”-azidoacetamido)-3-(H-indol-3"-yl)propanoate (4): Ci4H15Ns0s.

'H NMR (400 MHz, CDCls) &: 8.15 (br s, 1H, Na); 7.51 (ddd, 1H3), 5 7.9,%04 6 1.1,
®Jp 72 0.9 Hz,H-4"); 7.35 (ddd, 1H3}; ¢ 8.1,%3775 1.1,°374 0.9 Hz,H-7"); 7.19 (ddd,
1H,3Js 7 8.1,%) 5 7.0,%3 4> 1.1 Hz,H-6"); 7.12 (ddd, 1H3J5 4~ 7.9,%35. 6~ 7.0,%J5 7~
1.1 Hz,H-5"); 6.98 (d, 1H3J» ny 2.4 Hz,H-2"); 6.75 (br d, 1H3J\n 2 8.0 Hz, CONH); 4.92
(dt, 1H,3J ny 8.0,%3,3 5.5 Hz,H-2): 3.90 (s, 2H, H-2'); 3.69 (s, 3H, O63); 3.33 (d, 2H,
3335.5 Hz, 2H-3).

13C NMR (100 MHz, CDCly) & 171.9 C-1); 166.6 C-1'); 136.3 C-8"); 127.7 C-9");
122.9 €-2"); 122.6 C-6"); 120.0 C-5"); 118.6 C-4”); 111.5 C-7"); 110.0 €C-3"); 53.1
(C-2); 52.7 €-2', OCHg); 27.8 C-3).

MS (ESI"): m/z 324.1 [M+Na].HRMS (ESI"): calculated for ¢H:sNsNaQO; 324.1067,
found 324.1063.

(Bipyridine) »-(bipyridine-triazol-tryptophan) ruthenium hexafluo rophosphate (1):

Ruthenium complex5) (151.3 mg, 0.17 mmol, 1.0 eq.) was suspendedHsOG (8.6 mL)
under an argon atmosphere. (S)-Methyl 2-(2”-azabvamido)-3-(H-indol-3"-
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yl)propanoate4) (77.4 mg, 0.26 mmol, 1.5 eq.) were added, folldWwg successive addition
of water (8.6 mL), sodium ascorbate (15.3 mg, h@8ol, 0.45 eq.) and copper sulfate
pentahydrate (6.4 mg, 0.03 mmol, 0.15 eq.). Af@haurs of stirring at room temperature,
the reaction mixture was concentrated under vacUuma.crude solid was partially dissolved
in a mixture of CHCI,/EtOAc then filtered through an alumina plug. Theess of azido
derivative was removed by washing with £&Hy and EtOAc. Then the desired ruthenium
complex () was recovered by dissolving the crude solid aagdhing the alumina plug with
CH3CN and a solution of ammonium hexafluorophosphat€iHOH. The solvents were
evaporated, The residue was dissolved in a minimmumunt of CHCl,, then added drop
wise at a large volume of pentane. The formed pitate was filtered, washed several times
with H,O then EfO and dried under vacuum to yield 181.5 mg (0.150m®@0%) of the

desired hexafluorophosphate ruthenium complgxasg an orange/red solid.

(Bipyridine) »-(bipyridine-triazol-tryptophan) ruthenium hexafluo rophosphate (1):
CaeHaoF12N1:05P2Ru.

'H NMR (400 MHz, CDsCN) &: 9.20 (br s, 1H, N); 8.88 (d, 1HJ 1.6 Hz,H-3"): 8.65 (d,
1H, 33 8.0 Hz,H-3'); 8.54-8.47 (m, 4H, #-3); 8.42 (br s, 1HH-5"); 8.11-8.02 (m, 5H, 4
H-4, H-4'); 7.82-7.71 (m, 5H, #-6, H-6'); 7.79 (dd, 1H2J 6.0,%J 1.6 Hz,H-5"); 7.73 (d,
1H,3J 6.0 HzH-6"); 7.50 (br d, 1H3J 7.8 Hz,H-4""); 7.44-7.36 (m, 5H, #-5, H-5'); 7.36
(br d, 1H,3J 8.0 Hz,H-7"); 7.12 (br d, 1H3J 7.4 Hz, COM); 7.12 (br d, 1H3J 2.4 Hz,H-
2"); 7.09 (br dd, 1H3J 8.0,%) 6.8 Hz,H-6"); 7.04 (br dd, 1H3) 7.8,%J 6.8 Hz,H-5""); 5.18
(d, 1H,2%J 16.6 Hz,H-2""a); 5.13 (d, 1H?J 16.6 Hz,H-2''b); 4.75 (ddd, 1H33 7.4,336.7,3]
5.7 Hz,H-2"); 3.66 (s, 3H, OB3); 3.29 (dd, 1H2J 14.6,3 5.7 Hz,H-3"a); 3.22 (dd, 1H?J
14.6,3) 6.7 Hz,H-3"a).

3C NMR (100 MHz, CDsCN) &: 173.0 C-1Y); 166.3 C-1"Y); 158.9 C-2"); 158.3 (4C-2,
C-2); 153.3 C-6"); 153.1 (4C-6); 153.0 C-6'); 144.4 C-4""); 141.2 C-4"); 139.2 (4C-4,
C-4); 137.7 €C-8"); 129.1 C-5'); 128.9 (4C-5); 128.8 C-9"); 126.9 C-5"); 125.8 C-3");
125.6 (4C-3); 125.3 C-2"); 124.3 C-5"); 123.0 C-6"); 121.4 C-3"); 120.5 C-5");
119.6 C-4"); 112.8 C-7"); 110.6 C-3"); 54.9 C-2"); 53.5 €-2"); 53.3 (OCHs); 28.5 C-
3".

MS (ESI"): m/z 1040.2 [M+PE]".HRMS (ESI"): calculated for GgHagFsN1:0sPRuU
1040.1929, found 1040.1904; calculated fggHzoN1,0sRu 447.6141, found 447.6140.
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Synthese en francais

1.0 Introduction

La demande mondiale en énergie ne cesse de cmiti2)50 elle est estimée a 28 — 35 TW
comparée a 16 TW en 2012. Cette augmentation é@stprincipalement a la population
mondiale croissante qui est estimée a 10 - 11ardki en 2050. Pour satisfaire cette demande
nous dépendons surtout des combustibles fossiigar@1). Les statistiques de I'an 2012
montrent que 87 % de I'énergie mondiale proviesta®nbustibles fossiles dont les sources
sont limitées. Leur surconsommation menera a leamgue dans un proche avenir. De plus,
leur combustion produit du dioxyde de carbone, dmoxyde de carbone et des particules en

suspension, et cause ainsi des problemes envir@amiauox.

World Energy Sources

Renewables
Biomass 404
11%
Hydro Coal
22 .
Ml lear ok
B 5%
Fetroleum Matural Gas
34% 21%

L1170

Figure 1: Sources d'énergie mondiales.

L'énergie, dite renouvelable, représente seuler@elito, d'aprés la figure 1, de toutes les
productions actuelles d'énergie. Elle est de diffty types tels que I'énergie éolienne,
I'énergie géothermique ou I'énergie solaire. Paoes différentes sources d’énergie
renouvelable, I'énergie solaire est la plus impaegavec une capacité en énergie disponible
dépassant nos besoins de consommation. Par exdmmeantité d'énergie solaire arrivant
chaque heure sur notre planete satisferait un atcodsommation d'énergie par I'numanité.
L'utilisation de I'énergie solaire nous aiderait cloa surmonter les problemes d'énergie a

venir.

L'eau est I'élément le plus abondant (79 %) surenptanete et la lumiére du soleil y est
librement disponible. L'utilisation de ces deux ré&nts pour produire de I'hydrogéne,
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considéré comme un carburant vert (puisque le jraiusa combustion est I'eau, Eqg. 1),

pourra répondre éventuellement a notre future cfésgergie.
2H,+ O, 2H,O0 (Eq. 1)
2H,0> 4H + 46 + O, (Eq. 2)
La décomposition de I'eau (Eq. 2) est une partsemtselle de la photosynthése naturelle.

Donc, limitation du processus de la photosynthasturelle devrait nous permettre de
décomposer I'eau. Pour cela, nous avons besoinhd&4gatalyseurs robustes. Dans la
nature, la réaction de décomposition de l'eau efHfecteée par une enzyme
appelée« photosysteme 1l » (Figure2). Le photosystd (PS IlI) consiste en environ 20

sous-unités de protéine dans le cyanobactefimenmosynechococcus (T.) elongatus

. membrane

In PSII: 3 v e e e’
co
- A Y /__\ /‘_\\ //f—\ . 2
¥z |
Mn 4 P80 Pheo Q, Qg |
\E_-—/

Biom.

Figure 2: Chaine de transport d’électron dans le Photosystéim
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Un important aspect du PS Il est son utilisatiodadeimiere visible entre 400 nm et 700 nm
pour déclencher la réaction d'oxydation de I'eay & Le processus de transfert électronique
est initié par l'excitation du donneur primaireldron (P680). A partir de son état singulet,
P680 transfere un électron a laquinone (QA) corahtis la formation des ions respectifs
P680et QA. Le P680 est réduit par un résidu tyrosine (TyrZ) conduisamtradical TyrZ
neutre. Ce dernier a été caractérisé par la résen@ramagnétique électronique haut champ.
Le radical TyrZ photo-produit est par la suite réduit en tirant élactron du « oxygen
evolving complex » (OEC).Ce travail de these comeda synthése et la caractérisation de
molécules artificielles biomimétiques du photosystell. Nous avons utilisé plusieurs

techniques expérimentales pour caractériser noplexss synthétisés telles que :

1) Electrochimie (EC)

2) Spectroscopie UV-VISIBLE (UV-VIS)

3) Spectroscopie de fluorescence

4) Photolyse par Lumiére Flash (LFP)

5) Résonance Paramagnétique Electronique (EPR)

6) Spectroscopie infrarouge (IR)

Vu l'importance des cinétiques des réactions daesfeat d’électron pour nos études, la
photolyse par éclair laser est discutée dans losesuivante.
2.0 Photolyse par éclair laser (LFP)

La technique de photolyse par lumiére flash joued@® important dans les études d'espéces
passageres, produites par des impulsions laser,d#snsystémes chimiques et biologiques.
Elle fat développée par George Porter et Norris®91
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Excitation

Trigger
S— Pulsed laser

Attenuation
Timing filter Oscilloscope
generator
Pulsing
unit
a—
Light |:| |:| MC
Sogurce Cuvette ’
Cut-off Filter/Monochromator/Spectrograph
filter

Figure 3: Schéma détaillé de la photolyse par lumiéere flashsource d’excitation est un laser nanoseconde
(430 — 650 nm) la sonde est une lampe flash a Xéooplée a un systéme de détection constitué d’'un
photomultiplicateur ou une camera CCD.

Le systeme de la photolyse par lumiere flash étikst un Edinburgh Instruments LP920

(Figure 3). Ce spectrometre nous permet de réalsemesures spectrales résolues en temps

par I'étude du comportement de I'absorption tramsst des especes induites. Ces mesures

permettent la caractérisation des propriétés dat Iéxcité des complexes ainsi que du
processus de transfert électronique. Notre montageumental incorpore un oscillateur
paramétrique optique (Surelite OPO) assurant taton des eéchantillons (durée
d'impulsion~ 5 ns). Le laser de pompe est un INseYAG livrant des impulsions a 355 nm.

L'énergie du faisceau laser est de 4 mJ / flash.

Pour les complexes basés sufRe(bpy)s]?*, la longueur d'onde d’excitation utilisée est 460
nm. Le LP920 est équipé d'une lampe pulsée de Xareme d’'une puissance de 450 W. La
détection du signal est effectuée soit par un pholipficateur (PMT) de Hamamatsu pour

les études spectrales soit par un dispositif &stesihde charge (caméra CCD de Andor). Le
logiciel L900 fourni avec le LP920 est utilisé poenregistrer les spectres et les traces

cinétiques.
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2.1 Préparation des échantillons

Des cuves en Quartz de 1 cm d’épaisseur sontéedipour toutes les mesures. Les cuves
sont fermées avec un septum en caoutchouc permiettddégazage des échantillons avec de
'Argon. Le dégazage avec ce gaz inerte permetiteféVinterférence de |'oxygéne

moléculaire puisque ce dernier est a la fois un goancher des états triplets et un bon
accepteur d’électron. La plupart des expériencesfiectué avec une concentration de 30 uM

des complexes en acetonitrile.

3.0 Complexes biomimétiques du couple TyrZ / His TBcomme relais électroniques du
photosystéme I

Au sein de notre laboratoire, une série de compglexthenium avec un ligand d'imidazole-
phénol en liaison hydrogéne a été synthétisée dliépubrécédemment (Figure 4). Ceci
représente la premiére approche dans le but dliméte fonction caractéristique du PS I

naturel.

2PF4
N
P
Sy N N 2PF
N
/‘\N/ N ’
| N —
x R
/
T v \A
Ru-1 R;=OH,Ry=H. X=NH Ny H—0
Ru2 R,=H,R,=OH, X=NH
Ru3 R,= R,=H, X=NH

Figure 4: Complexes étudiés auparavaRy-tert- Figure 5: ComplexefRku-xMe

imi-phOH

Mais l'inconvénient principal de ces complexesrgave dans le potentiel redox du ligand. En
raison de la présence des grouteesbutyle, considérés comme donneurs d’électron,fetts

le phénol, les potentiels d'oxydation des ligandseat trés bas (0,19¥% ferrocéne). Donc,
afin de surmonter cet inconvénient nous avons stiséhé@ne série de complexdRutxMe,
Figure 5) en utilisant une méthodologie synthétigemblable a celle utilisée pour synthétiser
les complexes précédents. Les complexes synthéliffésent en ce qui concerne la position
des groupements du méthyl sur le phénd®u-3Me, Ru-4Me et Ru-6Me. Le but est

d’observer les différences éventuelles dans legrgtés électroniques.
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Le remplacement des groudest-butyle (forts donneur d’électron) par des grougpesnéthyl
(faibles donneurs d’électron) devra avoir un impagiortant sur le potentiel redox du ligand
Ru-xMe comparé Ru-tert-imi-phOH . Ainsi, pour vérifier le potentiel redox des liginde
nos nouveaux complexes synthétisédy-xMe, nous avons mesuré leurs propriétés
électrochimiques par voltammétrie cycligue (CV) par voltammétrie a impulsion
différentielle (DPV). Les potentiels obtenus sorégantés dans la Table 1.

Table 1: Résumé des potentiels redox par rapport a I'éteter de ferrocéne (Fc) dans l'acetonitrifies

potentiels sont convertis de vs. ECS a vs. Fc f0\89s ECS F¢Fc). L'attribution du potentiel redox du ligand
est préliminaire (0,8 — 1 V).

Eip Eip Eip (bi-pyridines)

Ru(lN/Ru(ll) | LigoeyLig

(ligand)
Ru-3Me 0,89 0,75 -1,78 -1,98 -2,33
Ru-4Me 0,95 0,75;0.82| -1,78 -1,98 -2,33
Ru-6Me 0,89 0,75 -1,77 -1,98 -2,33
Ru-tert-imi- | 0,90 0,19 - -2,00 -2,40
phOH?

La comparaison des potentiels Re-xMe et deRu-tert-imi-phOH (Table 1) montre que le
potentiel d’oxydation du ligand augmente de 0,19aV0,75 V. Ceci est attribué au
remplacement des groupdsrt-butyle. Ainsi, notre premier but dans la synthétes
complexes deRu-xMe ayant un potentiel redox accru a été atteint. Qjomt de vue
thermodynamique ces complexes pourraient étre capabdctiver des systemes catalytiques

d’oxydation de l'eau.

Les spectres d’absorption de@u-3Me, Ru-4Me et Ru-6Me sont semblables & ceux des
complexes déRu(bpy)s]**. Ces spectres montrent une bande intense daggitmrvisible
avec un maximum a 460 nm correspondant a la trangiu métal, Ru (@ au ligand centré
sur les orbitauxn*). Cette transition est appelée transition du tiemgle charge du métal au
ligand (MLCT). Une autre bande intense dans laorégie I'UV a 290 nm correspond a la
transition intra-ligand(z=>xn*) des bipyridines. En plus de ces deux bandes, undeba

supplémentaire est observée autour de 330 nmaunhsh épaulement de la transition MLCT
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allant jusqu’a 550 nm. Ces caractéristique sord d&§ observées dans le caRkdeimi-tert-
phOH et sont attribuées aux transitions intra-ligangliquant la phénantroline et le groupe

imidazole.
3.1 Transfert d’électron

Selon les mesures électrochimiques, la différensgpdeentiels redox entre le ruthénium et le
ligand est faible pour tous les complexefRiexMe (AE ~80 a 100 mV). Ceci indique que la
force motrice pour le transfert électronique ingeoit étre relativement petite (Table 1).
Pour examiner si I'état oxydé du chromophore peyter le ligand, des expériences de
transfert électronique en présence de “fM¢omme accepteur d'électron externe ont été

effectuées (MV= méthyl viologéne).

La Figure6 montre les changements d’absorption itcares induits par flash laser, en
présence de 20 mM MV comme accepteur d'électron externe, pRur3Me, Ru-4Me et
Ru-6Me, avec[Ru(bpy)s]*" comme référence. Les changements d'absorbance hientle
MLCT du chromophore Ru, induits par le flash lasent dus a la formation de I'état excite,
suivi d’'un quenching de ce dernier en raison de&dmction de I'accepteur d’électron externe
(MV). Cette réduction mene a la formation de I'éatydé Ru(lll) du chromophore et
eventuellement a la réduction du Ru (lll) par tfartsinterne d’électron (ET) du ligand vers

Ru(lll). Le Schéma 1 décrit I'ordre de la réaction.

hv Kq Ket Krec
Ru(lL + MV? —--> Ru(ll)'L + MV?" --—-> Ru(lll)L + MV"* ----> Ru(Il)Lex + MV'* --> Ru(I)L + MV**

Schéma 1:Schéma réactionnel simplifié

Résumés des résultats obtenus au sein d’'un sqluaet aprotique :
- PourRu-4Me : le déclin Ru(lll) se produit en une seule phasge;

- PourRu-3Me et Ru-6Me : la réduction de Ru (lll) est biphasique, avee phase rapide
majeure et une deuxiéme phase plus lente dontdasé est similaire a celle observée pour le
Ru-4Me.

Dans le cas de nos complexédu{3Me et Ru-6Me), la cinétique de la phase rapide est

toujours limitée par la concentration d'accepteetaedtron utilisé. Donc nous ne pouvons pas

® La réaction de recombinaison de charge entre MV et Ru(lll) est négligée vue que :ke>>k e *[MV 1o
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aller plus loin dans I'analyse de cette phase.dmsstantes de temps apparent pour la phase
lente sont 9 us ; 5,6 us et 4,9 us respectivenmmtfu-3Me, Ru-4Me etRu-6Me.

time (us)

Figure 6: Absorption transitoire a 440 nm pouRu-3-Me (rouge), Ru-4-Me (bleu), Ru-6-Me (vert)
efRu(bpy)]?* (noir) suite & une excitation par un flash lasennseconde & 460 nm dans une solution de MeCN
saturée avec de I'argon en présence de 20 mM deyindblogéne (M¥) comme accepteur d’électron externe.
Les traces ont été normalisées pour égaliser lascentrations de MVcomme le montre les absorbances
représentées par les lignes grises.

Nous avons aussi enregistré les spectres d’absorgsolues dans le temps en présence de
Ru-hexamine dans une solution aqueuse. Dans cealtioos la formation du radical est
beaucoup plus rapide. L'attribution de cet effda présence d’eau a été confirmée par une
titration avec de I'eau (Figure 7).La haute cortstdiglectrique de I'eau et/ou des interactions
par liaisons hydrogene, stabilisant préférentiedieiml’état oxydé sur le ligand pourraient
expliquer ces résultats. Une autre explicationisgree I'eau pourrait agir comme une base

pour accepter un proton issu de I'oxydation dunkiba

(" . e
wn
5 E/Pf
s . [H20] / mM:
g / 0.5
5
1*10* 50
500 (1%)
1650
5500 (10%)
16500
0 10 20 30

time (us)

Figure 7: Effet de la concentration d’eau sur I'absorptiomrtsitoire pourRu-6Me en présence de 20 mM MV
comme accepteur d’électron. La courbe noire coroespau MeCN pur. Les fleches représentent un grgiee|
des changements ayant lieu en fonction de la caraten d'eau.
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La Figure 8 montre l'effet de la concentration ssante de pyridine sur les absorptions
transitoires duRu-6Me. Nous constatons que pour tous les complexesgdasentrations
relativement faibles de pyridine (0,13 mM) ménentiree considérable accélération de la

phase lente.

(w
CK/, [pyridine] / mM:

0
0.127
0.381
14
3.43

0 10 20 30
time (us)

A'6\440/605

Figure 8: Absorptions transitoires a 440 nm (lignes de batsh 605 nm (lignes de haut) @Ru-6-Me, dans
MeCN saturé avec I'argon, en fonction de la conaiin de pyridine. Les solutions contenaient 20 mM
méthylviologéne (MY) comme accepteur externe d’électron. Les tracésétEnnormalisées pour égaliser les
concentrations de MVcomme le montrent les absorbances a 605 nm.

4.0 Photo-oxidation de tryptophane

Nous avons étudié la génération du radical trypdophpar photoactivation. Ce radical est
produit soit par transfert d’électron a 'oxydamtofproduit, soit par transfert d’atome H.
Selon le cas, les radicaux du tryptophane (Trp) soittsous leur forme protonnée (TrpH
soit sous leur forme neutre (TypPour mieux les identifier, ces radicaux sonspréés dans
la Table 2.

Ces radicaux sont des intermédiaires clés dangtamisme réactionnel de la ribonucléotide
réductase, la lignine peroxidase, lacytochromeroxigase et la photolyase. Le Tryptophane
est une amine secondaire dont kg pst de 17. La haute valeur dé€,pndique que le proton
présent dans le tryptophane n'est pas facilemssbdiable. Cette unique caractéristique a des
conséquences importantes dans le transfert élepii@ren milieu biologique. LeKy du
radical protoné (TrpH) est égal 4,7 ce qui signifie qu'il perdra sortgmadans des conditions

physiologiques.
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Figure 9: Ru-TryptophaneRu-Trp)

Table 2:Radicaux du Tryptophane

Abbreviation Name Structure
w* tryptophan radical cation M
z
N
H’ (33
w* tryptophan radical e
Z
N
L]

Nous avons étudié la photooxidation du tryptophderes un assemblage modulaiRei-Trp
(Figure9) avec le Trp attaché au chromophore [Rp)@Ppar des liaisons covalentes via une

chimie « click ».

Les expériences de photolyse par lumiéere flashétineffectuées pour examiner I'oxydation
du résidu tryptophane induite par la lumiere. Ligaton de Ru-Trp dans un meélange
MeCN/H,O (50:50) par un flash laser a 460 nm en préseacHDdnM de méthyl viologene
agissant comme accepteur d’électron réversible arénd@puisement du signal Ru(ll) par
photoblanchissement de sa bande d’absorption a#66t la formation simultanée de MV
observée comme une augmentation de l'absorptiddbané (Figure 10). La récupération a
450 nm du signal de Ru (Il) est trés rapide (350tasdis que la récupération du méthyl

viologéne oxydé est beaucoup plus lente (~ 300gngart dans la Figure 10)

Ces résultats indiquent clairement que Ru(ll) a étan fondamental est plutbt régénéré par
transfert électronique intramoléculaire a partir ldyand tryptophane vers le chromophore
oxydé que par la recombinaison de charge intermtdié&e entre Ru(lll) et la forme réduite
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de l'accepteur d’électron. D'un point de vue thaetlymamique, ce processus est en accord
avec les données électrochimiques ou on attendgued'oxydation de Trp par Ru(lll) soit
exergonique (-130 mV). La comparaison de la duresid de I'état excité (émission) en
présence et la cinétique de rétablissement de )Rufllele des constantes de vitesse
apparentes identiques. Ceci indique qu’en préséad® mM de MV*, la formation de I'état
oxydé du chromophore par réduction intermoléculdiieMV?* est I'étape limitante pour
l'oxydation du ligand et que la constante de védesfrinseque de transfert interne d’électron

est plus rapide.

Les cinétigues de déclin d’émission montrent qudilisation de concentrations plus
importantes en M¥ permet d'accélérer la formation du Ru(lll) & envigthns. Dans ces
conditions la constante de vitesse du transfeermet d’électron pourrait étre déterminée par
analyse de la cinétique & 450 nm. Cette constattégale a 10s* (temps égal a 100 ns).
Cette valeur confirme I'hypothése de l'anneau @azdle assurant un lien permettant un
transfert efficace d’électron.

a 200 400 600 800

time /s
T T

T T T T

0 20 40 60 80
time / ys

Figure 10: Absorption transitoire a 605 (noir) et 450 nm (blelu Ru-Trp dans une solution de MeCN/BI
(50:50) saturée a I'argon et en présence de 10 m¥RMcomme accepteur externe d’'électron, suite a une
excitation par une lumiére flash nanoseconde a0 Figure en insert: cinétique a 605 nm enregessér un
temps plus long.

Ces résultats de photolyse par lumiére laser ffagjgerent que la photo-excitation Ea-
Trp en présence d'un accepteur externe d’électron eméoeydation du ligand, c'est-a-dire a
la formation d'un radical tryptophane. On prévoie GupH >K(Trp'H") I'oxydation de Trp
soit accompagnée d’'une déprotonation. Les spediabsorption transitoire d’'un échantillon
dans l'eau (pH neutre) montrent la transition dfotene protonée du radical Trp a la forme

déprotonée en environ 1 us (Figurell).
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Figure 11: Spectres d’absorption transitoire dRu-Trp dans I'eau en présence de 40 mM de [Ru
(NHs)g] **comme accepteur d'électron, enregistrées a 200ef)ja300 (magenta), 500 (bleu), 700 (orange) et
1000 ns (rouge) suite a une excitation par un flaser.

A partir des spectres des deux formes (protonéemitonée), il apparait que la réaction de
déprotonation pourrait étre observé dans la régjattrale entre 500 et 600 nm. La Figure 12
montre les absorptions transitoires a 510 et 57Q Amx deux longueurs d'ondes,
'augmentation rapide de l'absorption est due fadanation, induite par flash, de I'état excité
du Ru qui décline rapidement en 25 ns environ aseadu quenching par l'accepteur
d’électron. A 570 nm une cinétique plus lente d&steovée ayant un temps de demi-vie de 410
ns. La montée rapide en absorption est attribukefarmation rapide (<100 ns) du radical
TrpH™ par transfert interne d’électron alors que le déelst di a la déprotonation de ce

dernier pour former Tfglont I'absorbance a 570 nm est plus petite.

AA

0 1000 2000 3000
Time /ns

Figure 12: Cinétiques a 510 (noir) et a 570 nm (rouge) ers&eges dans une solution de MeChIH50:50) en
présence de 100 mM de [Ru (&> comme accepteur d’électron.
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La déprotonation du résidu tryptophane a pH neegtehermodynamiquement initiée par un
faible K; de sa forme oxydée. Cependant, d'un point de inéique, la déprotonation est
contr6lé par la préformation d'une configurationdi@ble entre I'acide et une base appropriée
agissant comme accepteur de proton. Avec I'eau eoauvepteur de proton, la propagation
réussie de la dissociation de proton exige uneofaion des molécules liées par de liaisons
hydrogene. L'addition de solvants organiques aeftértée pour casser cette structure menant

a une diminution dans la vitesse des réactionggeotbnation.

Cet effet est aussi observé dans notre complexemeote montre les résultats dans la
Figurel3 ou la concentration d'eau est variée. Besrconcentrations au-dessous de 3%, la
déprotonation ne peut plus étre observée car sesset s'approche de celle de la

recombinaison de charge entre M¥t TrpH™.

AAST{J

-3
5™10 — 1% Hjo
3% H,0
——10% H,0
—50% H2O
0 5 10 15
Time / ps

Figure 13: Cinétiques enregistrées & 570 nm au sein d’ungisal de MeCN contenant 20 mM de f¥1\¢omme
accepteur d’électron et en présence de quantité&gan eau.

En résumé (Figureld), la chimie « Click »est unilcefficace pour réaliser I'assemblage
modulaire d'un chromophore et d’'un acide aminé.t&s modeles, préparés facilement,
permettent des études résolues en temps des réadtaxydation a un électron en créant un
état fortement oxydant sur le chromophore par atioit par un flash laser en présence

d'accepteurs externes d’électron.
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Ru-Trp

Ru-CCH

- BEepTor H* acceptor

Figure 14: Résumé graphique maant la réaction “Click” et le transfert d’életon intramoléculaire suivi d’un
évenement de déprotonation (ET)

5.0 Photocatalyseurs

La thése traite le cades phitocatalyseurs basés «des complexes artiels bioinspirésdu
photosystéme Il. Donc le Jat final de notre approche synthétiqueisite a réaliser un
photocatalyseur moléculairavec trois éléments de base, -a-dire un chromophore, u
relais délectron et un catyseur attact par une liaison covalentd-igure 15). Comm
d'habitude, nous choisissoun chromopho a base d¢Ru(bpy)s]?*, un groupe imidazo-
phénol comme relais élection etcomme catalyseur un complexe deoe sale-Mn, ou un

complexgRu(tpy)(bpy)OH »

Figure 15: Notre stratégie de sithése avec: A : chromophore, B : relais d’éleatedC : unité catalytique.

En penant en compte I'éch de la synthése des photocatalyseurs , nous avoneffectué
des expériencebimoléculaies en utilisant un catalyseur salen-Mn reitre complexeRu-
imidazole-phénolRu-3Me). Nous avons déja confirmé que I'état oxydu chromohore est
suffisamment oxydant pouréer un radical pheno» sur le ligand. Le b: de ces expériences
était de montrer que I'état cdé du ligand peut activile catalyseur et lexéner a la formatio

de Mn(V)=0.Le Schéma 2 iontre la séquence de transd’électron.
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Electron
acceptor

Schéma 2:Activation du catalyseur salen- Mn : formationMa(lV) induite par la lumiére

Pour récapituler cette étude d'activation bi-molécel d'un catalyseur, nous proposons
gu’elle suive l'ordre de la séquence réactionnaissentée sur le Schéma 3. Le flash laser et
des mesures absorbantes stables d'état ont conkrni@rmation d'un Mn (IV) espéce
caractérisée achete une large bande absorbanter aléo680 nm. Une confirmation de

formation de Mn(V)=0 devrait étre obtenue en witisla spectroscopie RPE.
Ru(ll)Lig + hv+ EA- Ru(lll)Lig + EA”
Ru(Il)Lig = Ru(Il)Lig™
Ru(IDLig®™ + Mn(1l) = Ru(I)Lig + Mn (1V)
Schéma 3Photoactivation du salen-Mn(lll) pour former latoxydé Mn(lV); EA = accepteur d’'électron
6.0 Greffage d’'un catalyseur sur une surface

Une autre partie de notre travail concerne I'étddegreffage d’'un photocatalyseur sur la
surface d'une électrode pour former la partie pdrudde d’une cellule photoélectrochimique
(Figure 16). Chaque électrode est faite d’'un melt&emi-conducteur sur lequel est attache,
au moins pour I'anode, un photosensibilisateur retcatalyseur. Deux demi-cellules sont
séparées par une membrane d’échange protoniqueeguiet la diffusion des protons a
travers la membrane et empéche les réactions fematkins la cellule comme, par exemple,

I'oxydation de Hsur I'anode et la réduction d'€ur la cathode.
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Figure 16: Cellule photoélectrochimique

Quand les photoanodes ou les photocathodes sotds fgiar greffage de systemes
photocatalytiques modulaires, le chromophore agotws le module directement attaché a la
surface. En effet, c'est I'état excité du chromoghqui injecte ou extrait des électrons du
semi-conducteur. La forme oxydée (réduite) du clmgimore induit alors I'activation

oxydative (réductive) de l'unité catalytique. A fn de ce travail un assemblage
photocatalytigue complet (chromophore + relais et#bn + catalyseur) n'était pas

disponible.

Par la suite, nous reporterons la synthése etrétggisation d'un chromophore [Ru(bg$)
fonctionnalisé par des groupes phosphonate, quieserde groupes d’ancragéiu-
Phosphonate(Figurel7). Nous présenterons également les expé&sede sensibilisation de
la surface de Ti@avec ce complexe. Le greffage d'un ensemble patatiytique complet sur

le TiO, devrait fonctionner de la méme facon.

2PF6”

Figure 17 : Ru-PhosphonatdRu(ll)(bpy)(4,4’-(POsEtL)-bpy)]

Nous avons effectué des mesures photoélectrochémiqan utilisant une cellule
photoélectrochimique. Une plaque de verre couvéFOdavec une couche mince de T&D
avecRu-Phosphonategreffé agit comme une photoanode, tandis qu'uagua de platine est
utilisée comme une cathode. L'irradiation a étéefavec la lumiére visible d'une lampe de

Xénon dont lirradiation UV a été bloquée en uwitis un filtre bleu. Pour simuler une
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situation photocatalytique nous avons effectuéndesures en présence de petites quantités de
méthanol et d'eau.

L’état Ru(lll), formé aprés l'injection d’électraur le TiQ, est capable d’'oxyder le méthanol
et la cathode a un potentiel suffisamment négaiiir péduire les protons en hydrogéne. Sous
ses conditions, les mesures du photocourant mordemntéponses anodiques rapides quand
l'irradiation a été mise en marche ou en arrétufieid.8). Un photocourant d’'intensité de ~50

HA/cn? & été obtenu avec un bias de 400 mV comme le mtmfigure 18.

50

Light ON Light ON Light ON Light ON

251

-254

Current / pA

el. bias:
—0OoV
—0.1V
—0.2V
—03V
—04V

-50

754 |

-100

Time/s

Figure 18: Courant anodique en réponse a la mise en marct&/de I'illumination par une lumiére visible.

Parallélement au greffage ®Ru-Phosphonate un catalyseur peut lui aussi étre greffé sur la
surface de I'électrode. Une telle approche a réearhnrété reportée par Moore et al.
(Figurel9). En utilisant un chromophore en exces,vitesse d'activation des unités
catalytiques peut étre augmentée. Le seul incoanéidie cette approche est l'interaction des
deux composants qui est difficile a contrbler epéimiser.

by b
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I LY
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Figure 19: Réaction de transfert d’électron sur I'anode d&li
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APPENDIX 1

Chapter 3.0 Artificial mimics of TyrZ / His190 electron relay of photosystem Il

Section 1: Extinction coefficients for [Ru(bpy}]** and MV at 440/450 nm and 605 nm

An important advantage of using MV as oxidative mpheer of the excited state of a
chromophore is that the strong absorption of itikiced state allows to follow the time course
of the back reaction i.e. return of the electrorthi® photooxidized complex. As long as the
electron resides on the reversible external elecimeptor there must be a positive charge
(oxidized state) on the complex under study. In ynkser flash photolysis studies the
occurrence of internal electron transfer from arig to a Ru(bpytype chromophore is
inferred from observation of different kinetics absorption decay at 605 nm (N and
other wavelengths, in particular around 450 nm, reeu(bpy)-type chromophores display
pronounced bleaching when not in the ground stdies is rather straightforward as long as
the decay of the Ru MLCT bleaching is monophasioartoo fast so that recovery due to
electron transfer can be kinetically separated ftoenexcited state quenching reaction. If this
is not the case a method is needed to quantify wédatof MLCT bleaching decay is due to
excited state decay and which part is due to Rudilcay. This can be done by considering
extinction coefficients for Ru and MV at the two wetengths, based, of course, on the fact
that concentrations [Ru(lliy}= [MVred]directly after decay of the excited state (the kase

of which is identical to the kinetics of reductiohthe acceptor when the latter is exclusively

formed from this excited state).

For the MV radical the following extinction coefignts are taken from literature or from
absorption spectragos = 13700 Mcm™, &40 = 1370 Mecm™, slightly less (1100 Mcm'Y)

for 450 nm (see spectrum).
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Figure 3.AL UV/vis spectrum of reduced MV, prepared by U¥diation of a MeCN solution in presence of
MeOH.

ot . . Ru(ll) _ 1. -1 ;
For [Ru(bpy}]“", typical literature valuéfsare(s450 = 14600 Mcm~ which we assume to
be valid for similar complexes without major modétions of the Ru coordination sphere.
Values for the extinction coefficient of the Rujliétate are more difficult to find. From

published spectfareproduced below, we can roughly estin%”’)/ gf;ﬁ”): 0.19/0.83 at
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Fig. 3. Absorption spectrum of Ru(bpy)3* in | N H,S0,, prepared fro;
by oxidation with PbO,. Shown in the insert are the absorption spectr:
forms of [Ru(bpy),]* complexes with z=+2 (spectrum a); z=+1
(spectrum c); z = —1 (spectrum d).

Figure 3.A2: Absorption spectra gRu(bpy)]**

450 nm andsf2™P1 84D = 0.11/0.83 at 605 nm. This yield§i '=3340 M'cmi’or a
differentiak /- F4D= _11260M'cm® at 450 nm and < ""=2000 M'cm’* at 600 nm.
Together this would mean that amplitudes of absmmpat 605 and 450 nm should have a
ratio of (13700+2000) / (1100-11260)=0.65. Thisuealseems too low and we therefore

reexamined the case by own measurements usinggRui.
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Figure 3.A 3:Absorption kinetics of [Ru(bpy}* at 450 and 605 nm and spectra at different time30@ us).

From these data a ratio 8fis¢/Asos Of -0.9 is deduced. This ration is independenprecise
individual extinction coefficients and contains abtntributions from both species at both

wavelenghts. It can be used to recalculate mor@gw@alues for extinction coefficients.

el s
7 B
3 5+10°
400 500 600 700 800

wavelength / nm
Figure 3.A 4:Absorption spectrum at 3 us, MV contribution subtied.

First, an absorption spectrum of Ru(lll)/Ru(ll) waslculated by subtracting the MV

spectrum (see Figure 3.A4). From this plot an ghigmr at 605 nm is due to Ru(lll) of 15%

of the bleaching at 450 nm can be deduced. Frosnattl with the known values fe})z and
Ru(Il) Ru(IIT)

€400~ We can calculate,.,” "’ as 1000 Mcm™ or for the differential extinction coefficient

e — R0 = 13600 Mem™,

In our analysis of transient absorption tracesemstof 450 nm we often use 440 nm as
detection wavelength as it catches better absaorpticghe formed radical. For this wavelength
the ratioAs40/As0dS reduced to -0.78.

Remarks:

Formation of Ru(lll) and MVred have the same kicgt{which is identical to the emission
decay kinetics). Therefore the absorption due toréddvat 440 or 450 nm will not be visible
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as a separate kinetics. The same is true for tlserption rise at 605 which contains

contribution due to Ru(lll) absorption but the ¢atthas the same kinetics as the MVred
absorption rise. However, contributions of Ru(dBcay (due to internal electron transfer) to
the absorption transients at 605 nm can be motaeratic. MVred has a long life time and

its concentration will not change much on the tsnale of fast internal ET. However, Ru(lll)

disappears upon internal ET and this will modifg #inetics at 605 nm. Also radicals formed
by internal ET might have largearound 450 nm (like eg. imidazole). Then theircapson

has to be taken into account, too.

Section 2: Determination of spectral changes assatéd with the slow phase

We wanted to determine the spectrum associatedthighphase taking advantage of
the high precision of these transient absorptioasueements. One problem is that the decay
of the charge separated state due to bimoleculek bsaction with the reduced electron
acceptor interferes, preventing easy analysis. Mgeetore applied a numerical correction of
the transients to eliminate this decay. This apgtaa based on the fact that the measured
absorptionA’'(t) can be described by a multiplication of the @ipgion transients in the

absence of back reactidt) with a second order reaction according to

AD)=A0)* (1 (1+ke*1)

If the parametek.. is known A(t) can be calculated fromA'(t) by multiplication with a
function of the fornf(t)=1+kec *t.

kec was determined by nonlinear fit of the transidot (>15us) at 605 nm, a wavelength

where absorption is almost exclusively due to MV.
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time (us)

Figure 3.A5: Visualization of the procedure of deconvolutiondecay due to back reaction. Blue, green:

experimental transients at 605 and 440 nm, respelgtiand red: after application of the deconvolatio
procedure. (Remark: the small decay still visill®@5 nm after correction is due to Ru(lll) decay).
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Figure 3.A6 Original data (left) and after deconvolution (h. The dashed line in the left plot represents th
best fit of the decay by a second order function.

From this data it is easy to construct time resblgpectra (largely dominated by MV
absorption):

T T T T T T
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0.01+4

0.00
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wavelength / nm

Figure 3.A7. Amplitudes of absorption transients at 1, 10, 20 us.
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Subtraction of the amplitude at 1 ps then yieldsdhta shown in Figure 3.26. As the MV

radical is fully formed at 1 us and decays on ahmglower time scale than the slow phase,
MV contributions to the spectra is efficiently supgsed.

Section 3: Effect of water on photophysics

[H20] / mM:
0.5

5

A2 50

‘ 1*10 500
1650

5500
16500

440/605

0 10 20 30
time (us)

Figure 3.A8: Effect of increasing water concentration on absimpttransients forRu-3Me. 20 mM MV was
used as electron acceptor. The black curve cornedpdo neat MeCN.

Section 4: Effect of water on electrochemistry

Current/ A

. —— .
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential / V vs Fc

Figure 3.A9: Differential pulse voltammogram showing effect afew onRu-3Me
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Section 5: Pyridine as base

440/605

Current/ A

- ---MeCN

T
0.6

Potential / V vs Fc

Figure 3.A10:Differential pulse voltammogram showing effect afew onRu-4Me

Current/ A

Ru-6Me

-+ - - MeCN
1% H,0

T T T T
0.4 0.6
Potential / V vs Fc

Figure 3.A11:Differential pulse voltammogram showing effect afew onRu-6Me

/"""'M—- [pyridine] / mM: é [pyridine] / mM:
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Figure 3.A12: Transient absorbance traces at 440 nm (lower tracesl 605 nm (upper traces) f&u-3Me
and Ru-4Meupon excitation with nanosecond laser flashes & A6 in MeCN, Ar-saturated solution for

increasing concentrations of pyridine. 20 mM methiglogen (MV*) was present as external electron acceptor.
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Section 6: Imidazole as base
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Figure 3.A13: Right: Transient absorbance traces at 440 nm (lower tsae&d 605 nm (upper traces) feu-
3Meupon excitation with nanosecond laser flashes &t#é in MeCN, Ar-saturated solution for increasing
concentrations of imidazole. 20 mM methyl viologdi?*) was present as external electron accepteft:
Parameters obtained for best fit of absorption si@mts at 440 nm a function of imidazole concermatBlack,
blue: time constants for fast and slow phase, retpaly. Red: amplitude of slow phase. Green: aiugé of
absorption at long times due to the radical onltgand. To display the values for [imidazole] =0 ntivese
points were arbitrarily positioned at 0.01 mM.

Section 7: DMSO as hydrogen bond acceptor

Ru-4Me Ru-imi

M%

440/605
440/605

[DMSO: [DMSOY:
1#10? 0 0
14 mM 5+10° 14 mM
T T T T T T T T l T T T T
0 2 4 6 8 10 12 14 16 18 0 20 40 60 80
time (us) time / us

Figure 3.A14:Transient absorbance traces at 440 nm (lower traaesl 605 nm (upper traces) fBu-4Me
(left) andRu-imi (right) upon excitation with nanosecond laser filas at 460 nm in MeCN, Ar-saturated
solution for increasing concentrations of DMSO.r2® methyl viologen (M) was present as external
electron acceptor. The decrease in amplitudes aSDM1.4 M (=10%) is due to dilution.
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Section 8: pH absorption titration
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Figure 3.A15: Emission spectra at different pH and emission tiira curve forRu-3Me. The solid line is a fit
giving pK, = 7.08
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Figure 3.A16: Emission spectra at different pH and emission tibra curve forRu-6Me The solid line is a fit

giving pK, = 7.25
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APPENDIX 2

Chapter 4.0Light-induced Tryptophan oxidation

Current/ A

1*10°
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Figure 4.Al1: Cyclic voltammogram of 1 mNRu-Trp vs. ferrocene in argon-saturated acetonitrile with
tetrabutyl ammonium hexafluoro phosphate as supmpelectrolyte. Scan rate: 100 mV/s.
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Figure 4.A2: Differential pulse voltammogram of 1 mRU-Trp vs. ferrocene in argon-saturated acetonitrile
with tetrabutyl ammonium hexafluoro phosphate agpsuting electrolyte.
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Abstract

Artificial photosynthesis is often considered tos&iareat potential to provide alternative, renewsafblkls by
harvesting, conversion and storage of solar ene@me promising approach is the development of naxdul
molecular photocatalysts inspired by natural phgttgetic enzymes. The first part of this thesislslesith
artificial mimics of the water oxidizing photosystell composed of a chromophore and an electrory rata
synthetic counterpart of the P680-TyrZ/His190 ersenof photosystem Il. Three ruthenium polypyridyl
imidazole - phenol complexes with varying positioha methyl group on the phenol rinRy-xMe) were
synthesized and characterized by electrochemiahlpantophysical methods. As an improvement comptred
earlier complexes the increased redox potentiaB(M/s. Ferrocene) of the phenol groups makes their fancti
as an electron relay in a photocatalytic systemwiater oxidation thermodynamically possible. Tiresalved
absorption studies revealed fast intramoleculacteda transfer (<5-10 ps in aprotic solvent and <18 in
water) despite the low driving force and the impode of the hydrogen bond between the phenol amd th
imidazole group was put in evidence. Slight differes between the thr&u-xMe complexesandinvestigation
of the effect of external bases allowed to derivmexchanistic picture in which the imidazole is ilwed in a
“proton domino” reaction. Accepting the phenoliofmn upon ligand oxidation (within the H-bond) renslits
second nitrogen site more acidic and only deprdionaof this site pulls the overall equilibrium cphately
towards oxidation of the ligand. Another part ofstlthesis comprises a chromophore-tryptophan cactstr
synthesized using a click chemistry approach. Ligiticed oxidation of Trp in thiRu-tryptophan complex
was shown to follow ETPT mechanism. Depending anhl conditions tryptophan radicals, either “Top
TrpH™ were detected and spectral measurement at difféira@ showed the transition between the two forms.
Deprotonation of the radical was dependent on treentration of water as proton acceptor.Later pathe
thesis deals with efforts to covalently bind a bata unit to the previously characterized chromogpgelectron
relay module. The click chemistry approach was swgtcessful to obtain the final photocatalytic addgm
Therefore bimolecular activation of a Mn salen batawas performed and formation of Mn(IV) specieas
observed. As a step towards utilization of theggesyof photocatalysts in a photoelectrochemical ael
[Ru(bpy)s]** chromophore with phosphonate anchoring groifas®Phosphonat@ was synthesized and grafted
on the surface of a Tidnesoporous semiconductor surface anode to peghotocurrent measurements.

Résumé

La photosynthese artificielle est considérée corétaat un atout capable de fournir des carburatesnatifs et
renouvelables par conversion et stockage de l'@nerglaire. Une approche prometteuse consiste en un
développement de photo-catalyseurs moléculairgarés par des enzymes photosynthétiques naturéles.
premieére partie de cette thése concerne les moaétiiciels du photosysteme Il (qui catalyse I'dation
d'eau), composé d'un chromophore et d'un relaitecti®ns comme équivalent synthétique corresponédant
I'ensemble P680-TyrZ/His190 du photosysteme IlisToomplexes ruthénium polypyridyl - imidazole -€piol
avec un groupe méthylique a différentes positisms I'anneau phénoliqudR-xMe) ont été synthétisés et
caractérisés par des méthodes électrochimiquebatdghysiques. L'augmentation, comparée aux conaglex
précédents, du potentiel redox des groupes phéd@8 V->0.90 V par rapport a I'électrode de ferrocéne) rend
leur fonction de relais d'électron dans un systenpdotocatalytique pour l'oxydation d'eau
thermodynamiquement possible. Des études d'absorgfiansitoire ont révélé que le transfert d'éleatr
intramoléculaire est rapide (5-10 ps dans solvardtajue et < 100 ns dans I'eau) malgré la faibfed motrice,
mettant en evidence l'importance de la liaison bgéne entre le phénol et le groupe imidazole. Eggres
différences entre les trois complex@s-xMe ainsi que I'étude de l'effet de bases externes mou permis
d’établir un mécanisme dans laquelle I'imidazade ienpliqué dans une réaction de transfert de preio
cascade. L'acceptation du proton phénolique dlimuytdation du ligand rend son deuxiéme site aptie acide

et seulement la déprotonation de ce dernier bad@duilibre réactionnel complétement vers I'oxyola du
ligand.La deuxieme partie de cette thése consistia esynthése d’'un complexe chromophore-tryptopteme
utilisant une approche de chimie dite « click ». @montré que l'oxydation, induite par la lumiéda, Trp au
sein du complex®&u-tryptophane suit un mécanisme ETPT. Selon le pH, les radichutryptophane (Trpou
TrpH™) ont été détectés et les mesures spectrales éeatité temps ont montrés la transition entre les de
formes radicalaires. La déprotonation du radicapedé de la concentration d'eau assurant la fonction
d’accepteur de proton.La derniere partie de laettg@mcerne nos efforts a lier, par une liaison lemta, une
unité catalytigue au module de chromophore- refdéstronique caractérisé précédemment. L'approehe d
chimie « click » n'était pas efficace pour I'obtiem de I'assemblage photocatalytique final. Dorexgtivation
biomoléculaire d'un catalyseur Mn salen a été affaxet la formation de I'espéce Mn(IV) a été obser Etant
une étape vers l'utilisation de ces types de phtatseurs dans une cellule photoélectrochimique, u
chromophordRu(bpy)s]?* avec des groupes d’ancrage phosphonate a ététigatRu-phosphonatg et greffé

sur la surface méso-poreuses d'un semi-conduceeTil@ pour effectuer des mesures du photocourant.



