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Abstract

A range of mononuclear and dinuclear [Ru(bpy);L]* and [Ru(bpy)2(L)Ru(bpy)s]**
complexes where L 1s 3(2°,5’-dimethoxyphenyl)-5-(pyndin-2”-yl)-1H-1",2’,4’-tnazole,
3(2’,5’-dimethoxyphenyl)-5-(pyrazin-2”-yl)-1H-1°,2° 4’ -tnazole, 1,4-bis(5’-(pyrnidin-2"-
yD)-1H-17,2’,4’ -tnazol-3’-yl)-2,5-dimethoxyphenyl, 1,4-b1s(5’-(pyrazin-2”-yl)-1H-
1°,2’,4° -tnazol-3’-yl)-2,5-dimethoxyphenyl and their hydroquinone and quinone
analogues are reported in this thesis Chapter one is an introductory chapter, which
provides relevant background information and assists in placing the ideas and data
contained 1n the main body of this thesis in context, while chapter two denotes the
methods and procedures employed durning the synthesis and characterisation of the
complexes presented 1n the subsequent chapters In chapter three the first group of
ruthenium (IT) polypyndyl complexes are described These complexes are characterised
by the presence of trniazole moleties and a dimethoxyphenyl group These
dimethoxyphenyl compounds represent model complexes for examination of the ensuing
hydroquinone and quinone complexes Synthesis of the hydroquinone and quinone
complexes was also achieved via these dimethoxyphenyl counterparts Chapter four
pertains to the synthesis and characterisation of the mononuclear and dinuclear
hydroquinone complexes, which differ only from the dimethoxyphenyl complexes by the
presence of a dihydroxyphenyl group These complexes exhibit behaviour comparable 1n
a number of ways to their dimethoxy analogues except for additional redox processes in
the anodic region of their cyclic voltammograms These dihydroxyphenyl complexes
also display 1nteresting spectroelectrochemical behaviour, which was not noted 1n the
spectra of the protected analogues, and that hence may be indicative of proton transfer
between the hydroquinone and triazole moieties The synthesis and charactensation of
the quinone complexes, which contain qumone moieties 1n place of the dihydroxy
groups, 1s descnibed 1n chapter five There 1s no quenching of the excited state noted for
these complexes All of the compounds obtained have been characterised using 'H-
NMR, IR, UV/Vis and emission spectroscopies both at room and low temperatures and
in neutral and acidic media The acid-base properties of each of the complexes have also
been investigated 1n aqueous solutions The electronic structures of the mononuclear
pyndine containing quinone and hydroquinone complexes have been examined using
Gausssum and DOS spectra have hence been generated 1n order to ascertain the nature of
the HOMO and LUMO levels In the final chapter, chapter six, a comprehensive
examination of the behaviour of the range of complexes 1s provided and a number of
observations and conclusions are proffered along with suggestions for future work
Generally, the behaviour of each of the complexes was found to differ depending both on
whether the complex contained a pyrazyl or a pyridyl group and on the nature of the
pendant phenyl moiety Emussion, hifetime, electrochemical and spectroelectrochemical
analyses of the pyrazine containing complexes suggest that switching of the excited states
of these complexes from the bipyridyl moiety to the ligand occurs upon protonation of
the complex Three appendices are also provided the first of which, appendix I, contains
additional NMR data Appendix II contains in-depth electrochemical studies exploring
solvent conditions and 1dentifying the optimum working-electrode Finally, appendix III
comprses of additional syntheses undertaken duning these studies, which have not been
included in the main body of the thesis

vi
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Chapter One

Introduction

The principles and processes involved in the
photosynthetic system are described in this
chapter and hence, place the proceeding
chapters in context  The growth and
importance of artificial mimetic systems both
of a biomimetic nature as well as the abiotic
variety and the subsequent hyphenation of
both styles are also discussed Finally, the
importance of [Ru(bpy)3)]** as a potential
dve complex 1n these systems and the family
of complexes it has spurred over the past few

decades are also outlined
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1.1 Introduction

1.1.1 Photosynthesis: Joulesfrom the sky

For millennia the sun has exerted a dominating influence on many aspects of
human life. It was this heavenly potentate that archaic man worshiped and on
which they depended as a means of unravelling the unpredictable nature of their
day-to-day lives. ~ When it is considered that the process of photosynthesis
captures more than a hundred times the food requirement of mankind and is the
origin of fossil fuels, perhaps early man’s quixotic faith in this energy-giving

doyen was not misplaced.

Proton
Channel

Membrane

Energy

Antenna

Oxygen

Antenna

Figure 1.1 Schematic representation of the natural photosynthetic

process in green plants *

The process by which this radiative energy is captured is known as photosynthesis,
and describes the basic method by which, under the action of solar light, living
organisms convert abundant low-energy substrates into valuable chemicals of high
energy content (biological fuels). [J A schematic representation of this system is
given infigure 1.1. In green plant photosynthesis, this reaction is the conversion
of water and carbon dioxide into oxygen and carbohydrates as given by the

following equation (Egn. 1).

H20 + C02 +hv --—-- » 02+ 1/6 (C6Hi20 6) (Egn. 1)
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In recent years there has been much experimental and theoretical interest in
photosynthetic light-harvesting systems and X-ray crystallographic data have
supplied much detailed information on the structural features of these systems

For example, 1n 2001, a high-resolution X-ray crystal structure was reported for
Thermosynechococcus elongatus and Thermosynechococcus vulcanus BI) Late
2003 saw two new structures for the cytochrome 66f complex from Mastigocladus
laminosus and Chlamydomonas reinhardtn and 1n the most recent report, Jones et
al describe the structure of Photosystem II from T elongatus, at a resolution of
35 A V! These nvestigations deepen our understanding of the photosynthetic
process and the chain of electron transfer reactions that foilow the imtial excitation
in the photosynthetic reaction centres [ The mtial steps involve the absorption of
light by different antenna pigments and the funneling of the excitation energy to
the photosynthetic reaction center chlorophylls Hence, a chamn of electron

transfer reactions between the reaction center cofactors begins )

In plants and algae, the electrons needed for this process are generated in the
reaction where water 1s oxidised to molecular oxygen Water oxidation occurs 1n
the photosystem II (PSII) reaction centre (figure I 1), which consists of a large
membrane-spanning heterodinuclear protein (denoted D1 and D2) and binds most
of the redox components including the primary photoelectron donor, a chlorophyll
dimer Pego M This dimer 1s surrounded by approximately 30 protein subunits
including some chlorophyll binding proteins that absorb light After absorption of
one quantum of light, Pggo 1s excited and a very rapid “down hill” electron transfer
(ET) chain starts ®1®) An electron 1s then transferred from *Pggq to the acceptor
pheophytin and further to two quinones, Qa and Qg For these steps to be
repeatable, the highly oxidising form of Pesy’ (E° = 112V vs NHE) has to be
reduced !"! An electron 1s transferred to Psgo” from the donor side through the
oxidation of a tetranuclear manganese complex in PSII U The transfer of
electrons 1s mediated to Pggo™ via the electron donor tyrosinez, which interfaces the
manganese cluster and Pggy" Four electron abstractions to Pggy” lead to oxidation
of two water molecules releasing one molecule of oxygen The manganese cluster
has an mportant role in this process, coordinating water and storing four oxidising

equivalents PIl"}
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11 2 Artificial Photosynthesis A leaf by any other name

The elucidation of the processes and structures involved in photosynthesis to date
means that these photochemical processes are no longer the closely guarded
secrets of the plant Hence, for almost three decades, a concerted effort has been
made by members of the scientific commumity to mimic the process of clean
energy production that 1s so expertly demonstrated by nature The motivation for
artificially photosynthesis 1s twofold Firstly, this biommetic chemmstry might
lead to a better understanding of the natural system Secondly, 1t 1s a long-standing
challenge to be able to master these intricate and very important reactions to
produce energy-nich compounds (fuels) using solar energy 1n the hope that this

will lead to a new form of renewable energy for the future (78It

Examination of the process of photosynthesis outlined 1n section I 1 1, reveals the
dichotomous nature of this system The imtial focus has been on the antenna
system where the primary functions of light gathering occur, at present there 1s a
shift of focus to the process of charge separation, which ends 1n the splitting water
Over the last few decades’ research into designing artificial systems has proceeded
along these lines and two central approaches have been taken in an attempt to
achieve these goals The first mvolves the creation of ‘biomimetic’ species,

highly organised molecular assemblies reminiscent of those found in nature, while

the second utilises totally “abiotic” components, particularly complexes of the
{12

second row transition metals and small organic molecules

Figure 1.2 Porphyrin—quinone hnked dyad (M = Zn) (3l
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For example, with regard to biomimetic systems, over the past twenty years much
effort has been devoted to studies of photoinduced electron transfer (ET) reactions
from chlorophyll and analogues to acceptors 1n an attempt to mimic the acceptor
side of PSI [P Much of this work has focused on the use of porphynns,
cartenoird and quinones or assemblies of each creating dyads, tnads, tetrads,

421 Because of therr widespread occurrence in

pentads, or even hexads
biological electron-transfer systems such as photosynthetic reaction centers,
porphyrin-type chromophores have played a central role mn the design of
covalently linked donor-acceptor systems for the study of photomduced
intramolecular electron transfer ('] Figure 12 shows a porphyrin covalently
linked to a redox-active crown ether quinone (electron acceptor) (3] Sakata and
co-workers also reported the synthesis and photophysical properties of a porphyrin
tethered to two quinones acceptors as an example of a system mumicking the

electron transfer properties of natural photosynthesis [15]

Similar systems
composed of a porphynn-caretenoid-quinone format have also been reported by
Moore et al, ' while porphynn dyes as models for the antenna system 1n natural
photosynthesis have been investigated by Officer et al !'”) Several reviews can be

found, which elaborate further on these systems 114}

Although systems mumicking the photomduced electron-transfer reactions of
photosynthesis have dominated research in the area of biomimetic chemistry,
synthetic manganese complexes have been made, motivated by the manganese
cluster of PSII For example, Hammarstrom and co-workers have developed
biomimetic systems contaimng manganese and tyrosine moieties 3% However,
while these biomimetic systems and approaches to photosynthetic mimetic
chemistry remain exciting areas of research in the new millennium, the dawn of
the abiotic system has arrived and hence systems, with clear advantages over their
biomimetic kin, have been developed 02 Thys approach unifies the inspirational
model that nature bestows in ‘green-leaf” photosynthesis with more stable, flexible
synthetic analogues as replacements for these naturally occurring compounds
This 1s a more rational approach to artificial photosynthesis for a number of
reasons not least of which is that nature was not 1n a hurry to develop her systems

while mankind 15 !°1%
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For example, light-absorbing pigments, which in nature are not composed of
particularly robust substances, may be replaced by artificial dyes. More
convenient synthetic routes may also be formulated which achieve the same
outcome as natural photosynthesis and furthermore, these abiotic systems could
function at higher temperatures than natural systems and hence achieve higher
efficiencies. Finally, advancements in the area of photophysics and
photochemistry over the last two decades means that the feasibility of constructing
tailor-made (“fine-tuning”) complexes with desired excited-state properties is now

achievable.

This abiotic route therefore is very alluring and has been the ‘siren on the rock’ for
inorganic chemists for a number of years now. In the 1970’s this path lead
scientists to the door of ruthenium(ll) and osmium(ll) polypyridine complexes
whose properties and reversible redox behaviour had been know for some time
previously. [Z] Their reputation as possible reactants and/or mediators in light
induced and light generating electron transfer processes spurred by the energy
crisis of the 70’s, when interest in photosensitised water splitting was at its peak,
launched [Ru(bpy)3]2+ and related complexes into the limelight.[231[24[5l  This
complex, with its outstanding spectroscopic, excited-state and redox properties,
became highly popular as a potential photocatalyst for this purpose. (A more
detailed examination of these properties is provided in the following sections (vide
infra).) Indeed, it was this interest in the potential application of [Ru(bpy)3]2+as a
photocatalyst for the photo-dissociation of water into hydrogen and oxygen that

was, at first, the driving force behind much of the study of [Ru(bpy)3]

Initially, many of these studies lay in the realm of intramolecular photochemistry
with studies, such as Gafney and Adamson reporting on the photoredox properties
of [Ru(bpy)3]2+ illustrating the use of this compound as a photosensitiser for the
reduction of Colll ammines.[29] Eventually, elucidation of this photoredox
chemistry coupled with the knowledge that Ru(ll) complexes exhibit sufficiently
long excited-state lifetimes in fluid solution to be able to intervene as a reactant in
bimolecular processes led to its use as a photosensitiser in electron transfer
processes and hence a movement towards the study of intramolecular

photochemistry began.fioif271
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2H20 + 2e' -> H2 + 20H' (Egn. 2)

2H2 02 +4H+ + de* (Eqn. 3)

Creutz and Sutin were among the first to recognise the possibilities of using
[Ru(bpy)3]2+ as a photosensitiser for the splitting of water with visible light.fa
This process of photodecomposition of water by irradiation with solar light can be
regarded in terms of the two half-cell reactions, which are shown in Egn. 2 & 3.
1271291 pigyrQ ij shows an idealised schematic for the photocatalytic splitting of
water. [3] The prototype H2-evolving system, developed by Lehn and Sauvage,
demonstrated the possibility of producing hydrogen from water utilising
[Ru(bpy)3 2+ as photosensitiser, [Rh(bpy)2CIZJCI as an electron relay, colloidal Pt

as reduction catalyst, and triethanolamine as a sacrificial electron donorP 1

Figure L3 Idealised scheme for the photocatalytic splitting of water in which the
photosensitiser (PS) is [Ru(bpy)32 MV2+is methylviologen, Pt is a colloidal catalyst of

water reduction and Ru02 is a colloidal catalyst of water oxidation/ 3

For a number of years this observation stimulated wide interest both for reduction
and oxidation of water. However, it soon became clear that a major disadvantage,
which lead to a disappointing performance of this water-splitting system, is that
[Ru(bpy)3]2+ is not photochemically inert towards ligand substitution.i®i3]
Alternative ways to prevent ligand dissociation such as linking the ligands

together so as to make a cage structure around the metal have been proposed. [34
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However, inefficient electron-transfer processes, problems with the platinum
catalyst, and separation of the evolving dihydrogen and dioxygen gasses also
emerged The over-nding limitation of these systems however, was the use of
sacnficial electron donors P Gratzel at al were the first to propose a solution
to this problem by constructing a system containing [Ru(bpy)s ],
[methylviologen]**, and Ti0, particles loaded with RuO, and Pt as catalysts,

which succeeded mn evolving H; and O, sumultaneously (Egn 4) 3¢}

[Ru(bpy);""* + MV* <> [Ru(bpy:s]’* + MV" (Eqn 4)

However, this system did not represent a perfect outcome as the subsequent back-
reaction of [Ru(bpy)s]’” and MV" limited the length of time dunng which charge
separation and thus energy storage could be mamtained Incorporating a
sacrificial repair agent, which could suppress this energy wasting back reaction,
solved this problem EDTA (ethylenediaminetetraacetate) 1s an example of such
an agent which has the ability to donate an electron to [Ru(bpy)3]3+ to produce
[Ru(bpy)s]*" and the net reaction 1s electron transfer from EDTA to MV B4
However, a different approach to this problem 1s to mechanically restrict the
motion of *[Ru(bpy);]*", MV*", [Ru(bpy);]*", and MV" 1n ngid medum, which
promotes the electron transfer to gtve [Ru(bpy)]’* and MV, but inhibits the
probability of the back-reaction Cellulose provides such a medium, and it has

2+ [38)

been shown that MV" 1s formed upon excitation of [Ru(bpy)s] Simular

systems involving micelles and layered zircontum phosphate systems were also

mvestigated to this end P21

Self-assembled arrays have also been constructed in media in which one or more
of the components 1s confined within a fixed matrix, ether sol-gel or zeohte *! In
functionalised zeolites, for example, Mallouk er al ™ have shown that a
substantially extended charge separation lifetime of 37 ps can lead to quantum
efficiency for charge separation of about 17% from flash photolysis
measurements, although Dutta and co-workers ! for a simlarly constructed

array, have reported quantum efficiency for hydrogen evolution of only 0 05%.
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Another option to a self-assembling, multi-component, micro-heterogeneous array
is using a covalent supramolecular assembly to accomplish long-term electron-

hole pair separation.[#]

1.1.3 Supramolecular Chemistry: Chemistry beyond the molecule

As scientists continued to search for the “Ubermolekule”, a shift in interest
developed over the last decade, from intramolecular photochemical processes
towards processes occurring in supramolecular systems. [46[46l Supramolecular
chemistry is generally defined as “chemistry beyond the molecule, bearing on the
organised entities of higher complexity that result from the association of two or
more chemical species held together by intermolecular forces” and describes a
field of study concerned with the chemistry of molecular assemblies and of the
intermolecular bond.[2J47] According to Sauvage et al, from a photochemical and
electrochemical viewpoint, the distinction between a large molecule and a
supramolecular species can be based on the degree on interaction between the
electronic subsystems of the component units. When the interaction energy
between subunits is small compared to other relevant parameters, the system can

be considered a supramolecular species.[124

Figure 1.4 Schematic representation of the components involved in the

design of a successful photochemical molecular device for light energy conversion

Structurally organised and functionally integrated systems for light energy
conversion purposes are known as photochemical molecular devices (PMDs) and
echo the themes presented by nature in photosynthesis.[12 For example figure 1.1
may be regarded as nature’s photochemical molecular device, which carries out

the processes of photosynthesis within its highly organised confines.
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Borrowing their blueprint from nature and utilising their knowledge of 1ntra- and
intermolecular processes, which they have accrued, chemists have been able to
design and construct chemucally stable and geometrically well-controlled
supramolecular structures by linking molecular building blocks wvia covalent
bonds P24y designing an artificial photochemical molecular device to carry
out useful functions such as solar energy conversion, two compulsory steps are
mvolved (Figure 1 4) The first process 1s light capture by a photosensitismg
component (PS) and the second 1s the conversion of the collected excitation
energy into chemical energy € g via a charge separation process (R;-Rz-R3) This
charge separation process can then be used to do ‘work’, for example to obtain

electneity or simple fuels like hydrogen (24!

An excellent example of such a system, shown in figure 135, 1s Gratzel’s
photoelectrochemical solar cell This nanoporous, nanocrystalline semiconductor
based, dye-sensitised solar cell (DSSC) represents the present generation of dye-
sensitised solar devices and has demonstrated laboratory conversion efficiencies of
up to 104% O 1y the dye-sensitised solar cell illustrated in figure I 5,
sensitiser dyes are adsorbed on the surface of a porous film of T10, particles
Excitation of the dye with visible light leads to an electromically excited-state that
myjects electrons nto the conduction band of the semiconductor on a femtosecond

timescale

The electron donor, present m the electrolyte filling the pores, then reduces the
oxidised dye back to the ground state Reduction of the oxidised dye occurs via
the sacnficial donor (I ), which 1s regenerated at the Pt counter electrode The net
effect of visible light trradiation 1s regeneration of the dye, the redox mediator and
the driving of electrons through the external circuit The process thus leads to the
direct conversion of sunlight to electricity The photocurrent that 1s achievable 1s
dependant upon the spectral and redox properties of the dye, effiency of charge
injection and the structural properties of the semiconductor electrode to collect and

channel the electrons through the external circuit (49130)

10
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Glass
12 in acetonitrile N Pt/Sn02 film
N e \
fl
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\V
TiO: particles

6>

Figure 1.5 Diagrammatic representation of the components of the

present generation of dye-sensitised photoelectrochemical celltS]]

Therefore, in order to achieve a successful PMD such as Gratzel’s, two separate
aspects of this system must be reconciled - that of the photosensitising component
and that of the charge separation process. A number of studies, have focused on
the photosensitising aspect of these systems with the ultimate aim of producing
efficient antenna type systems, while many have concentrated on photoinduced
energy and electron transfer processes within the supramolecular framework.
B A number of factors must be addressed when designing useful
supramolecular species. The first is the issue of obtaining “building blocks” that
exhibit suitable ground and excited-state properties. Secondly, these building
blocks need to then be linked by appropriate spacer groups to form supramolecular
arrays while at the same time providing the electronic coupling necessary to

permit the occurrence of intercomponent energy and electron transfer.[%]

(i) Building blocks
Ru(ll) polypyridine complexes and their ilk, with low lying excited-state metal-to-
ligand charge transfer (MLCT) and ligand centred (n-n*) excited-states, are fairly

long-lived to participate in electron transfer processes.

11
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Furthermore, with their redox reactivity and the ease of tunability of their redox
properties, they are excellent building blocks for supramolecular structures. These
complexes have been investigated for use in the development of molecular-scale
electronic devices in which they could function as molecular wires, insulators and

chromophoric antennas. [511i531[3]

Ru(Il) polypyridyl complexes as photoactive molecular wires and chromophoric
antennas have been incorporated into DSSCs and to date they have proved to be
the most efficient transition metal complexes employed in these solar cells.[51t]
A more detailed exegesis on the properties of ruthenium polypyridyl complexes is
provided in the following section, however, it is important to mention their

significance within these systems.

Figure 1.6 Ruthenium polypyridine photosensitiser complex

[Ru(dc-bpyH22(NCS)Z used by Gratzel

For example, in Gratzel’s cell (figure 1.5) a number of ruthenium polypyridyl
complexes have been used as photosensitising compounds. The most effective
sensitiser for nanostructured photoelectrochemical solar cells [Ru(dc-
bpyH2)2(NCS)2] is shown in figure 1.6. The carboxyl functions (0-C=0) are
anchoring groups which ensure uniform distribution of the dyes on the oxide
surface and promote electronic coupling of the donor levels of the dye with the

acceptor levels of the semiconductor. [

(if) Spacer Groups
Once suitable Ru(ll) polypyridyl complexes have been established as suitable
building blocks for supramolecular arrays they then need to be tethered by a

suitable group.

12
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The importance of the spacer groups 1s crucial if the desired spatial organisation 1s
to be achieved These groups may be simple CN” bridges, simple ngid ligands like
4,4’-bipyridme, or more complex such as novel large aromatic bndging ligands
(figure 17) [S156)57). Fyrthermore, for covalently linked systems the electronic
coupling between the donor and the acceptor chromophoric units arises from their
mutual interaction through the orbitals of the intervening medium, 1 e the bridging
ligand Therefore, the electronic nature of the bridging ligand, its length and
configuration, provide not only the spatial organisation of the active components
but are responsible for the electronic interaction between them > Indeed, the
intervalence transfer (IT) bands of mixed-valence compounds have been studied
extensively as its position, shape and intensity yield information about the
interaction between metal centres Vanous bridged dinuclear systems, such as
polyyne-, pynidyltriazole- and cyano-bridged polypyridyl complexes, have been
employed 1n the investigations BEISINSON o example, Kalyanasundaram and co-
workers have observed an intervalence transition attributed to the mixed-valence
species of a cyano-bridged complex 61 The electronic interaction was calculated
to be 015 pm ', which 1s an mdication that this complex 1s a class I, mixed-
valence type complex %17 Dinuclear complexes containing alkyne spacers have
been nvestigated by Ziessel and co-workers %2 The interaction between the
metal centres 1s strong and hence they may be described as class III mixed-valence
species and can therefore be considered to be molecular wires due their extremely
efficient electromc transmission 14 A more in-depth examination of these

phenomena 1s provided to section 1 3

The subunits of these bridging ligands may also behave as individual components
affecting the photophysical properties of the Ru-based chromophores as a whole
For example, [(phen),Ru(tatpp)Ru(phen);]** where phen = 1,10-phenanthroline
and the higand ratpp 1s shown 1n figure 1 7, was found to undergo intramolecular
electron transfer to specific subunits of the bridge (561 The spectral and redox
properties of ruthenium polypyridyl complexes can also be ‘tuned’ wvia the
bridging ligand either by introducing a higand with a low-lying a* molecular
orbital or by destabilisation of the metal t;; orbital through the introduction of a

strong donor ligand ! Thus phenomenon will be explored further 1n section I 2 2
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1)

/

Figure 1 72,2’ -bipynidine (1) & tatpp (2) P%

Tailoring of the properties of the Ru(Il) polypyndyl units within these systems 1s
hence paramount when designing these supramolecular arrays and [Ru(bpy)s]**

may be considered the archetypal complex

1 2 Ruthenium: Properties, Occurrence and Applications

Ruthemum, with a greyish white appearance and a hard, bnttle character, was first
discovered m 1844 and named after the Latin word Ruthema, meaning “Russia”
It has the atomic number 44, a mass of 101 07 amu and 1s a second row transition
metal positioned under 1ron and above osmium m group VIIIA of the penodic
table It has several stable 1sotopes and the electronic configuration [Kr}
(4d)’(5s)" 1641651 A5 one of the six platmum group metals, it 1s a member of a
famuly of rare elements with an abundance of approximately 10* ppm m the
earth’s crustal rocks One of the interesting features of ruthemium chemustry is
that as many as mine oxidation states exist, which makes 1ts chemistry very

diverse [©0167]

1 2.1 Polypyridyl Complexes

Since that first serendipitous day in the 1930’s when the luminescence of
[Ru(bpy)s)**, whose structure 1s shown n figure 18, was first recogmsed,
scientists have been investigating the latent qualities of this complex and today the
photophysical, photochemical and electrochemical properties of this unique

compound are well recognised by the scientific commumty
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Paris & Brandt’s pioneering work 1n their 1959 treatise on the observed

luminescence of [Ru(bpy):]*" resulted m a boom of studies on ruthenium
(22]

coordination compounds

Figure 1 8 The Structure of [Ru(bpy);]*" !

The polypynidyl ligands are usually colourless molecules possessing o-donor
orbitals localised on the nitrogen atoms and n-donor and nt*-acceptor orbitals more
or less delocalised on aromatic rings The X-ray crystal structure for [Ru(bpy);]2+
shows that the metal to ligand (Ru-N) bond lengths are short, indicating sigmficant
back-bonding between Ru(Il) and the n* orbitals of bpy As previously discussed,
these compounds form the foundation of photochemical molecular devices capable
of performing complex functions such as light harvesting, charge separation,
conversion of light into electrical energy, data process and storage as well as
sensing systems and logic devices  But, perhaps more importantly, they
consequently help to extend and refine current theories of chemical reactivity and
spectroscopy 21 Indeed, [Ru(bpy);]2+ serves as a structural model system for a
vanety of distorted octahedral complexes whose properties (photophysical,
electrochemical) may be tuned using different ligands (24681 The ground state
properties of this complex and the formation of its electronic structure, based on
its constituents, may be understood from the energy level diagram in figure 1 9,
which shows the ligand field sphtting of the (tz,, €;) mamfold in the complex and
the interaction with the o and & orbutals of the ligands ® An additional advantage
of this complex 1s the presence of two distinct redox sites, which means 1t can be
oxidised (removal of a metal localised electron) or reduced (addition of an
electron 1n a ligand n* orbital) (figure / 9) Indeed, much of the photochemical
mterest n [Ru(bpy)3]2+ stems from 1ts photoredox properties, which are closely

interrelated to redox properties in the ground state
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Figure 1.9 Molecular Orbital Diagram for the Interaction Between the

Metal & Ligand Orbitals in [Ru(bpy)3 2+~

The standard redox potentials of [Ru(bpy)3]2+, which are useful in establishing

excited-state redox potentials, are shown in the following equations:

[Ru(bpy)32++ e -» [Ru(bpy)3]+E° = -1.28V (Egn. 5)
[Ru(bpy)33++ e -» [Ru(bpy)3]2+E° = +1.26V (Eqgn. 6)

Furthermore, the mono-, di- and trivalent cations are noted for their thermal
inertness towards labilisation of bpy. Hence, they have the potential to participate
in a variety of reversible electron transfer processes.[Z] The absorption spectra of
ruthenium polypyridyl complexes are dominated in the visible region (452 nm) by
a metal-to-ligand charge transfer band (MLCT), with an extinction coefficient of

-14600 Nf'cm™L. t2I,[701
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Ru N

Figure 1.10 Schematic representation of the photophysical

processes of [Ru(bpy)3 2+~

Figure 1.9 shows that this MLCT arises when an electron is promoted from the t2g
orbital of the metal to the n* orbital of the ligand. This transition is of great
importance and many studies have reported on the MLCT excited-states as they
dominate the spectroscopy, photochemistry and photophysics of polypyridyl
complexes of Ru(ll).[7][7”] The most important photophysical properties of
[Ru(bpy)3]2+ are depicted infigure 1.10. From an examination offigure 1.10, it
can be seen that rapid intersystem crossing (ISC) occurs from the singlet to four
closely spaced 3MLCT triplet states (amalgamated in diagram), after which
emission from the triplet state to the ground state (kr) or non-radiative deactivation
to the ground state (ki) may take place. The efficiency with which the lower
3MLCT states are populated following direct absorption into the higher singlet
state is known to be approximately 1. Deactivation may also occur via population
of the metal centred (3MC) excited-state, giving rise to either radiationless

deactivation (krr’) or to photodecomposition of the complex. [7[73]

There are two factors which Ilimit the popularity of [Ru(bpy)3]> as a
photocatalyst; first, the fact that the population of the 3MC state leads to
photodecomposition of the [Ru(bpy)3]2+ dication and also, due to the rather
narrow adsorption band at 452 nm for [Ru(bpy)32+ only a small part of the solar

energy spectrum can be used.
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However, 1t has been shown that by changing the ligand systems around the Ru(II)
centre 1t 1s hoped that the ground state and excited-state properties of the
complexes can be improved By changing the nature of the higands the redox
potentials are altered along with the energies of the absorption and emission
bands " Indeed, research has accumulated large amounts of data on the changes
incurred on the electrochemical and chemical properties of these complexes,
brought about by replacement of one or more of the bipyndyl rings by another
bidentate chelating ligand, particularly by mtrogen-containing hetrocycles such as
2,2’-bipyridine,  1,10-phenanthroline,  2,2’-bipyrazine,  2,2’-bipyrimidine,
bis(quinolme) and bis(imidazole) (7576} Indeed, the value of these complexes lie
1n the fact that by judicious choice of ligand system, bespoke complexes may be

created with tailored properties to suit their requirements

12 2 Emending the Excited-State

The spectral and redox properties of ruthemum polypyndyl complexes can be
tuned i two ways First, by the mtroduction of a ligand with a low-lying 7*
molecular orbital and second, by destabilisation of the metal ty, orbital through the
introduction of a strong donor ligand P%%! For example, the introduction of a
substituent on to the bpy moiety can cause either an increase in the electron
density at the metal centre and thereby decrease the energy associated with the
MLCT transition or the reverse may occur and the electron density at the metal

centre can be decreased 17163}

This phenomena was explored by Hou and co-workers U7

who adjusted the
excited- state by varying the substituents on the bpy motety of [Ru(bpy)(bpy-
X)]2+, where X = H, COH, COzEt, NO,, OCH;, NH, As the properties of the
substituents were vaned from electron-donating (OCHj3, NH;) to electron-
withdrawing (CO,Et, COOH, NO,) both the absorption maximum in the MLCT
band and the emission energy shift to lower energy compared to the prototype
[Ru(bpy)3]2+ 71 At room temperature the complexes bearing electron-
withdrawing substituents had higher luminescence quantum yield and longer

excited-state hfetimes than that of the compounds beanng electron donating ones
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This occurs because when the substituents are electron accepting groups the n*
ligand centred orbital 1s more stabilised than the =n(t;;) metal-centred orbtal
However, when the substituents are electron donating groups the MLCT excited-
state energy decreases as a consequence of the larger destabilisation of the metal-
centred 7(tg) orbital compared with the ligand centred n* orbital 7 This method
of tuning has particular relevance in relation to tuming the properties of
photosensitising dyes for solar cells For example, Huang er al, tailored the
properties of a ruthenium polypyndyl complex by introducing the electron donor
group —CH,N(CH;3)(C¢Hs) m place of the non-anchoring —COOH 1n order to

achieve their required properties (63)

However, this ‘tunability’ of [Ru(bpy);]** may also be achieved by replacing one
of the bpy units by another aromatic ligand This gives rise to two classes of
compound (class a and class b) The ligand (L) acts as a spectator ligand but does
not become directly nvolved 1n the emission processes !®! Hence, through
vanation of L, the relative position of the d-d state can be significantly affected
The affect that the L induces 1s an increase n the energy gap between the SMLCT

and the *MC states, thereby preventing population of the deactivating state ['*)

(1) Class a Type Ligand

A class a type higand 1s one i which the ligand (L) 1s a weaker o-donor but a
better n-acceptor than bipyndine  This type of ligand has the ability to participate
directly in the excited-state reactions In doing so it alters the excited-state
properties by decreasing the t;, “MLCT energy gap, since the lowest n*
unoccupied molecular orbital (LUMO) will reside on this ligand The maimn aim of
this process 1s to 1solate the *MC state from the *MLCT state, but the weak o-
donor properties of class a hgands results in a reduced higand field sphtting and
after excitation of the complex the *MC state may still be populated Examples of
class a higands include 2,2°-bipyrazine (bpz), 2-2’-bipynnmicdine (bpm) and 2-2’-
biqumolme (big) P2I67I78]
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(1) Class b Type Ligand.

A class b type ligand 1s one 1 which L 1s a stronger o-donor and a weaker -
acceptor than bipyridine Due to their strong o-donor ability, this class of ligand
possesses m* levels of much higher energy than bpy As a result, in mixed chelate
complexes containing, both bpy and class b ligands, the excited-state 1s always
bpy based However, the t;; level 1s destabilised and this may lead to a reduction
in the *MC - *MLCT energy gap "*/78] [ these compounds L has only a minor
effect on the excited-state and redox properties of the building blocks and 1t may
allow the occurrence of vectorial energy or electron transfer along a suitable

organised sequence of components (78]

®

Figure 1.11 Structure of 1,2,4-tnazole (301

In the last decade there has been an increased interest in systems containing at

BY or tnazoles (figure 1 11) ©®% The

least one class b ligand, such as pyrazoles
measure of o and m donating abilities of these ligands may be modified by
introduction of substituents onto the ligand ®# In particular, the triazoles have
been an important contribution to the class b ligands Vos er al first reported
1,2,4-tnazole ligands and therr ruthemwum complexes in 1983 i80] They have the
ability to form 1somers based on whether the metal 1s N2 or N4 bound Tnazole
contaiming complexes also feature an nteresting pH dependant photochemstry %!
These complexes show interesting properties as a result of the electronic

properties of the triazole ring

The availability of different coordination sites
on the tnazole leads to vanations of the magmtude of the o-donation felt by the
metal Another important feature of the triazole ring 1s that it can be deprotonated,

leading to an extensive ground state and excited-state acid-base chemustry #%
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1.2.3 Pyridyl- and Pyrazyltriazole Moieties as Ligands in Ruthenium(ll)
Polypyridyl Complexes

Since the need to tune the excited-state properties was realised, there has been an
interest in incorporating a coordinating ligand into ruthenium complexes that
differs from bpy. i8] Following the pioneering work of Vos and co-workers in
which two 1,2,4- triazoles were coordinated to the [Ru(bpy)z]AI unit in a
monodentate fashion a number of mixed ligand Ru(ll) complexes with electron
rich 1,2,4-triazole containing bridging ligands have been investigated in
considerable detail by Vos and co-workers.[8] Two such ligands are the anions of
3,5-bis(pyridin-2-yl)-1,2,4-triazole  (Hbpt) and 3,5-bis(pyrazine-2-yl)-1,2,4-
triazole (Hbpzt) shown infigure 1.12

Figure 1.12 Bidentate chelating ligands. 5"

Vos and co-workers have also investigated the effect that the introduction of such
asymmetric bidentate ligands has on the physical properties of ruthenium
complexes.[&l87] These properties arise as it is known that five-membered rings,
such as 1,2,4-triazole, pyrazoles and imidazoles, are strong a-donor ligands and
weak T7r-acceptor ligands compared to 2,2’-bipyridine. Asymmetric bidentate
ligands of this kind therefore produce ruthenium compounds with unusual excited-
state properties. [&[87] Furthermore, triazoles contain an acidic N-H group, which

imparts unusual properties.
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In the deprotonated state the ligand 1s a strong o-donor while the second, pyrndine
or pyrazine, arm of the chelating ligand has well defined m-acceptor properties
The two coordinating arms of the ligand therefore possess quite different
electronic properties Furthermore, two binding positions are available on the
trniazole ring, namely N2 and N4, these sites are not equivalent and therefore
introduce further asymmetry nto the metal complex ! The preparation of novel
pyrazinyltnazole ligands and the physical properties of a series of ruthenium
polypyridyl complexes containing these ligands have also been investigated It 1s
known that bipyrazine has weaker o-donor capacities and stronger m-acceptor
properties than bipyridine [86] 1t 1s therefore expected that there will be substantial
differences between the photophysical properties of the compounds containing

pyndyltriazole and pyrazyltriazoles

Of particular interest 1s the nature of the lowest unoccupied molecular orbital
(LUMO) 1n these compounds It has been found that by using ligands such as 3,5-
bis(pyndm-2’-yl)-1,2,4-tnazole the lowest energy excited-state is located on the
polypyndyl ligands (1 e bpy) whilst with the ligand 3,5-bis(pyrazine-2’-yl)-1,2,4-
triazole the emitting state is located on the pyrazine bridging ligand 8 An
additional feature of pyrazine-contamng ligands 1s the possibihity of protonation
of the non-coordinating pyrazine atom m strong acidic media ®** Furthermore 1t
has been shown that in dinuclear complexes based on pyridine and pyrazine
trniazole ligands the negative charge on the triazole ring greatly affects the
interaction between the metal centers ' For instance, 1t has been shown that in
ruthentum polypyridyl complexes incorporating the ligands 3,5-bis(pyndin-2-yl)-
1,2,4-tnazole or 3,5-bis(pyrazine-2-yl)-1,2,4-tnazole relatively strong interactions
can be obtained between metal centres, so that both electron transfer and energy
transfer processes can occur efficiently 85174] For example, Hage et al have
shown that in the dinuclear ruthenium polypyndyl complex contaimng 3,5-
bis(pyridin-2-yl)-1,2,4-tnazole a strong metal-metal interaction was observed and
the species was classified as a class II matenal, indicated by a large value for the

electron delocalisation ((12 =94x 10'3) (591
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1.3 Electronic coupling between metal centres

1 3 1 Optical Electron Transfer

Photomduced energy and electron transfer processes lie at the heart of
fundamental natural phenomena, such as photosynthests, as well as of a vanety of
applications In the last few years, research 1n thus field has progressively moved
from molecular to supramolecular systems T If these supramolecular species are
composed of a photosensitiser (S) and a quencher (Q) covalently linked by a
component (L) so that they are of the type S-L-Q, light excitation of the

photosensitiser (Egn 7) can be followed by energy (Eqn §) or electron (Egn 9)
2]

transfer processes
S-L-Q+hv > * S-L-Q (Eqn 7)
*S-L-0 > S-L-*Q (Egqn 8)
*S-L-0> §T-L-Q° (Egqn 9)

Within these systems electron transfer from one metal centre to the other may also

occur not only thermally, but also optically (Egn 10)
S-L-Q+hv > S*-L-0" (Eqn 10)

Therefore, optical transitions such as charge transfer (CT) or mtervalence transfer
(IT) transitions can arise  Typically, these are mixed-valence compounds of the
type [M;Ly-bridge-MpL’s]™" 12IEH

1 3 2 Spectroelectrochemustry

Dinuclear ruthenium compounds have attracted much attention, not only because
of their ability to transfer two electrons but also because of the present interest in
mixed-valence compounds The physical properties of these compounds have
been discussed m light of models published by Hush P In particular, the
intervalence transition (IT) of the mixed-valence compounds has been studied
extensively as its position, shape and mntensity yield information about the
mteraction between the metal centres °°! The most direct measure of the metal-

(1

metal electromc coupling in a mixed-valence system, RuRu™, can therefore be

obtained from mtervalence transitions (IT) PO#°152]
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In situ electrochemucal generation of stable species, united with spectroscopic
characterisation by lummescence and absorption methods, broadens the
possibilities for the investigation of the properties of novel excited-state species
and their reactivity In many cases electrochemistry yields synthetically
mnaccessible oxidation states and therefore spectroelectrochemustry offers new
windows for exploring novel chemical pathways **! Other advantages of this
method include (1) the species are studied near their ground state, avoiding large
perturbations as in photochemically triggered reactions, (i) the measurement,
being static, 1s relatively simple and easy to perform, and (u1) interferences from

mtermolecular effects are absent/neghgible ©4

For this reason many
spectroelectrochemical studies of ruthemum dinuclear complexes contaimng
various bridging ligands have been undertaken and 1t has been noted that the
oxidative spectroelectrochemistry of ruthemum dinuclear complexes exhibits rich

near-infrared spectra (7000-10000 cm™) &%

For example, Hage and co-workers have spectroelectrochemically investigated
dinuclear ruthemum complexes contaiming 3,5-bis(pyndin-2’-yl)-1,2,4-trazole
(figure 112) They found that in 1ts deprotonated state this bridging ligand
mediates a rather strong interaction between the ruthenmum centres and classified 1t

as a class II material with strong interaction between the metal sites )

Conversely, Haga and co-workers Bs)

studied dinuclear complexes with
benzimidazole groups m a similar manner They found that the metal-metal
interaction increased when the complex was deprotonated %) Vos and co-workers
have also undertaken numerous spectroelectrochemical analyses of dinuclear
ruthenium polypyridyl complexes containing various bridging moettes, including
thiophene- and phenylene-bridged complexes, in order to determine the degree of
metal-metal interaction These mixed-valence compounds were found to be class

I type complexes (or valence trapped) dinuclear species eIETIS8

However, although intervalence transitions in mixed-valence compounds have
been studied more intensely, spectroelectrochemistry has also been used to probe
ligand to metal charge transfer (LMCT) states These transitions arise due to the
removal of an electron from the HOMO of the donor ligand to one of the partially
filled t, orbitals of the metal 10n

24



Introduction Chapter One

Generally, these transitions tend to display relatively weak intensities
(e <500 cm 1, as 1s the case for the archetypal complex [Ru(bpy)3]3+, or indeed
are non-emissive 1n nature In certain ruthemum compounds, which contain
electron nich donor ligands, LMCT bands have however, been noted For
example, Haga et al observed an LMCT band 1n both the mononuclear (14,400
cm ') and dinuclear (8600 cm "and 12,400 cm'l) ruthenium complexes containing

P31 vos and co-workers have also reported

2,2’-bis(2-pyndyl)bibenzimidazole
LMCT bands for a range of tniazole brndged Ru(IIl) complexes while Hage et al
have observed these bands in the spectrum of Ru(IIl) complex containing the

electron rich hgand 3,5-di(2-pyndyl)-1H-1,2,4-trazole P¥1%!

Hence, the energy
and ntensity of the LMCT band increases with increasing electron-donating
capacity of the donor hgand Nazeeruddin and co-workers further verified this
fact by notmg the effect that varnous ligands (OMe, Me, NH;) m ruthentum

polypyridyl complexes had on the LMCT transition 1001

1 3 3 Intervalence Charge Transfer Transitions

In hgand-bridged, mixed-valance complexes, low energy electronic transitions are
often observed which have been assigned to intervalence transfer (IT)
transitions " For muxed-valence species such bands are expected and are
assigned to IT transitions between metal 1ons of different valencies (localised
situation) or different combinations of metal-centred MOs (delocalised
situation) (192) 11 multinuclear complexes, therefore, 1t 1s possible to determine the
degree of metal-metal interaction by examination of the intervalence transition
band In a valence localised description the overall charge corresponds to a
Ru(I)-Ru(lll) complex In a fully delocalised description an Ru(Il'z)-Ru(II'%)
complex would result In principle, the degree of intercomponent interaction may
be determined from electrochemical measurements (K.), however this 1s a
somewhat limited approach to identify the true strength of the electron
delocalisation ®® Hence, the factors determining the localised or delocahsed
nature of the complex can be more easily determined following the approach

ongnally developed by Hush !%)
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Hush related the energy, intensity and half-width at maximum intensity of the
intervalence charge transfer transition to the degree of electronic coupling (Hag) in

a symmetrical system via the following equations (POILIT03)

A measure of delocalisation 1n both the ground and excited-states is a®, which can

be calculated as follows

2= (42x107) ey Ty (Eqn 12)
e
Has = (o® Eop) " (Eqn 13)

where Dy 15 the IT band maximum m ¢, vy, ts the bandwidth at half height
(cm'l), d 1s the internuclear separation between the metal 1ons (in A), €max 15 the
molar extinction coefficient at Vmac and Eqp 15 the energy of the IT band (cm l)
The calculated bandwidth can then be compared to the expenmentally observed
bandwidth If the two bandwidths are m agreement then the system may be
deemed as valence-trapped (localised), while 1f the band 1s too narrow the system
1s more likely to be considered as delocalised (M - M™) 1) This degree of
metal-metal interaction 1s dependant on a number of factors, for example, (1) the
distance between the metal centres, (1) the ability of the bndging ligand to
delocalise the electronic charge and (11) the coordination environments of the
metal 1ons 1% If, for example, the two valence-localised “electronic 1somers”
Ru"-Ru™ and Ru™-Ru" are considered then two different coupling strengths may
arise  Either the metal centres mteract weakly or not at all This situation 1s
presented visually 1n the following diagram (figure 1 13) Specific equilibrium
geometries correspond to each of these species, in terms of both “inner” (bond
lengths and angles within the two reaction partners (A)) and “outer” (solvent
reorientation around the reacting pair (A,)) nuclear degrees of freedom In figure
{ 13 (A) it may be seen that at the equilibrium geometry of each electronic 1somer

the other 1somer can be considered as an electronically excited-state
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Nuclear Configuration

Figure L 13 Potential energy curves of mixed valence compounds with negligible
(A), weak (B), and strong (C) electronic coupling. In (B) and (C), the dashed curves

represent zero-order states.

The energy separation between these two states at the equilibrium geometry is

therefore the reorganisation energy (k):

X=h +X0 (Egn. 14)

At the crossing point both isomers have the same energy and geometry and there
are no Franck-Condon restrictions to electron exchange between the two centres.

Hence, Hab is negligible and the probability of electron exchange is negligible.
[12][13]
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However, generally, some electronic interaction is present between the Rull and
Rumcentres. This interaction arises due to either direct overlapping of the orbitals
or across the bridge. This situation is represented in figure 1.13 (B). Here,
although there is little effect on the zero-order curves in the region of the
equilibrium geometries, there is mixing of the zero-order states at the crossing
points (figure 1.13). Therefore, although the system is still valence localised and
both metal centres still behave as separate components, new properties do now
arise due to the interaction of the metal centres and hence the IT band appears.
[12[14 However, it may be the case that the interaction between the two metal
centres is appreciably strong enough so that the zero-order levels are substantially
perturbed in the region of their equilibrium geometries. This situation is
represented in figure 1.13 (C). In this case the complex is considered a fully

delocalised species as represented by MIi2- MirA [12][14]

1.3.4 Robin - Day Classification

For mixed-valence, bimetallic systems three classes may be delineated depending
on the amount of metal-to-metal interaction. Robin and Day developed a system
in order to distinguish these three separate classes. [105] Based on the above

explanations these classes are as follows:

Class 1 A bimetallic compound may be said to be class | if the interaction
between the two metal centres is negligible. Within complexes of this type the
properties are composed of the discreet properties of each independent metal
component. In this type of complex no intervalence transition (IT) band is present
in the spectrum. This type of bimetallic complex generally contains long chain
bridging ligands or are systems in which the two metal units are separated by a
saturated group. For example, 1,2-bis(4-pyridyl)ethane which was investigated by
Meyer and co-workers 1068 and was found to exhibit no appreciable metal-metal
interaction due to the fact that the two n systems are separated by a saturated
group (figure 1.14).[m] Vos and co-workers also noted the lack of an IT band in a
class 1, dinuclear ruthenium complex bridged by 1,3-bis(pyridin-2-yl-1,2,4-triazol-

3-yl)benzene due to reduced electronic coupling (figure 1.14).1%8L
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Figure 1.14 The bridging ligands contained in some class |

dinuclear Ru(ll) complexesJ98™ 106"

Class II: Bimetallic mixed-valence compounds are said to be class Il if there is
some degree of interaction between the metal centers albeit weak. This is evident
by the presence of IT bands, which can be characterized by Hush. Furthermore,
these systems have localised valencies however, they also have new properties due
to the mixed-valence species. Some examples of this class of complex include the
dinuclear ruthenium polypyridyl complexes bridged by 1,4-bis(pyridin-2-yl-I,2,4-
triazol-3-yl)benzene and 1,4-bis(5-(pyridin-2-yl)-1,2,4-triazol-3-yl)-benzene as
studied by Vos and co-workers and dinuclear ruthenium complexes containing
back-to-back bis(terpyridine) ligands linked by phenylene spacers studied by
Collin etal. (figure 7./5).[98|[107]

[(ttpy)Ru(tpy-ph-tpy)Ru(ttpy)]4+

Figure 1.15 The bridging ligands contained in some class Il

dinuclear Ru(ll) complexes.A 1011
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Class Ill: The metal centres within class Il type complexes exhibit strong
electronic communication such that they are considered as delocalised systems.
The properties that arise within these systems are attributed neither to the M1 or
the M1l centre and the system is best viewed as MnR - MII2 Mixed-valence
compounds that are deemed to be class | or class Il lie in the realm of the
supermolecule, while class Il complexes approach the large molecule limit. [12]
Some examples of class Il compounds include the dinuclear ruthenium
complexes studied by Creutz [108] which were bridged by (N=C-C=N) and the bis-
cyclometalating, 3,3’,5,5’-tetrapyridylbiphenyl bridged mixed-valence dinuclear

ruthenium terpyridine complexes studied by Sauvage and co-workers (figure

1.7(5).[ICBI[109]

3,3\5,5 -tetrapyridy Ibipheny 1

Figure 1.16 The bridging ligand contained in the class 11l dinuclear Ru(ll) complex

studied by Sauvage and co-workersJ 100"

1.4 Scope of Thesis

The focus of this thesis is based on a range of mononuclear and dinuclear
ruthenium(ll) polypyridyl complexes containing dimethoxyphenyl moieties and
their hydroquinone and quinone analogues. Each of the complexes examined
within this thesis will contain 1,2,3-triazole moieties which play a crucial role in
the overall behaviour of these complexes as well as either pyridyl or pyrazyl
groups which are known to exhibit different photophysical characteristics in acidic
media. Chapter one provides a background to the nature and characteristics of
such complexes with particular emphasis on the archetypal [Ru(bpy>3]2+

compound and its analogues.
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In chapter two the procedures and expermental methodology employed during
these investigations will be outlined The provenance of the starting matenals and
solvents as well as the technical details mvolved in the computational data will
also detailed 1 this chapter  The subsequent chapter three will present the
synthesis and characterisation of the first group of complexes examined n this
thesis These complexes are characterised by the presence of 1,2,4-tnazole
moieties and dimethoxyphenyl groups They are euphemustically referred to as
‘protected’ complexes and act as model complexes for the hydroquinone and
qumone compounds contained in the subsequent chapters as well as being the
synthetic precursors for the subsequent complexes The differences that arise
between the pyndyltnazole and pyrazyltnazole complexes will also be examined
i this chapter as the excited-state of pyrazine complexes are known to switch

upon protonation

Chapters three and four will contain the hydroquinone and quinone analogues of
the dimethoxyphenyl complexes These compounds form the nucleus of this
thesis and the role of proton transfer within the hydroqumone complexes, which
has been mooted 1n previous publications, s explored in depth in these two
chapters  Furthermore, the novel synthesis for the preparation of the qumone
complexes will also be detailed in chapter five Each of the chapters, three, four
and five, contain dinuclear complexes in which the level of mtermetallic
communication between the metal centres and 1ts vanation with changes in the
nature of the ligand will also be explored The final chapter, chapter six, will
provide on overall examination of the behaviour displayed by the range of

complexes as well as suggestions for future work

Finally, three appendices will be provided which will contamn additional NMR
data, in-depth electrochemical studies aimed at elucidating the optimal solvent
conditions and working electrode for these systems and supplementary synthetic

data not contained in the mam body of the thesis
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Chapter Two

Experimental Methods and Procedures

This chapter details the experimental
methods and procedures utilised n the
ensuing chapters A brief description of the
instrumentation mmvolved  n the
measurements detailed i the ensuing
chapters 1s also provided along with an
explanation of the source and nature of the
chemucal materials used during these

studies
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2.1 Materals and Reagents

The synthetic reagents employed during the course of these studies were
purchased from Sigma-Aldrich and were of the highest grades available and no
further purification was undertaken Any solvents used duning spectroscopic
measurements were of HPLC grade For luminescence measurements UVASOL
(Merck) grade solvents were used The solvents utilised for spectroscopic and
electrochemical measurements were all of spectrophotometric grade DO
(99 9%) and starting matenals for the syntheses described were used as obtained
from Sigma-Aldrich Cis-Ru(bpy);Cl; 2H,O and 1ts deutenated analogue were
synthesised via hterature methods and obtained 1in a pure form from Complex
Solutions (DCU)Y!M?  The higand HL1 (chapter three) was supplied and

synthesised by Claire Brennan (DCU) using previously reported procedures Gl

2.2 NMR Spectroscopy -

The 'H-NMR spectra were obtained on a Bruker AC400 mnstrument Deutenated
solvents were employed for these measurements and generally either dg-DMSO or
ds;-acetonitrile were utilised unless otherwise stated The chemical shifts were

recorded relative to TMS and spectra were converted from their free induction

decay (FID) profiles using XWIN-NMR software

2.3 Column Chromatography

Column chromatography punfication was performed on neutral alumina (ALOs,
150 mesh) Generally, an 80/20 (v») solution of CH3;CN/H;O was used as the
mobile phase However, occasionally 5-10% MeOH was added

in order to aid elution

2.4 Absorption Spectroscopy

The UV/Vis spectra presented in the following chapters were carned out on a
Shimadzu UV3100 UV-Vis-NIR spectrophotometer, which was interfaced to an
Elonex PC575 desktop computer The spectra were obtained 1n the ultraviolet to
near nfrared region n the wavelength range 200 to 2500 nm The data obtaned
were nitially acquired on a UVPC graphics program before being converted to an

ASCII format and processed using Microcal Ongn 6 0 software
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All samples were measured in acetomtrile m 01 or 1 cm path-length quartz
cuvettes The pH of the complexes was aci_]usted to 80 via the addition of
trifluoroacetic acid in order to obtain the protonated data The UV data obtain 1s

accurate to within /- 2 nm Extinction coefficients are accurate up to 5%

2.5 Enussion Spectroscopy

The Emission spectra presented m this study were obtained on a Perkin-Elmer
LS50B luminescence spectrometer which was linked to a Dell PCI166 desktop
computer Low temperature measurements were taken at 77K by encasing the
samples 1in liquid nitrogen 1n a vacuumed cryostat environment Excitation and
emission slit widths of 10 nm were used for all measurements except at low
temperature, where an emission shit width of 2 5 nm was used All of the spectra
were generated 1mtially on Perkin-Elmer FL Winlab custom built software and
were processed further using Microcal Onigin 6 0 software Acetomtrile was used
as the solvent for all room temperature measurements while 77K measurement
were performed 1n EtOH / MeOH (4 1) as this provides a good glass Once again,
the pH of the complexes was adjusted to 8 0 via the addition of tnifluoroacetic acid
1n order to generate the protonated data The emission data obtamed was found to

be accurate to within */- 2 nm

2.6 Fluorescence Quantum Yield Determination

Relative fluorescence quantum yield measurements were carried out in accordance
with Parker and Rees’ methodology ™! [Ru(bpy)s]** was used as the reference and
hence the reference and the sample were excited at a wavelength at which the
absorption of [Ru(bpy)3]2+ and that of the sample coincided The samples were all
prepared with an optical density circa 040 as concentrated samples can cause
errors 1n these calculations and 1t 1s therefore necessary to examine the emissions
in the linear region where the concentration 1s proportional to the luminescence
The area under the emussion spectrum of each sample was calculated using
Microcal Ongin 6 0 software and the relative quantum yield was hence calculated

from the following equation
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A, F n/

- . (Eqn 2 1)
A F.n’

O,
where [Ru(bpy)g]2+ has an established quantum yield of 0 028 n aqueous, air
equilibrated solution r and s indicate reference and sample, F 1s the integrated
area of the emussion spectrum with the wavelength 1n cm™, A 1s the absorbance at
the excitation wavelength, n 1s the refractive index of the solvent and ® 1s the

quantum yield of emission These measurements were carried out 1n acetonitrile
and therefore it was not necessary to correct for the refractive index of the

solvent P

2 7 Acid-Base Measurements

All ground state and excited state pKa measurements reported 1n this thesis were
carried out 1n the aqueous Bntton-Robinson buffer Occasionally 1t was necessary
to dissolve the samples 1n a small amount (circa 0 5 ml) of an organic solvent prior
to dilution 1n the buffer solution The pH was adjusted by the careful addition of
NaOH or H,SO4 via micropipette to a large volume (circa 100 ml) of the dissolved
complex The pH of the solution was monitored using a Corning 240 digital pH
meter Absorption and emission spectra were accordingly obtained over a range
of pH values The pKa was determined from the changes 1n the absorption spectra
of the complexes examined using the Henderson-Hasslebach equation (Eqn 2 2) at
the point at which the concentration of the protonated and deprotonated analyte 1s
equal ") This 1s equivalent to the inflection pomnt of the sigmoidal curve The
inflection points of the subsequent graphs were estumated by differentating the

best-fit sigmozdal curve calculated using Microcal Onigin 6 0 software
pH = pK, + logio([HA)/[A]) (Eqn 2 2)
[sobestic points from the absorption spectra indicated a wavelength value at which

the protonated and deprotonated species demonstrated corresponding absorption

coefficients
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These values were subsequently used as the excitation wavelengths during the
fluorescence measurements 1n order to ensure that the results obtained were

accurate

The excited state pKa (pKa*) data were obtained by mampulation of the observed
intensity of each complex as a function of pH The inflection points of the
subsequent graphs were estimated by differentiating the best-fit sigmoidal curve
calculated using Microcal Ongin 6 0 software Two methods were then employed

from which the excited state values were calculated (chapter three) B

2.8 Single Photon Counter

The hfetimes of samples (< 20 ns) were determined using an Edinburgh
Instruments nf900 ns flashlamp mterfaced to a CD900 TAC photon counter in
DCU by Dr Andrea McNally (DCU) Additional lifetime data were also provided
by Bill Henry (DCU)

2.9 Electrochemical Measurements

An extensive electrochemical analysis was performed prior to this study in order
to ascertain the most appropiate electrochemical conditions This data 1s presented
in appendix B however, the technique that proved most suitable for the complexes

presented 1n this study 1s recorded here

Electrochemical measurements were performed in anhydrous acetomitrile (circa
1 mM concentrations) with 0 1 M tetraethylammoniumperchlorate (TEAP) as
electrolyte under a steady flow of N; to prevent absorption of atmospheric oxygen
The TEAP electrolyte was synthesised by preparing a 1 M solution of
tetracthylammonium bromude 1n distilled water Precipitation was then achueved
via the addition of 1 mole equivalent of perchlonc acid (70 % w/v) The
precipitate was collected by vacuum filtration, redissolved in hot water and then
neutralised with conc NaOH Upon cooling the product recrystallised and was
collected under vacuum and washed with water (25 cm’), followed by triple

recrystallisation from hot water

-~
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A 3 mm glassy carbon electrode encased m Teflon was used as the working
electrode, a platinum wire as the counter electrode and erther a saturated calomel
electrode (SCE) or a glass shrouded Ag/AgCl electrode was utilised as the
reference electrode A platinum wire was used as the auxiliary electrode In order
to negate the effects of hydrogen evolution, which occurs at approximately —0 8 V
and causes graphical anomalies, each sample was deaerated prior to scanmng at

negative potentals

Extensive pre-treatment of the working electrodes were preformed prior to each
electrochemical session and between scans Pre-treatment generally consisted of
polishing of the electrode surface with decreasmg grades of alumina polish (1 um,
05 pm) in distilled water with finely graded polishing pads 1n a figure of eight
motion Excess alumina particles on the surface of the electrodes were removed
by somcation in distilled water for 10 min periods The electrodes were then
allowed to air dry A CV of the solvent was obtamned prior to each
electrochemical measurement 1n order to ensure that all the peaks noted 1n the CVs
were due to the sample being examined The electrodes utilised for the
hydroquinone measurements were anodised prior to obtamning the CVs The
electrodes were activated oxidatively in non-degassed 0 1 M H,SO4 for 180
seconds at an applhied potential of 1 80 V after which time the electrodes were
removed and washed with distilled water and allowed to air dry M Gold and
platinum electrodes were cleaned when necessary with mtric acid Protonation of
the complexes was achieved via the addition of either 01 M HCIO4 or 01 M
CF;CO,H to the solution

Scan rates varied from 005 V/s to 1 V/s The values used during a particular
experiment are quoted below the figures in each chapter All cyclic voltammetric
measurements were carried out using either a CH Instruments Memphis 660
potentiostat interfaced to a Dell Inspiron 5100 laptop and interfaced with CHI
1000 software or an Autolab Instrument utilising Eco Chemie (2001) Autolab 4 8

software "' Errors of < 20 mV was calculated for these measurements
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2.10 Spectroelectrochemistry

Spectroelectrochemical measurements (3]

were carried out using an OTTLE cell
arrangement with an optically transparent platinum gauze as a working electrode,
a platmum wire as a counter electrode and a glass shrouded Ag/AgCl electrode as
a reference electrode Expenimental conditions observed during the
electrochemical measurements were also utilised during the course of the
spectroelectrochemical analyses All samples were prepared as dilute solutions 1n
order to ensure that comprehensive oxidation could occur over ime The potent:al
required for the working electrode was obtained using an EG&G PAR Model 362
scanning potentiostat and the resulting absorption spectra of the species generated
in the OTTLE cell were recorded on a Shimadzu 3100 UV-Vis/NIR

spectrophotometer 1nterfaced with an Elonex PC-433

In the case of the fluorescence spectroelectrochemistry measurements, the cell was
positioned at a 45° angle to the mcident hght The samples were excited at a
wavelength which was obtained from the 1sobestic pomnt of the absorption
spectra 'Y Repeat scans were then obtained as the potential was applied on a
Perkin-Elmer LS350B luminescence spectrometer which was linked to a Dell
PC166 desktop computer and the data generated was processed using Microcal
Ongmn 8 0

2.11 Enussion Lifetimes

Transient emission data were generated using a Q-switched Nd-YAG spectrum
laser system The data were plotted and analysed with the aid of Sigma Plot 8 0
software All measurements were obtained 1n acetomtrile at room temperature and
EtOH / MeOH 4 1 (v/v) at 77 K Samples were prepared with an optical density
of 0 4 absorption units in order to negate the consequences of the inner filter effect
and the lhifetumes were calculated at the maxima of the emussion The pH was
controlled via the addition of etther triethylamine (TEA) or trifluoroacetic acid
(TFA) Samples also underwent three freeze-pump-thaw cycles prior to carrying
out the room temperature measurements The error 1n the hfetimes was calculated

to be < 8%
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2.12 IR Spectroscopy

Infra red spectra were measured using oven dried KBr or 1n dry chloroform on a

Perkin Elmer 2000 FTIR spectrometer

2.13 Elemental Analysis
C, H, N elemental analysis was carried out at the Microanalytical Laboratory of
University College Dublin  These analyses were obtained using an Exador

analytical CE440 instrument
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Chapter Three

Mono- and Dinuclear Ruthenium(Il)
Complexes Contamning  Dimethoxy-

phenyl Moieties

This chapter details the synthesis, photophysical
and photochemical characterisation of a group
of mononuclear and dinuclear ruthemum(Il)
complexes These complexes are characterised
by the presence of pyridyl- or pyrazyl-1,2 4-
triazole unit(s) coupled with dimethoxy-
phenyl moieties These complexes are the
primary compounds 1 a series of related
complexes They function as model systems and
precursor molecules for the continuing series of

complexes in the ensuing chapters
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3.1 Introduction

Since that first serendipitous day in the 1930’s when the lumrmescence of
[Ru(bpy);]*" was first recogmsed, scientists have been investigating the latent
qualities of this complex  Recently, research 1n the area of Ru(Il) polypyndyl
complexes has entered the realm of supramolecular chemustry This exciting new
sphere of research has focused on the development and study of dinuclear and
polynuclear ruthemium complexes with the ultimate aim of creating photochemucal
molecular devices [!! As highly lummescent species, ruthemum (If) polypyndyl
complexes are capable of sensitising a wide variety of photo-redox reactions and
hence have potential as sensitiser components 1n artificial photosynthetic systems

or even as catalysts for the photochemical splitting of water (2131143

Extensive research 1s now available i which these complexes have been
incorporated mto the design and construction of multinuclear structures, in which
they are capable of directing and modulating electron and energy transfer
processes B! Although the approaches within these studies are vaned, generally,
this research has focused on the design of ruthentum polypyridyl complexes in
which donor-acceptor molecules such as hydroquinones and quinones are

covalently attached to the metal centre

The importance of the hydroquinone / quinone redox couple 1n natural systems 1s
well established ") Hydroqumones themselves are capable of acting as electron-
donating moieties within these systems, while quinones are known to be moderate
electron acceptors (811t 1 therefore understandable that these properties have led to
the utilisation of these ligands in studies of photo-induced electron transfer,
particularly 1n systems incorporating porphyrin centres as models for artficial
photosynthesis ! Within these studies it has been shown that the qumnone /
hydroquinone redox couple displays reversible electrochemucal inter-conversion in
protic media by exchange of two protons and two electrons and the quinone unit
has been shown to quench the luminescence of numerous photosensitive transition
metal complexes P'% These studies have also investigated catechol and 1ts

oxidation products (semiquinone and quinone) as ligands (1
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+e

(0] A 'O
(cat)2® (sa)

Figure 3.1 The dioxolene redox series

The so-called ‘dioxolene redox’ series (figure 3.1), catecholate  (cat),
semiquinonate (sq) and quinone (q), when coordinatedto metal centres has been
studied in depth by Lever and Pierpont.[1I7 The metal complexes containing
catechol moieties have been shown to exhibit mutable electronic effects associated
with variable metal and ligand charge distribution, due to the delicate balance in
energy between the frontier quinone and metal orbitals/ 13l These ligands are “non-
innocent” and can coordinate in three different formal oxidation states (g, sq,
cat)[1]] and studies by Lever and co-workers on the properties of the complex
[Ru(bpy)2(cat)], where H2cat = catechol, have shown thatthe complex can

undergo two reversible one-electron oxidations, togive the species

[Run(bpy)2(sq)]+and [Ruu(bpy)2(q)]2+.[13L

2+

(bipy)2Ru~-"

[(Ru(bpy)2)2(s ,4 ,3\ 4 ,-tetrahydroxybiphenyl)]

Figure 3.2 Dinuclear Ru(bpy)20,0 coordinated complex
Most metal-catechol compounds reported are based upon 1,2-dihydroxy-type

ligands where the hydroquinone moiety acts as a 1,2 chelate through two metal-

oxygen bonds. Figure 3.2 depicts a typical metal catechol complex of this type.
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Within these studies 1t has been shown that ruthenium dioxolene complexes have
unusually large degrees of orbital mixing between the metal and the ligand and
this gives rise to the possibility of electron delocalisation between the metal and
the ligand (15191 por example, Ward and co-workers have nvestigated ruthenium
dioxolene complexes 1n which several Ru(bpy), umts were linked together by use
of bndging higands contaiming two or more dioxolene binding sites as depicted in

figure 33 This resulted 1n a series of polynuclear complexes displaying

exceptionally rich electrochemical and spectroscopic behaviour 205211
HO aH
HO
OH O
HO

HO CH

Figure 3 3 Multiple dioxolene binding site ligands prepared by Shukla er af @7

Indeed, binuclear ruthenium complexes in which the metal centres are directly
lIinked by a bridging higand have attracted much attention due to the possibility of
studying electron transfer and delocalisation i mixed valence Ru"Ru™ species
and Ward and co-workers have also prepared [(Ru(bpy).)(OMe):](PFs)s,
members of a new class of binuclear ruthemum(Il) complexes with two alkoxide
bridges 24221 However, coordination via O,0 leads to considerable orbital mixing
and complicates the properties of the compounds Hence, Vos and co-workers
prepared complexes 1n which the Ru(bpy), centres were coordinated via a pyndyl
nitrogen and a phenolic OH (figure 3 4) ! The aim of their studies was to further
investigate the electromic interaction between the hydroquinone and the Ru-

polypyndyl umts !
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(bpy) Ru~_ as
[ N\_J

0
/
Ru (bpy),

\
4 P
Figure 3 4 A dinuclear Ru(bpy), N,O complex !

Another approach taken in preparing ruthenium-catechol complexes has been to
attach the donating/accepting group to the ruthemum polypyridyl centre via the
polypynidyl ligands 24 (23]
luminescence quenching of the [Ru(bpy)g]2+ chromophore by the covalently

For example, Lehn and co-workers reported

connected quinone / hydroqumone grouping More complex forms of this
approach were developed by Schanze and Sauer” and Shukla er a/*” as

lustrated 1n figure 3 5

a

(bpy),Ru
X =0Meg, OH, O

Figure 3.5 Dimethoxy / hydroquinone and quinone containing complexes hnked to the
metal via the polypyridyl moieties synthesised by Schanze and Sauer(®® (1) and
Shukla et al (2)"
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The main disadvantage associated with this approach however, 1s that the excited
state 1s generally based on the polypyndy! ligands and hence strong coupling
between the metal centre and the donor / acceptor moiety occurs and this
precludes long-lived charge separation Hence, Vos and co-workers began an
investigation 1nto dyad chromophore — quencher systems m which the donor group
was linked to a bridging hgand, which was not involved 1n the luminescent
SMLCT state and furthermore was negatively charged Not only could this
approach facilitate longer-lived charge separation but also the presence of the

negative bridge 1s known to facilitate metal-metal communication (281

Hence, a series of complexes were prepared in which hydroquinone / quinone
redox electron donors / acceptors were also linked to a ligand, which 1s not
involved 1n the luminescent *MLCT state and was negatively charged S-(Pyndin-
2-yl)-1,2,4-tr1iazole and 5-(pyrazin-2-yl)-1,2,4-tnazole are suitable building blocks
for this purpose ®® It has been demonstrated that when these hgands are
coordmmated to Ru(ll), the tnazole moiety 1s easily deprotonated leading to a
negatively charged tnazolate which results in their potential as molecular
switches ?® Furthermore, the inclusion of a pyrazyltnazole higand 1s expected to
produce complexes with interesting properties based on the phenomena of
‘switching’ of the excited state upon protonation of the triazole ring Finally, 1t
must be noted that homo-dinuclear complexes have also be synthesised containing
pynidyltniazole and pyrazyltnazole bndging ligands This 1s as a consequence of
the fact that previous studies have indicated that these brnidging ligands can
support interaction between metal centres and they therefore also have the
potential to form dinuclear complexes 1n which photomduced electron or energy

transfer may occur (29

Mono- and di-nuclear compounds based on this blueprint were synthesised by
Weldon and Keyes,™®% however, direct preparation of the hydroquinone-
containing complex resulted in low yields For this reason a new synthetic method
for the preparation of these complexes from the protected dimethoxy containing
analogues was developed **?! This approach 1s remimiscent of those undertaken
by Ward and co-workers and other groups in their preparation of qumone

containing complexes (figure 3 5) [26]{27]
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Based on these premises a series of complexes has been synthesised. In this
chapter the first group of compounds of this series is presented. These complexes
consist of dimethoxy spectator groups attached to the ruthenium centre(s) via a

negatively charged pyrazyltriazole / pyridyltriazole bridge {figure 3.6).

3-phenyl-5- (pvrid in-2* -yl )- 3-phenyl-5- (pyrazin-2*-yl )-
1H-1\ 2*.4'-triazole(HLI) IH-T. 2.4 -triazol O(HL2)
\
CH,

3-(2\ 5'-dimethoxyphenyl)-5-(pyridin-2‘'-yl)-
IH-1*. 2\4'-triazole(HL3)

\

CH,

3-(2\ 5*-dimethoxyphenyl)-5-(pyrazin-2"-yl)-
1H-1 * 2\4'-triazole(HL4)

1,4-bis (5"*(pyridin-2**-yl)-1 '"H-1 \ 2\ 4'-triazol-3'-yJ)-2,5-dimetholyphenyl (H 2JL5)

1.4-bis (5'-(pyrazin-2” -y I)-rH -1 * 2* 4'-triazol-3*-yl)-2.5-drmethoxyphenyl (H2L6)

Figure 3.6 Structures and nomenclature of ligands cited in this chapter.
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The metal complexes synthesised utilising these higands are coordinated to the
metal centre(s) via a triazolic mtrogen and the nmitrogen of the pyridine or pyrazine
group as shown 1n the following diagram (figure 3 7) of the proposed structure of
[Ru(bpy)z(LS)Ru(bpy)z]2+ which contains the ligand H,LS (figure 3 6)

[ - 2+
OCH,
N
/ N \(-) [
N—N OCHs
—N
koo
L |

Figure 3 7 Proposed structure of the dinuclear pyrazyltriazole complex
[Ru(bpy)2(L5)Ru(bpy)a]”*

The mononuclear complexes 1 and 2 contain the hgands HL1 and HL2,
respectively, which include an unsubstituted phenyl nng, while complexes 3 and 4
are the methoxylated mononuclear complexes containing ligands HL3 and HIL4,
respectively The dinuclear dimethoxy-containing complexes are complexes 5 and
6 and these compounds contain the hgands H,L5 and H,L6, respectively (figure
37) The complexes discussed in this chapter are important as they act as
precursor compounds for the succeeding complexes described mn the following
chapters and are also model complexes Complexes 3 to 6 are precursor
complexe;, which act as the parent complexes and form the basis for the synthesis
of a covey of complexes, which together provide a complete photophysical and
photochemical characterisation of this genre of complex Complexes 1 and 2 are
parent complexes, which provide a basis for elucidation of the photophysical and
photochemical data obtamed for the dimethoxyphenyl complexes Complexes 5
and 6 are homo-dinuclear complexes, which are of particular sigruficance due to

their potennal to display interesting metal-metal interactions
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Synthetic methods for the preparation of the higands and the Ru (II) polypyndyl
precursor complexes formed from these ligands are also provided in this chapter
The ligands cited 1n this chapter are shown 1n figure 3 6 Punty of these complexes
was assessed by NMR spectroscopy and elemental analysis Once the purnty of
these complexes was accessed they were further characterised by emussion and
absorption spectroscopy and the excited state hifetimes of the various complexes
have been measured and are reported n the following section The effect of the
ligands on the metal centre, as well as the location of the excited state, 1s also

accessed

Furthermore, acid-base measurements were obtamed m order to investigate the
nature of the lowest unoccupied molecular orbital (LUMO) This 1s a
charactenistic that varied depending on whether or not the complex contained a
pyndylitriazole or a pyrazyltniazole Hence, pKa and pKa* values are presented In
the case of the electrochemucal characterisation, both the oxidation of the metal
centre and the ligand-based reductions have been measured Finally,
spectroelectrochemical data, which also vary considerably over the range of
complexes and provides interesting insights into the degree of intermetallic

interaction 1n the dinuclear complexes, are also included

The aim of this chapter 1s to characterise the photophysical and electrochemical
properties of this group of pyrazyltnazole and pynidyltnazole complexes as these
studies have not been performed previously These will then be used as model
complexes for the subsequent hydroquinone and qutnone complexes introduced n
chapters four and five, respectively Hence, 1t will be demonstrated whether or not
the process of electrochemically induced proton transfer, as suggested by Wang et

al "1 occurs within the hydroquinone complexes (chapter four)
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3.2 Experimental Methodology
3.2.1 Synthesis ofLigands

The syntheses of the ligands, whose structure, numbering, names and
abbreviations are contained infigure 3.6, are presented in the following section
while the JH-NMR spectral analysis of the ligands HL2 and HL3 are shown in
figure 3.8. Keyes prepared the dihydroxy-containing analogue of HL3 in her Ph.D
Thesis.The ligands HL3 and HL4 were prepared in a similar manner as this
complex with the exception that dimethoxybenzoic acid was used in place of
dihydroxybenzoic acid. The ligands H2L5 and H2L6 have also been prepared
previously and the method devised by Hughes et al. was employed in the synthesis
of these ligands.[3][33 The ligand HL1 has also been prepared previously and was
synthesised in this study according to well-known literature methods. The
ligand HL2 was synthesised by and obtained from Claire Brennan, following the
method described by Hage.[3¥]

3-phenyl-5- (pyridin-2”-y1)-IH-I\ 2°, 4Mriazole (HL1)
This ligand was prepared according to modified literature methods. 'H-NMR
(d6DMSO): 8 8.56 (d, 1H, pyridyl H6?), 8.14 (d, 1H, pyridyl H3), 8.10 (dd, 1H,
pyridyl H4), 8.07 (d, 1H, phenyl H6), 7.89 (dd, 1H, pyridyl H5), 7.42 (d, 1H, phenyl
H2), 7.38 (dd, 1H, phenyl H5), 7.34 (dd, 1H, phenyl H3), 7.30 (dd, 1H, phenyl H4).

3-phenyl-5- (pyrazin-2”-yl)-1H-1’, 264 -triazole (HL2)
This ligand was prepared and obtained within the group via modified literature
methods.[l] '"H-NMR (d«-DMSO): 8 9.38 (s, 1H, pyrazyl H3), 8.79 (dd, 2H, pyrazyl
Hsand pyrazyl H6), 8.13 (dd, 2H, phenyl H2 and phenyl H*), 7.53 (m, 3H, phenyl
H3, H5, H4).

3-(2\5’-dimethoxyphenyl)-5-(pyridin-2” -yl)-IH-1,2,4-triazole (HL3)
This ligand was prepared according to literature methods with the exception that
2 ,5-dimethoxybenzoic acid was used in place of 2,5-dihydroxybenzoic acid. [
Yield: 3.6 g, 64 % IU NMR (d6DMSO): 5 12.54 (s, 1H, -NH), 8.70 (d, 1H, pyridyl
H6), 8.15 (d, 1H, pyridyl H3), 7.92 (dd, 1H, pyridyl H4), 7.68 (s, 1H, dimethoxy H6),
7.41 (dd, 1H, pyridyl H5), 7.31 (dd, 1H, dimethoxy H4), 7.06 (d, 1H, dimethoxy H4),
3.91 (s, H3, -OCHj), 3.80 (s, H3, -OCH?3).
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3-(29065’-dimethoxyphenyl)-5-(pyrazin-2”-yl)-IH-1,2,4-triazole (HL4)
The method used was the same as that described for the formation of 3-(2°,5’-
dimethoxyphenyl)-5-(pyridin-2” -yl)-IH-1,2,4-triazole (HL3), with the exception
that 1-(2°,5’-dimethoxyphenyl)-4-(pyrazin-2” -yl)-acylamidrazone was cyclised in
the reaction.tq Yield: 3.2 g, 72 %. *HNMR (d6DMSO): 5 9.32 (s, 1H, pyrazyl
H3), 8.74 (s, 1H, pyrazyl H5), 8.68 (s, 1H, pyrazyl H6?), 7.68 (s, 1H, dimethoxy H6),
7.14 (d, 1H, dimethoxy H3), 7.06 (d, 1H, dimethoxy H4), 3.91 (s, 3H, -OCH3), 3.80 (s,
3H, -OCH3.

1.4-bis(5’-(pyridin-2”-y)-I’H -r,2\4 ’-triazol-3’-y1)-2,5-dimethoxybenzene  (H2L5)
This ligand was prepared according to methods devised by Hughes. [3] Yield:
2.10g, 50 % IH NMR (d6DMSO): 8 14.12 (s, 2H, -NH), 8.63 (d, 2H, pyridyl H6,
8.21 (d, 2H, pyridyl H3), 7.92 (d, 2H, pyridyl H4) and (dd, 2H, pyridyl H5?), 7.50 (s,
2H, dimethoxy H3 and H6), 4.08 (s, 6H, -OCH3.

1.4-bis(5’-(pyrazin-2"’-y1)-1’'H-1’ 2’ ,4’-triazol-3°-yl)-2,5-dimethoxybenzene  (HzLs)
The method used was the same as that described for the formation 1,4-bis(5’-
(pyridin-2”-yl)-rH-r,2,,4’-triazol-3,-yl)-2,5-dimethoxybenzene (H2L5), with the
exception that 1,4-bis(acyl-pyrazin-2’-yl-amidrazone)-2,5-dimethoxy-benzene was
cyclised in the reaction."21Yield: 1.90g, 51%. 'H NMR (d6:DMSO): 8 9.16 (s, 2H,
pyrazyl H3", 8.54 (d, 2H, pyrazyl H5’, 8.47 (d, 2H, pyrazyl HE), 7.71 (s, 2H,
dimethoxy H3 and H6), 4.08 (s, 6H, 2 x-OCH3).
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9.5 9.0 8.5 8.0 75 ppm 7.0
T V
3’1
9.5 9.0 8.5 8.0 75 PP™7.0

Figure 3.8 ‘H-NMR Spectra of the ligands (a) HL3 showing (b) -o c 13 peaks inset and (c) HL2
measured in d6-dimethyl sulphoxide (chemical shifts / ppm vs Me4Si)
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3.2.2 Synthesis ofMetal Complexes

The syntheses of the Ru(ll) mononuclear and dinuclear complexes of the ligands
described above are presented in this section. These complexes have also been
synthesised previously. However, since limited data is available on their
photochemical and photophysical properties and they are precursor complexes for
the compounds contained in the following chapter, it was necessary to perform
their re-synthesis. [Ru(bpy)2CI2].2H20 was prepared within the group according
to the method described by Sullivan et alP4 The 'H-NMR spectra of two of the
substituted phenyl complexes are presented in figure 3.9. Additional X-ray
structure data are available for the dimethoxy-containing complexes in the thesis
of Hughes.I™

Complex 1: [Ru(bpy)AL)]PF6H2

ds-[Ru(bpy)2CI2].2H20 (150 mg, 0.288 mmol) and HL1 (80 mg, 0.35 mmol) were
heated at reflux for 8 h in 50 cm3 EtOH/H20 (2:1 v/v). The hot solution was
filtered and evaporated to dryness after which 10 cm3 of water was added to the
dark red product. The complex was precipitated with an excess of an agueous
solution of NH4PF6. The product was purified by column chromatography with
neutral alumina and acetonitrile as eluent. The product obtained was recrystallised
from ethanoLTtO (with 1 drop of conc. ammonia). Yield: 194 mg (82%).
Calculated for C33N8H270OPF6Ru: C: 49.82; H: 3.16; N: 14.08 %. Anal. Found:
C: 50.07; H: 2.91; N: 13.85%0.

Complex 2: [Ru(bpy)AL2)|PF&GH2D

The synthesis of this complex is the same as for [Ru(bpy)2(LI)]PF6 with the
exception that HL2 was used in place of HL1. Yield: 190 mg (80%0). Calculated
for C2NH260PF6Ru: C: 48.13; H: 3.28; N: 15.78 % Anal. Found: C: 48.03; H:
3.01; N: 15.85%0.

Complex 3: [Ru(bpy)2L3)]PF62H2

Once again the synthesis of this complex is the same as for
[Ru(bpy)2(LN)]PF6.H20 with the exception that HL3 was used in place of HLL1.
Yield: 450 mg (84%). Calculated for C35N8H3304PF6Ru: C: 49.94; H: 3.71; N:
13.31 % Anal. Found: C: 49.67; H: 3.62; N: 13.01 %
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Complex 4: [Ru(bpy)AL4)]PF62H2D

A similar synthesis to that of [Ru(bpy)2(LI)]JPF6was employed with the exception
that the HL4 ligand was used. Yield: 442 mg (81%). Calculated for
C3BN9H320 4PF6Ru: C: 48.57; H: 3.06; N: 12.76 % Anal. Found: C: 48.21; H:
2.97: N: 12.90%.

Complex 5: [Ru(bpy)AL5)Ru(bpy)2)(PF§24H2D

The same synthetic method was again employed for this complex. However, 0.4 g
(0.94 mmol) of H2L5 was and added to 1 g (1.9 mmol) of [Ru(bpy)2CI2].2H20 and
refluxed in order to obtain the dimer complex. Yield: 335 mg (73%). Calculated
for C&NIeH560 6P2F12Ru2: C: 45.40; H: 3.63; N: 13.66 % Anal. Found: C:
44.80; H: 3.38; N: 13.20%.

Complex 6: [Ru(bpy)2(L6)Ru(bpy)2(PF6)24H20

The synthetic method is the same as for [Ru(bpy)2(L5)Ru(bpy)2](PF624H20 with
the exception that H2L6 ligand was used in place of H2L5. Yield: 350mg (70%b).
Calculated for CM sH ~O ~F ~: C: 44.12; H: 3.40; N: 1544 % Anal.
Found: C: 43.88; H: 2.83; N: 15.09 %

59



—och3

X2

(b)
I

Frrrnl
4.0 3.5

Figure 3.9 ‘H-NMR data of the complexes (a) [Ru(bpy)2L5)Ru(bpy)2](PF62.4H2 with (b)

-OCH3peak inset and (c) [Ru(bpy)2L4)]PF6.2H2 with (d) -OCH3peaks inset in d3-acetonitrile
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3 3 Results and Discussion

3 3 1 Synthetic Considerations

3.3 11 Ligand Synthesis

The hgands HL1, HL2, HL3 and HL4 were all prepared in a similar synthetic
manner with the only exception being that the synthesis of the pyrazine-containing
ligands involved cyanopyrazine rather than cyanopynidine The synthesis then
proceeded 1n the usual manner until cyclisation n ethylene glycol yielded the
required product Crystals of these hgands were obtamned via recrystallisation
from hot ethanol and water and no further punfication was required The
synthesis of the ligands H,LS5 and H,L6 was not as straightforward due to the
presence of the ~OMe moieties on the central phenyl ring However, unlike the
preparation of the higands from 2,5-dihydroxybenzoic acid, the synthesis of these

dimethoxy precursors proved more successful and hence ligand yields were high

3 3.1 2 Complex Synthesis

The ruthemum complexes contaiming both the pyridine and pyrazine ligands
proceeded m accordance with the standard procedure and did not prove to be
problematic P! Hence, reflux m ethanol / water for generally longer than three
hours resulted in complex formation This process was accompanied by a colour
change 1n which the imitial deep plum colour developed to a strong burgundy In
the case of the dinuclear complexes, an excess of [Ru(bpy).Cl,] 2H,0 was used 1n
order to predominantly obtamn the dual coordinated complex The complexes
could then be precipitated by the addition of PF4” with subsequent recrystallisation
from ethanol and water Purnification was achieved via column chromatography on
neutral alumna with acetomitnile as eluent In the case of the pyrazine-containing
complexes, purification proved shightly more problematic due to the presence of
the free N on the pyrazine ring, as, during column chromatography, they adhere
readily to the stationary phase An acetonitnle and methanol mixture (3%) was
therefore employed in these purifications A small percentage of methanol was
also utihsed 1n the column chromatography of the dinuclear complexes 1n order to

elute the pure product
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It 15 a well-recogmsed phenomenon with this nature of ligand, that the hgands
deprotonate upon coordination with the metal and thus 1s venfied via the X-ray
crystal structures and the CHN analyses 331 The deprotonated status of these
complexes was also verified via the UV data contained following section 3 3 2 1

A further complication associated with these syntheses is the possibility of
forming 1somers This 1s contingent with the mode of coordination of the metal
with the trazole N moiety However, steric hindrance would seem to dictate a
formation of a majonty of the N2 isomer, as observed for many similar igands

(23213638} Eyrthermore, 1t has been shown previously that the "H-NMR spectra of
the N2 and N4 bound coordination 1somers are significantly different ¥* Column
chromatography ensured that only one 1somer was 1solated from the reaction, a

fact substantiated by the following characterisation data

3 3 1 3 Characterisation Considerations

'H-NMR spectroscopy 1S a necessary tool 1n accessing the purity and structure of
complexes and 1t has been used extensively to identify the coordination mode of
pynidyl- and pyrazyltriazole ligands ) The proton NMR spectrum of the
uncoordinated ligands HL2 and HL3 are shown i figure 38 while the
reasonances for coordinated ligands L1-L6 are shown in table 31  The
assignments of resonances due to the coordinated ligand were made by using
COSY spectral data and also by companison with the resonances of the free
hgands This additional data is contained in appendix 4 Moreover, some
deuterated analogues were also synthesised and these further confirm and assist in
the assignment of the coordinated ligand resonances via omission of the bipyridyl
resonances The synthesis of the deuterated analogues along with their CHN and
the 'H-NMR data are contained 1n appendices A and C The spectra obtained were
clean and well resolved and integrate to the expected number of protons This can
be clearly seen m the spectra of the mononuclear [Ru(bpy),(L2)]" and the
dinuclear [Ru(bpy)z(LS)(bpy)zRu]2+ complexes shown 1n figure 39 The -OMe
resonances for similar dimethoxy complexes have previously been identified in
the 'H-NMR spectra at 3 72 ppm as singlets 'l The 'H-NMR spectra of the
complexes [Ru(bpy)»(L3)]" and [Ru(bpy)(L4)]" also displayed two identifiable
—OMe singlet peaks in this region
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Resonances for coordinated ligands L1-L6
(chemical shifts / ppm vs Me4Si)

3 4

7.36(d) 7.40(d)
H3  7.28(dd)  7.20(dd) 7.22(s) 7.23(s) 7.51(8) 7.38(s)
H4  7.22dd)  7.18(dd)
H5 731(d)  7.20(dd)  6.88(dd)  6.98(dd)
H6 7.85(d) 7.81(d) 6.96(d) 6.90(d) 7.51(s) 7.38(s)
H3 8.38(d) 9.10(s) 8.17(d) 9.26(s) 8.31(d) 9.23(s)
H4 8.06(d) 7.96(dd) 7.98(dd)

H5 7.26(dd) 7.88(d) 7.15(dd) 7.63(d) 7.15(dd) 7.61 (eft)

H6  7.74(dd)  810(d) 7.53(d) 8.26(d) 7.72(d) 8.23(d)
* For an explanation of proton numbering refer tofigure 3.9.

Bipyridyl reasonances were observed in the following regions for:

'Pyridyltriazole complexes: 8.35-8.55(H3); 7.92-8.05(H4); 7.20-7.45(HY); 7.85-7.92(H6).
Pyrazyltriazole complexes: 8.30-8.55(H3); 7.97-8.10(H4); 7.30-7.50(HS/ H6).

Strong -O CH 3reasonances were observed in the following regions:

FJRu(bpy)2(L3)]+ 3.63 (s, 3H, -OCH3) and 3.74 (s, 3H, -OCH3)

[Ru(bpy)2(L4)]+ 3.65 (s, 3H, -OCH?3) and 3.75 (s, 3H, -OCH?J
[Ru(bpy)2AL5)Ru(bpy)J2+ 3.60 (s, 3H, -OCH3J
([Ru(bpy)2(L6)Ru(bpy)J2+ 3.61 (s, 3H, -OCH3J)

Table 3.1 ]JH-NMR data for complexes 1- 6 measured in d3-acetonitrile

Their characterisation as -OMe is further substantiated by their absence in the
spectra of complexes [Ru(bpy)2(L1)]+and [Ru(bpy)2(L3)]+which differ only from
the previous two complexes by their lack of -OMe substituents. In the case of the
dinuclear complexes the -OMe signals are expressed as one large peak due to the
equivalency of these moieties in these complexes. This is interesting to note as
these dinuclear complexes are clearly highly symmetric as indicated by the
presence of only one methoxy signal (table 3.1) and by the fact that the phenyl
protons are equivalent and found as a singlet at 7.51 ppm and 7.38, respectively

(figure 3.9).
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Thus 1s 1n contrast to the mononuclear complexes in which the phenyl protons are
not equivalent (figure 3 9) and 1s further evidence of N2 coordination within these
complexes The NMR data also revealed that an upfield shift of the H® proton
occurs upon coordination This shift 1s more pronounced 1n the spectra of the
pyndyl-contaiming complexes and may be attributed to the diamagnetic
anisotropic 1nteraction of the H® proton with the adjacent rings of the bipyridine
“2 In the pyrazyltnazole complexes the HS” proton experiences a larger upfield
shift than mn the pyndyltriazole complexes The bipyndyl protons of the
pyridyltnazole-containing complexes could be easily identified from the COSY
spectra and because they fall mto the normal range for previously reported,

analogous systems 617140
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3.3.2 Electronic and Photophysical Properties
3.3.2.1 Absorption Spectra

Table 3.2 Absorption and emission data obtained for the complexes. Unless

otherwise stated, all measurements were performed in acetonitrile.

I Ty TC>

[Ru(bpy)32+ (130) 0062 (ggg) (548-;%?)
RuboyaLhle @ oooss 0o Ol
RubpaHLz 2 a8 o
Riopy2ls  Fo ooose 0 o8
[Ru(bpy)AHL2)]2+ (fi%) (ggi) (67%68)
RubpyAL3l 3y 00034 e o
RbpyHLae 0o (4
[Ru(bpy)AL4)]+ ooss G0 B
RubpHLOR 0 o1 (o)
RubpALSRubpA  rop 00032 08 Pl
[RUbRAHASRIOMT” 5 o © 9
RubpyLoRuEmz A ogosa ST O
RUBHYAFELORUOE” 00 o) o

Protonation of the complexes achieved by addition of perchloric acid {chapter two).
Lifetime samples at 298K underwent three fireeze-pumped-thaw pre-treatments.

e Data at 77K were recorded in EtOH/MeOH (4:1 viv).

1Emission quantum yield determination is contained in chapter two.

Experimental errors are included in chapter two.
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Most ruthenium (11) polypyridyl complexes exhibit similar electronic spectra. For
example, the absorption spectrum of the archetypal [Ru(bpy)3]2+ complex shows
bands at 185 nm and 285 nm which are assigned to ligand centred (LC) n ->
transitions by comparison with the spectrum of protonated bipyridine. The band at
450 nm in this prototypical complex is assigned to a metal-to-ligand charge
transfer (MLCT) dn -> n* transition, while shoulders at 322 and 344 nm are
tentatively assigned to metal centred MC transitions.[Z] Indeed, it is the presence
of this MLCT in the visible region of the spectra that distinguishes this genus of
complex and it is a common feature in the spectra of all the complexes cited in this

chapter.

Wavelength (nm)

Figure 3.10 Absorption spectra of [Ru(bpy)L4)]+(c. 4.56 x 10GM) and
[Ru(bpy)2L5)(bpy)ZRu]2+(c. 1.71 x 10'5M) in acetonitrile at room temperature.

All UV/Vis spectra discussed in this chapter were recorded in acetonitrile. The
absorption data for the mononuclear and dinuclear complexes in their protonated
and deprotonated forms are recorded in table 3.2. As expected, two main bands
were seen to dominate. The strong band at 285 nm is attributed to the ligand
based n - n* transitions (figure 3.10), while the singlet MLCT d#&-a* transitions

arise between 400 - 500 nm.
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Table 3 2 also contamns extinction coefficients  The intensity of a transition 1s
determined by selection rules and, 1n order for a transition to be fully allowed, the
transition must be both Laporte and spin allowed ) In the octahedral environs of
a ruthentum complex, transition that are Laporte and spm allowed, such as LC =
a* and MLCT transitions, have extmetion coefficients m the region of 10° and 10°
M' cm! The complexes discussed n this chapter all display extmction

coefficients 1n the order of 13 x 10*M”cm ! (table 3 2)

F Y K \ N/
N,\N/ : \N/ lN

Figure 3 11 1,4-bis(pyridin-2-yl-1,2,4-tnazol-3-yl)benzene

In previous studies of similar ruthemum complexes, such as those discussed n the
introduction by Ward and co-workers, also demonstrate comparable transitions in

f21] Interestingly, substitution of the phenyl ring by

the electronic spectrum
dimethoxy moieties upon gomng from [Ru(bpy)(L.1)]" and [Ru(bpy)y(L2)]" to
[Ru(bpy)2(L3)]" and [Ru(bpy)(L4)]" evokes little difference in the absorption
spectra Therefore, 1t can be seen that the absorption spectra of these complexes
are not strongly dependant on the nature of the substituted moiety This
observation 1s 1 agreement with results obtamned by Ward and co-workers?!),

Lehn"%®1 Paddon-Row,"™ Schanze and Sauer® (figure 3 5)

The absorption spectra of the dimer complexes described in this chapter are
comparable to their analogous monomer complex Once again, substitution of the
phenyl moiety has little effect on the absorption spectra Evidence for this comes
from exammnation of the spectrum of the dinuclear complex synthesised by
Weldon and co-workers, which contamed the ligand depicted i figure 3 11 ¥
This represents the unsubstituted-phenyl analogue of
[Ru(bpy)z(LS)(bpy)zRu]2+and similarly has an MLCT band centred at 481 nm
(=203 x 10* M ¢cm ") 1n neutral acetomtrile and at 420 nm when protonated by

acid
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It may also be noted however, that the MLCT of all of the complexes 1n neutral
acetonztrile are red shifted i comparison to [Ru(bpy)s]*" This 1s due to the effect
caused by the replacement of one of the bipyndyl moieties with a ligand that
possesses different properties and hence exerts a different influence on the metal
centre In the case of the pyndyltriazole complexes the increased o-donor capacity
of the deprotonated ligand 1s mamfested by a shift of approximately 30 nm to a
lower energy This phenomena was also noted by Vos and co-workers 1n their
analysis of the mononuclear Ru(Il) complex of 3,5-bis(pyndin-2-yl)-1,2,4-
triazole ! In the case of their complex, which contains the hgand shown n figure
312, a suft from 475 nm (¢ = 113x10* M! ecm?) to 429 mm
(e=1 56x10* M cm’") upon protonation was noted, which 1s comparable to the

shufts observed for the pyridyl-contaimng complexes contained n table 3 2 © sl

/\ 7 J
~, ) AN

/

H

Figure 3 12 3,5-bis(pyridin-2-y1)-1,2,4-triazole (bpt)

Vos and co-workers also synthesised the pyrazyl-contaimng analogue of the above
ligand U351 As with the pyrazyltriazole complexes contained n table 3 2, it was
observed that this compound exhibits a less pronounced shift compared to the
pyridyl analogues This may be attnbuted to pyrazine’s stronger m-acceptor
properties Electron density on the metal centre 1s therefore reduced by the
pyrazyl ring however, the juxtaposition of the triazole moiety negates this eftect
and a minor red shift (circa 5 nm) 1n absorption 1s manifested The presence of the
tnazole ring 1n these complexes means that they have the potential to be
protonated Protonation of the triazole ring with trifluoroacetic acid results in a
change 1n the absorption spectra of the complex This may be attributed to the fact
that protonation of the triazole ring causes a dimumshing of its 6-donor properties
(figure 3 13 / table 3 2) 11

68



Ru(1l) Complexes Containing Dimethoxyphenyl Moieties Chapter Three

300 400 500 600 700
Wavelength (nm)

Figure 3.13 Absorption spectra of [Ru(bpy)2(L1)]+ in acetonitrile (black line) and after
the addition of acid (red line) and (Inset) [Ru(bpy)2(L2)]2+in acetonitrile (black line) and

after the addition of acid (red line)

In the case of the pyridyltriazole-containing complexes, protonation results in a
blue shift of the absorption by approximately 40 nm to 440 nm and a concomitant
increase in the extinction coefficient. This shift is not as pronounced however in
the case of the pyrazyltriazole-containing complexes and only a slight blue shift of

approximately 15 nm is observed.

33.2.2 Luminescence Properties

Figure 3.14 contains the emission spectra of each of the complexes. The
luminescence of [Ru(bpy)3]2+ is known to originate from a 3MLCT which is
therefore assigned as the lowest excited state.Most ofihe known Ru(ll)
polypyridine complexes exhibit a luminescence behaviour quite similar to that of
[Ru(bpy)3]2+, indicating that their lowest excited state is also 3BMLCT, for example
the complexes shown infigure 3.15. [8f3]
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Wavelength (nm)

Figure 3.14 Emission spectra of [Ru(bpy)2(L3)]+(blue line) 4.91x10‘5M,
[Ru(bpy)2(L4)]+(black line) 4.56x1 O5M, [Ru(bpy)2L5)Ru(bpy)2+(green line)
1.71x10'5M and [Ru(bpy)2(L6)Ru(bpy)2+red line) 1.55xI0'5M

in acetonitrile at room temperature

Each of the complexes presented in this chapter emit light at room temperature
and the luminescence data for each of the complexes at room temperature and at
77 K, in the protonated and deprotonated state are contained in table 3.2.
Examination of the data reveals a red-shift of emission of these complexes with
respect to [Ru(bpy)3]2+ This is best explained by the effect of the triazole ring
whose negative charge increases electron density on the metal centre and as a
consequence the t2g - 3MLCT energy gap is reduced (chapter one). [4] The
emission quantum yield (d>) gives an indication of the amount of energy that is
absorbed and then released as emission and in the case of the prototype complex
[Ru(bpy)3]2+ an emission quantum yield of 0.062 was obtained (in acetonitrile).
Table 3.2 also contains the quantum vyield data obtained for the range of
complexes presented in this chapter. Although slightly diminished compared to
the archetypal complex the quantum yields obtained are still relatively high and
have values comparable to [Ru(bpy)2bpt]+ (d> 3 x 10'3 (structure of bpt ligand is
depicted infigure 3.12)."
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[~ [+

Figure 3 15 3-(pyridin-2-y1)-1,2,4-triazole (1)
and 3-(pyrazin-2-yl)-1,2,4-triazole (2) 471351

In the case of the mononuclear pyndyltriazole complexes an emussion in the
region of 680 nm to 690 nm was recorded This 1s comparable to the complex
[Ru(bpy)a(bpt)]” (igand 1n figure 3 12), for wiuch luminescence was observed at
678 nm NP The pyndyltniazole complex [Ru(bpy),(L5)(bpy):Ru)*" emits at
683 nm, which differs little from that of the unsubstituted complex synthesised by
Weldon and co-workers, (figure 3 1) which was has an emassion centred at
690 nm at room temperature ) This once again shows the effect of the
substituent on the phenyl ring 1s mmnor This observation 1s 1n agreement with the
findings of previous studies HOR7BY The pyrazyltriazole complexes were also
observed to luminesce strongly at room temperature These complexes show a
similar emission wavelength as other pyrazyltriazole complexes, such as Hage’s
complex [Ru(bpy)(pztr)]” (figure 3 15) which recorded an emussion at 680 nm
and differs only from the mononuclear complexes contained 1n fable 3 2 by the

absence of the phenyl morety *”!

Protonation of the complexes results 1n a change in the emssion of the complexes
The data 1n table 3 2 show that, 1n the case of the pyndyltriazole complexes,
protonation results 1n a decrease m intensity and a concomitant blue shift in the
emussion energy (circa 70 nm at 289 K) The lifetime data also display a sharp
decrease upon protonation of the pyrazyltnazole complex The shifts which are
noted are comparable to those observed for the analogous pyndyltriazole
complexes nvestigated by Hage, which contain the ligand (1) depicted in figure
315 and undergo the same shift n emussion P Furthermore, the spectra
obtained also bear a strong resemblance to those of the analogous unsubstituted
complex prepared by Weldon and co-workers (figure 3 11) which emuts at 690 nm

at room temperature and shifts to 614 nm when protonated
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The behaviour of the pyridyltriazole complexes contrasts strongly with that
observed for the pyrazyltriazole complexes at room temperature. In the case of
the pyrazine-containing complexes there is no such loss of emission intensity
noted (table 3.2) and this too is noted in the room temperature lifetime data, which
also do not display the same sharp decrease in value upon protonation.  This

phenomena was further examined during 77 K measurements.

Wavelength (nm)

Figure 3.16 Emission Spectra of [Ru(bpy)2L5) Ru(bpy)Z2+(black line) in
EtOH/MeOH at 77 K and After the addition of 1 Drop of Acid (red line) at 77 K

Figure 3.16 depicts the emission spectra of [Ru(bpy)2(L5)Ru(bpy)2]2+ and
[Ru(bpy)2(H2L5)Ru(bpy)2]4+ at 77 K in EtOH/MeOH. Unlike in the case of the
pyridyltriazole room temperature measurements, there is no longer depletion in the
emission intensity. As was discussed in detail in the introductory chapter (chapter
one) the excited state decays by way of emission or various radiationless paths. In
a rigid matrix environ, which occurs at 77 K, a number of phenomena conspire to
cause the observed increase in intensity. For example, vibrational decay via Ru-N
is reduced within the system confines, as is the ability of oxygen to quench the
excited state. Furthermore, the 3MC, which is a thermally populated state (chapter

one), becomes increasingly inaccessible as the heat of the system abates.
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The spectra are also blue shifted by approximately 75 nm due to an effect known
as rigidchromism. This is when solvent dipoles are immobile on the timescale of
the excited state and cannot reorganise as a result of the change in electronic
configuration of the excited complex. [48] The pyrazyltriazole-containing
complexes have a somewhat more complicated behaviour. Unlike in the case of
the pyridyltriazole complexes the pyrazine analogues do not undergo such a
pronounced shift (circa 5 nm) in the emission energy upon protonation and this
shift is now, conversely, to an increased energy, both at room temperature and 77
K (figure 3.17). Once again this is a comparable to the results obtained

previously for similar complexes such as those recorded by Hage.[474[3]
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Figure 3,17 Emission spectra of [Ru(bpy)2(L4)]+ (black line) in neutral acetonitrile at

77 K and after the addition of 1drop of acid (red line) at 77 K

These observations concur with the findings of a number of authors, who have
provided temperature-dependent emission lifetime evidence, Raman studies and
used partial deuteriation to show that pyrazine triazole compounds have very
unusual change in the nature of the emission.[49 Their data clearly indicate that
the emitting triplet state is bipyridyl-based at room temperature when the triazole
is deprotonated and switches to being pyrazine-based on protonation. [BQ This

phenomenon is explored further in the following sections.
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3 3 2 3 Lifetime Measurements

The complexity of the excited state involved in some of the complexes outlined 1n
thus chapter has already been mentioned and luminescence lifetime measurements
are an additional method of characterisation The hifetime data for the range of
complexes at both room temperature and low temperature m both the protonated
and deprotonated states has been presented 1n table 3 2 Generally, the errors that
may be expected m these measurements are in the region of 10% however, 1n
order to ensure the increased accuracy of this data, all samples underwent a freeze-
pump-thaw regime prior to recordmg the lhifetimes to mitigate the effects of

oxygen 1n the system

In this chapter, a range of complexes 1s presented which display differing
characteristics depending on the nature of the pendant ligand The mclusion of the
additional phenyl moiety in the complex has only a very slight effect on the
hfeime of the pyndyltnazole and pyrazyltriazole complexes For example,
Hage’s unsubstituted pyndyltnazole complex [Ru(bpy)x(pytr)]” has a lifetime of
145 ns while the hifetime of [Ru(bpy)s(L1)]" was recorded at 122 ns 3513
Likewise, the analogous unsubstituted pyrazyltriazole complex [Ru(bpy)x(pztr)]
has a lifetme of 250 ns, while the Iifetime of [Ru(bpy)(L2)]" 1s 220 ns il
Furthermore, the addition of the dimethoxy groups decreases the lifetime slightly
from 122 ns for [Ru(bpy)(L1)]" to 110 ns for [Ru(bpy)(L3)]*, and similiarly
220 ns for [Ru(bpy)x(L2)]" to 167 ns for [Ru(bpy)2(L4)]" However, these results
are not surprising since, as Lehn ef al state, dimethoxybenzene groups are not

efficient quenchers of the excited state %!

Although, 1t was found that the complexes display some similar characteristics
replacement of the pyndyltriazole moiety by a pyrazyltniazole group does bring
about differing properties Vos and co-workers, for example, have used both time
resolved Raman spectroscopy and partial deutertation techmques to show that the
excited state of pyrazine-containing complexes 1s bipyridyl localised but that upon
protonation the excited state of these complexes ‘switches’ to the pyrazyltrniazole

moiety [45][471{491[50][52][53]
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It 1s known, for example, that deutenation of a ligand will only affect the emission
lifetime of a compound when this ligand 15 directly mnvolved in the emussion
process Therefore, if the spectator ligand 1s deuteniated, the emission Eluantum
yield and lhifetime should not be affected Vos and co-workers showed that in the
case of pyndyltriazole-containing complexes an increase 1n the emission lifetime
of the pyridine triazole complexes 1s only observed upon deuteriation of the
polypynidyl higands, irrespective of the protonation-state of the triazole ring (4911501
However, 1n the case of pyrazyltriazole-contaimng complexes, deutenation of the
polypyndyl ligands does not affect the emission, while deuteriation of pyrazine-
containing ligand results 1 a twofold increase n the emission hfetime This 1s
indicative of the fact that upon protonation of the triazole moiety the emission
becomes pyrazine-based When these pyrazine complexes are not protonated
however, they observed that deutenation of either bipyndyl or the pyrazyltnazole
ligand has Iittle influence on the emission lifetime at room temperature This

behaviour 1s due to the existence of two weakly coupled excited states o160

This phenomenon 1s also reflected in the lifetime data obtaned for the complexes
presented i this chapter For example, in the case of the pyndyltnazole
complexes the lifetimes are seen to decrease sharply upon protonation (fable 3 2)
in conjunction with the loss 1in emission ntensity noted 1n the previous section
(section 3322) From table 32 1t can be seen that at 298K the protonated
pyndyltnazole complexes have a lifetime of <20 ns These hifetimes were 1n fact
so short that they could not be recorded on a conventional laser system due to
mstrumental limtations and were 1nstead recorded on a single photon counter

1531 gecurs due to the

This decrease which 1s 1in contravention of the energy gap law
reduction of the "MLCT - *MC gap, which facilitates fast thermally activated
radiationless deactivation of the emussive *MLCT excited state via population of
the *MC state *°! This data concurs with the lifetime recorded by Weldon and co-
workers for the unsubstituted analogue of [Ru(bpy)(HoLS)bpy):Rul*" (figure
3 12) which has a lifetime of less than 20 nm when protonated * However, at
77 K, an increase in the emission lifetime of the protonated pyndyltriazole was
recorded This mcrease occurs at lower temperatures due to the thermal

accessibility of the *MC at 77 K BII*4
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However, as suggested by the work of Vos and co-workers, the behaviour of the
pyrazyltriazole complexes differs from that of the pyridyltriazole-containing
complexes. In the rigid matrix environment at 77 K a similar increase in the
lifetimes, as noted for the pyridyltriazole, is again observed for the pyrazine
complexes. However, it was observed that at room temperature, the protonated
complex lifetimes do not undergo the sharp decrease either in the lifetimes or in
the emission intensities (section 3.3.2.2), as noted for the pyridyltriazoles. This
suggests that these complexes undergo a switching of the excited state upon
protonation, as suggested previously in the work of Vos and co-workers. 49[50l
This switching of the excited state to the pyrazyltriazole moiety may be verified
further by examination of the acid-base properties of the complexes, as presented

in the following section.

3.3.3 Acid-Base Properties

From the previous discussions, it has become obvious that the location of the
excited state in both the pyridyltriazole and pyrazyltriazole complexes is of great
importance. *2 The fact that the complexes reported in this chapter contain a site
on the triazole that has the potential to be protonated provides new vistas for these
complexes, as differing properties may now be invoked by varying the pH. The
following acid-base measurements were therefore preformed as described in the
experimental chapter (chapter two). In ruthenium polypyridyl complexes of the
type presented in this thesis, the Ru-N bond is mainly a in nature but it is also
further stabilised by back bonding between the t2g and n* orbitals of the metal and
the ligand, respectively (chapter one). Hence, determination of the acid
dissociation constant (pKa value) of a complex yields information about the extent
of this back bonding from the metal and also the a-donor and 7r-acceptor
properties of the ligands. The two types of ligand present in the complexes,

pyridyl and pyrazyltriazole, therefore display quite different acid-base behaviour.

In the case of both the pyridyltriazole and pyrazyltriazole complexes reversible
acid base behaviour was observed. Figure 3.19 shows the pH-dependent
absorption spectra of [Ru(bpy)2(L1)]+in Britton-Robinson buffer from pH 2 to pH
6.
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This spectrum is typical of the pyridyltriazole complexes and contains three well-
defined isobestic points at 457 nm, 390 nm and 308 nm. From an examination of
this figure it can be seen that at pH 2, where the complex is protonated, a Xaxof
440 nm is observed. This is gradually shifted to a reduced energy value of
465 nm as the pH is increased to 6. Addition of more NaOH produced no further
change in the noted. The change in absorption intensity at 440 nm was then
plotted against the changing pH and the resulting graph is shown inset infigure
3.19. A sigmoidal curve was then fitted to the graph to give a point of inflection,
which is equivalent to the pKa value of the complex. Table 3.3 contains the
ground state pKa values, obtained in this manner, for all of the pyridyltriazole

complexes.

° 2

Figure 5.19 pH dependence of the absorption spectra of [Ru(bpy)2(L1)]+in Britton-
Robinson buffer. Fitted sigmoidal curve (inset) of

absorbance (at 440nm) versus increasing pH
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The pH dependence of the absorption spectra of the pyrazyltriazole complexes
was also obtained by monitoring the spectral changes in Britton-Robinson buffer
with varying pH. The pH dependence spectra of these complexes differs
somewhat to that of the pyridyltriazole complexes. The spectra of
[Ru(bpy)2(L4)]+ are typical of the pH spectra obtained for the pyrazyltriazole
complexes. Once again, three well-defined isobestic points were observed but
they were now located at 556 nm, 420 nm and 355 nm. At a pH of 1.50 the A"ax s
observed at 454 nm and as the pH increases the Amax gradually shifts to 446 nm at
pH 5.48. Continued addition of NaOH produced no further change in the

value. This red shift in the absorption maxima is comparable to that noted for the
pyridyltriazole complexes, however, in the case of the pyrazyltriazoles complexes
the shift is considerable less pronounced. This trend is comparable to that
reported by Hage in his analysis of the coordinated ligands depicted previously in
figure 3.15 and was therefore unsurprising and relates to the a-donor properties of
the complexes. [H[47] The pKa values of all the pyrazyltriazole complexes are

contained in table 3.3.

Complex pKa pHi pKa*
[Ru(bpy)2(L )]+ 3.7 2.7 2.8 (3.6)
[Ru(bpy)2(L 2)f 2.9 4.0 41 (5.3)
[Ru(bpy)2(L3)]+ 4.0 2.7 3.0 (3.7)
[Ru(bpy)2(L4)]+ 2.9 3.9 4.2 (5.3)

[Ru(bpy)2(L5)Ru(bpy)Z]2+ 3.9 2.6 3.0 (3.5)
[Ru(bpy)2(L6)Ru(bpy)2] 2+ 2.8 338 4.0 (5.2)

Table 3.3 Ground State and Excited State pKa Values for the Mononuclear and
Dinuclear Complexes. pKa* Values Were Obtained Using Egn. 1(in Blue) and Egn 2
(vide post pg 81 and 82)

These results show that the pKa values obtained for the pyridyltriazole complexes
are comparable to those obtained for preceding analogous complexes. For
example, the unsubstituted pyridyltriazole complex which contains the ligand
depicted infigure 3.15 also has a pKa value of 4.1 while the dinuclear analogue of

[Ru(bpy)2(L5)(bpy)2Ru]2+ infigure 3.12, has a similar pKa value of 3.6.[21
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Fugure 3 21 [Ru(bpy),(3-(17,2’-dimethoxyphenyl)-5-(pyridin-2-yl)-1,2,4-triazole) > ']

O’Brien et al synthesised a mononuclear ruthentum complex which also contains
two dlmet};oxy substituents on the phenyl moiety (figure 3 2/) This mononuclear
complex bears a strong resemblance to [Ru(bpy)x(1.3)]" however, the dimethoxy
substituents are 1n different positions on the phenyl ning This complex too has a

similar pKa value of 4 1 B

The pyrazyltriazole complexes however, have a shghtly more complicated acid-
base chemistry since the non-coordinated N on the pyrazine ring may also be
protonated ©**) This process occurs at very low pH values (typically in the region
of =1 2 By however, and 1s hence not witnessed within the pH window of these
measurements  Furthermore, the pKa values obtained for the pyrazyltriazole
complexes are significantly lower than those of the pyndyltriazole complexes
This 1s indicative of the fact that pyrazine-contaiming complexes have a
substantially weaker ¢-donor capacity than the pyridyl analogues This has been
noted previously for other pyrazyl-containing complexes and 1s an important
observation for the following electrochemical section 161 The fact that the
pyrazine-based complexes are more acidic than the analogous pyridine based
complexes, due to the greater electron withdrawing nature of the pyrazine ning,
has been noted previously for pyrazine-containing complexes For example,
Browne ef al examined a number of mononuclear and dinuclear pyndyltriazole
and pyrazyltriazole complexes and 1n each case they found that the pyrazyltriazole
complexes were more acidic 57 The values obtaned for the pyrazyltriazole
complexes are also similar to that (pKa = 3 1) obtained by S Killeen for the

ruthentum complex of the hgand shown in figure 3 22 581
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Figure 3 22 3-(2’-pyrazyl),5-(4”-tolyl)-1,2,4-triazole ©*

Finally, 1t may also be noted that in the case of the dinuclear complexes, which
have two possible protonatable triazole rings, a two-step protonation 1s possible
Only one protonation step with a pKa value of 39 and 2 8 respectively, for
[Ru(bpy)(L5)(bpy):Ru]*" and [Ru(bpy)(L6)bpy);Ru]** was observed mn the
range pH 1 5 to pH10 This indicates that 1n this media both protonation steps
occur at effectively the same pH and mdicates weak metal-metal nteraction as
suggested by the previous absorption data 1n section 33 2 1 P13 Agamn, thus 1s
not unlike the situation noted for the unsubstituted version of
[Ru(bpy)2(L5)(bpy):Ru)** synthesised by Weldon and co-workers and depicted m
figure 3 12, which also demonstrated simultaneous protonation with a pKa value
of 36

The pKa data obtained so far yield information regarding the ground state acid-
base properties of the complexes, viz the amount of electron donation from the
ligand to the metal Hence, upon manipulation of the pyridyl- and pyrazyl-triazole
moiety, the ground state pKa value can provide information on both the extent of
this back bonding from the metal as well as the o-donor and n-acceptor properties
of the ligand (59M80N81 pyowever, further information can be obtamned via the
determination of the excited state pKa* value This offers an insight into the
nature of the emitting state and hence the pKa* value for each of the complexes
was determined Additional information may be obtained by investigation of the
dependence of the emussion spectra on pH If for example, the excited state 1s
located on the triazole ring there will be an increased negative charge here caused
by the excited electron This, m turn decreases 1its ability to deprotonate which

will result 1n a higher pKa* value in the excited state than in the ground state
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However, if the excited state 1s located on the other bipyndyl hgand,
deprotonation becomes more favourable and the resuitant pKa* value 1s less than
the pKa value This data was achieved by momtoring the changes in the emission
spectra of the complexes with varying pH Emussion titrations were achieved by
exciting the complex at an approprate 1sobestic pomnt determined from the

absorption spectra 62
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Figure 3. 23 Emission spectra of [Ru(bpy),(L5)Ru(bpy),]** n neutral EtOH/MeOH
(black hine) and with 1 drop of acid (red line) at 77K i cm '

The excited state pKa value may then be evaluated m two distinct manners, by
erther the Forster method or via the Ireland and Wyatt techmique ®*! The Forster
cycle 1s an mdirect method of determination of excited state equilibriums based on
ground state thermodynamics and electromic transition energies %) With ths
method the excited state pKa* value of a complex can be estimated from 1ts

ground state properties via the following equation

pKa =pKa+ 0625 (vy-v,) (Eqn 1)
T
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Where va and vb are the Eo-0 values (in cm-1) of the protonated and deprotonated
complexes, respectively. These values are best obtained from the Amax value of the
emission spectra (in cm']) at 77 K, as they are the most accurate means of obtaining
an estimate for the energy difference involved in the 0-0 transitions {figure 3.23).
However, it is also important to note that when employing the Forster equation as a
method for determining the pKa* value small errors in the assessment of Eo-o for va
and \b produce considerable errors in the pKa* value. [62 The second method was
devised by Ireland and Wyatt and is based on a kinetic model in which pKa* value is
calculated from the fluorescence lifetimes of the protonated (r& and deprotonated (ib)

complexes and the point of inflection (pHj).
Ka =pHj + lo
p pHj 9 o (Eqgn. 2)

The point of inflection is determined by plotting emission intensity against pH in
much the same way as the pKa values were determined. Equation 2 depicts the

relationship between the lifetimes, the point of inflection and the pKa* value.

Wavelength (nm)

Figure 3. 24 pH dependence of the emission spectra of [Ru(bpy)2(L5)Ru(bpy)ZJ2+in
Britton-Robinson buffer. (Inset) sigmoidal curve of emission intensity versus increasing

pH.
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Figure 324 depicts the pH dependence emussion spectra  of
[Ru(bpy)z(L5)Ru(bpy)2]2+ This figure 1s typical of those extubited by these
tnazole complexes  From an examuination of figure 3 24, 1t can be seen that the
Amax value at pH 120 1s 634 nm, which 1s seen to shift gradually as the acidity
decreases At pH 5 10 the Amax has red-shifted to 660 nm with a concomitant
increase in the emission 1ntensity  An 1sobestic point at 603 nm 1s also observed
A graph of pH versus intensity at Ama 1S also included (inset on figure 3 21)
Fitting a sigmotd curve to this plot yields a value for pH, (point of inflection)

In comparison, the emission intensities of the pyrazyltnazole complexes
aqueous media are weaker (table 3 3) B51 At a pH value of 198 emission 1s
practically non-existent and the Apa of emussion 1s circa 707 nm  As NaOH 1s
added the emission intensity increases and the Ana reduces 1n energy to 720 nm at
pH 580 A plot of intensity versus pH was then obtained and hence a value for
the pH, was found The pKa* values for the range of complexes described 1n this
chapter were then calculated using both equations 1 and 2 However, equation 2 1s
generally considered to be a more accurate method of calculating pKa* value This
1 due to the fact that the hifetime values are used nstead of ermussion values and

these are more accurate %

In the case of the pyndyltnazole complexes 1t 1s seen that the pKa values are
higher than the pKa* values This was the case for both the mononuclear and
dinuclear pyndyltnazole complex and 1s a very significant observation as it 1s
indicative of the fact that the pyndyltrniazole moieties are spectator ligands and do
not actively participate in the emission processes This behaviour correlates well
with both the luminescence and lifetime data obtained previously for these
pyndyltnazole complexes (section 3 3 2) Hence, since the excited state 1s more
acidic than the ground state, this implhes that the LUMO 1s not located on the
triazole moiety and 1nstead is bipyndyl based This trend 1s 1n agreement with that
witnessed for previous pyridyltnazole complexes For exampie, the pKa value of
[Ru(bpy)(pytr)]", which contains the hgand depicted m figure 3 15 (1), 1s 4 1
while the pKa* value 1s 3 4 [35)
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However, these results are at varniance with that experienced in the case of the
pyrazyltnazole-contammng complexes In the case of these complexes the pKa*
values are now higher than the pKa values ¥ For example, the pKa value of
[Ru(bpy)a(pztr)]”, which contarns the deprotonated form of the ligand depicted 1n
figure 3 15 (2), 1s 3 7 while the excited state pKa value (pKa*) 1s 3 8 B33 Since,
the excited state acidity 1s related to the nature of the emitting state this
observation 1s very important as it shows that the electron resides on the
pyrazyltriazole ligand after excitation of the complex After excitation, the
electron-rich pyrazine rning can bind a proton much easier than in the ground state

(52)[65]

and 1s therefore more basic Hage and co-workers and Vos and co-

workers! @i

have studied such excited state behaviour for similar pyrazine-
contaimng complexes in depth Their work too indicated that the emitting state 1s
bipyridyl-based when the triazole ring 1s deprotonated, but that when the trniazole
1s protonated the emitting state switches to the pyrazine moiety Hence, these pKa*
measurements provide further evidence that the excited state emanates from the
triazole moiety and hence the excited state does experience a switching from the
bipyndyl group as suggested previously in section 332 Furthermore, these
findings are of particular mterest for the electrochemical measurements contained

m the following section
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3.3.4 Electrochemical Properties

Electrochemical measurements were performed to further investigate the
electronic properties of the ruthenium (11) polypyridyl complexes. The oxidation
and reduction potentials for the complexes contained in this chapter are

summarised in table 3.4.

Complex Oxidation Potentials (V) Reduction
Rul/Ruln Ligand Potentials (V)c

[Ru(bpy)3|z+ 1.26 . -1.33,-1.55,-1.80
[Ru(bpy)2(L )]+ 0.84 : -1.47,-1.74
[Ru(bpy)2(HL1)]2+ 1.14 : -1.49,-1.75
[Ru(bpy)2(L2)]+ 0.94 : -1.43,-1.67, -2.01
[Ru(bpy)2(HL2)]2+ 1.25 : d
[Ru(bpy)2(L3)]+ 0.80 1.20, 1.40 -1.48,-1.76
[Ru(bpy)2(HL3)]2+ 1.20 1.45 d
[Ru(bpy)2(L4)]+ 0.90 1.12, 1.20 -1.46,-1.67,-1.98
[Ru(bpy)2(HL4)]2+ 1.21 1.38 d
[Ru(bpy)2(L5)Ru(bpy)2]2+ 0.82 1.26, 1.45 -1.48,-1.73
[Ru(bpy)2(H2L5)Ru(bpy)2] 4+ 1.25 1.50 -1.49,-1.73
[Ru(bpy)2(L6)Ru(bpy)2] 2+ 0.92 1.18, 128  -1.44,-1.68,-1.96
[Ru(bpy)2(H2L6)Ru(bpy)2]4+ 1.24 1.43 d

Values standardised with respect to the redox potential of ferrocene (+0.38 V vs. SCE)
under equivalent experimental conditions as a secondary electrode. [l
Protonation was achieved via addition of 1drop of conc. HC104

cAll measurements were carried out under a constant flow of nitrogen. Cathodic samples
also underwent deaeration by purging with argon for 15mins.

Surface effects arise in acidic solutions making reduction potentials difficult to obtain.1Hl

Table 3.4 Electrochemical data for the Ru (I11) complexes in
acetonitrile with 0.1M TEAP versus SCE
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The electrochemical measurements reported 1n this chapter were carried out under
strict experimental conditions outlined 1n chapter two The most pertinent solvent
environs as well as the most judicious choice of electrode system were ascertained

following exhaustive electrochemical studies (Appendix B)

_——

1
25 00 20
Potential / V vs Ag|AgCl

1

Current Density / Arbitrary Units

Figure 3 25 Cyclic Voltammograms of [Ru(bpy),(L1)]" (red hne),
[Ru(bpy)(L2)]" (black line) in MeCN with 0 IM TEAP in Volts Versus SCE
{scan rate 0 05V/s)

The electrochemical behaviour of these complexes 1s characterised by metal-based
oxidations and ligand based reductions  Figure 325 depicts the cyclic
voltammogram which was obtained for [Ru(bpy)y(L1)]" and the pyrazyltriazole
contaimng [Ru(bpy)(L2)]" complexes The data obtamned are typical of
ruthenium (II) polypyndyl complexes and at positive potentials 1s uncomplicated
by higand processes and hence, facilitated elucidation of the voltammetry of the

subsequent dimethoxy containing complexes
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By examunation of the voltammograms 1t can be seen that m the case of both
[Ru(bpy)2(L1)]" and [Ru(bpy),(L2)]" the redox process observed in the anodic
portion of the voltammogram 1s a reversible metal (Ru'/Ru™) process This 1s
comparable to the data obtained for analogous complexes For example, the
mononuclear ruthentum complex of 3,5-bis(pyndm-2-yl)-1,2,4-tnazole (figure
3 11) which has one redox wave at 0 85 V versus SCE  The ruthemum bipyridyl
complex containng a pyrnidyltriazole complex, as synthesised by Hage (figure
3 15 (1)), also reported a Ru'"™ redox potential at 0 83 V and 1ts pyrazyltriazole
contemporary (figure 3 15 (2)), which has an oxidation potential at 0 95 V 1351 ¢
1s logical to conclude therefore, by comparnson of these potentials for the
oxidation of similar Ru (II) polypyridyl complexes containing pyridyltriazole or
pyrazyltnazole ligands, that the first reversible oxidation steps at 084 V and
094 V versus SCE for the pyndyltniazole and the pyrazyltriazole complexes

respectively, result from a metal centre coordinated to a deprotonated triazole ring
(16][24]

However, 1t may also be noted upon examination of the data m table 3 4 that there
1s a notable difference between the oxidation potentials obtained for the
pyndyltniazole and pyrazyltriazole containing complexes and for that of the
archetypal [Ru(bpy)s]** The extent of this difference varies and 1s less
pronounced m the pyrazyltnazole containing complexes This arises from the
substitution of one of the bipyndyl moieties by a ligand with differing properties
Since the triazole moiety 1s a o-donor there 1s an mcrease in the electron density
on the metal centre which 1s expected to reduce the oxidation potential However,
the pyndine and pyrazme moieties have m-acceptor properties and hence, a
concurrent reduction of electron density on the metal centre results causing an
increase m oxadation potential These two factors combined result i the slightly
decreased oxidation potential with respect to [Ru(bpy)s]** observed for both the
pyndyl- and pyrazyl-tnazole complexes ! Figure 3 25 also shows the cathodic
region of the CVs  This region of the voltammogram differs for the
pyrazyltnazole and the pyndyltnazole In the case of [Ru(bpy)(L.1)]* the first
reduction observed 1n the cathodic region of the voltammogram 1s bipyridine
based by comparison with previously reported pyndyltrniazole complexes such as
that depicted 1n figure 3 15(1) P!
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This is not the case however, for [Ru(bpy)2(L2)]+ The difference is due to the
electron accepting nature of the pyrazine ring (pz). In [Ru(bpy)2(L2)]+ the first
reversible reduction observed is assigned as pyrazine based while the second
reversible reduction is bipyridine centred. This too is a well-documented
phenomenon and is again comparable to the potentials obtained for the ruthenium
complex containing the pyrazyltriazole ligand depicted in figure 3.15(2)[1][65] and

other pyrazyltriazole containing complexes.[5|

Potential / V vs. SCE

Figure 3. 26 Cyclic Voltammograms of [Ru(bpy)2(L4)]+(blue line),
[Ru(bpy)2(L3)]+(black line) in Neutral MeCN with 0.1M TEAP
in Volts Versus SCE (scan rate O.I0V/s)
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The cyclic voltammogram of the mononuclear complexes [Ru(bpy)2(L4)]” and
[Ru(bpy)2(L3)]" were obtamned under sumilar expenmental conditions (figure
326) These voltammograms are similar to those of [Ru(bpy)(L1)]" and
[Ru(bpy)2(L2)]" and once again the first reversible oxidations at 090 V for
[Ru(bpy)2(L4)]" and 0 80 V for [Ru(bpy),(L3)]" versus SCE have been assigned
as metal centred Ru™™ processes The reversible reductions are once again
bipyndine based in the case of the pyndyltriazole containing [Ru(bpy)(L3)]” and
pyrazyltrizole followed by bipyridine processes for [Ru(bpy)x(L4)]°, as was the

case for [Ru(bpy)2(L.1)]" and [Ru(bpy)2(L2)]"

Complexes 3 to 6 contain a dimethoxypheny! group and the oxidation processes of
these moieties needs to be considered The complexes [Ru(bpy)(L3)]" and
[Ru(bpy)2(L4)]" and the dinuclear analogues display further processes m the
anodic region of the CV  These quas;-rever51ble processes have been 1dentified as
dimethoxy processes and occur subsequent to the metal redox processes (figure
3 26) % Such ligand processes have been noted previously for similar dimethoxy
containing complexes For example, the ruthenium complex synthesised by’

Shukla et al , contains the ligand depicted 1n figure 3 27

OCH;

Figure 3 27 4-methyl-4’-[1-(3,4-dimethoxypheny)-ethen-2-yl]-2,2*-bipyridine !

This complex contains two methoxy moieties and the electrochemustry 1s similar
to that obtamned for [Ru(bpy),(L3)]" with a Ru™™ couple, at 0 84 V and additional
quast-reversible oxidations after the metal processes at 0 97 V which they ascribe

to the pendant dimethoxyphenyl group 271
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O’Brien et al synthesised a simular complex contaiming the ligand deprcted n
figure 3 21, which was also found to exhibit similar behaviour with the metal
process occurring at 0 71 V versus Ag|AgCI prior to the oxidation of the

dimethoxy moieties at 1 20 V versus Ag | AgCl B3

The cyclic voltammograms of the dinuclear complexes were also obtained It 1s
mnteresting to note by companson with the mononuclear analogues that the CVs of
these complexes show only one oxidation wave of positive potential, which may
by associated with the metal redox process This peak, which occurred at 0 82 V
and 092 V for the dinuclear pyndyltnazole and pyrazyltriazole complexes
respectively, could not be resolved with differential pulse voltammetry This was
the case for both the pynidyltriazole containing and the pyrazyltriazole containing
complexes and may be attributed to the simultaneous two-electron oxidation of the
two metal units This result was also not entirely unexpected as 1t was noted for
the analogous unsubstituted pyridyltriazole complex synthesised by Weldon and
co-workers (figure 3 12) In this complex a similar oxidation of 0 84 V vs SCE
was obtained under comparative experimental conditions and 1t also displayed
only one reversible redox process associated with the simultaneous oxidation of
the metal centres ! Furthermore, exammation of the larger peak-to-peak
separation (E,) 1n the first oxidation wave of the dinuclear complexes compared to
those of the mononuclear complexes reflects the bielectromc process involved 1n

the metal oxidation ¥

The thermodynamic stability of a mixed-valence species relative to the reduced
and oxidised 1sovalent ones can be evaluated through the comproportionation
constant, K. as defined by Fgn 3 at T = 298K (71

Kc =e AE(mV) /2569 (Eqn 3)

The absence of a significant difference in the two metal-based oxidations of the
dinuclear complexes seems to suggest that there 1s little electronic coupling
between the two metal centres in the ground state (vide infra), and the value of K,
for the dinuclear complexes 1s therefore reported to be less than 5 1% Indeed,
this phenomenon 1s known to occur in molecules that contain a number of

identical, non-interacting centres %

t

90



Ru(Il) Complexes Containing Dimethoxypheny! Moieties Chapter Three

If the interaction between the metal centres was strong this would ultimately result
1n stabilisation of the mixed-valence complex and result in the presence of discrete
oxidation waves for each of the metal centres "' The first oxidation potential of
the dinuclear complexes are comparable to their analogous mononuclear
complement 1 ¢ , [Ru(bpy)2(L3)]" and [Ru(bpy)2(L4)]" They are also comparable
to the oxidation potentials observed for the mononuclear complexes of the
unsubstituted [Ru(bpy)2(L 1], [Ru(bpy)x(L2)]", and the complexes contaimng the
ligands depicted in figure 3 15 The properties of the dinuclear complexes are
hence simular to those of their mononuclear counterparts, which further indicate
the independent behaviour of each of the two metal centres This 1s 1n stark
contrast to the behaviour observed for dinuclear complexes, such as
[(Ru(bpy)2)2(bpt)>" and [(Ru(bpy)a)a(bpzt)]** 1n which separate metal oxidations

were observed as the metal units were found to interact quite strongly 4]

As with the unsubstituted dinuclear complex contaiming the higand depicted n
figure 3 12 the reduction waves of [Ru(bpy)z(LS)Ru(bpy)2]2+ are bipynidyl based
The reduction processes noted for [Ru(bpy)z(L6Ru(bpy)2]2+ are again comparable
to those of the mononuclear complex with the pyrazyltnazole wave occurring
prior to those of the bipyndyls **! The effect of substituting one of the bipynidyl
moteties of [Ru(bpy)s]** by a pyndyltrazole or a pyrazyltnazole type ligand has
already been discussed and the effect that thits substitution has on the oxidation

potential of these complexes has been investigated

The oxidation potential of these complexes may be altered by changing the pH of
the solvent environment  Hence, the effect that protonation of the triazole rning,
with acid, has on the oxidation potential of the metal centre was also investigated

In the cychc voltammograms of the protonated complexes it was observed that a
shift 1n the oxidation potentials, with respect to the upprotonated analogues, can
occur In the case of the pyndyltnazole complexes a s}uﬁ of approximately
400 mV 1s observed while a less pronounced shift of circa 300 mV 1s noted for the

pyrazyltriazole complexes (table 3 4)
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This murrors the results obtained for similar complexes, such as the ruthenium
complex of pyrazyltriazole (figure 3 15(2)) where the oxidation shifts to 130 V
versus SCE when protonated, and the ruthemum pyndyltriazole complex (figure
3 15(1) which shifts to 1 14 V upon protonation [163)

This anodic shift 1s due to the fact that the o-donor capacity of the tnazole 1s
decreased upon protonation Hence there 1s a decreased electron density on the
metal centre and there 1s a concomitant increase in the oxidation potential of the
metal to such an extent that 1t 1s almost comparable to that of [Ru(bpy)s]** The
reduction potentials of the protonated complexes were difficult to obtain Thus
situation has been noted previously and may be attributed to both the fact that
some adsorption on to the electrode surface occurs as well as the fact that
deprotonation of the protonated complexes may occur upon scanmng to negative
potentials 133]

The electrochemical results discussed m this section have provided much useful
information concemning the electronic properties of the complexes presented 1n
this chapter The data obtained m relation to the dinuclear complexes appear to
indicate weak or no communication between the metal centres This conclusion 1s
largely based on the K, values obtained for these complexes This value however,
while providing an indication of the electronic interaction between two metal sites
in a binuclear complex 1s not as direct a method of determining metal-metal
electronic coupling as the analysis of the mtervalence transition (IT) bands
Indeed, one of the most reliable and direct methods of determining the amount of
intercomponent electronic communication in bimetallic systems 1s by the study of
the IT band U Hence, the following section, examines the oxidative

spectroelectrochemical properties of this group of complexes
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3 3 5 Spectroelectrochemustry

Spectroelectrochemistry 1s a powerful technique that may be used to further
elucidate and explore the electrochemical properties and hence, electronic
properties of ruthenium (II) polypynidyl complexes such as, those presented in this
chapter Spectroelectrochemistry encompasses a range of techmques that arise
from the marnage of two or more methods In this study the
spectroelectrochemical technmiques used mvolved the amalgamation of two
separate characterisation methods, which have already discussed m earlier sections

of this chapter

3 3 5 1 Absorption Spectroelectrochemistry

Absorption spectroelectrochemustry is a procedure used to examine the
electrochemical and electronic absorption spectroscopy of compounds that are
stable m a number of oxidation states [} As discussed m the previous section the
electrochemical behaviour of these complexes are characterised by metal-based
oxidations and higand-based reductions **'®%! The experimental conditions utilised

during the course of this study are outlined 1n chapter two

This techmique 1s particularly mteresting for the examination of the dinuclear
complexes introduced 1n this chapter The previous electrochemical data indicates
that there 1s only very weak mteraction between the metal centres in both the
pyndyltnazole and pyrazyltriazole containing dinuclear complexes As reported
in the mtroductory chapter intervalence transition (IT) bands, which may occur 1n
mixed valence complexes, can provide an 1ndication of the level of
communication present between two metal centres () Since, mn these dinuclear
complexes there appears to be -localised valences and weak metal-metal
mteractions, the treatment given by Hush was applied to the properties-of the IT
band '

It has already been shown in the previous section that oxidation of these
complexes 1s metal centred It follows then that the energy of a transition
involving this orbital 1s dramatically altered when the complex 1s oxidised This 1s
reflected 1n the absorption spectrum of the complex For example, figure 3 28

shows the spectroelectrochemical analysis of [Ru(bpy)(L2)]"

93



Ru(Il) Complexes Containing Dimethoxyphenyl Moieties Chapter Three

The absorption spectrum of this complex is shown (in black) before a potential
was applied to the system and then (in red) after 30 minutes at a potential of
1.10 V. The spectra depicted in figure 3.28 are typical of those obtained for
ruthenium (11) polypyridyl complexes.

Wavelength (nm)

Figure 3.28 Spectroelectrochemical analysis of [Ru(bpy)2(L2)]+
at a potential of 1.10 V in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCl.

It can be seen from the above spectrum that the MLCT is strongly affected by the
oxidation process and there is a dramatic shift in this transition and indeed the
transition bleaches over the course of the oxidation. The increasingly positive
nature of the ruthenium metal centre also lowers the energy of the 7i= orbital of the
ligands and this results in the slight red shift of the ligand n - n* transitions.
Indeed, this characteristic splitting and shift to lower energy is synonymous with

the oxidation of metal centres that are bound to 2,2 ’-bipyridyl ligands.[/A]
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As a complex is electrochemically oxidised new transitions may also appear. In
the above figure, for example, a new shoulder is formed at 316 run. This shoulder
is characteristic of ruthenium (I1l) polypyridyl complexes. There is also some
'tailing’ noticeable at approximately 600 nm. These weak long-wavelength
shoulders are assigned to ligand-to-ligand charge transfer (LLCT) transitions.[/]
In some cases, however, newly formed transitions are shifted completely outside

the UV-vis region of the spectrum.

Wavelength (nm)

Figure 3.29 Spectroelectrochemical analysis of [Ru(bpy)2(L3)]+in acetonitrile with
0.1M TEAP at a potential of 1.10 V vs. Ag|AgCI

For this reason spectroelectrochemical analysis from 360 nm to 2200 nm was also
obtained for each complex and figure 3.29 shows the oxidative
spectroelectrochemical analysis of [Ru(bpy)2(L3)]+ in the region of 580 nm to
1600 nm. Some clear changes were noted in this area of the spectrum as the
complex was electrochemically oxidised and a transition is seen to appear as the
metal centre is oxidised. Due to its position and since, it is seen to deplete again
once the potential is returned to 0 V, this transition is most likely associated with a
new, bpy(:c) - Ru d(#), ligand to metal charge transfer (LMCT) arising as the

metal is oxidised.

95



Ru(1l) Complexes Containing Dimethoxyphenyl Moieties Chapter Three

This transition, centred at approximately 1080 nm, was seen to form in the
absorption spectra of each of the mononuclear complexes, as they were
electrochemically oxidised. Finally, the potential was then returned to 0 V and the
new spectrum, of the ground state complex after the oxidation process, was
obtained. Clean isobestic points were maintained throughout the oxidation
process indicating the occurrence of a single oxidation process. The initial
spectrum at 0 V and this new spectrum were then compared and it was
consequently found that this metal-based oxidation was almost 100 % reversible.
Each of the mononuclear complexes was found to display similar characteristic

and similar reversible behaviour.

Wavelength (nm)

Figure 3.30 Spectroelectrochemical analysis of [Ru(bpy)2(L5)Ru(bpy)3 2+
at apotential of 1.10 V in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgClI

The analysis of the dinuclear complexes, although similar to that of the
mononuclear compounds, is more complex. The oxidative spectroelectrochemical
analysis of [Ru(bpy)2(L5)Ru(bpy)2]2+ is depicted in figure 3.30. Once again,
oxidation of the complex to a potential of 1.10 V vs. Ag|JAgCI, results in

significant changes of the absolution spectrum.
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The MLCT at 480 nm is again seen to deplete as Ru(ll) oxidises to Ru(lll). The
characteristic shoulder also associated with the formation of the Ru(lll)
polypyridyl species at 316 nm, was observed. Oxidation of the metal centre also
lowered the energy of the 71* orbital of the ligand moieties as a small red shift of
the ligand n- n* at 280 nm was also noted. The ligand transitions between
250 nm and 380 nm also decrease in intensity as the metal centre oxidises as
expected for metal centres bound to polypyridyl ligands. Once again, an LMCT
appears as the metal centres oxidise at around 1080 nm.  This oxidation was
found to be reversible upon returning to 0 V, however, this reversibility of the
system is lost if the potential is increased to beyond the ligand oxidations at 1.20
V as these are irreversible processes in this aprotic solvent environment.[2/] This is
reminiscent of the redox behaviour noted by Shukla et al. for the ruthenium

dimethoxy complex of the ligand depicted infigure 3.27.

Wavelength (nm)

Figure 3.31 Spectroelectrochemical analysis of [Ru(bpy)2(L6)Ru(bpy)Z2+
at apotential of 1.22 V in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCl
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Similar behaviour was noted m the spectra of the pyrazyltrniazole dinuclear
complex  The oxidative spectroelectrochemical analysis of the dinuclear
pyrazyltriazole-containing comple>; [Ru(bpy)z(L6)Ru(bpy)2]2+ 1s shown 1n figure
331 Application of a potential of 1 12 V over 5400 s resulted in a number of
spectral changes associated with the oxidation of a metal centre with bipyrdyl
higands The MLCT 1s again seen to change dramatically as 1t 1s this transition
that 1s involved m the oxidation process The bpy m — n* transition 1s seen to
change as observed in the pyridyl complex This ligand transition also undergoes
a shght red shift m energy as the metal centre oxidises and becomes more positive,
stabilising the n* bpy orbital As a new Ru(III) polypyridyl complex is formed a
charactenstic shoulder associated with this species 1s seen to form at 316 nm As
with previous complexes, the ligand centred transitions at 340 nm also deplete as
the nature of the metal orbitals change These processes were found to be
reversible upon obtaining the spectrum of the complex after the potential was
returned to 0 V. However, scanning beyond the ligand oxidations resulted in the
loss of this reversibility as described previously, since the ligand oxidations are

not reversible 1n this solvent environ 27

Oxidative spectroelectrochemmcal analysis was also carried out in the IR/near IR
region from 600 nm to 2200 nm Figure 3 32 shows the near IR spectral data
obtained for [Ru(bpy)z(LS)Ru(bpy)2]2+ As discussed previously oxidation of the
mononuclear complex [Ru(bpy)2(L3)]" resulted in the disappearance of the MLCT
bands and the appearance of bands in the region 800 nm to 1400 nm (figure 3 29)
These new bands were assigned as ligand-to-metal charge transfer bands (LMCT)
on the basis of their energetic positions and intensities and by comparison with
related complexes such as those studied by Hage et a/ and Vos and co-
workers PN Eor the dinuclear complex [Ru(bpy),(L5)Ru(bpy).] smuliar
changes occur 1in the UV-Vis-NIR spectra upon full (metal-centred) oxidation
however additional bands are also observed during the oxidation process (figure
3 32) This additional feature emerges as a broad but very weak band centred at
1540 nm Initial oxidation leads to the appearance of this absorption band but as

the oxidation progresses this band 1s seen to decrease 1n intensity
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Wavelength (nm)

Figure 3.32 Near-IR oxidative spectroelectrochemical analysis of

[Ru(bpy)2(L5)Ru(bpy)Z2+in acetonitrile with 0.1M TEAP

When this band decreases in intensity a more intense LMCT band develops at
1220 nm. Since this band is very similar to that found for the mononuclear
analogue (figure 3.29) and it persists in the fully oxidised species, it is attributed to
a charge transfer from the bridging ligand to the Ru(lll) centres.[5/] Further
evidence for the LMCT nature of this band comes from comparison with the
analogous dinuclear ruthenium complex, which is not dimethoxy, substituted
(figure 3.12) and also has an LMCT centred at circa 1000 nm.[2 The increase and
subsequent decrease of the NIR band (1540 nm) during the oxidation process,
together with its position and intensity, strongly suggests that this absorption
feature represents an intervalence transition (ix).tA[8057] The original spectra
recorded at 0 V (black line, figure 3.32) is therefore representative of
[Run(bpy)2(L5)Ru'"(bpy)2]2+ while the band that forms (LMCT) and persists after
1200 s at 1.20 V may be attributed to the [Rum(bpy)2(L5)Rum(bpy)2]2+ redox
state. Finally the band (IT) that appears at 1.20 V and then disappears may be
associated with the mixed valence [Run(bpy)2(L5)Rulll(bpy)2]2+ species (figure
3.32)P3

Oxidative spectroelectrochemical analysis of the dinuclear pyrazyltriazole

complex [Ru(bpy)2(L6)Ru(bpy)2]2+complex was also performed in this region.
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Although 1t was expected that comparable IT bands would be observed for this
complex, none were noted m the NIR spectra This 1s unexpected as structurally
similar complexes, such as the dinuclear pyrazine complexes studied by Hage and
co-workers and Vos and co-workers, were found to yield IT bands B157]
However, other dinuclear ruthenium complexes were also found to be lacking m
any observable IT bands For example Browne et al exammed a pyrazine bridged
ruthemum dinuclear complex 1n which IT bands were found to be absent [
However, 1t 1s possible that these bands were undetectable due to their inherent
weak nature The extent of the intercomponent mteraction detected in these
complexes 1s of central importance in the area of supramolecular chemistry as
discussed previously 1n chapter one and therefore the following section examines
the extent of this interaction for the dinuclear pyridyltriazole complex in which an

IT band was detected

3 3 5 2 Intervalence Transfer Properties

Accordingly, analysis of the IT band can yield information about the interaction
between the metal centres 1n a dinuclear complex The Hush treatment assumes
localised valences and relatively weak metal-metal interactions and therefore this
procedure 1s suitable for the dinuclear complexes presented n this chapter as the
electrochemical data discussed earlier suggests the presence of weak mtermetallic
communication within these dinuclear complexes (%] The dinuclear complexes
considered m this chapter have symmetric bridging lhigands and therefore the
following calculations have assumed that the free energy change for electron
transfer (AG) within these systems equals zero Furthermore, the intervalence
band was not complicated by being 1n a precarious juxtaposition with the MLCT
transition or other transitions on the time scale of the appearance of the IT bands
However, since artefacts arose in the spectra of the IT bands as a result of the
solvent ~absorption exceeding the compensation capability of the
spectrophotometer, the spectra underwent Gaussian deconvolution 1n order to
obtain a well-resolved IT band, which then permuitted evaluation of the coupling
parameter using the simple Hush procedure ®*®¥ Hence, assuming a Gaussian
band shape, a lower Iimit for the bandwidth at room temperature could be

calculated from 748
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vmax = (v,/2)2/2.31) (Eqn.4)

Where vnax (in cm']) is the energy at the band maximum and (in cm-]) is the

bandwidth at half height. A theoretical bandwidth may be calculated as follows:

via = (2310.vhex) 12 cm’!l (Egn. 5)

As stated in the introductory chapter three classes of systems may be distinguished
depending on the magnitude of the interaction between the metal centres. In class
I systems there is no interaction between the metal centres and hence no IT band
would be observed in the spectrum of the oxidised complex. Therefore, this
system may either be classed as class Il or class Ill. In order to differentiate
between the two classes the above calculations may be invoked. According to
Hush’s model, a simple and useful criterion to estimate the delocalisation degree
of a system is given by the comparison between the theoretical and the
experimentally measured spectral half-bandwidth, where the broader the
experimental one is in relation to the calculated one, the more valence trapped the
system is (i.e. class IlI). The limit situation (full delocalisation) is reached when
the measured \)m is substantially narrower than the calculated value.[67] Table 3.5
contains the data calculated for [Ru(bpy)2(L5)Ru(bpy)2]2+ and it can therefore, be
seen upon comparison of the theoretically calculated bandwidth (3886 cm']) and
the experimentally generated value (5100 cm']) that this system does conform to
class Il parameters, as the experimental bandwidth is clearly broader than the

calculated value.

ume(EQ) A2 (calc) Avm (exp)  fivx Vb a5
(cm') (cm) (cm) (cmd) (cm')

Complex

[Ru(bpy)2(L5)(bpy)2Ru]2+ 6470 3866 5100 2034 443  0.005

Table 3.5 Intervalence transfer properties of the electrochemically generated
[Ru(bpy)2(L5)Ru(bpy)Z 2+ mixed-valence complex in acetonitrile with 0.1 M TEAP
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Further calculations may also be carrted out 1 order to explore further the IT
properties of this complex However, some estimates must be made 1n order to
carry out these computations For example, 1t was noted 1n the previous section
33 5, the metal oxidation peaks of the dinuclear complexes are irresolvable and
this suggests that the metal mteraction 1s very weak and hence K, which provides
a measure of the thermodynamic stability of a mixed-valence species relative to
the reduced and oxidised isovalent ones, was deemed to be less than 5 (681069 Thys
implies that oxidation of half of the ruthenrum 1n the dinuclear complex forms a
solution containing half of the dinuclear species as the mixed valence species
while the remaiming solution 1s an equimolar mixture of the homovalent species
Hence, a considerable error would arise in the calculations if the concentration of
the mixed-valence species were taken to equal the total dinuclear content K. was
hence estimated at 4 as 1t has been shown that when the metal-metal distance
reaches 12A K, 1s near the statistical mit ® For this reason the extinction
coefficient for the IT band has been corrected by a factor of (2 + (KC)UZ)/(KC) to

account for comproportionation i67]

Furthermore, as no crystal structure data was available for the dinuclear
complexes the metal-metal distance used 1n the calculations was obtamed by
molecular mechanics geometry optimisation calculations using the Chem3D Ultra
package and refers to ‘rigid’ coordination modes, which do not take into account
fluxional behaviour From these calculations a metal-metal distance of
approximately 12 A was deduced for [Ru(bpy)(LS)Ru(bpy)]** While the
following calculations are therefore approximations, nevertheless the results
obtamed 1n the calculation do provide a general estimate of the behaviour of the

dinuclear system

Hence, by using the following formalism the magnitude of the electronic coupling,
Vb, and the electron delocalisation from Ru" to Rum, and az, related to the mixed
valence state could also be estimated from the properties of the IT bands via the

following formulae

2

o= (42x 107 emax Vi
d? Vinax (Egqn 6)
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where, o’ 15 the extent of delocalisation, Vmax (1n cm ') 1s the energy at the band
maximum, v, (In cm'l) 1s the bandwidth at half height, €ma 15 the extinction
coefficient of the IT band (¢ in dm’ mol” cm l) and d 1s the distance between the
ruthenium centres The experimental o* value 1s the average of o values for the
ground and mixed-valence excited states If delocalisation 1s small the electronic
wave functions used for overlap are relatively unperturbed and o 1s a direct
measure of delocalisation n the ground state hence, the larger the value of o® the

higher the extent of electron delocalisation [74]

The extent of intermetallic interaction may be computed via the following

formula 6714

Vap = 205x 102 (amaxTJmaxT)l/Z) / Rym (Eqn 7)
Where Vy 1s the coupling (1n cm™), &max 15 the maximum extinction coefficient,
Vmax 15 the band position m cm™, Ty 15 the width at half maximum (cm '), and

Rmm 1s the metal-metal distance in A

These calculations were preformed and V,, was found to equal 443 ¢m ' while o
was found to be 0 005 cm ' These results provide further evidence that, while 1t s
relatively weak, some degree of interaction between the two metal centres Ths
once again, confirms the status of this complex as a class II complex This result
1s comparable with literature examples of other class II systems For example the
dinuclear ruthenium complex reported by Rocha et al which was found to be a
class II complex under acidic conditions and reported a delocalisation value (a) of
0 004 cm ! and an nteraction value (Va,) of 425 cem’  The extent of intermetallic
mteraction (Vg = 755 cm 1) and electron delocalisation (¢ = 0 012 cm™) n this
type of complex under neutral conditions increases considerably as the complex
becomes class III 1n nature '®”' The extent of electron delocalisation and the
mtermetallic coupling m [(Ru(bpy))2(bpt)]* (@* = 0016 cm ', V=700 cm™) 15
considerably higher than 1n [Ru(bpy)z(LS)Ru(bpy)2]2+ This can be rationalised on
the basis that the metal-metal distance 1s increased appreciably 1n
[(Ru(bpy)z)g(bpt)]3 * and a phenyl spacer 1s also presenting this complex which has

been shown previously to preclude strong electronic communication (86387]
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Finally, 1t must also be noted that in the analogous ruthenium dinuclear complex
which does not contain dimethoxy groups on the phenyl spacer (figure 3 12), Vg
was found to be 295 cm” while o can be estimated at 0 0014 cm™ # In the case
of the protonated dinuclear pyndyltnazole complex, no IT band s observed The
absence of this band and the single bielectronic redox wave therefore confirm this
complex to have no termetallic interaction and 1t 1s, therefore, best described as

type I B3]

3 3 5 3 Luminescence Spectroelectrochemustry

According to Kurchoff luminescence spectroscopy 1s well recognised for its
improved selectivity and sensitivity relative to absorption spectroscopy When
luminescence spectroscopy 1s coupled to electrochemistry, 1t provides the
opportunity to selectively probe the excited state properties of in situ generated
chromophores ®% Due to the increased sensitivity of this method compared to
absorption spectroelectrochemistry, luminescence spectroelectrochemical analyses

were also undertaken

When an oxidising potential was applied to the complexes presented in this
chapter under the conditions outlined 1n chapter two, a depletion of the emission
quantum yield was noted In the case of each complex the oxidising potential
applied during these analyses was associated with the first redox process observed
in the cyclic voltammogram of that complex 1 e the metal-based oxidations For
example, figure 333 shows the luminescence spectroelectrochemical data
obtained for [Ru(bpy)z(LS)Ru(bpy)z]2+ at 1 10 V. This figure 1s typical of the

spectra obtained for these complexes

Also, for [Ru(bpy):(LD]" and [Ru(bpy)2(L2)]" a reversible depletion in the
luminescence was noted upon the application of an oxidising potential The
analysis of these complexes are not complicated by the presence of substituents on
the phenyl spacer and hence careful selection of the oxidising potential was not
necessary and the depletion noted could therefore be assigned as resultmg from

the oxidation of Ru™ to Ru™
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600 700 800 900
Wavelength (nm)

Figure 3.33 Luminescence spectroelectrochemical analysis of
[Ru(bpy)2(L5)Ru(bpy) 2+ in neutral acetonitrile with 0.1 M TEAP
at a potential of 1.10 V vs. Ag|AgCl

In the case of the other dimethoxy containing complexes application of an
oxidising potential of 1.10 V associated with the first redox process (i.e. the metal
redox process) observed in the CV of the complex resulted once again, in a
reversible depletion of the luminescence. By comparison with the unsubstituted
complexes [Ru(bpy)2(LD]+ and [Ru(bpy)2(L2)]+ this depletion was deemed to
arise due to the oxidation of the metal centre(s). The fact that this process was
found to be reversible suggests that the metal oxidation is the only process
occurring and provides further evidence that the final species noted during the
absorption spectroelectrochemical analyses of the dinuclear complexes were
indeed Rull and RumYRuni in nature for the mononuclear and dinuclear

complexes, respectively.
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However, if the potential was increased beyond the first redox potential there was
a subsequent loss of reversibility of the system. This is consistent with the
oxidation of the dimethoxy moieties, which are irreversible in aprotic solvents.tZ/]
These measurements provide further conformation of the nature of the oxidations
occurring within these complexes and further confirm that reversible metal centred

oxidations occur prior to the ligand oxidations.

3.4 Conclusion

The synthesis, electrochemical and spectroscopic characterisation of a number of
Ru(ll) polypyridyl complexes containing the ligands 3-phenyl-5-(pyridin-2~ -yl)-
IH -r,2’,4’-triazole (HLY), 3-phenyl-5-(pyrazin-2,’-y1)-1H -r,2,,4’-triazole
(HL2), 3-(2’,5’-dimethoxyphenyl)-5-(pyridin-2°’-yl)-1H-1",2",4’-triazole (HL3),
3-(2,,5’-dimethoxyphenyl)-5-(pyrazin-2” -yl)-IH-r,2,,4’-triazole  (HL4), 1,4-
bis(5,-(pyridin-2”-yI)-rH -r,2’,4’-triazol-3’-yl)-2,5-dimethoxyphenyl (H2L5)
and 1,4-bis(5°-(pyrazin-2”-yl)-rH -r,2’,4 -triazol-3’-yl)-2,5-dimethoxyphenyl
(H2L6) were presented in this chapter.

[Ru(bpy)2(L D]+ and [Ru(bpy)2(L2)]+ are model systems for the elucidation of the
properties of the dimethoxy substituted complexes and the subsequent
dihydroxyphenyl and quinone containing complexes contained in the following
chapters. [Ru(bpy)2(L3)]+, [Ru(bpy)2(L4)]+, [Ru(bpy)2(L5)Ru(bpy)Z2+ and
[Ru(bpy)2(L5)Ru(bpy)2]2+ are precursor molecules for the synthesis of the
subsequent group of hydroquinone and quinone containing complexes in chapters
four and five. They also provide a basis for the investigation of these ensuing
complexes in which the electrochemical and spectroelectrochemical measurement
are complicated by the fact that the ligand oxidations occur prior to the metal

redox process(es).

The ligands (figure 3.6) were synthesised via literature methods. These ligands
were then coordinated to ruthenium via literature methods to yield the subsequent
mononuclear and dinuclear complexes (complexes 1-6). The structure and purity

of these ligands was assessed via NMR spectroscopy and elemental analyses.
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The NMR spectra of the ligands HL3 - H2L6 and the complexes 3-6 showed the
presence of dimethoxy peaks between 3.5 ppm and 4.0 ppm. In the case of HL3,
HL4, complex 3 and complex 4, two dimethoxy peaks were observed in the NMR
spectra while H2L5, H2L6 and complexes 5 and 6 displays one strong dimethoxy

peak due to the highly symmetric nature of these compounds.

The absorption data obtained for the complexes are similar to the archetypal
[Ru(bpy)3]2+ complex with an MLCT between 400 and 500 nm and ligand centred
bands at lower wavelengths. However, for each of the complexes the MLCT band
was red shifted in comparison with [Ru(bpy)3]2+ due to the replacement of one of
the bipyridyl moieties. Protonation of these complexes resulted in a blue shift of
the Xmex of each of the complexes. This shift was less pronounced in the case of
the pyrazyltriazole complexes. The absorption data for the dinuclear complexes
provided evidence that there is a lack of intermetallic communication in these
complexes as they behave in much the same manner as the mononuclear
analogues. The luminescence observed for each of these complexes was also
comparable to that of [Ru(bpy)3]2+ indicating that the lowest excited state is
3MLCT in character for these complexes at room temperature. Protonation of the
complexes at room temperature caused the pyridyltriazole complexes to decrease
in emission intensity due to the formation of ligands with lower o-donation and
hence an increased ability to populate the 3MC at room temperature. This
phenomenon was also supported by the lifetime data. This decrease was
accompanied by a shift in the emission to lower wavelengths. The pyrazyltriazole
complexes did not behave in the same manner and protonation resulted in a shift
to higher wavelengths and no comparable loss in emission intensity was observed.
A change in the nature of the LUMO was also evoked by protonation of the
triazole moiety in these complexes. These observations were also substantiated by

the lifetime measurements.

The pH data obtained for the pyridyltriazole complexes further substantiated the
fact that the excited state is always bipyridyl based in these complexes, regardless
of the protonation state of the triazole moiety. The pH data for the pyrazyltriazole
complexes provided further evidence of switching of the excited state in these

complexes upon protonation of the triazole moiety.
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Electrochemucal measurements showed that the oxidation of the metal from Ru" to
Ru' occurs prior to the dimethoxy oxidations 1n each of the complexes A single
bielectronic redox wave was noted for the dinuclear complexes further confirming
the weak intermetallic interaction 1n these complexes The cathodic region of the
pyridyltriazole complexes depicted bipyridyl processes at approximately —1 48 V
and -1 75 V, while the pyrazyltriazole complexes display additional pyrazyl
processes prior to those of the bipyndyl groups at approximately -145 V
Spectroelectrochemical techniques further confirmed the occurrence of metal
redox processes prior to the ligand processes LMCT bands were also noted m the
spectra of the complexes upon application of an oxidising potential and 1n the case
of [Ru(bpy)z(LS)Ru(bpy)z]2+ an IT band was observed Calculations performed
on this IT band confirmed this complex to be class I No observable IT band was
noted 1m the «case of [Ru(bpy)z(L6)Ru(bpy)2]2+ Luminescence
spectroelectrochemical measurements further confirmed that the metal redox

processes occur prior to those of the dimethoxy ligand processes

The next chapter contains the synthesis of the hydroquinone analogues of
complexes 3 — 6 The results obtained for this new group of complexes will be
discussed m hight of the observations made for the complexes contained in this

chapter
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Chapter Four

Mono- and Dinuclear Ruthenium(Il)
Complexes Contaming Dihydoxyphenyl

Moieties

The synthes:s, photophysical and
electrochemical properties of a group of
mononuclear and dinuclear ruthenium(ll)
complexes are presented 1n this chapter The
complexes contained 1n this chapter are the
successors of the compounds that have already
been discussed in chapter three and are
characterised by the presence of pyridyl-1,2,4-
triazole or pyrazyl-1,2,4-triazole unit(s) and

dihydroxyphenyl moieties
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4.1 Introduction

In chapter one, the processes entailed in natural photosynthesis were presented.
There has been considerable interest in the elucidation and emulation of these
natural processes over the past number of years and this has led to a general
growth in the interest in quinonoid species and particularly the hydroquinone /

quinone redox couple for a number of incongruous reasons.[15]

OH o 0
OH OH o]
Hydroquinone Semiquinone Quinone

Figure 4.1 Structure and nomenclature of quinonoid species.

This is attributable to the fact that quinoid complexes comprise a redox reaction of
classical and current importance as they represent one of the oldest and most basic
redox processes. For instance, they play a pivotal role within photosynthesis.
In the type-two reaction centre of Rhodopseudomonas viridis, for example, there is
a light-induced charge separation between a pigment electron donor and a pigment
electron acceptor in which a hydroquinone is oxidised to a quinone.[7][§] The role
of hydroquinones in natural photosynthesis has therefore, led to its inclusion as an
electron donor in biomimetic systems particularly in the field of hydroquinone-
linked porphyrin systems.[912] The structure and nomenclature of the various

quinonoid species mentioned in the text are depicted infigure 4.1.

Central to the understanding of the processes involved in photosynthesis is the
examination of the behaviour of the hydroquinone / quinone redox couple.
Hydroquinones and catechols (1,2-dihydroxybenzene) display rather complicated
electrochemical behaviour in aqueous solutions. This is due to the occurrence of
secondary reactions and to the formation of dinuclear and hydroxylated
products.[13][141 This behaviour is dependant upon the ligand concentration, pH

value and applied potentials.[15
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Laviron has treated the roles of protonation and deprotonation on the
electrochemical mechanisms, which interconvert quinone and hydroquinone, and
their self-exchange reaction, quantitatively. [16'18] In an effort to explicate the
elementary steps of quinone / hydroquinone electron transfer Laviron proposed a
“scheme of squares” (figure 4.2). This scheme applies to hydroquinone and
catechol oxidation on Pt with the order of proton and electron transfer depending

on pH value.[17]

0.099 J1027
Q «=» QI *» Q-
i 4°'1t "4t
A 0.760 rl 0.460
QH+ i — » QH* QH*
it -ijf MSjf
QH2 !'=1i. QH2Z* QH2

Figure 4.2 The “scheme of squares” for the quinone (Q) / hydroquinone (HQ)

redox couple as described by Laviron.[i7

The redox potentials (vs. NHE at 25°C) (in red) for the successive one-electron
couples that connect quinone and hydroquinone and pKavalues (in blue) for the
various components are also shown in the above scheme. The potential and pKa
data, illustrate the profound effect that changes in oxidation state can have on
acid-base properties. [19 In general, however, when the electrochemical work is
carried out in organic solutions, as it mostly is in this chapter, the complications
from chemical reactions coupled with electron transfer processes are found to be

much less critical.i20i

The intriguing electrochemical behaviour is particularly evident in metal-
quinonoid complexes. Over the past few years considerable attention has been
paid to ruthenium polypyridyl complexes bound to catechol / hydroquinone
moieties (figure 4.3). [2][22) Generally these complexes involve a bidentate
coordination mode through the two vicinal phenolate oxygen atoms.[15] However,
a number of studies by such authors as Haga[2A Lever[Xl, Ward[3034 and co-
workers involve coordination via nitrogen and oxygen moieties. Keyes and co-

workers, for example, have prepared a range of O, N coordinated complexes. [3534
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While Ernst et al have also reported coordmnation of ruthemum polypyndyl

moteties via a diphenylphosphino and a hydroxyl mosety %

HO. O OH
O X F
HO OH

HO OH

Figure 4 3 Catecholate ligands used in the preparation of the

ruthenium dimer complexes (241

This mterest in such complexes centres on the fact that 1t has been shown that
within these complexes there 1s a strong degree of orbital mixing between d(r) and
ligand p(zm) frontier orbitals B9 Interesting charactenistics are mvoked by the
metal-higand orbital mixing as this generates an opportumty for considerable
covalency between the redox-active metal centre and coordmated redox-active
ligand Ths leads to the possibility of using these kinds of systems as building

blocks for molecular electronic devices MO

“A number of mteresting ruthenium complexes containing hgands with
hydroquimone / catechol or phenol moieties have also been reported 2! Perhaps
the most intniguing of these studies was carned out by Lehn and co-workers, m
which they were interested in explorting the reversible -electrochemical
mterconversion 1n protic media of the hydroqumone / quinone redox couple by the
exchange of two protons and two electrons Their complex represented an
excellent example of an electro-photoswitching device as the quinone umt
quenched the luminescence of the ruthemum polypyndyl motety while the
hydroqumone mozety did not (48] The phenomena of electrochemically induced
proton transfer from a hydroquinone moiety to an attached triazole ring have also

been mvestigated (scheme 4 1) !

117



Ru(ll) Complexes Containing Dihydroxyphenyl Moieties Chapter Four

+
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Scheme 4.1 Scheme proposed by Wang et al. for a reversible, electrochemically induced

proton transfer reaction from a hydroquinone group to the attached triazole ring. [43

In most of these cases however, long-lived photoinduced charge separation is
perturbed by rapid electron back-transfer probably due to the fact that the
hydroquinone moiety is bound to the ruthenium centre via polypyridyl
ligands.[4a[48f6)Ll Vos and co-workers however, have taken a different approach to
this problem by the inclusion of non-polypyridyl, non-luminescent spectator
ligands such as, the negatively charged pyridyltriazole, 3-(pyridin-2’-yl)-1,2,4-
triazole.[43] Complexes containing either hydroquinone or catechol moieties have
been prepared by Keyes, Weldon, O’Brien and co-workers with the aim of the
investigations to study electron and energy transfer processes between photoactive
components via a negatively charged triazolate bridge.[42][43]t45][49] Scheme 4.1 was
proposed by Wang et al. It depicts an electrochemically induced, reversible proton
transfer involving a quinone / hydroquinone redox couple. They suggest that this
proton transfer occurs intramolecularly via hydrogen-bridge formation between

the hydroquinone and the triazole.[43]
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The complexes presented 1n this chapter are analogous to those 1n chapter three
however, they contain a dihydroxyphenyl moiety 1n place of the dimethoxyphenyl
group The structures of these complexes are shown m figure 44 They have
been synthesised by the direct demethylation of the complexes contaned 1n
chapter three Hence, they represent the second group of complexes m this
continuing series aimed at ultimately understanding the interaction between
hydroqumone / quinone groups coupled to a ruthentum centre(s) via a negatively
charged bridge An investigation as to whether or not the process of
electrochemucally induced proton transfer (scheme 4 1) occurs, within the

hydroquinone complexes presented here, will also be considered 1n this chapter 3]

First, the synthetic factors involved in the demethylation of these complexes are
presented The compounds were prepared via modified literature methods and
their purity was then assessed by NMR spectroscopy and elemental analysis
These results are contained 1n the following experimental section Following the
establishment of the purity of these complexes they were further characterised by
emussion and absorption spectroscopy and the ground and excited state lifetimes of
the various complexes were measured and reported in the subsequent section In
order to mvestigate changes 1n the electrochemical behaviour of these complexes
upon demethylation, electrochemical characterisation of both the oxidation of the
metal centre and the ligand-based reductions has also been undertaken and the
results are discussed in the electrochemical section Acid-base measurements are
presented 1n order to investigate the nature of the lowest unoccupied molecular
orbital (LUMO) This 1s a charactenistic that once again, vaned depending on
whether the complex contained a pyndyltriazole or a pyrazyltnazole These
values along with relevant pKa and pKa* values are also quoted within this
chapter

Finally, since the dinuclear complexes may have interesting intermetallic
interactions invoked by the presence of the hydroquinone moleties, m depth
spectroelectrochemical data are presented Hence, a comprehensive set of data for
these hydroquinone-contaiming complexes are collated within this chapter and
discussed with particular reference to their analogous dimethoxy-contaimng

complexes previously considered in chapter three
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Figure 4.4 Structures of mononuclear and dinuclear complexes cited in this chapter.
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4.2 Experimental Methodology

4.2.1 Synthetic Methods

The synthesis of the daughter Ru(ll) complexes containing dihydroxy moieties,
prepared by the déméthylation of the precursor complexes in chapter three, are
presented in this section. These complexes have been synthesised previously,[#]
however, since no data were available on their photochemical and photophysical
properties and since, they are precursor complexes for the compounds contained in
the following chapter, it was necessary to perform their re-synthesis. The
deprotection of the ligand HL3 was also undertaken in order to aid in the
elucidation of the electrochemical results presented in a subsequent section.
Hence, the novel synthesis and NMR spectral characteristics of this ligand are also
presented in  this  section. The *H-NMR  spectra of the
[Ru(bpy)2(L9)Ru(bpy)2](PF6)2.4H20 complex, which is typical of that obtained
for these complexes, is presented in figure 4.5. A modification of the
déméthylation techniques and reaction methodologies developed by O’Brien et al.

was utilised for the synthesis of the following complexes.t9]

Complex 7: |Ru(bpy)2(L7)]PF6.2H20

[Ru(bpy)2(L3)]PF6.H20 (200 mg, 0.24 mmol) was added to dry dichloromethane
(3 cm3) and brought to - 80° C in an acetone / liquid nitrogen slush bath under a
constant flow of N2. An excess of 1.0 M boron tribromide (10 cm3) was then
introduced into the nitrogen-saturated chamber. The nitrogen stream was then
removed and the flask sealed. The mixture was then allowed to attain room
temperature and the reaction was allowed to proceed over a 12 h period with
constant stirring. The reaction mixture was then poured onto ice water and stirred
for 30 min. This mixture was then transferred to a separating funnel and the
organic layer removed. The remaining aqueous layer was neutralised with a
saturated sodium bicarbonate solution. A small quantity of ammonium
hexafluorophosphate was then added and a red deprotected ruthenium complex
precipitated. The solid product was collected by vacuum filtration and washed
with water and ether. The product was then recrystallised from hot ethanol / water
(2:1 v/v). Déméthylation was verified by TLC and NMR spectral techniques as
the -OCH3 singlet peaks (3.5 - 4.0 ppm) were found to be absent.
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Purity was established by the "H-NMR spectrum and analytical HPLC. Yield = 62
mg (31 %). Calculated for R1IC33N8H2904PF6 : C: 46.76; H: 3.45; N: 13.22 %.
Anal. Found: C: 47.32; H: 3.12; N: 12.71 %.

Complex 8: [Ru(bpy)2(L8)]PF6.2H20

[Ru(bpy)2(L4)]PF6.H20 was demethylated with BBr3 in a similar manner to that
described previously for [Ru(bpy)2(L7)]PF6.H20 with the exception that 200 mg
(0.196 mmol) of [Ru(bpy)2(L4)]JPF6.H20 was used in place of
[Ru(bpy)2(L3)]PF6.H20. The product was recrystallised from hot ethanol / water
(2:1 v/v) and déméthylation was verified by TLC and NMR spectral techniques in
which the -OCH3 singlet peaks (3.5 - 4.0 ppm) were again found to be absent.
Purity was established by the ~-NMR spectrum and analytical HPLC. Yield =
134 mg (67 %). Calculated for RUC32N9H2804PF6 : C: 43.83; H: 3.13; N: 13.38
%. Anal. Found: C: 44.07; H: 2.81; N: 13.69 %.

Complex 9: [Ru(bpy)2L9)Ru(bpy)2](PF62.4H20
[Ru(bpy)2(L9)Ru(bpy)2](PF6)2-4H20 was, once again, prepared by an analogous
method as that outlined for [Ru(bpy)2(L7)]PFé.H20. During the preparation of
this complex, however, [Ru(bpy)2(L5)Ru(bpy)2](PF62-4H20 (400 mg, 0.26 mmol)
was demethylated with BBr3 in dichloromethane. Recrystallised was achieved
from hot ethanol / water (2:1 v/v) and déméthylation was verified by TLC and
NMR spectral techniques in which the -OCH3 singlet peaks (3.5 - 4.0 ppm) were
again found to be absent. Purity was established by the IH-NMR spectrum and
analytical HPLC. Yield = 296 mg (74 %). Calculated for RU2C 60N 16H5206P2F12 :
C: 42.65; H: 2.31; N: 12.44 %. Anal. Found: C: 42.93; H: 2.62; N: 12.68 %.

Complex 10: [Ru(bpy)2L10)Ru(bpy)2](PF624H2

The protected complex [Ru(bpy)2(L6)Ru(bpy)2](PF6)2-4H20 was demethylated
with BBr3in a similar manner as described for [Ru(bpy)2(L7)]PF6.H28. However,
400 mg (0.26 mmol) of [Ru(bpy)2(L6)Ru(bpy)2](PF6)2-4H20 was dissolved in
dichloromethane prior to the addition of BBr3. The solid product that was
precipitated was recrystallised from hot ethanol / water (2:1 v/v) and
déméthylation was verified by TLC and NMR spectral techniques in which the -
OCH3 singlet peaks (3.5 - 4.0 ppm) were again found to be absent.
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Purity was established by the H-NMR spectrum and analytical HPLC. Yield =
248 mg (62 %). Calculated for RU2C58N18H5006P2F12 : C: 41.94; H: 2.89; N:
15.91 %. Anal. Found: C: 41.38; H: 2.54; N: 15.40 %.

3-(2\5’-dihydroxyphenyl)-5-(pyridin-2 -y1)-1H-1,2,4-triazole (H3L3)
This ligand was prepared using the cerium ammonium nitrate (CAN) method
described in chapterfive, however, the hydroquinone ligand was obtained. Yield:
300 mg, 85 %. 'H-NMR (d6DMSO): 5 10.05 (s, 2H, -OH), 8.83 (d, 1H, pyridyl H6),
8.49 (d, 1H, pyridyl H3), 7.83 (d, 1H, pyridyl H4?), 7.82 (s, 1H, phenyl H6), 7.78 (dd,
1H, pyridyl H5?), 7.49 (m, 2H, phenyl H3 and H4).

10.0 9.0 8.0 7.0 6.0

10.0 9.0 8.0 7.0 6.0

Figure 4.5 ~"-NMR spectra of (a) [Ru(bpy)2(L9)Ru(bpy)2](PF62.4H20 (b) the -OCH3region

inset and (c) [Ru(bpy)2(L9)Ru(bpy)2](PF§24H20 withl drop of D2
in d3-acetonitrile
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4.3 Results and Discussion

4.3.1 Synthetic Considerations

Numerous synthetic methodologies have been employed in the synthesis of
ruthenium complexes containing hydroquinone or catechol moieties. In 2000, for
example, Spyroudis published a complete exegesis on the various methods
developed for the synthesis of hydroquinone and related complexes.[46 A number
of complexes similar to those cited in this chapter have also been described
previously. [4[43 Various methods of synthesis may be employed in the
formulation of such complexes. Vos and co-workers for example, have prepared
these complexes in two discrete manners. The initial approach was via the direct
preparation of the dihydroxy-containing ligands followed by complexation to the
ruthenium centre(s). [BY342A43 Weldon et al. for example, prepared a
hydroquinone-containing ligand (figure 4.6), which was then coordinated to yield
the dinuclear ruthenium complex. [4] However, although this approach did
successfully yield the required complexes, there are a number of disadvantages to
this technique including complicated semi-preparative HPLC purification

requirements and hence reduced product yields.[47

OH

(2)

Figure 4.6 Structure of (1) the catechol-containing ligand synthesised by Shukla et al.
and (2) the hydroquinone-containing ligand synthesised by Weldon et al. [42][48.

A similar but alternative approach to the synthesis of such complexes is to

deprotect a methylated ligand prior to its coordination to a metal centre.

124



Ru(1l) Complexes Containing Dihydroxyphenyl Moieties Chapter Four

SauvagelI™ and Ward[2J48[49 and co-workers for example, adopted such an
approach and they created their hydroquinone-containing complexes by first
deprotecting the dimethoxy ligand with molten pyridinium chloride followed by
the subsequent coordination to the metal. This approach, however, does not solve
the problem of yields and purification difficulties. Hence, a novel approach to the
complexes was developed which involved the conversion of the methylated
complex to the analogous hydroquinone-containing complex subsequent to
complexation.[45 This has a number of benefits including more facile purification
techniques and greater overall yields coupled to the advantage of having the

analogous deprotected complexes for comparison purposes.[4/]

The oxidation of p-dimethoxybenzene derivatives to the corresponding
hydroquinone has been accomplished using a variety of oxidising agents
particularly nitric acid and argentic oxide. 151531 lodotrimethylsilane has also been
suggested as a possible demethylating agent, however, varying degrees of success
has been reported for ruthenium polypyridyl complexes. [B4 A rather more
successful method for the deprotection of such species, however, has been
extensively reported via the utilisation of boron tribromide. * A number of
authors including Ward, Yellowlees and Vos and co-workers have, therefore,
utilised this agent for the deprotection of methylated species in order to obtain

their target hydroquinones (or catechols). M 55M5"\55"\5/\58"NH)|

Ove

Figure 4.7 Demethylation process utilised by O’Brien et al. for the preparation of
catechol complexes. »
Lehn and co-workers, in their paper on the preparation of an electro-photoswitch
discussed in the introductory section, demethylated their dimethoxy-containing
ruthenium complex with boron tribromide.[6]] O’Brier) et al. ajso obtained their

catechol-containing complexes with boron tribromide as shown infigure 4.7.
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As this BBr3 method was found to generate good product yields and no further
purification techniques were required with this methodology. Hence, it was
employed in the synthesis of the complexes presented in this chapter.[4] It must be
noted, that there are number of factors which must be taken into consideration for
this procedure. BBr3 is a fairly noxious agent and was obtained as a solution in
dichloromethane in an airtight container and stored under a blanket of argon. This

is due to its propensity to rapidly hydrolyse upon contact with air.

In this case the moisture in the air causes it to fume vigorously and release heat
with a concomitant change in the colour of the solution from a clear liquid to a
muddy brown colour as it hydrolyses to boric acid. Even under the best storage
conditions this solution is generally partially hydrolysised and hence, light brown
in colour upon syringing into the experimental flask. For this reason a ten-fold
excess of BBr3 was used. This excess coupled with longer reaction times than
previously reported ensured complete demethylation to the required product.
Careful handling and storage of this hazardous solution was, therefore, also
implemented.  Furthermore, all glassware and the dichloromethane solvent
employed during the synthesis were dry and the reaction was carried out under a
constant flow of nitrogen. To ensure that the reaction flask was maintained at a
constant temperature of approximately -80°C, an acetone / liquid nitrogen
cryostatic ice bath was utilised. When the reaction had reached completion it was
quenched with water with the subsequent formation of HBr. The acidity of the
solution was then dissipated by the addition of the alkaline sodium carbonate
solution. This process of neutralisation was performed with care with the
intention that the solution was not over acidified (pH > 9), which would lead to the
production of irreversible semiquinone species. The overall reaction was also
accompanied by a colour change in which the initial strong burgundy colour of the
starting complex developed to yield the strong red colour of the hydroxylated
product. Upon neutralisation some precipitate was observed to form, however,
further precipitation was achieved by adding a small quantity of NH4PF6. The
target complex was then successfully obtained after recrystallisation from a 2:1
solution of hot ethanol/water. No further purification was required and the purity

of the complex was confirmed via the following characterisation data.
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4.3.2 Characterisation Considerations

~-NMR spectroscopy was utilised in the assessment of the purity and structural
assignment of the complexes presented in this chapter. Table 4.1 contains the
NMR data for the coordinated ligands in each complex while the proton NMR
spectrum of the complex [Ru(bpy)2(L9)Ru(bpy)2](PF6)24H20 in d3-acetonitrile
and of the same complex in d3-acetonitrile with 1 drop of D20 are shown infigure
4.5. These spectral tools along with the spectra obtained for the previous methoxy
complexes allowed for successful elucidation of the structure of these
hydroxylated complexes. COSY spectral data were also obtained to further
support these assignments for each complex and supplementary data are provided
in appendix A. The IH-NMR spectrum of [Ru(bpy)2(L9)Ru(bpy)2](PF6)2.4H20 is
shown infigure 4.5 and is typical of the spectra obtained for these hydroxylated
complexes. The spectra are clean and well resolved and integrate to the expected
number of protons and are, therefore, consistent with the expected structure.
Sharp, well-defined reasonances were observed for all complexes, confirming the

presence of Rull and the absence of semiquinone radicals.[3]

Reasonances for coordinated ligands L7-L10

(chemical shifts / ppm vs Me4Si)

7 8 9 10

H 7.66(d) 7.30(d) 7.39(s) 7.42(s)

H5 6.63(m) 6.62(m)

H6 6.55(d) 6.64(d) 7.39(5) 7.42()

Hr 8.12(d) 9.20(s) 8.22(d) 9.34(s)

H4" 7.90(dd) 7.83(dd)

H5' 7.21(dd) 7.60(d) 7.21(dd) 7.68(d)

H6 7.55(d) 8.20(d) 7.57(d) 8.29(d)
-OH 10.66 10.68 10.65 10.64

* For an explanation of proton numbering refer tofigure 4.5.
Bipyridyl reasonances were observed in the following regions for:
Pyridyltriazole complexes'. 8.30-8.90(H3); 7.90-8.20(H4); 7.20-7.35(H5); 7.40-7.60(H6).
2Pyrazyltriazole complexes: 8.38-8.55(H3); 7.80-8.15(H4); 7.25-7.45(Hs/ H6).

Table 4.1 ~~-NMR data for complexes 7-10 measured in d3-acetonitrile
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In the previous chapter 1t was seen that 1n the spectra of the protected complexes
the -OMe reasonances were observed 1n the '"H-NMR spectra of the mononuclear
complexes as two 1dentifiable -OMe peaks and as strong smglets in the dinuclear
complexes 1n the region between 3 50 and 4 00 ppm  As complexes 7-10 differ
only from complexes 3-6 by the replacement of the -OMe groups by —-OH
moieties then these peaks must necessarily be absent from the spectra of the
demethoxylated complexes Indeed, no peaks were observed in the aliphatic
region of any of the —OH containing complexes This 1s comparable to the NMR
data reported by Shukla et al who also noted that for their dimethoxy complexes
the two methyl groups of the dimethoxyphenyl at 3 84 and 3 88 ppm are absent 1n
the spectrum of dihydroxy complex (figure 4 6) #!)

Furthermore, the presence of an additional peak associated with the -OH group
was observed 1n the spectra of complexes 7-10 above 10 50 ppm The —OH nature
of this peak was further verified by the addition of 1 drop of D,O which resulted
in the loss of this broad peak This 1s due to the lability of the —-OH proton which
readily exchanges with labile deuterons from the solvent effectively removing
them from the spectra Furthermore, the fact that the —OH proton 1s shifted
sigmficantly downfield (eg to approximately 1065 ppm m the case of
[Ru(bpy)2(L9)Ru(bpy).](PFs)2 4H,0 presented 1n figure 4 5) suggests the presence
of an intramolecular hydrogen bond between the uncoordinated -OH and the
adjacent triazole The result 1s not unexpected as various studies have reported
evidence for the presence of intermolecular hydrogen bonding involving the
hydroxyl groups and the free N atoms of the tnazole rnngs n similar
ruthemum(II)-polypyndyl complexes containing triazole ligands with phenol or

hydroquinone moteties BF316!]

Finally, 1t can be seen by comparison of the proton reasonances for the protected
complexes in chapter three and the deprotected complexes reported here, that
there are small but significant changes in the position of these resonances Firstly,
the upfield shift of the H® proton which was noted n the spectra of the
dimethoxy-containing complexes and was attnbuted to diamagnetic amsotropic
interaction of the H® proton with the adjacent mngs of the bipyrdine s,

unsurprisingly, again noted 1n the spectra of these hydroquinone complexes (341
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This further confirms that the ~-NM R spectral reasonances alter very little upon
déméthylation, a fact previously noted by both Shukla et al. and O’Brien et al.
upon déméthylation of their dimethoxy complexes {figure 4.6/4.7). Secondly, it
may be seen that for the hydroquinone complexes the proton reasonances of the
coordinated ligand are shifted to higher field by approximately 0.1 to 0.2 ppm
compared to the methoxy analogues. This is particularly evident in the case of the
phenyl protons. This is a similar observation as was noted in the case of
comparable catecholate complexes reported by O’Brien et al. and once again,
provides further confirmation of the loss of the methoxy moieties. [45 A
comparison of the protons shifts in the NMR spectra of these complexes compared
to the methoxy and quinone analogues can be found infigure 5.11 in chapterfive

and in appendix A.

4.3.3 Computational Results

The computational chemistry program Gaussian 03 was used to carry out density
functional theory (DFT) calculations on the complex [Ru(bpy)2(L7)]+.i62] These
calculations were performed by my colleague Dr. Noel O’Boyle. Gausssum 0.6
was also used to performed calculations on the contributions of different groups to
each molecular orbital.[@] The initial structure for the geometry optimisation was

taken from crystallographic data previously obtained for this complex. 44
Ruthenium

Carbon
Nitrogen ~
Hydrogen |

Oxygen 0

Figure 4.8 Geometry-optimised molecular structure of [Ru(bpy)2(L7)]+
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The optimised geometry is shown in Figure 4.8. The image is intended to provide
an optical aid to the reader in the visualisation of the molecule being discussed and
hence, helps in the elucidation of the following characterisation data. It, therefore,

complements the following experimental data rather than replacing it.

Figure 4.9 The calculated density of states (DOS) spectra of [Ru(bpy)AL7)]+

Figure 4.9 above was then created which shows the calculated density of states
(DOS) spectra of this complex.  The groups used are labelled in Figure 4.9 as
follows: HQ, hydrogquinone moiety; Ru, the ruthenium metal atom; pyr, pyridine
group; trz, the triazole ring; bpy 1 and bpy 2, the two bipyridyl ligands.
Calculated DOS spectra have been shown to be a useful visualization method for
the spatial distribution of the electronic structure of complexes. [64 In particular,
where there are several close-lying energy levels in the frontier region, DOS
spectra give a better picture of the contributions of the various moieties to the
HOMO and LUMO, compared to the examination of individual energy levels.[4)
Across the bottom of the graph are a series of brown and green lines that are
representative of the closely spaced molecular orbitals of the complex. The ‘gap’
in the orbitals occurs between the HOMO and the LUMO state. Each line on the
upper part of the graph illustrates the contribution of each moiety to the molecular

orbitals in a particular energy region.
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LUMO+2

LUMO

HOMO -1

HOMO-3

Chapter Four

LUMO +1

HOMO

HOMO -2

HOMO -4

Table 4.2 Calculated isosurface images of the frontier orbitals of [Ru(bpy)2L7)]+
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From figure 49 it can be seen that m the HOMO region, there is a large
contribution from the hydroquinone moiety of the pyridyltniazole ligand, and at
shghtly lower energy, a significant metal-based contribution from the ruthentum

There 1s also a significant contribution from the triazole moiety of pyndyltriazole
to the HOMO region at lower energy Very little bipyridyl donation 1s observed 1n
thus region Conversely the LUMO regron 1s strongly bipyridyl in character At
shightly higher energy, there 1s a roughly equal contribution to the LUMO region
from the pyridyl moiety of the pyndyltriazole hgand In this region, there 1s little
or no metal contribution

L

The electromc structures of the HOMO and LUMOs of [Ru(bpy)2(L7)]" were then
generated and are contamned 1n fable 42 The table contains 1sosurface visual
representations of the graphical data in figure 4 9 The first images, therefore,
show the LUMO + 2, LUMO + 1 and the LUMO states Upon an examination of
these diagrams 1t 1s, once agan, clear that the LUMO 1s strongly bipyridyl based

For example, the LUMO state 1s concentrated on the first bipyridyl moiety while
the LUMO + 1 1s found mainly on the second of the bipyridyl moieties Thus 1s
due to the fact that the two bipynidyl moieties differ slightly in energy with one
having shghtly higher energy than the other (figure 49) The subsequent
diagrams show the HOMO states It 1s now clear that the pyndyltriazole mozeties,
specifically the hydroquinone group, play a very large role in the HOMO of this
complex For example, in the HOMO diagram there 1s a strong concentration on
the hydroquinone moiety @ The HOMO — 1 also appears to be strongly
hydroquinone mfluenced while the HOMO then appears to deviate towards a more
metal based character as we progress to HOMO - 3 and HOMO — 4 The
bipyridyl moieties also appear to have no sigmficant role in these HOMO states
(table 4 2) The computer-generated data provide a useful theoretical basis for the

following expenmental characterisations

4 3 4 Electronic and Photophysical Properties

4 3 4 1 Absorption Spectra

The UV/Vis spectra discussed in this chapter were recorded 1n acetonitrile and the
absorption data for all of the mononuclear and dinuclear complexes 1n both their

protonated and deprotonated forms are recorded in fable 4 3

132



Ru(1l) Complexes Containing Dihydroxyphenyl Moieties Chapter Four

In the previous chapter it was noted that the electronic spectra of the dimethoxy-
containing were similar to the spectra obtained for a plethora of ruthenium (1)
complexes. Once again, the absorption spectra obtained for the hydroquinone-
containing complexes presented in this chapter are comparable with the
prototypical [Ru(bpy)3]2+ [2Z7] and déméthylation of the dimethoxy groups has no
significant effect on the spectrum. This was also the case in studies of comparable
complexes, for example Shukla et al., who also reported little change in the
absorption spectra upon déméthylation of their hydroquinone complex {figure
4.6) m

Table 4.3 Absorption and emission data obtained for the complexes. Unless

otherwise stated, all measurements were performed in acetonitrile.

. Fonant,m E™298K Enax 77K
Complex (nm) Vy (nm) (nm)

(e x 10-4) t(ns)_____ t(xs)
476 675 612

[Ru(bpy)AL.7)]+ (1.10) 00052 (166) (2.8)

o+ 438 612 580

[Ru(bpy)ZHL D) (1.32) (<20) (5.5)

[Ru(bpy)2 L 8)f (f_ffl) 0.0054 (fg(s)) (63%72)
o 441 667 617

[RuibpyhiHLS)]2* (1.59) (240) (7.5)

RUOPALORUCRYAZ o 00047 0L o)
436 614 582

[Ru(bpy)AHZL9)Ru(bpy)2J4+ (2.96) (<20) (5.2)
451 661 612

[RubpyAL0)Ru(bPYZ2 )3 0.0051 (156) (3.6)

[RUGPYAHAIORUGRYIH 40 0%2) 69

aProtonation of the complexes achieved by addition of perchloric acid.

1Data at 77 K were recorded in EtOH/MeOH (4:1 viv).

Hence, the spectra of the complexes contained in this chapter are dominated in the
visible region between 450 nm - 480 nm by a da-Ji* metal-to-ligand charge
transfer (MLCT) transition. The MLCT bands observed also exhibit a low energy

shoulder at the X"ax characteristic of 1,2,4-triazole systems.[£2]
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These transitions are typical of these types of complexes and were also seen in the
previous chapter.tZii Intense 7GACr transitions were also observed in the UV region
at approximately 280 nm, which are associated with the pyridyltriazole or the
pyrazyltriazole and the bipyridyl ligands, respectively. There are also features in
the absorption spectra around 330-350 nm which are associated with n-n*
transitions in the hydroquinone moieties. These absorptions have been noted
previously in similar complexes containing hydroquinone moieties. [3][42[43]
Typical absorption spectra obtained for these hydroquinone-containing complexes
are shown infigure 4.10. This shows the spectra of the ruthenium pyridyltriazole
and pyrazyltriazole complexes [Ru(bpy)2(L7)]+ and [Ru(bpy)2(L8)]+ It can be
seen from an examination of these spectra that the MLCT of these complexes
occur at 476 nm and 452 nm, respectively. There is a slight shift in the of the
hydroquinone complexes compared to the methylated analogues. For example,
[Ru(bpy)2(L7)]+ now has a A"ax of 476 nm compared to its methylated counterpart
[Ru(bpy)2(L3)]+ which imparted a of 485 nm. (For a comparison of the UV
spectra of the dimethoxy, dihydroxy and quinone complexes see figure 5.14,

chapterfive.)

Wavelength (nm)
Figure 4A0 Absorption spectra of [Ru(bpy)AL7)]+(c. 2.36 x 109V and

[Ru(bpy)2L8)]+(3.02 x 10'aM) in neutral acetonitrile at room temperature.
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This shuft (circa 5 nm) can contributed to the loss of the more strongly electron
donating methoxy substituent °® The shifts in the pyrazyltriazole complexes are
slightly less and are possibly due to the counteraction of the pyrazine’s strong n-

%]  The data obtamed for these

acceptor properties compared to pyndine
complexes are comparable to similar hydroquinone / phenol or catechol-
containing complexes (BIS] por  example, figures 411 and 47 contain
pynidyltriazole ligands with catechol or phenol moieties which were used 1n the
synthesis of similar ruthentum polypyridyl complexes [SI6 The complexes
containing the ligands shown in figure 4 11 and 4 7 reported stmilar absorption
spectra as the pyridyltriazole complexes reported 1n this chapter with Ama centred
at 476 nm and 481 nm, respectively M gimilarly, the ruthemum complex
containing the pyrazyltriazole analogue of the igand in figure 4 11 also reported a
Amax at 455 nm, which 1s comparable to the values obtained for the pyrazyltriazole
complexes Listed 1n table 4 3 "It was also noted in the previous chapter that the
MLCT of the methylated analogues are red-shifted with respect to [Ru(bpy);]** (!
This red shift 1s again noted 1n the spectra of the hydroqumone complexes (to a
lesser extent 1n the case of the pyrazyltriazole complexes) and 1s attributable to the

strong c-donation of the deprotonated pyndyltriazole or pyrazyltriazole moiety
(table 4 3)

OH

Figure 4 11 Ligand contamed in the ruthenium complexes synthesised by Hage ez al (1]

For example, from an examnation of the data in rable 4 3 1t can be seen that the
pyndylinazole complexes mamfest a smft of approximately 25 nm to a lower
energy This shift was also observed in the spectra of other similar ruthenium

complexes contamning dihydroxy moeties 118!
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Absorbance (A.U.)

The pyrazyltriazole complexes, however, undergo a significantly smaller shift than
the pyridyl analogues as the pyrazine has increased tT-acceptor properties (table
4.3). These strong 7l-acceptor properties, however, are negated by the presence of
the triazole moiety and hence, only a slight shift in MLCT occurs. This
phenomenon has also been noted previously in the case of the analogous

pyrazyltriazole version ligand depicted infigure 4.11.

The deprotonated status of the triazole ring in these complexes is supported by the
Ataxvalue of the lowest energy [MLCT transition, for example, 476 nm in the case
of the mononuclear pyridyltriazole complex. The presence of the triazole ring in
these complexes means that they have the ability to be protonated, which resulted

in a blue shift of the A"ax of the complexes (table 4.3) . [69[/0][7]]

Wavelength (nm)

Figure 4.12 Absorption spectra of [Ru(bpy)2L7)]+in neutral acetonitrile (black line)
and after the addition of 1 drop of trifluoroacetic acid (red line) and
(Inset) [Ru(bpy)2L8)]2+in neutral acetonitrile (black line) and
after the addition of 1 drop of TFA (red line)
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When the tnazole was protonated by the addition of acid the absorption spectra of
both the pyridyltniazole and pyrazyltriazole complexes are seen to undergo a shift
of the MLCT band as the o-donor properties of the triazole ring are lessened This
transformation can be observed in the absorption spectrum of [Ru(bpy)(L7)]" and
[Ru(bpy)x(L8)]" which are shown 1n figure 4 12 1n neutral acetonitrile and after
the addition of 1 drop of acid The protonated pyridyltriazole complexes
experience a blue shift of the absorption band by approximately 35 nm
accompanied by a concomitant increase 1n the extinction coefficient (figure 4 12)
However, in the case of the pyrazyltriazole complexes the presence of the =-
acceptor pyrazine moiety agam results m a less pronounced shift of Amax (by
approximately 10 nm) This shift upon protonation was observed for all these
complexes and has also been reported previously for similar dihydroxy-containing

complexes [43)(E11I67]

In the case of the hydroqunone complexes, however, there i1s now also a
simultaneous decrease in the bands associated with the hydroquinone moieties
(circa 330 nm) Since, these changes are not totally reversible upon addition of a
drop of base, 1t 1s likely that they are associated with the formation of semiquinone
species These species may then in turn undergo disproportionation to form a
mixture of hydroqumone and quinone species ! This phenomenon was proposed
previously for similar hydroquinone complexes and this will be explored in more

detail n the following chapter, which contains the quinone analogues **

It 1s also of interest to note that there 1s no real difference between the behaviour
noted for the mononuclear and that observed for the dinuclear complexes 1n both
their protonated and deprotonated forms This would seem to indicate that there 1s
very little, if any, interaction between the metal centres This was also noted 1n
the case of the methoxy-contaiming analogues, indicating that the replacement of
the dimethoxy moieties by dihydroxy groups does not mvoke a change in the level
of communication between the metal centres This phenomenon, however, will be

explored in more detail in the following sections
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4.3.4.1 Luminescence Properties

The luminescence data for the hydroquinone complexes discussed in the chapter
are presented in table 4.3. Room temperature measurements were performed in
neutral acetonitrile while measurements at 77 K were undertaken in an ethanol-
methanol solution. In both cases protonation was achieved by the addition of 1
drop of trifluoroacetic acid. In the case of each of the complexes measured the
emission was much weaker than that of [Ru(bpy)3]'ji (® = 0.062), however, the
luminescence is quite clear and is characteristic of emission from the lowest
3MLCT (drc Ru -> n* bpy) excited state (figure 4.13).[73] This mirrors the
luminescence data obtained by Schanze and Sauert®] and Shukla et al & who
also reported this decreased emission from the 3MLCT excited state for their
dihydroxy complexes. There is also a similar distinct red-shift of emission in these
complexes compared to [Ru(bpy>3]2+ due to the effect of the triazole ring whose
negative charge increases electron density on the metal centre and reduces the t2g -

MLCT energy gap. [74

Wavelength (nm)

Figure 4.13 Emission Spectra of [Ru(bpy)2(L7)]+ (conc. 2.36 x 10'GM),
[Ru(bpy)2(L8)]+(conc. 3.02 x 10'aM), [Ru(bpy)2(L9)Ru(bpy)d2+(conc. 2.11 x 10'aM) and
[Ru(bpy)2(L10)Ru(bpy)2]2+(conc. 1.51 x 10‘9M1) in acetonitrile at room temperature
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Figure 4 13 contains the emission spectra of both the mononuclear and dinuclear
pyrazyltnazole and pyridyltriazole complexes in neutral acetonitrile at room
temperature  The pyndyltnazole complexes have emission maxima centred at
around 676 nm These values differ very little from the data obtamned for the
dimethoxy analogues 1n chapter three However, slight changes in the emission
values of the deprotected complexes compared to the protected analogues may,
once agaimn, be attributed to the replacement of the -OMe groups by the less

strongly electron electron donating ~OH substituents !

In previous studies involving ruthentum complexes with hydroquinone moieties
some quenching of ermission was observed which was associated with the hydroxy
moiety(1es) 5] However, generally 1n these studies the hydroquimone moiety was
In close proximty to the metal centre 1¢ attached via the polypyridyl moieties
B5M75] 1) the case of the hydroquinone complexes presented n this chapter there 1s
no such decrease in the emission of the demethylated complexes (table 4 3) This
may be attributed to the insulating effect of the triazole ring, which 1s incorporated
into the pynidyl or pyrazyl higands and weakens direct electronic coupling between
the electron donating hydroqumone group and the ruthemum sensitiser (6]
Previous studies involving similar complexes such as, the ruthenium complex
containing the catechol shown 1n figure 4 7 also reported little obvious quenching

of luminescence upon demethylation ! This was further confirmed by the

lifetime data (see table 4 3 and table 3 2)

This illustrates the fact that demethylation has no significant effect on the
spectrum and the slight shift noted 1n the specta upon demethylation
(approximately 10 nm) arises only as a result of the decreased electron donating
effect of the hydroquinone morety compared to the -OMe group UGS Opce
agam, this was the same behaviour as noted by Shukla et al (figure 4 6) and
O’Brien et al (figure 47) for their dihydroxy-contaiming complexes 213
Correspondingly, the pyrazyltnazole type complexes were observed to emit at
approximately 660 nm  Once again, the emission spectra are comparable to their

methoxylated analogues 2165177
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These data are comparable to the data achieved for the ruthenium complex

containing the pyrazyltriazole ligand analogue offigure 4.11. [67]

Wavelength (nm)

Figure 4.14 Emission spectra of [Ru(bpy)2L9)Ru(bpy)ZJ2+in EtOH/MeOH at 77 K
(black line) and after the addition of 1 drop of acid at 77 K (red line) and (Inset) spectra
of [Ru(bpy)AL10)Ru(bpy)2J2-in EtOH/MeOH at 77 K (black line) and after the addition

of 1drop of acid at 77 K (red line).

The complexes were protonated via the addition of 1 drop of trifluoroacetic acid in
order to obtain the protonated room temperature and 77 K results contained in
table 4.3. The low temperature emission spectra of [Ru(bpy)2(L9)Ru(bpy)2]2+
and [Ru(bpy)2(L10)Ru(bpy)2]2+and their protonated data are shown infigure 4.14.
Protonation of the hydroquinone complexes results in similar behaviour as noted
in the case of the protected analogues. For example, the pyridyl based complexes
containing the ligand depicted infigure 4.11 and the complex infigure 4.7 shift by
approximately 65 nm upon protonation (at room temperature) . [45*6ll However, as
observed for the protected analogues in the previous chapter, this shift is also
accompanied by a decrease in the emission intensity of the pyridyltriazole

complexes.
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Thus decrease has been noted previously for similar pyridyltriazole-hydroquinone-
contaiming complexes and 1s associated with the lower o-donation ability of the
hgand causing a decrease 1n the ligand field sphitting and hence, increased thermal
population of the MC and hence, faster radiationless decay ™1 The
pyrazyltriazole complexes shift to a reduced energy (circa 8 nm) upon protonation
and do not display the same loss of emission intensity as the pyndyltriazole
complexes Again this 1s analogous to the behaviour noted 1n chapter three for the
protected pyrazyltriazole complexes and for similar pyrazyltnazole complexes
studied previously [7816) The phenomenon was explored further m the hfetime

section and 1n the spectra obtained at low temperatures

The emission spectra of the complexes at 77 K appear different to the room
temperature spectra due to the emergence of the vibrational structure coupled to an
mcrease 1n mtensity caused by the rigid matrix created within the solid environs of
the EtOH/MeOH alcoholic glass, as this environment somewhat hinders the
excited state This was seen previously 1n the case of the protected complexes and
may, once again, be attnbuted to solvent ngidchomism and the fact that the
strongly deactivating *MC level 1s maccessible at lower temperatures (figure
4 14) U1 At this decreased temperatures the pyndyltriazole complexes are, once
again, seen to blue shift upon protonation by approximately 30 nm However, at
these lower temperatures there 1s a decreased 1n the availability of the thermally
accessed MC Hence, the decrease m the emussion intensity witnessed at room
temperature 1s no longer apparent and instead the intensity increases as observed
for the protected analogues (figure 4 14) Once again, this behaviour has been
observed previously for similar hydroqumone-contaimng complexes 431 The
pyrazyltriazole complexes again display similar behaviour to that of their
methylated analogues They do not undergo as pronounced a shift as the
pyridyltriazole complexes (circa 5 nm) Furthermore, this shift 1s to a lower
energy and 1s accompanted by an increase in the emission intensity This shuft
occurs due to switching of the excited state upon protonation as descmbed
previously (figure 4 14) Table 4 3 contains lifetime data at room temperature and
at 77 K and 1n neutral and protonated media, whuch were obtained for the

hyvdroquinone comiplexes presented 1n this chapter
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All samples were freeze-pump-thawed pnior to obtaining a measurement 1n order
to achieve accurate results and to negate the effects of oxygen within the system
These results are particularly interesting as the presence of the -OH moieties may
have been expected to quench the lifetime of the excited state as this was observed
to occur 1 a number of hydroxy-containing complexes (73160 pop example, Lehn
and co-workers found that the hifetime of their ruthenium hydroquinone complex
was found to be 098 us compared to 1 08 ps for the analogous ~OMe complex
They attributed this slhightly shorter lifetime to inefficient intramolecular electron
transfer from the hydroqumone unit toward the triplet state of the chromophore
% However, m ruthemum hydroqumone complexes of the type discussed m this
chapter, the presence of the triazole moiety seems to negate this electron transfer
effect (see tables 3 2 and 4 3) The hydroquinone complexes presented 1n this
chapter do not undergo any quenching of the excited state in agreement with
similar tniazolate complexes For example, Weldon et al reported a room
temperature lifetime of 210 ns for their dinuclear hydroquinone-containing

complex (the ligand contained 1n this complex 1s depicted 1n figure 4 6)

In fact, upon an examination of the hfetime data contained 1n table 4 3, 1t may be
seen that the mononuclear and dinuclear complexes have relatively long-lived
excited states compared to complexes containing neutral tnazole ligands 71 For
example, the lifetime of [Ru(bpy)»(L7)]" was found to be 166 ns at room
temperature compared to 110 ns for the analogous dimethoxy complex (table 3 2)
This seems to suggest that the hydroquinone moiety plays a sigmficant role in

determining the excited state properties of these complexes [42]

The pyndyltniazole higands are o-donors and the excited state 1s expected to be
located on the bipyridyl moiety rather than on the pyndyltriazole higand From the
previous UV/Vis and luminescence data 1t appears that ths 1s also the location of
the excited state when the triazole 1s protonated Indeed, when protonated the
lifetimes of the pyridyltriazole complexes decrease so sharply (< 20 ns) that they
were no longer measurable on the conventional laser set-up This was also the

case for the analogous dimethoxy complexes
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However, pyrazyltnazole complexes differ from the pyndyltriazole analogues as
protonation of the triazole moiety causes the excited state to switch from bpy to
the pyrazine motety Y% This 1s reflected in the lifetime data, which unlike the
pyridyltriazole complexes do not undergo a rapid decrease (table 4 3) Vos and co-
workers reported a comparable result for the ruthenium complex containing the
pyrazyltriazole analogue of figure 4 11 1 It was noted that for this complex the
hfetime increased from 126 ns m neutral acetorutnle to 558 ns when
protonated (" This will, however, be further discussed m light of the acid-base
properties of the complexes outlined m the following section Finally, at 77 K
there 15 a considerable mcrease m the lifetimes of all of the complexes This was
also reported previously for the analogous methoxylated complexes (chapter

three)
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4.4 Acid-Base Properties

The presence of the triazole moiety in these complexes has been shown to lend
interesting characteristics to this group of compounds. This is particularly
apparent in the case of the pyrazyltriazole complexes in which the location of the
excited state has been shown to switch depending on the pH value of the
solution.[80[8][82 The following pKa measurements were, hence, performed in
order to ascertain the nature of the excited state in each of these complexes. It
may, however, be recalled from the introduction that the behaviour of these
hydroquinone-containing complexes is somewhat intricate in aqueous media. [X]
Nonetheless, the following table 4.4 contains the pKa and pKa* values obtained in
Britton-Robinson buffer. The data obtained during the course of these acid-base
measurements are presented in the following section {figure 4.15 andfigure 4.16).
Experimental conditions and errors are reported in chapter two. The pKa* value

calculations were obtained as described previously in section 3.3.3, chapter three.

Complex pKa pHi pKa*
[Ru(bpy)2(L7)]+ 3.2 2.6 2.9 (4.2)
[Ru(bpy)2(L8)]+ 2.8 4.7 5.0 (3.9)

[Ru(bpy)2(L9)Ru(bpy)2] 2+ 31 2.7 3.0 (4.0)
[Ru(bpy)2(L10)Ru(bpy)2)2+ 2.9 4.5 4.8 (4.2)

Table 4.4 Ground state and excited state pKa values for the mononuclear and
dinuclear complexes. pKa* values were obtained using both the

Forster equation (in Blue) and the Ireland and Wyatt method. 18

Figure 4.15 contains the absorption spectra of [Ru(bpy)2(L7)]+over a range of pH
values from 191 to 5.08. For both the pyridyltriazole and pyrazyltriazole
complexes reversible acid-base behaviour was observed in the pH value range
examined. Clear isobestic points can be seen at 458 nm, 390 nm and 358 nm in
this pH value range. The isobestic point (458 nm) was subsequently utilised in the
emission measurements to obtain the pHi value. A value of 438 nm can be
noted infigure 4.15 at a pH value of 1.91 when the complex is protonated. As the
pH value is increased to 5.08 the \Wwax value is progressively shifted to a lower

energy (464 nm).
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Wavelength (nm)

Figure 4. 75 pH dependence of the absorption spectra of [Ru(bpy)2(L7)]+in Britton-

Robinson buffer. Inset fitted sigmoidal curve of absorbance (at 440 nm) versus pH.

Inset {figure 4.15) is a graph of pH value versus absorbance to which a sigmoidal
curve is fitted and hence, a point of inflection could be obtained which
corresponds to the pKa value of the complex. Table 4.4 shows that the pKa values
obtained for the pyridyltriazole complexes are considerably lower than those
obtained for the analogous dimethoxy-containing complexes in chapter three. For
example, the pKa value obtained for [Ru(bpy)2(L3)]+ was 4.0 while that of
[Ru(bpy)2(L7)]+was found to be 3.2 which is a significant reduction (table 3.3). It
is possible that this decrease in the pKa value may be attributable to the hydroxy
moieties as this is the only difference between the two complexes. Interestingly
O’Brien and co-workers, who examined the analogous catechol complex shown in
figure 4.7, did not observe this decrease in the pKa value upon deprotecting the
catechol complex. It is, therefore, possible that this further decrease in the pKa
value is associated with hydrogen bridge formation between the triazolic

protonatable nitrogen and the hydroxyl moiety.
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This bndging was suggested by Wang et a/ and was discussed 1 the 1ntroduction
(scheme 4 1) ™ Keyes also reported similar pKa behaviour for this hydroquinone
complex 1n her Ph D thesis 83 On the basis of this evidence, 1t 1s possble that the
triazolic mitrogen 1s shightly more acidic as a result of its interaction with the
neighbouring ~OH moiety Furthermore the catechol complex reported by O’Brien
et al, 1n which there 1s no such reduction m the pKa value upon demethylation,
has a different positioning of the —OH groups It 1s possible that due to the
repositiomng of the —OH groups no such H-bridge could form between the tnazole
and the hydroxyl groups This could be further confirmation of an intramolecular

bridge hypothesis *°]

The pH value dependence of the absorption spectra of the pyrazyltriazole
complexes was also obtained m aqueous Britton-Robinson buffer (fable 4 4)

Again clear and well-defined 1sobestic points were observed at approximately 560
nm, 422 nm and 358 nm A simular, although less pronounced, shift in the Amax
value as observed for the pyndyltriazole complexes For example, at a pH value
of 2 0 the Apax 15 Observed at 454 nm and steadily shafts to 447 nm as the pH value
1s increased to 630  This shift 1s less pronounced than noted for the
pyndyltriazole complexes as observed previously for analogous methylated
pyrazyltniazole complexes 1n chapter three B4 1t may also be seen, upon
companson with the protected complexes, that the pKa values obtarned for the
hydroqumone complexes are very sumilar to those of their methoxolated
counterparts On the basis of these data 1t would seem to indicate that either
intermolecular H-bonding 1s not present in these complexes or that the effects of
such a phenomena on the pKa values are not as obvious due to the presence of the
pyrazine group within these complexes Unfortunately, the presence or absence of
such H-brnidging cannot be confirmed via X-ray crystallographic data, as this was
not obtainable 1n the case of these complexes It 1s also of interest to note that, in
the case of the dinuclear complexes, there are two tniazoles and therefore, a two-
step protonation is possible However, only one protonation step was observed 1n
the case of both [Ru(bpy)a(L9)(bpy):Rul*" and [Ru(bpy)(L10)(bpy):Ru]*" m

aqueous media m the pH value range 2 0 to 6
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This indicates that in this media both protonation steps occur at effectively the
same pH value and further confirms that a very weak metal-metal interaction
occurs as suggested by the previous absorption data in section 4.S.4.1. [4/] This is
comparable to the data obtain for the previous dimethoxy-containing complexes
and is indicative of the fact that metal-metal interaction is not substantially
effected by the deprotection of the dimethoxy groups. Furthermore, the pKa
values obtained for these dinuclear complexes are comparable to those of the
respective mononuclear complexes. This suggests that if a hydrogen bridge is

present in the mononuclear complexes then the same phenomenon also exists in

Wavelength (nm)
Figure 4.16 pH dependence of the Gaussian emission spectra of [Ru(bpy)2L8)]+in Britton-

Robinson buffer. Inset fitted sigmoidal curve of intensity versus pH.

Excited stated (pKa*) measurements were also obtained for these complexes.
These measurements for the pyridyltriazole complexes were performed as
previously outlined for the protected analogues in chapter three (section 3.3.3) by
monitoring changes in the emission spectra of the complexes with increasing pH
value. The pKa* value was calculated from the pHi data using both the Forster

method and the Ireland and Wyatt technique (table 4.4).[&
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In the case of the pyndyltnazole complex [Ru(bpy)oL7)]", & Amax value of
approximately 651 nm at a pH value of 2 0 gradually red-shufts to 660 nm as the
acidity 1s decreased to a pH value of 50 A concomitant increase in the emission
intensity is also observed as the pH value 1s increased Figure 4 16 depicts the pH
value dependence emussion spectta of the pyrazyltriazole complex
[Ru(bpy)2(L8)]" Compared to the pyndyltnazole complexes the emissions of the
pyrazyl-containing complexes 1n aqueous media were much weaker For example,
at the pH value 2 0 emission m the latter system 1s almost non-existent This 1s
simular to the situation noted for the protected complexes (chapter three), since,
the non-coordinated N on the pyrazine ring 1s protonated at very low pH values
(typically in the region of —12 82y B8 However, 1t was also noted that the
changes observed 1n the spectra of these complexes were complicated by the
weakness of the emissions, therefore, the changes 1n intensity proved difficult to
monitor However, Gaussian curves were fitted to the emission data in order to
resolve the peaks and obtain useful data These Gaussian resolved curves are
shown 1n figure 4 16 with a construction of the plot of pH value versus intensity
(figure 4 16 mset) from which the pKa* data could then be calculated The

calculated pKa* values for these complexes are contained 1n table 4 4

Although, two methods were employed for the calculation of the pKa* values, 1t 1s
generally accepted that the Ireland and Wyatt technique 1s more accurate than the
Forster equation as small errors in the assessment of Ey for v, and v, produce
considerable errors in the pKa* value 831 I these values are considered, 1t can be
seen that the pKa values for the pyndyltnazole complexes are higher than the
pKa* values This 1s similar to the behaviour of the protected analogues and
indicates that for these complexes the excited state 1s not located on the
pyridyltriazole moiety but 1s bipynidyl based 8 This trend 1s also 1n agreement
with that witnessed for previous hydroquinone-containing pyridyltnazole

[4319] However, 1n the case of the pyrazyltriazole complexes the pKa*

complexes
values are now higher than the pKa values indicating that the excited state 1s based
on the trniazolic hgand and 1s not bpy-based This trend was observed previously
for similar ruthenium pyrazyltnazole complexes and provides further confirmation

of the switching of the excited state suggested m section 4 3 4 2 BUI¥!
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4.5 Electrochemical Properties

Electrochemical data for the deprotected mononuclear and dinuclear
pyridyltriazole and pyrazyltriazole complexes were obtained under strict
experimental conditions (chapter two). The optimal experimental specifications
based on exhaustive electrochemical analyses (appendix B) were undertaken in a

nitrogen-saturated environment in order to negate any environmental interference.

Oxidation Potentials (V) ' Reduction Potentials (V)

Complex Ru /Rum ligand* ligand* bipyridyl
H3L3 - 0.54, 1.17 -0.76 -
[Ru(bpy)2(L7)]+ 1.27 0.70, 1.16 0.14 -1.48,-1.75
[Ru(bpy)2(HL7)]2+ 1.27 1.24 0.26 d
[Ru(bpy)2(L8)]+ 1.28 0.88, 1.15 0.13  -1.43,-1.67,-1.96
[Ru(bpy)2(HL8)]2+ 1.28 1.25 0.26 d
[Ru(bpy)2(L9)Ru(bpy)2] 2+ 1.28 0.78, 0.88 0.16 -1.50,-1.76
[Ru(bpy)2(H2L9)Ru(bpy)2]4+ 1.28 1.24 0.24 d
[Ru(bpy)2(L10)Ru(bpy)2]2+ 1.28 0.88, 0.99 0.11  -1.43,-1.66,-1.95
[Ru(bpy)2(H2L10)Ru(bpy)Z4+ 1.28 1.25 0.25 d

* The anodic and cathodic peak potentials are reported

Values standardised with respect to the redox potential of ferrocene (+0.38 V vs. SCE) under
equivalent experimental conditions as a secondary electrode. [871
Protonation was achieved via addition of 1 drop of conc. HC104,

cAll measurements were carried out under a constant flow of nitrogen. Cathodic samples also
underwent deaeration by purging with argon for 15 mins.

Surface effects arise in acidic solutions making reduction potentials difficult to obtain.[&§

Table 4.5 Electrochemical data for the Ru (1) complexes in

acetonitrile with 0.1 M TEAP versus SCE

Furthermore, due to the presence of the hydroquinone moieties in these
complexes, it was necessary to extensively pre-treat the working electrode in order

to fully elucidate all peaks present within the experimental window (chapter two).
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Figure 4.17 Cyclic voltammograms of [Ru(bpy)ZL8)]+(blue line), H3L3 (red line)
[Ru(bpy)AL9)Ru(bpy)2 2+ (black line) in neutral MeCN with 0.1M TEAP
in volts versus Ag|AgCI (scan rate 0.05V/s).
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The oxidation and reduction potentials for the hydroquinone complexes were
obtained and are recorded in the table 45 The cychic voltammograms of
[Ru(bpy)2(L8)]" and [Ru(bpy)(L9)Ru(bpy),]*", along with that of the
pyndyltnazole ligand (H3LL3) in neutral acetonitnile are shown 1n figure 4 17 The
electrochemustry of the dihydroxy ligand depicts the oxidation of the

hydroquinone moiety to form the corresponding quinone (figure 4 18)
OH

+2e / 2H"
2e /-2H"

0 OH

Figure 4 18 The half-reaction representing the quinone / hydroquinone couple

From an examination of the voltammogram it can be seen that the two oxidations
of the hydroqumone moiety at 0 54 V and 1 17 V versus SCE are well resolved at
neutral pH whule the reductions occur simultaneously at — 0 76 V. Such separation
of the individual oxidation steps of the hydroquinone has been reported
previously, using similarly treated electrodes ) These results are also comparable
to those found by both Keyes and Weldon ef al for their hydroquinone-contaimng
free hgands (scheme 4 1 and figure 4 6) and are typical of this type of ligand
[42183] The fact the the oxidations of these ligand groups are found to be
irreversible 1s unsurpnising as the oxidation of the 1,2-dihydroxybenzene groups to
the qumone 1nvolves loss of protons and are, therefore, necessanly irreversible 1n
aprotic solvents, such as, acetontrile 1) The assignments of these processes 1n the
free hgand serve to aid in the elucidation of the processes observed for the
ruthenium complexes, which are also depicted in figure 4 17 These are useful
observations as, from an examination of the voltammograms of the ruthemum
complexes, 1t becomes apparent that their electrochemical behaviour 1s somewhat
more elaborate than their precursor complexes Other workers have also reported
similar complex electrochemical behaviour in the CVs of therr hydroqumone-

containing complexes

151



Ru(1I) Complexes Containing Dihydroxyphenyl Moieties Chapter Four

For example, Keyes and co-workers attributed the first two oxidation peaks at
074 V and 1 01 V vs SCE to the two one-electron oxidations of the hydroquinone
ring while the third redox couple at 1 18 V was assigned to the metal-based
Ru'/Ru’™ process 3] Ward and co-workers noted that in their dimethoxy complex
the Ru'/Ru'™ redox couple was observed at 0 84 V and the dimethoxyphenyl
oxidation then occurred at approximately 0 97 V. However, in their dithydroxy
complex (figure 4 6) the Ru/Ru™ couple 1s observed 0 88 V whle an irreversible
oxidation associated with the dihydroxy group was seen at 0 72 V (in MeCN vs
Fc/Fch) 2 Fyrthermore, Keyes ef al also noted a quasi-reversible two-electron
oxidation at 0 42 V, which they assigned to the hydroquinone-quinone oxidation
prior to the metal oxidation 1n their dihydroxy-contaiming complexes (figure 4 19)
(3] Also, Ward and co-workers, who examined the electrochemical behaviour of
O, N complexes bound to phenolic moieties, reported similar behaviour to that
described for the hydroquinone complexes contained in this chapter For example,
they reported an wrreversible oxidation occurring at strongly anodic potentials
(13 V) Furthermore, this behaviour mirrors that witnesses for a number of
dioxolene complexes, such as, those examined by Lever and co-workers in which

11

oxidation to Ru" does not occur until the dioxolene ligand 1s oxidised to the
1 {201

quinone leve OH N=" OH —
9 2

Figure 4 19 Hydroquinone-containing ligands utilised by Keyes et a/ 1n the synthesis of
(351

Z— >

ruthenium complexes

Since, both Ward ef al and Keyes et al associated these processes with hgand
oxidations followed by a metal-based Ru-Ru™ oxidation and from an
exammation of the processes observed for the free higand it 1s, therefore,
reasonable to attribute the first two anodic peaks 1n the CVs of the hydroquinone
complexes n this chapter with hydroqumone processes while the strongly anodic
processes observed tn the CVs (table 4 5, figure 4 17) are associated with metal-
based oxidation(s) These assignments are further justified by the

spectroelectrochemical measurements (section 4 6)
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For example, the compound [Ru(bpy)2(L3)]" had a reversible metal (Ru"/Ru™)
redox couple at 0 80 V versus SCE and the ligand oxidations then occurred at
120 V and 140 V (versus SCE) However, in the corresponding hydroquinone
complex ureversible redox processes associated with the hydroquinone moiety
occur at 070 V and 1 16 V (versus SCE) followed by the metal oxidation at
127 V Since, the higand processes occur prior to the metal 1t means that the true

oxidation potential of the metal 1s more difficult to determine accurately '

The reductions observed m the cathodic region of the mononuclear and dinuclear
pyndyltnazole complexes are assigned to two one-electron reversible redox
reactions of the bipyridine ligands 271 In the mononuclear and dinuclear
pyrazyltriazole complexes, however, due to the electron accepting nature of the
pyrazme ring the pyrazyl moiety now has a substantially lower n* orbital than bpy
and hence, the first reduction observed 1s assigned as pyrazine based while the

second and third reduction (when present) are bipyridine centred [181]

It may be also be noticed that the redox potentials of the hydroquinone complexes
presented i this chapter are significantly anodically shifted by comparison to
other triazole complexes For example, in the complex [Ru(bpy)»(L3)]" the metal
oxidation 1s recorded at 0 8 V (table 3 4) compared to 1ts deprotected analogue
[Ru(bpy)(L7)]" which imparted a metal oxidation at 127 V versus SCE
However, the redox potentials observed in the deprotected complexes are
comparable to complexes contaimng a protonated triazole moiety(ies) For
example, [Ru(bpy);;_(HzLS)Ru(bpy);_]3Jr has a metal oxidation at 1 25 V versus SCE
while 1ts dihydroxy counterpart [Ru(bpy)(H,L9)Ru(bpy),]’* has an oxidation at
128 V It 1s known from the methoxylated complexes that at thus pH value the
triazole 1s protonated The previous UV-Vis data also suggests that the trazole 1s
deprotonated at this pH value Consequently, this would imply that protonation of
the tnazole nng 1s occurring as a result of oxidation of the hydroquinone group
This was noted previously by Keyes et al and provided as evidence of

electrochemically induced proton transfer (431



Ru(1l) Complexes Containing Dihydroxyphenyl Moieties Chapter Four

Further electrochemical investigations were, hence, undertaken to explore the
behaviour of these complexes in acidic acetonitrile. The cyclic voltammograms of
[Ru(bpy)2(L7)]+ in both neutral and acidic media in the potential window - 0.2 V

to 1.5V are shown infigure 4.20.

Figure 4.20 Cyclic voltammograms of [Ru(bpy)2(L7)]+ (blue line) in neutral
MeCN, [Ru(bpy)2(HL7)]2+(black line) in MeCN with 1 drop of HC104 with
0.1 M TEAP in volts versus Ag|AgCl (scan rate 0.05 V / s).

From an examination of these voltammograms it can be seen that the potential at
which the metal oxidation is observed does not alter significantly upon the
addition of acid (1.25 V vs SCE) compared to its value in neutral media (1.25 V in
SCE). This is in stark contrast to the behaviour noted for the protected complexes
in which the metal oxidation was seen to shift be between 300 mV and 400 mV.
However, the oxidations of the hydroquinone groups are no longer as clearly
resolved and instead occur as a single two-electron wave (confirmed by
coulometric measurements), which has anodically shifted to 1.24 V. This is
probably due to increased electron density on the ligand, as a result of the negative
charges on the oxygen atoms after deprotonation and has been noted previously in
similar complexes. t42 This further confirms that the triazole ring is protonated

subsequent to oxidation of the hydroquinone.
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Thus provides further evidence of electrochemically induced proton transfer within
these complexes However, this hypothesis will be tested further 1n the following

spectroelectrochemical analyses

Figure 4 17 also contains the cyclic voltammogram of the dinuclear complex
[Ru(bpy)z(L9)Ru(bpy)2]2+ From an examination of this voltammogram 1t can be
observed that a single redox process 1s present, which, by comparison with the
mononuclear analogue, can be associated with the metal redox process Indeed,
the metal redox processes noted 1n the voltammograms of the dinuclear complexes
are comparable to their analogous mononuclear counterpart For example, the
metal oxidation potential of the dinuclear complex [Ru(bpy)z(L9)Ru(bpy)2]2+
depicted 1n figure 4 17 was found to be 128 V versus SCE while that of 1ts
complement [Ru(bpy)2(L7)]" was found to be 127 V versus SCE Hence, the
properties of the dinuclear complexes are comparable to those of their
mononuclear analogues This indicates that each of the umits in the dinuclear
complexes behaves 1n quite an independent manner Furthermore, the metal peaks
could not be resolved with coulometry This behaviour was also noted previously
in the case of the analogous protected complexes in chapter three and may be
attributed to the stmultaneous oxidation of the two metal units Once again, 1t may
be noted that the thermodynamic stability of a mixed-valence species relative to
the reduced and oxidised isovalent ones can be evaluated through the
comproportionation constant, K. as defined by the following equation at T =
298K 1

Kc =e AE(mV) /2569

Since, there 1s an absence of any significant difference in the two metal-based
oxidations of the dinuclear complexes, this would suggest that there 1s weak or no
electronic coupling between the two metal centres in the ground state, as
previously surmised Once again, as in the methylated complexes, the value of K
for the dinuclear complexes 1s, hence, less than 5 (87)38] Thys behaviour has been
observed previously mm molecules that contain a number of identical non-

mteracting centres
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Complexes, such as, that observed n figure 4 17 merely extubit current-potential
responses with the same shape as that of the mononuclear analogue but with a
larger magmitude due to the presence of the additional electroactive centre &)
Furthermore there 1s also a perceivably greater peak-to-peak separation (Ep) 1n the
metal oxidation wave of the dmuclear complexes compared to those of the
mononuclear complexes This reflects the bielectronic process involved in the
metal oxidation 7 If however, the interaction between the metal centres were
strong, there would be a stabilisation of the mixed-valence complex and thts in
turn would result 1n the presence of discrete oxidation waves for each of the metal

centres o1

Behaviour similar to that noted for the dinuclear hydroquinone complexes 1n this
chapter, have been witnessed i prior studies of hydroquinone-containing
dmuclear complexes For example, Weldon ef a/ reported the electrochemical
behaviour of a dmuclear hydroquinone complex with no protonatable site on the
tniazole ring (figure 4 6), which presented a cyclic voltammogram similar to that
of [Ru(bpy)2(L9)Ru(bpy),]** This complex too was found to have very weakly
coupled metal centres with both metal oxidations occurning at 1 30 V versus SCE
12 However, 1n order to nvestigate the assignment of the order of the redox
processes further, and to analyse the degree of mtermetallic communication more
comprehensively, spectroelectrochemical measurements were undertaken and

these are presented 1n the following section
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4.6 Spectroelectrochemistry

As in chapter three spectroelectrochemical techniques have proved to be a
powerful tool in the verification of the assignment of the order of the redox
processes explored in the previous section. This is particularly beneficial in the
case of the hydroquinone complexes presented in this chapter as the
electrochemical assignments and behaviours are somewhat more elusive than their

counterparts due to the complex nature of the ligand moieties.
4.6.1 Absorption Spectroelectrochemistry

The specific experimental conditions utilised during the course of these analyses

are defined in chapter two.

Wavelength (nm)

Figure 4.21 Spectroelectrochemical analysis of [Ru(bpy)ZL8)]+at 1.00 V
in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCl.
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Figure 4.21 shows the spectroelectrochemical analysis of the pyrazyltriazole

monomer complex [Ru(bpy)2(L8)]+at 1.00 V versus Ag|AgCl. It was suggested

in the previous electrochemical section that the two-step oxidation of the

h

ydroguinone moiety to quinone occurred up to this potential. Indeed, from an

examination offigure 4.21 this seems to be justified. As the potential was applied

there was a concomitant decrease in the band around 360 nm which is most likely

associated with n-n* transitions in hydroquinone moieties by comparison with

similar complexes. [H][43] Furthermore, a broad tail prior to 600 nm also appears

over time. This is indicative of the formation of semiquinone intermediates as the

h

ydroquinone is oxidised. [4] However, the most interesting feature of these

spectra are the changes noted in the MLCT band. Undoubtedly, the ruthenium

u

nit remains unoxidised as there is no loss of this band however, the value is

seen to increase and there is a gradual blue shift from 452 nm to 441 nm.
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Figure 4.22 Spectroelectrochemical analysis of [Ru(bpy)L8)]+at a potential of 1.60 V in
neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCI.
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From previous UV analyses it is known that in this pH value range the
hydroquinone complexes are deprotonated. The initial spectrum (red line, figure
4.23) at 0 V also indicates that the complex [Ru(bpy)2(L7)]+ is in a deprotonated
state. However, as the oxidation proceeds and the hydroquinone moiety is
oxidised, as shown in the previous electrochemical section, the complex appears to
become protonated as indicated a blue shift in the value. This shift is
comparable to the changes noted in the UV-Vis (section 4.3.4.1) upon protonation
of the neutral complex with acid. The fact that the metal is in a protonated state
subsequent to the ligand oxidation was suggested in the previous section and
appears to be verified by this spectroelectrochemical data. This is in contrast to the
behaviour noted for the previous methylated complexes and hence, is related to the
presence of the hydroquinone moiety. The potential was then increased to 1.60 V
and the changes were, once again, monitored over time. Figure 4.22 shows the
changes in the spectra of [Ru(bpy)2(L8)]+ at this potential. At this potential there
is a loss of the MLCT band accompanied by the depletion of the intense n-n*

ligand-based absorbances at 290 nm..[Z]]

Wavelength (nm)

Figure 4.23 Spectroelectrochemical analysis of [Ru(bpy)2(L7)]+at 1.00 V in neutral acetonitrile
with 0.1M TEAP vs. Ag|AgCI. Inset changes upon oxidation at 1.60 V vs. Ag|AgCI
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These changes are accompanied by the growth of a shoulder at 313 nm consistent
with the formation of Rulll [%] Hence, the assignment of these processes as Rull -
Rulllin nature is reasonable and echoes the findings of previous investigators of
analogous complexes.[43] This spectroelectrochemical behaviour, therefore, yields
the most compelling evidence to support the hypothesis of an electrochemically

induced proton transfer process.i43

The changes noted in the spectra of the pyrazyltriazole monomer complexes are
similar to the behaviour of the pyridyltriazole complexes (figure 4.23). Once
again, a depletion of the hydroquinone bands occurs up the application of 1.00 V
versus Ag|AgCIl accompanied by a tailing prior 600 nm, which is associated with
semiquinone formation. It is necessary to note that, once again, there is an
apparent blue shift in the A"ax value of the pyridyltriazole complexes from 476 nm
to 438 nm (figure 4.23). This further confirms that upon oxidation of the
hydroquinone moieties the complex becomes protonated in line with the
electrochemical findings. This, therefore, suggests that electrochemically induced
proton transfer also occurs in the pyrazyltriazole complexes.[43l Further analysis of
this phenomenon is contained in the following emission spectroelectrochemical

data.
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Figure 4.24 Spectroelectrochemical analysis of [Ru(bpy)2(L7)]+in neutral acetonitrile with

0.1 M TEAP at a potential of 1.60 V vs. Ag|AgCI
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Finally, in both the pyridyltriazole and pyrazyltriazole mononuclear complex
spectroelectrochemical analyses from 360 nm to 2200 nm were also obtained.
Figure 4.24 shows the oxidative spectroelectrochemical analysis of
[Ru(bpy)2(L7)]+in the region 580 nm to 1000 nm at an applied potential of 1.60 V
versus Ag|AgCIl. The gradual formation of a weak band centred at circa. 750 nm is

seen to appear as the metal is oxidised.

Wavelength (nm)

Figure 4.25 Spectroelectrochemical analysis of [Ru(bpy)2L10)Ru(bpy)Z+
in neutral acetonitrile with 0.1 M TEAP at 1.60 V vs. Ag|AgClI

By comparison with both the analogous methylated complexes in chapter three as
well as similar complexes and due to its position and since, it is seen to deplete
once the potential is returned to 0 V, this band is most likely associated with a new
bpy(rc) - Ru d(7i) ligand to metal charge transfer (LMCT) arising as the metal is
oxidised. 14 It is interesting to note however, that this LMCT band is
considerably weakened in both the mononuclear pyridyltriazole and
pyrazyltriazole complexes compared to the analogous protected complexes.
Indeed, these bands are similar to those reported earlier for the LMCT bands of the
protonated-methylated complexes. This is perhaps further evidence that the
triazole moiety in these complexes becomes protonated following the oxidation of

the hydroquinone groups.
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For example, when the analogous protected mono- and dinuclear pyndyltrniazole
complexes (chapter three) were protonated the LMCT shifts from 1080 nm to
crca 830 nm for [Ru(bpy)(L3)]" and from 1220 nm to 840 nm for
[Ru(bpy)z(LS)Ru(bpy)2]2+, coupled with a concomitant decrease 1n intensity The
shifts are associated with the protonation of the tnazole moiety and the subsequent
decrease in the o-donor properties of the ligand and hence, the subsequent increase
i energy of both the donor and acceptor orbitals Nazeeruddin et al reported
similar behaviour previously B3] Since, the LMCTs m these hydroquinone
complexes are 1n a stmular position to those of the protonated analogues 1n chapter
three, 1t 1s further evidence that the triazole becomes protonated subsequent to the

hydroquinone oxidations

Spectroelectrochemical measurements m this near-IR region are also important for
the examination of the dinuclear complexes It was seen m chapter three that
intervalence transition (IT) bands may occur in mxed valence complexes and can
provide an indication of the level of communication present between two metal
centres Y Theoretically, since, these dinuclear complexes appear to have
localised valences with weak metal-metal interactions, the treatment given by
Hush may be apphed to the properties of any prospective IT bands B3 Indeed,
the previous section the electrochemical data seemed to indicate only a very weak
mteraction between the metal centres m both the pyndyltnazole and
pyrazyltnazole-containing dinuclear complexes Hence, oxidative
spectroelectrochemical analyses in the IR / near-IR region of the dinuclear
complexes were undertaken Figure 425 shows the spectra of
[Ru(bpy)2(L10)Ru(bpy),]" in neutral acetomtnle from 380 nm to 1400 nm In this
region, at an apphed potential of 1 60 V versus AgjAgCl, the growth of a broad,
weak band was noted for both the pynidyltnazole and the pyrazyltriazole dinuclear
complexes centred at approximately 850 nm By companison with the
mononuclear complexes these bands are most likely LMCT i nature
Furthermore in the dinuclear ruthenium hydroquinone complex synthesised by
Weldon et al (figure 4 6) this LMCT band was also 1dentified and therefore, this

assignment 18 reasonable 421
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However, unlike 1 the case of the methylated dinuclear pyridyltnazole complex
in chapter three, no clearly detectable mtervalence transitions were noted 1n the
spectra of either of the dmuclear complexes although these may be present in an
extremely weak form Once again, this echoes the findings of Weldon et a/ and 1s
perhaps not surprising considering the small amount of electronic interaction
indicated by the electrochemical analyses 2 Furthermore, Rocha et al ® have
previously shown that protonating a tnazole bridging higand can dramatically
affect the intermetallic electromic coupling and hence, effect the electronic
communication between metal centres If, indeed, the trniazole moieties were
protonated via ligand oxidation as suggested by the electrochemical,
spectroelectrochemical and the following emission data 1t 1s not surprising that the

dmuclear complexes show no perceivable IT band

Indeed, this band 1s generally very weak even in the methylated analogues and
since, intermetallic communication 1s already weak, protonation of the triazole
ring effectively ‘switches’ off metal-metal communication as Rocha e a/ have

already shown and, therefore, the lack of IT bands 1s rational ]

4 6 2 Lumuinescence Spectroelectrochemistry

The increased selectivity and sensitivity of emussion spectroelectrochemistry
relative to absorption spectroscopy should provide some informative insights into
the excited states of the complexes presented 1n this chapter B¢l Hence, emssion
data were obtained for each complex over a range of applied potentials 1n neutral
acetomtrile with a Teflon shrouded AglAgCl reference electrode Figure 4 26
depicts the luminescence  spectroelectrochemical data obtamed for
[Ru(bpy)»(L10)Ru(bpy),]*" at 1 00 V versus AgjAgCl As reported previously, the
emission of these complexes ornigmates from the lowest excited state, which 1s
known to be MLCT in nature This emission 1s represented in figure 4 26 by the
lowest (green line) peak obtamed at 1 0 V after 0 muns versus Ag/AgCl However,
over time as an oxidising potential of 1 0 V was applied a change 1n the spectra
was noted Unlike m the case of the methylated complexes this change was an
increase 1n the emission accompanied by a concomutant shift in the Ay of

emission from approximately 660 nm to 670 nm
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Figure 4.26 Luminescence spectroelectrochemical analysis of [Ru(bpy)AL10)Ru(bpy)Z2+in
neutral acetonitrile with 0.1 M TEAP at 1.00 V vs. Ag|AgCI

This is comparable to the behaviour noted for this complex in section 4.3.4.2 in
which a similar increase in the luminescence and concomitant increase in the

value was noted upon protonation. This behaviour was further noted in the
lifetime data of the pyrazyltriazole complexes, which also increased from 156 ns
to 232 ns upon protonation (section 4.3.4.33. Hence, further evidence of the fact
that oxidation of the hydroquinone moieties occurs at this potential prior to the
metal oxidation accompanied by the concomitant protonation of the triazole ring,
is provided. The potential was then increased to 1.60 V versus Ag|AgCl and

figure 4.27 depicts the oxidative luminescence spectroelectrochemical data for

[Ru(bpy)2(L10)Ru(bpy)2]2+.
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Figure 4.27 Luminescence spectroelectrochemical analysis of [Ru(bpy)2L10)Ru(bpy)Z2+in
neutral acetonitrile with 0.1 M TEAP at 1.60 V vs. Ag|AgCI

Changes in the emission spectrum at this potential were monitored over time and,
as can be seen from an examination offigure 4.27, a loss of emission intensity is
observed under these conditions. This is indicative of the oxidation of the metal
from Rullto Rulll This behaviour is reminiscent of that noted in the case of the
analogous methylated complex upon oxidation of the metal centre(s). Hence, it is
clear that the changes occurring at this potential do, indeed, involve the metal

processes.
The data obtained for the pyridyltriazole complexes are different than that noted

for the pyrazyltriazole complexes. Upon the application of the initial potential of

1.00 V there is a blue shift in the X"ax value of about 55 nm (figure 4.28 (inset)).
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Wavelength (nm)

Figure 4.28 Luminescence spectroelectrochemical analysis of

[Ru(bpy)AL9)Ru(bpy)Z 2+ in acetonitrile with 0.1 M TEAP at 1.60 V vs. Ag|AgCI.
(Inset) at 1.00 V vs. Ag|AgCI

These changes in the Aax value are now also accompanied by a decrease in the
emission at this potential. Upon increasing the potential to 1.60 V the emission is
seen to deplete further as the metal is oxidised (figure 4.28). This behaviour is not
surprising as the lifetime data in section 4.3.4.3 and data for similar complexes
indicated that protonation of the complex causes a dramatic decrease (< 20 ns) in
the lifetime of the emission. [43] However, juxtaposed with the luminescence
spectroelectrochemical behaviour of the pyrazyltriazole complexes, a more
conclusive picture of the events occurring upon oxidation of the hydroquinone
moiety(ies) emerges. This spectroelectrochemical data provides further
confirmation that the hydroquinone oxidations occur prior to the metal oxidations
with the concomitant protonation of the metal complex. For example, in the case
of the pyridyltriazole it is clear that the initial oxidation of the hydroquinone

moieties causes the changes in the spectra.
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This 1s further evidenced by the fact the emussion of the pyrazyltriazole complexes
also experienced a shift in the Anax value In the case of both the pyridyltriazole
and the pyrazyltriazole complexes the Amax value of the original complex 1s
obtained upon returning the potential to 0 V. The luminescence data hence,
provides further compelling evidence of electrochemically induced proton transfer

within these complexes as suggested previously by Keyes and co-workers (43]
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4.7 Conclusion

The synthesis, electrochemical and spectroscopic charactensation of the ligand
H3L3 and the complexes [Ru(bpy)L7)]” ,  [Ru(bpyh(L8)I’,
[Ru(bpy)z(L9)Ru(bpy)2]2+ and [Ru(bpyh(L10)Ru(bpy),]** which contan
hydroquinone moieties are presented in this chapter These complexes are
precursor molecules for the synthesis of the subsequent group of quinone-
contaiming complexes 1n chapter five They also provide a basis for the
investigation of these ensuing complexes These complexes were prepared by the
demethylation of the analogous protected complex presented m chapter three
This demethylation was achieved at low temperatures utilising an excess of boron
tribrommde Demethylation was verified via the loss of the -OMe peaks i the
'H-NMR spectrum of the complexes accompanied by the subsequent appearance
of an -OH peak above 10 50 ppm Structural and NMR data also imply the
presence of a hydrogen bridge between the hydroxyl moiety and the triazolic nng

Computer generated DOS spectra provide theoretic evidence that the HOMO of
these complexes 1s influenced by both the hydroquinone lhigand and the metal
while the LUMO 1s strongly bipynidyl in character Thus 1s in agreement with the
subsequent electrochemical data Absorption spectral analyses revealed that these
complexes display similar behaviour as that noted for the protected complexes
However, the presence of an additional band at approximately 330 nm, and which
was not present in the spectra of the protected complexes, was also noted Thus
new band is probably associated with the presence of the hydroquinone moieties
in the hgand Furthermore the possibility of generatmg semiquinone species upon
the additron of base 1s also mooted A lack of any mtermetallic interaction within
[Ru(bpy)2(L9)Ru(bpy),]*" and [Ru(bpy)(L10)Ru(bpy),]*" 1s also suggested by
the absorption and electrochemical data Luminescence data was also simular to
that obtained for the protected complexes Upon protonation of [Ru(bpy)x(L7)]"
and [Ru(bpy)z(L9)Ru(bpy)2]2+ the emassion 1s seen to deplete 1n energy due to the
formation of higands with lower c-donation which have an mcreased ability to
populate the *MC at room temperature This phenomenon was also supported by

the lifettme data
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pKa data further supported the supposition of hydrogen bndging between the
hydroxyl moiety and the tniazolic ring 1n the pyndyltriazole complexes Switching
of the excited state upon protonation of the pyrazyltriazole complexes was also
suggested by the luminescence analyses pKa* measurements on these complexes
further supported these findings while confirming that the excited state in the
pyridyltnazole complexes 1s bipyndyl based even upon protonation of the
complex Electrochemical information gleaned with pre-treated electrodes show
that the oxidation of the hydroquinone moieties within these complexes occur
prior to metal oxidation while the reductions remain bipyridyl in nature as n the
protected complexes These studies also suggest that the metal was protonated
prior to 1ts oxidation and that mtermetallic mteraction was, mdeed, either very
weak or non-existent Spectroelectrochemical studies supported the fact that the
metal complexes were protonated prior to metal oxidation and that the processes
associated with the hydroquinone moieties do occur prior to the metal oxidation
Furthermore, no ntermetallic commumcation could be established as there was

etther a lack of IT bands 1n the spectra or they were extremely weak bands

The synthesis of the quinone-contaiming complexes 1s presented 1n the following
chapter The results of the characterisation and analysis of these complexes will
further elucidate the properties observed for the complexes present within this

chapter
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Chapter Five

Mono- and Dinuclear Ruthenium(Il)

Complexes Containing Quione Moseties

This  chapter  presents  the  synthesis,
characterisation and photophysical properties of
mononuclear and dinuclear ruthemum (I)
complexes contaiming quinone moieties - The
complexes presented n this chapter are the
daughter compounds of those previously
discussed n chapter three and are distinguished
by the presence of either pyrazyl- or pyridyl-
1,2, 4-triazole umit(s) m comunction with
quinone moieties This final group of complexes
are synthesised mm a novel manner from thewr
dimethoxy analogues and the ensuing
photophysical and  electrochemical  data
examines the behaviour of ruthemum (II)
compounds coupled to quinone higands via a

negatively charged bridge
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5.1 Introduction

The prvotal role performed by quinones m natural photosynthesis has been well
established and the role that these electron-accepting species play 1n this process
has been detailed previously in the introductory chapter (section 11 1) -3 The
extraordinary characteristics of quinones may be attributed to the fact that they
possess low-lying unoccupied electronic energy levels and are, therefore, ready
acceptors of electrons ™ Hence, these species have been widely utihsed mn
systems which attempt to mimic the reaction centre 1n natural photosynthesis
Indeed, 1n dyad and triad systems, which attempt to mumic the photomnduced
charge separation process of photosynthesis, the most widely used electron-
acceptors are those of the quinone famuly 1 Porphyrins have taken a central role
m these mumetic systems with a vanety of porphynn-quinone dervatives
developed as models for photosynthetic charge separation ) Zimmermann et al
[0 and Aoyama er al i for example, have investigated photoinduced electron
transfer within porphynn-quinone dyads with the ultimate goal of constructing

photosynthetic-mimetic molecular devices (PMDs) for efficient charge separation

by functional qumone dertvatives

CHy

N
R= b
e
o
PN NN NN N F

Figure 5 1 A molecular tnad containing a quinone motety 12

Molecular triads have also been created consisting of porphyrins linked to both
carotenoid polyenes and qumones The triad molecule in figure 5 1 for example,
was constructed n order to exanune charge separation ' As m porphyrin-
quinone dyad molecules this molecule was found to carry out photodriven electron
transfer in good yield In addition the tniads produce energetic charge-separated

states with lifetimes on the microsecond timescale 11214]

176



Ru(11) Complexes Contaming Quinone Moieties Chapter Five

(2PF)

2

Figure 5 2 Ruthenium-quinone mononuclear complex synthesis by Guylas et al 3]

In the past few years there have also been a number of studies involving systeins,
particularly of ruthenium complexes, contaiung these strongly m-accepting
quinonoid ligands (1625 Some of these systems have been developed m order to
examine 1intramolecular electron transfer within these systems which 1s a
necessary characteristic in the design of PMDs Much attention 1s currently being
paid to the development of such artificial PMDs 97 Guylas et al for example,
synthesised mononuclear compiexes 1 which [RUH(bPY)Q] acting as an electron
donor was tethered via a ngid bndge to either 1,4-naphthoquinone or 1,4-

benzoquinone moieties in order to study intramolecular electron transfer (figure

52) M)
2+
o

(bpy)oRu (2PFs)

Figure 5 3 Ruthenium-quinone complex synthesised by Schanze and Sauer (28]

Schanze and Sauer also examined intramolecular electron transfer in peptide-
bndged molecules (figure 5 3) In their complex the ruthenium(Il) polypyrdyl
unit functioned as a photoexcited electron donor while a series of oligo(L-proline)
spacers separated the p-benzoquinone moiety which acted as an electron acceptor
(8 Within ths system the rate of intramolecular electron transfer was seen to
decrease as the number of bridging moieties and hence, the distance from the
ruthenium centre to the quinone was mcreased This principle of photoinduced
electron transfer can be applied to switch on/off a luminescence signal by means

of a redox reaction
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For instance, some species can be electrochemically converted into two different
forms, one of which can, and the other cannot, quench the excited state of a
connected luminescent component. For example, Lehn and co-workers
synthesised the following ruthenium complex (figure 5.4) in which the
[Ru(bpy)2(bpy’)]2+ (P) moiety in its luminescent 3MLCT excited state is a

reductant strong enough to reduce the connected quinone unit (Q).

Figure 5.4 Ruthenium-quinone complex synthesised by Lehn and co-workers.t2i

Since, this electron transfer process is very fast, the luminescence of the 3SMLCT
state is completely quenched. Quenching is followed by very fast back electron

transfer, which leads to the ground state of the supramolecular compound.

gh2+ P Q Q

P QH2 .

-2e\ -2HA
P— gh2 > P Q

Figure 5.5 Switching of the [Ru(bpy)2bpy?)]2+ luminescence by reduction and

protonation of a connected quinone. 2930

When the reduction process is performed in aqueous acetonitrile, reduction of the
qguinone units is followed by protonation with formation of the corresponding
hydroquinone. Protonation of the reduced species promotes its stabilisation. [
This process is illustrated infigure 5.5 and is an excellent example of an electro-

photoswitching device.
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There has been also been considerable interest in the study of transition metal
complexes of noninnocent, quinone-related ligands including those of dithiolenes,
dioxolenes and benzoqumonedummnes ©' 2% The possibiity of electron
delocalisation between the metal and the ligand has been a major theme n the
study of these systems and previous studies of ruthenium dioxolene complexes
have found unusually large degrees of orbital mixing between the metal and the
hgand [ #34B% yndeed, a number of these ruthemum complexes containing

qumoidal species have been discussed in preceding chapters

Finally, Meyer and co-workers prepared a sermes of chromophore-quencher
complexes that incorporate the anthroquinone-based acceptor ligand and the donor

bpy-PTZ ligand (figure 5 6)

—|2+

(e} CHy

Figure 5 6 [Ru"(bpy-AQ)(bpy-PTZ)}*" synthesised by Meyer and co-workers Gl

Their results provide evidence that the presence of the attached quinone group in
[Ru'(bpy-AQ)(bpy-PTZ)]*" (figure 5 6) led to a sigmificant level of quenching of
the MLCT emussion  Hence, this donor-chromophore-acceptor complex has the
potential to miumic the photosynthetic electron processes similar to the natural
photosynthetic system However, the speed of back electron transfer processes 1s
the hmiting factor within such systems and an increase 1n the hifetime of MLCT
excited state 1s required ®! Vos and co-workers have provided a novel solution to
this problem by synthesising complexes containing trniazole moeties designed to

achieve a longer-lived charge separated-state &7
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Indeed, they have provided evidence of a complex mn which a reversible,
electrochemically induced proton transfer reaction occurs from a hydroquinone to
an attached tniazole ring ¥ Thus system has been discussed previously m detail
chapter four (section 4 1, scheme 4 1) and further evidence for the occurrence of
the phenomenon of electrochemically induced proton transfer withun these systems
was also provided 1n chapter four Fanm et al have also prepared ruthemum
complexes 1 which a donor group 1s attached to ruthemum via a negatively

charged triazole group 139

[ 7+

— N
\(\N AN
Ru (bpy),

Figure 5 8 Structure of mononuclear ruthenium complex containing a

phenothiazine (PTZ) group synthesised by Fanm et a/ 139)

The structure of their complex, which contains a phenothiazine (PTZ), a tnazole
and a pyridyl higand, 1s shown m figure 5 8 [t was hoped that the inclusion of a
PTZ donor hinked to a brndging ligand which 1s not involved in the luminescent
SMLCT state and 1s negatively charged might decrease the coupling between the
donor and the excited state and hence, the rate of intramolecular charge
recombination, which eventually leads to the decay of the charge separated state,
mught decrease Their study found that such anionmic bndges could effectively
mediate electron-transfer processes in covalently linked chromophore-quencher
complexes P In this chapter the final range of complexes contammng quinone
groups are presented These complexes are the qumone analogues of the
complexes contained in chapter four and provide a further basis for the
understanding of the processes mvolved 1n complexes which contain quinone

groups coupied to a ruthenium centre(s) via a negatively charged bndge
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The structure and nomenclature of the complexes presented in this chapter are
depicted in figure 5 7 In the next section the novel synthetic procedure adopted to
synthesise these complexes are presented Their purity was, hence, assessed by
NMR spectroscopy, FTIR and elemental analysis and these data are also contained
in the following characterisation sectton The complexes were then further
characterised by emission and absorption spectroscopy The ground and excited
state lifetimes data for each of the complexes have also been measured and are

reported 1n the succeeding section

Since, the electrochemical behaviour of these complexes are dramatically different
to the proceeding methylated and hydroquinone-containing complexes, in depth
electrochemical characterisation has also been preformed Hence, the oxidations of
the metal centre(s) as well as the higand-based reductions are presented in the
electrochemical section In order to investigate the nature of the lowest
unoccupied molecular orbital (LUMO) acid-base measurements were also
undertaken and the results of these measurements are presented along with
relevant pKa and pKa* values Once again, this characteristic varied depending
on whether the complex contained a pyndyltniazole or a pyrazyltriazole moiety
Finally, spectroelectrochemical techmques were employed and hence, a
comprehensive set of data for these quinone-containing complexes are presented
in this chapter Each set of data are discussed with particular reference to their
analogous hydroquinone-containing complexes outlined 1n chapter four and the
abihity of these quinone complexes to be quenched by the quinone moieties 1s

investigated 1n light of the presence of the trniazole bridge
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Figure 5.7 Structures of mononuclear and dinuclear complexes cited in this chapter.
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5.2 Experimental Methodology

5.2.1 Synthesis of Quinone Complexes

The synthesis of the ruthenium(ll) complexes containing pendant quinone
moieties is presented in this section. The complexes were prepared directly from
the protected complexes containing in chapter three, however, it is also possible to
prepare these complexes via the hydroquinone analogues in chapter four. The
synthesis of these complexes was achieved via modified literature methods
utilised for the oxidative déméthylation of /?-dimethoxybenzene derivatives.
Ceric(IV) ammonium nitrate [Ce(NH4)2(N03)6] (CAN) in aqueous acetonitrile
was employed for the déméthylation as this agent has been known to produce
guinones often in high yield from their corresponding dimethoxy analogues.[40][41]
All modifications and complications associated with this procedure are discussed

in the following section (section 5.3.L1).

Complex 11: [Ru(bpy)2(LIN]JPF6.3H20

[Ru(bpy)2(L3)]JPF6.H20 (200 mg, 0.24 mmol) was dissolved in acetonitrile
(25 cm3) and stirred at room temperature. To this solution was added, dropwise,
cerium(l1V) ammonium nitrate (4.0 g, 0.73 mmol) in water (20 cm3) over a 10 min
period. At this point a transient darkening to a blue / black colour was observed.
The reaction mixture continued stirring for 40 min at room temperature after
which time the solution was extracted with chloroform (2 x 30 cm3). The
combined organic extracts were then washed with water (3 x 30 cm3) and dried
over MgS(>4, filtered and concentrated under reduced pressure. The product was
purified by recrystallisation from hot ethanol (3 cm3) and the purified quinone
complex was then collected on a glass frit and dried in vacuo. Purity was
established by the ~-NMR spectrum and analytical HPLC. Yield = 71 mg
(36%). Calculated for RUC33N8H3005PF6 : C: 45.57; H: 3.08; N: 12.80 %. Anal.
Found: C: 45.56; H: 2.88; N: 12.43 %. A Carbonyl (C=0) stretching band at

1660 cm™1was also noted in the IR spectrum.
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Complex 12: [Ru(bpy)AL12)]PF&3H2D

This complex was prepared in a similar manner as that described previously for
complex 11 with the exception that 200 mg (0.196 mmol) of
[Ru(bpy)2(L4)]PF6.H20 was dissolved in acetonitrile in place of
[Ru(bpy)2(L3)]PF6.H20. Cerium(lV) ammonium nitrate (3.3 g, 0.60 mmol) in
water (20 cm3) was then added to over a 10 min period and after stirring at room
temperature for 40 min the quinone complex was collected as described
previously. Purity was, once again, established by the IH-NMR spectrum and
analytical HPLC. Yield = 127 mg (64 %). Calculated for R14C32N9H2805PF6 : C:
44.34; H: 3.06; N: 13.55 %. Anal. Found: C: 44.32; H: 2.79; N: 13.66 %. A
Carbonyl (C=0) stretching band at 1660 cm'1was noted in the IR spectrum.

Complex 13: [Ru(bpy)2L13)Ru(bpy)2l(PF62.5HD

[Ru(bpy)2(L13)Ru(bpy)2](PF6)2.4H20 was, once again, prepared by an analogous
method as that outlined for the above mononuclear complexes. During the
preparation of this complex, however, [Ru(bpy)2(L5)Ru(bpy)2](PF62.4H20
(400 mg, 0.26 mmol) was used in place of the dimethoxy mononuclear complex.
The complex was obtained as described above and purity was then established by
the ~-NMR spectrum and analytical HPLC. Yield = 187 mg (47 %). Calculated
for Ru2C6oNI6H520 7P2F12 : C: 43.05; H: 3.01; N: 13.09 %. Anal. Found: C:
42.90; H: 2.70; N: 12.83 %. A Carbonyl (C=0) stretching band at 1660 cm'1was

noted in the IR spectrum of this complex.

Complex 14: [Ru(bpy)2L14)Ru(bpy)2](PF625H2

Once again, the same methodology as previously outlined for the proceeding
complexes was utilised. However, 400 mg (0.26 mmol) of
[Ru(bpy)2(L6)Ru(bpy)2](PF6)2-4H20 was dissolved in acetonitrile and stirred at
room temperature. The solid product that precipitated was recrystallised and dried
as previously outlined and the purity was established by the '"H-NMR spectrum
and analytical HPLC. Yield = 173 mg (43 %) Calculated for
Ru2C58Ni8H500P2F12 : C: 40.26; H: 2.92; N: 1458 %. Anal. Found: C: 40.20;
H: 2.59; N: 14.53 %. A Carbonyl (C=0) stretching band at 1660 cm'lwas, once

again, noted in the IR spectrum.
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Figure 5.9 ‘H-NMR spectra of the complex [Ru(bpy)ZLI 1)]+(a) from 7.0 - 8.5 ppm and
(b) from 13.0 - 2.5 ppm in d3-acetonitrile.

Wavenumber (cm ]

Figure 5.10 IR spectra of (a) [Ru(bpy)AL7)]+and (b) [Ru(bpy)Z LI 1)]+in chloroform.
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5 3 Results and Discussion

5 3 1 Synthetic Considerations

The synthesis of quinone containing complexes has been achieved m a vanety of
different manners The oxidation of hgands, such as, p-dimethoxybenzene to their
corresponding benzoquinones has been accomplished using an assortment of
oxidising agents, for example, nitric acid or argentic acid (921431 Natric acid has
been found to work well for highly substituted 1,4-dimethoxybenezene
denvatives, however, 1n some instances nitration of the aromatic ring occurs 1n
addition to or instead of demethylation “? Argentic acid has also been widely
used, however, the expense of this reagent 1s a hmiting factor for large-scale
preparations Furthermore, both nitric acid and argentic acid are strongly acidic
media, and acid labile functional groups may, therefore, not be tolerated
Therefore, a milder method for the oxidative demethylation of p-
dimethoxybenzene derivatives was found by utilising ceric ammonium mitrate
[Ce(NH4)2(NOs)s] (CAN) 1n aqueous solutions Reactions mvolving this reactant
were found to yield the qumone product in generally lugh yields and furthermore
the reaction can be performed without strong acid 1n a generally fastkreactlon

requining only a few minutes reaction time at room temperature

Complexes similar to the qumone containing complexes presented 1n this chapter
have been prepared via a plethora of different methodologies Schanze and Sauer,
for example, synthesised similar complexes (figure 5 3) by first demethylating
therr dimethoxy ruthemum complex with BBr; as described in chapter four to
yield the corresponding hydroquinone complexes These complexes were then
treated further with 2,3-dichloro-5,6-dicyanoquinone (DDQ) to yield the

281 This procedure proved successful and no

corresponding quinone complexes
further punification was required as no impunties were formed However, the
reaction conditions required that the reaction be carried out under argon coupled to
the fact that a two-step procedure for the production of quinones consequently
results 1n lower overall yields than the one step procedure adopted in this study
Guylas et a/ also utihsed CAN, however mitally, they demethylated the
methoxylated higand to yield the quinone analogue prior to complexation with

ruthenum (figure 5 2) %)
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This method, however, can result in purification problems, as quinones are known
to degrade during column chromatography *® An alternative approach, which
was also found to successfully produce the quinone complexes described n this
chapter, was also undertaken by Gulyas et a/l  BBr; was employed as the
oxidising agent to obtain the hydroquinone contamming ligands that were then
further treated with PbO, to yield the qumone complex ™ This two-step method,
however, would necessarilly decrease the overall yield of quinone obtamable
Benzeneseleninic acid has also been reported as a viable agent for the production
of qumones, however, once again, the procedure 1s not as in1ld as those mvolving

CAN 3]

_ — _ .
HyCO ==N o —=N
N
\ J CAN | " ,>
WV | A CH,Cl/ HO \ | \N /
N~ N\Ru(bPY)z T N~ N\Ru(bp)’)z
OCH, o]

Figure 5.11 Oxidative demethylation procedure for [Ru(bpy)(L4)]*" via CAN
to yield the qumone complex [Ru(bpy),(L12)]*"

The quinone complexes presented 1n this chapter were obtained by treating the
methylated complexes presented in chapter three with CAN 1n an aqueous
solution (figure 5 11) This 1s sumlar to the synthetic approach reported by Lehn
and co-workers for their quinone-containing complex (figure 5 4) 29} Treatment
of the hydroquinone contaiming complexes proved just as straightforward for
oxidation to their corresponding quinone analogue However, adopting a two-step
procedure for the production of these comnplexes would decrease the overall yields
of the quinone contaiming complexes considerably Likewise, synthesising the
quinone complexes following the production of the quinone ligands would also
have affected overall yields Furthermore, this would have caused purification
problems as 1t has been observed that purification of these complexes via column
chromatography results mn further impurities arising due to contamination of the
samples with strongly luminescent mmpurnities as a result of reduction of the
quinone **! Finally, establishing the mode of complexation to the metal umit(s)
can be quite complex and by demethylating a complex of established structure

these complications are negated
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5.3.2 Characterisation Considerations

N-NMR spectroscopy was utilised in the assessment of the purity and structural

assignment of the complexes presented in this chapter while successful

déméthylation of the complexes was further confirmed via IR spectroscopy. Table

5.1 contains NMR data for the coordinated quinone ligands in each complex and
the [H-NMR spectrum of complex [Ru(bpy)2(LI 1)]+in d3-acetonitrile is shown in

figure 5.9(b).

Reasonances for coordinated ligands L11-L14

(chemical shifts / ppm vs Me4Si)

11 12 13 14
ht 7.76(s) 7.32(d) 7.44(s) 7.48(s)
H5' 7.18(m) 7.05(m)

H6 7.26(m) 7.10(m) 7.44(s) 7.48(s)
H3" 8.11(d) 9.10(s) 8.96(d) 9.34(s)
H4" 7.94(t) 7.80(dd)

H5" 7.49(d) 7.57(d) 7.24(1) 7.73(d)
H6 7.88(d) 8.16(d) 7.48(d) 8.38(d)

* For an explanation of numbering seefigure 5.9.
Bipyridyl reasonances were observed in the following regions for:
Pyridyltriazole complexes: 8.30-8.55(H3); 7.85-8.10(H4); 7.20-7.45(H5); 7.60-7.80(H6).
Pyrazyltriazole complexes'. 8.20-8.60(H3); 7.85-8.10(H4); 7.10-7.50(H5/ H6).

Table 5.1 *~-NMR spectral data for complexes 11-14 measured in d3-acetonitrile.

These spectral tools along with the spectra obtained for the methoxy and
hydroquinone analogous complexes allowed for successful elucidation of the
structure of these quinone complexes. The spectrum of [Ru(bpy)2(LI1)]+ is
shown in figure 5.9 and is typical of the spectra obtained for these quinone
complexes. The spectra are clean and well resolved, integrate to the expected
number of protons and are, therefore, consistent with the expected structure.
Sharp, well-defined reasonances were observed for all complexes, confirming the

presence of Rulland the absence of semiquinone radicals. [46]
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In chapter three the 'H-NMR spectra of the protected mononuclear complexes
[Ru(bpy)2(L3)]+ and [Ru(bpy)2(L4)]+ contained two singlet resonances at

approximately 3.70 ppm, which were associated with the methoxy moieties.

(b)
| | | | | | | | | |
8.6 84 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8
©
|
T- “T- ™ T T - “T
9.0 85 8.0 7.5 7.0 6.5 6.0

Figure 5.12 IH-NMR spectra of the complexes [Ru(bpy)AL3)]+(a), [Ru(bpy)A LI 1)]+(b)
and [Ru(bpy)AL7)]+(c) in d3-acetonitrile.

While in the case of the dinuclear complexes these signals were expressed as one
large peak due to the equivalency of these moieties. Upon treatment of these
complexes with CAN these peaks are seen to disappear (figure 5.9). In chapter
four, the loss of these methoxy peaks is accompanied by the concomitant

appearance of a broad -OH peak above 10.50 ppm.
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This feature 1s not observed in the spectra of the quinone containing complexes
further confirming the demethylation of the protected complexes to therr qumone
analogues and not merely to the hydroquinone analogues However, the NMR
spectra obtained for these quinone complexes are simular to those of the
hydroquinone species with the clear exception for the signals associated with the
qumone protons This 1s the same situation as noted by Schanze ef a/ who also
observed a similar comparability of spectra of the hydroquinone and the quinone
complexes *® In the spectrum shown 1n figure 5 9 the qumone protons appear as
mulitplets at 7 18 and 726 ppm This 1s a considerable shift of these protons
compared to either the hydroquinone or the protected analogues Figure 512
contains the 'H-NMR spectrum of each of the mononuclear pyndyltriazole

complexes showing the shift of the protons associated with quinone mozety(ies)

The IR spectra for the complexes were also obtained Figure 5 10 shows the
spectra of [Ru(bpy)2(L7)]" and 1ts qunone analogue [Ru(bpy)(L11)]" m
chloroform The presence of water in the samples 1s responsible for the broad
band at 3420 cm’, however, the vibrational band associated with the
hydroquinone moiety can be observed at 3522 cm ', which 1s absent m the
spectrum of the qumone complex (¥l F 1gure 5 10 also shows characteristic
carbonyl (C=0) vibrations, which can be observed at 1660 cm™ (1) ¥® These
peaks are clearly absent 1n the spectrum of both the protected and hydroquinone
complexes even though bipyndyl and pyridine vibrations complicate this region
211 The vibrational peaks of the hexafluorophosphate 10ns occur at 558 cm ' and
835 cin ' while other peaks between 1300 — 1600 cm™ are ring stretching and
bending vibrations associated with the bipyridine and pyridine groups 7
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5.3.3 Computational Results

The following density functional theory (DFT) calculations were carried out on the
mononuclear complex [Ru(bpy)2(L11)]+ by my colleague Dr. Noel O’Boyle using the
computational chemistry program Gaussian 03.[49)[50] The geometry optimised structure

is shown in Figure 5.13.

Ruthenium il
Nitrogen

Oxygen  —
Hydrogen

Figure 5.13 Geometry-optimised molecular structure of [Ru(bpy)2LI 1)]+

Unlike in the case of the hydroquinone complex in the previous chapter (section 4.3.3)
there was no crystallographic data available for the calculation of the above structure.
As a starting point for the geometry optimisation, the optimised geometry for the
hydroquinone complex in the previous chapter was used. This calculated structure
shown infigure 5.13 the most probable structure of the molecule based upon energy
minimisation. The image is intended to provide an optical aid to the reader in the
visualisation of the molecule being discussed and hence, helps in the elucidation of the
following characterisation data. It, therefore, complements the following experimental

data rather than replacing it.

The following figure 5.14 was then created in which the calculated density of states
(DOS) spectra of this complex are depicted. This DOS spectrum is a useful
visualization method for the spatial distribution of the electronic structure of the
complex.[B]] Furthermore the DOS spectra give a better picture of the contributions of

the various moieties to the HOMO and LUMO energy levels.i5]

191



Ru(Il) Complexes Containing Quinone Moieties Chapter Five

The groups used are labelled in Figure 5.14 as follows: Q, quinone moiety; Ru, the
ruthenium metal atom; pyr, pyridine group; trz, the triazole ring; bpy 1 and bpy 2, the
two bipyridyl rings. Along the x-axis of figure 5.14 are a closely set series of red and
green coloured lines that represent the closely spaced molecular orbitals in this
complex. The ‘gap’ that is indicated on the graph between the orbitals, occurs between
the HOMO and the LUMO states. Each line in the upper part of the graph illustrates

the contribution of each moiety to the molecular orbitals in a particular energy region.

Energy <eV>

Figure 5.14 The calculated density of states (DOS) spectra of [Ru(bpy)Z LI 1)]+

Upon examination offigure 5.14, it can then be seen that the HOMO has a large metal-
based contribution from the ruthenium (red line). There is also a significant
contribution from the quinone moiety to the HOMO. No other group, including the
bipyridyl moieties, appear to contribute in any significant way to the HOMO.
However, the LUMO is predominantly bipyridyl in character with some lesser
contributions from the other moieties (figure 5.14). These results are different to those

obtained for the hydroquinone analogue in the previous chapter (section 4.3.3).
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LUMO

HOMO

Table 5.2 Calculated isosurface images of the frontier orbitals of [Ru(bpy)Z LI 1)]+
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The previous DOS spectra of [Ru(bpy)(L7)]" seemed to show that there 1s a
contribution to the HOMO from the hydroquinone moiety, however, n the case of this
qumone complex the contribution from the qumone group (pnk line) 1s not as
significant (figure 5 14) This phenomenon 1s examined further 1n the 1sosurface visual
representations of the graphical data in figure 5 14, which are contained 1n table 5 2
Thus table shows the 1sosurfaces of the HOMO and LUMOs of [Ru(bpy)a(L11)]*

In table 5 2 the nature of the LUMO, LUMO + 1, LUMO + 2 and the LUMO + 3 states
are examined further For example, 1t can be seen that the LUMO 1s, indeed, strongly
bipyndyl 1n character as suggested by the DOS spectra However, unlike 1n the case of
the analogous hydroqumone complex 1n which the LUMO + 1 state 1s mainly based on
the second bipyrnidyl moiety, the LUMO + 1 of this complex now appears to be quinone
based The LUMO + 2 1s then based on the second bipyridyl mosety The bipyridyl
moteties differ shghtly in energy resulting in the fact that one bipyridyl moiety has
slightly higher energy than the other while it seems that the energy of the qumone group
lies 1n between these two energies (fable 5 2)

The remaining diagrams 1illustrate the HOMO states It 1s now clear that the HOMO of
this complex 1s strongly ruthenium centred with some pyridyltriazole contributions in
the HOMO diagram, while the HOMO - 1 1s more strongly metal based Indeed, 1t 1s
not until the HOMO - 3 that the ligand appears to become more influential Thus 1s 1n
contrast to the behaviour noted for [Ru(bpy),(L7)]" (table 4 2) m which the HOMO was
much more strongly influenced by the pynidyltniazole moiety Hence, 1t can be seen that
this computer-generated data provide an interesting theoretical basis for the following
expenmental characterisations These characteristics can be expected to be strongly
influenced and hence, differ greatly from the hydroquinone analogues due to the

presence of the quinone moieties
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5.3.4 Electronic and Photophysical Properties

5.3.4.1 Absorption Spectra

Table 5.3 contains the absorption data for each of the quinone-containing
complexes in both their protonated and deprotonated forms. The measurements
for these complexes were achieved in a similar manner to the previous complexes
and they were, therefore, all recorded in acetonitrile at room temperature and in
ethanol / methanol at 77 K. Protonation was achieved via the addition of

perchloric acid.

Table 5.3 Absorption and emission data obtained for the quinone complexes.

Unless otherwise stated, all measurements were performed in acetonitrile.

W FOnantnm E™x298K  EnxU K
Complex (nm) Y~ (mn) (mn)
(ex104) t(ns)___ « (us)
470 668 624

[Ru(bpy)A L 11)]+ (111) 00083 (201) (3.0)

440 630 590

[Ru(bpy)HLI 1)]2+ (1.34) (<20) (5.4)
450 655 620

[Ru(bpy)AL12)]+ (1.52) 00054 (180) (3.7)

439 666 625

[Ru(bpy)2HL12)]2+ (1.60) (242) (7.7)
468 670 620

[Ru(bpy)2L13)Ru(bpy)Z 2+ 2.86) 0048 (188) (2.8)
440 634 590

[Rubpy)HA-I3)Ru(bpy)4 ; o7y (<20) (5.4)
448 658 619

[Rubpy)ALI9Ru(bPY)Z2 ;5 00 00052 (176) (3.7)
439 668 623

[Ru(bpy)AHA 14)Ru(bpy)ZJ4+ (2.67) (232) (6.9)

Protonation of the complexes achieved by addition of perchloric acid.
Lifetime samples at 298 K underwent freeze-pumped-thaw pre-treatm

¢ Data at 77 K were recorded in EtOH/MeOH (4:1 v/v).

Figure 5.15 shows the absorption spectra of the mononuclear pyrazyltriazole
complexes [Ru(bpy)2(L12)]+ [Ru(bpy)2(L8)]+ and [Ru(bpy)2(L4)]+ at room
temperature in neutral acetonitrile. The spectra of the quinone-containing
complexes are dominated in the visible region by dn-n* metal-to-ligand charge

transfer (MLCT) transitions typical of these complexes. [53
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This is comparable to the UV data obtained by Gulyas et al. who also noted an
MLCT for their ruthenium quinone complex {figure 5.2) with a X"ax value centred
at 450 nm .[15) The intense «i-«i ligand transitions below 280 nm in the UV region
are also observed in the spectra of the quinone complexes. However, from an
examination of figure 5.15, it can be seen that the spectrum of the quinone
complex differs from both the hydroquinone and the dimethoxy analogues. For
example, the «i-wi» transitions of the hydroquinone moiety that generally arise in
the absorption spectra around 330-350 nm, are now absent, [I3"54" Like the
hydroquinone complex, however, the spectrum does exhibit a shift in the

from 456 nm for the methoxy-containing pyrazyltriazole to 450 nm for the
quinone complex. This shift is slightly more apparent in the spectra of the
pyridyltriazole complexes and more pronounced than in the case of the

hydroquinone complexes.

Wavelength (nm)

Figure 5.15 Absorption spectra of [Ru(bpy)ZAL12)]+c. 2.29 x 10'5M (blue line) and
[Ru(bpy)2(L8)]+ c. 1.90 x 10'5M (red line) and [Ru(bpy)L4)]+ c. 1.47 x 10°GM (black

line) and (inset) MLCT region in neutral acetonitrile at room temperature.
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A red-shift of the MLCT with respect to [Ru(bpy)3]2+was noted in the spectra of
the methylated and hydroquinone complexes and is again observed in the spectra
of the quinone complexes. The shift arises due to the strong o-donation of the
deprotonated pyridyltriazole or pyrazyltriazole moiety (table 5.3). However, the
further shift in the Xmex that arises in the quinone complexes may be attributed to
the loss of the more strongly electron donating methoxy substituent. This shift is
not as pronounced in the case of the pyrazyltriazole complexes due to the strong n-
acceptor properties of the pyrazine (table 5.3). [23]%l The behaviour of the quinone
complexes is comparable to other ruthenium quinone complexes, for example, the
guinone complex prepared by Goulle et al. (figure 5.4) has a similar absorption

spectrum. [21

Wavelength (nm)

Figure 5.16 Absorption spectra of [Ru(bpy)2(L12)]+in neutral acetonitrile (black line)
and after the addition of 1 drop of trifluoroacetic acid (red line) and (inset) MLCT band.

Figure 5.16 depicts the absorption spectra of [Ru(bpy)2(L12)]+ in neutral
acetonitrile and after the addition of 1 drop acid. The deprotonated status of the
triazole ring in these quinone complexes is corroborated by the Avrex value of the
lowest energy 'MLCT transition, which is circa 450 nm for the mononuclear

pyrazyltriazole complex.
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Upon protonation of both the pyndyltnazole and pyrazyltnazole qumone
complexes, a blue shift of the A, of the complexes occurs (table 53) An
analogous shift of the An, was observed previously in the spectra of the
hydroquinone and dimethoxy analogues upon protonation The protonated
qumone-pyndyltriazole complexes experience a blue shift of the absorption of
about 30 nm accompamed by a concomitant increase 1n the extinction coefficient
However, 1n the case of the pyrazylinazole complexes this shift 1s slightly less
(circa 10 nm) due to the presence of the m-acceptor pyrazine motety It must also
be noted that no difference in the spectra were noted between the mononuclear
qumone complexes and their dinuclear analogues As was the case for the
analogous hydroquinone and dimethoxy complexes, this would seem to indicate
that there 1s Iittle or no interaction between the metal centres Thus 1s of interest as
1t suggests that the replacement of the qumone moiety perhaps does not influence
the level of intermetallic communication between the ruthenium centres

significantly The following sections will explore this possibility further

5 34 2 Lununescence Properties

The luminescence data obtained for these ruthenium qumone complexes are also
presented m table 53 All measurements were performed in neutral acetonutrile
with the exception of the low temperature data, which were obtained 1n an
ethanol-methanol solution, which provides a better glass Protonation was, once
again, achieved via the addition of a small quantity of acid as descnibed m the
experimental chapter It was noted previously that the luminescence observed for
both the hydroquinone and the dimethoxy-contaiming complexes was much
weaker than that of the archetypal complex [Ru(bpy);]** (® = 0 062) Once again
however, an emission spectrum 1s observed for these quinone complexes that 1s
typical of an enussion from the lowest "MLCT (dn Ru > w* bpy) excited state
(figure 5 17) 1°® These results are comparable to those obtamned by a number of

[15](281[29](36][57] For

previous authors for their qumone-cdﬁtauung complexes
example, Gulyas et al observed an emission spectrum for their quinone complex
(figure 5 2) with a Ama centred at 588 nm (5] Schanze and Sauer observed an

emission with a Ama, 0f 598 nm for their ruthemum quinone complex (figure 5 3)
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However, there is a red-shift of emission in these ruthenium quinone complexes
compared to the model [Ru(bpy)3]2+ complexes. This shift was also reported
previously for the analogous methylated and hydroquinone complexes and arises
due to the effect of the triazole ring. This group contains a negative charge, which

increases the electron density on the metal centre and therefore, reduces the t2g -

MLCT energy gap. [5]

Wavelength (nm)

Figure 5.7 7 Emission spectra of [Ru(bpy)2(L6)Ru(bpy)2]2+(conc. 1.64 x 10'5M),
[Ru(bpy)2(L10)Ru(bpy)2]2+(conc. 1.45 x 10 M), [Ru(bpyML14)Ru(bpy>2t2+
(conc. 1.01 x 10'5M) in acetonitrile at room temperature

The emission spectra of the each of the pyrazyltriazole dinuclear complexes in
neutral acetonitrile at room temperature, which were prepared over the course of
this study, are presented in figure 5.17. The mononuclear and dinuclear

pyrazyltriazole complexes, which contain quinone moieties, have an emission A"ax

value at approximately 656 nm.
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The luminescence behaviour noted for the range of pyrazyltnazole complexes 1s
essentially very similar with the slight changes noted 1n the emission Anax ansing
due to the replacement of the dimethoxy groups by the less strongly electron
donating substituents (3} Interestingly, however, no significant quenching of the
ermussion is observable m the quinone complexes This differs for the results
obtamed by previous authors, such as, Lehn and co-workers who reported very
efficient quenching of the excited state by the quinone moiety (1 However, n
theirr study the quenching quinone molety was linked via a different bndge
Schanze and Sauer also reported similar quenching m thewr quinone complexes,
however, they also found that the observed quenching 1s reduced depending on the
number of peptide groups present within the bndging ligand (8] The lack of
quenching observed within the complexes presented 1n this chapter may, therefore,
perhaps be attributed to the insulating effect of the tnazole nng Thus group when
incorporated into the bridging ligand may weaken direct electronic coupling
between the qumone group and the excited state bipyndyl 3% This would concur
with the findings of Fanni ef a/ who also observed a reduction in quenching in
their triazole-contarming bridging ligand (figure 5 8) 3] Further evidence for this
may come from the fact that a number of previous complexes, including the
complexes contained m chapter four, contaiming hydroquinone ligands bridged by
tnazole groups also report no quenching of the luminescence compared to
complexes containing hydroqumone hgands which were not bridged by a triazole

group [52]129]

These results are also reflected in the lifetime data recorded in table 53 From an
examination of these data 1t can be seen that there 1s no decrease 1n the hfetimes
compared to erther the hydroquinone or the protected complexes For example, a
hfetime of 156 nm was obtained for [Ru(bpy)(L10)Ru(bpy).]** while
[Ru(bpy)z(L14)Ru(bpy)2]2+ reported a lifetime of 176 nm In fact the lifetimes of
these mononuclear and dinuclear complexes reveal a relatively long-lived excited
states compared to the methylated analogues (51 The lifetime of [Ru(bpy)2(L1 D),
for example, was found to be 201 nm at room temperature compared to 110ns for

the analogous dimethoxy complex (chapter three) This was also the case for the

hydroqumone complex [Ru(bpy)(L7)]"
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Wavelength (nm)

Figure 5.18 Emission spectra of [Ru(bpy)Z LI 1)]+(conc. 5.10 x 10'5M), [Ru(bpy)2(L7)]+
(conc.5.01 x 10'5M), [Ru(bpy)2(L3)]+(conc. 4.99 x 10'5M)

in acetonitrile at room temperature

The emission spectra obtained for the range of mononuclear pyridyltriazole
complexes are presented infigure 5.18. The emission Aax for the mononuclear
and dinuclear quinone complexes was observed at approximately 670 nm in
neutral acetonitrile at room temperature. Again the luminescence behaviour
observed for the range of pyridyltriazole complexes is extraordinarily similar with
the small shift of the A™x arising due to the replacement of the relatively strongly
electron donating methoxy moieties by electron accepting quinone moieties.
[23][60][6i] emission spectra of the quinone complexes was also recorded at 77 K
and once again, the spectra obtained for both the pyridyltriazole and the
pyrazyltriazole complexes containing quinone moieties were analogous to those

obtained previously for the hydroquinone and dimethoxy complexes.
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Once more the emergence of the vibrational structure 1s noted along with a
concomitant increase 1n the intensity compared to the room temperature
luminescence as discussed previously for the methoxy and hydroquinone
complexes I The quinone complexes were also protonated by the addition of a
small quantity of acid and theirr emission spectra were recorded at room
temperature and 77 K These results are recorded 1n table 53 As expected, the

lifetimes at low temperatures increase considerably

Upon protonation a shift 1s seen 1n the emission Ama value of each of the
complexes In the case of the pyrnidyltriazole complexes a shift to higher energy of
approximately 35 nm occurs This shift in the emussion of these complexes 1s
accompanied by a decrease 1n the emussion intensity This mirrors the behaviour
noted for both the hydroquinone and methoxy analogues in chapter three and four
The lifetime data of the pyndyltriazole complexes are also seen to decrease
sharply (<20ns) and are no longer measurable on the conventional (ns) laser set-
up In the case of the quinone pyrazyltniazole complexes a shift to a reduced
energy upon protonation 1s noted Simular luminescence behaviour was observed
previously for the protected and hydroquinone complexes Again this shift 1s quite
small (circa 7 nm) and there 1s no comparable loss of emission intensity as seen
for the pyndyltnazole complexes Once again, this shift 1s associated with the
switching of the excited state upon protonation as noted previously for other

pyrazyltnazole complexes 316!

The luminescence spectra of these quinone complexes upon protonation at 77 K
was also recorded (fable 53) Agan the behaviour noted for each of the
complexes 1s comparable to that noted previously for the protected and dihydroxy
complexes A blue shift (circa 33 nm) upon protonation of the qumone
pyridylitriazole complexes 1s again observed Whereas, at room temperature a
decrease 1 luminescence intensity was observed, no such decrease 1s observed at
77 K Agam this can be attributed to the decreased availability of the thermally
accessible °MC  In the case of the pyrazyltniazole complexes a slightly smaller
shift in the emussion to a reduced energy 1s noted (circa 5 nm) An increase in the
intensity 1s also observed However, the behaviour of these complexes 1s further

explored 1n the following sections
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5.4 Acid-Base Properties

In this section the pKa data obtained on these ruthenium quinone complexes are
reported (table 5.4). A significant electronic redistribution occurs within these
complexes due to the presence of the triazole moiety. This allows them to be
protonated or deprotonated by altering their o-donor and 7r-acceptor properties.
This is particularly evident in the case of the pyrazyltriazole complexes due to the
fact that protonation of these complexes leads to a switching of the excited state.
(466 jt was anticipated that some difficulties may be encountered in obtaining
these data on the quinone-containing complexes due to the complexities in the
behaviour of these complexes in aqueous media.[2l] However, within the pH value
range examined no such complexities were encountered and the pKa and pKa*
data were obtained in Britton-Robinson buffer. The experiment conditions are

outlined in chapter two.

Complex pKa pHi pKa*
[Ru(bpy)2(L 11)]+ 41 2.5 2.8 (2.4)
[Ru(bpy)2(L12)]+ 3.0 4.7 5.0 (4.6)

[Ru(bpy)2L13)Ru(bpy)2]2+ 4.0 2.6 2.9 (233)
[Ru(bpy)2(L 14)Ru(bpy)2] 2+ 2.9 4.6 4.9 (4.3)

Table 5.4 Ground state and excited state pKa values for the mononuclear and
dinuclear quinone complexes. pKa* values were obtained using both the

Forster equation (in Blue) and the Ireland and Wyatt method.[&]

Figure 5.20 depicts the absorption spectra of [Ru(bpy):(LI 1)]+ in the pH value
range 1.09 to 4.88 and these are typical for the spectra obtained for the quinone
complexes within this pH value range. Within this pH value range the acid-base
behaviour of all of the complexes presented in this chapter were found to be
reversible with clean isobestic points at approximately 455 nm, 390 nm and
305 nm (figure 5.20). A plot ofthe pH value versus the change in absorption was,
hence, obtained and used to yield the pKa value of each of the complexes (inset
figure 5.20). The isobestic point from the absorption spectra was consequently

used as the excitation wavelength in order to obtain the emission data.
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Absorbance (A.U)

The pHi value or point of inflection of the emission graph (figure 5.20) was,
hence, obtained. This value was then utilised in two equations (as chapterfour) in
order to generate pKa* values. From an examination of figure 5.19 it may be
observed that a of 438 nm exists at the pH value 1.09 when the complex is in
the protonated state. The pH value was then increased to a pH value 0f 4.88 and a

concomitant shifting of the to 462 nm is noted.

Wavelength (nm)
Figure 5.19 pH dependence of the absorption spectra of [Ru(bpy)Z LI 1)]+in Britton-

Robinson buffer. Inset fitted sigmoidal curve of absorbance versus increasing pH.

From an examination of the pKa values for this complex (table 5.4) it may be seen
that the results correlate well with those obtained for the analogous protected
pyridyltriazole and pyrazyltriazole complexes presented in chapter three. For
example, the pKa value for [Ru(bpy)2(L3)]+ was found to be 4.0 which correlates
well to 4.1 obtained for [Ru(bpy)2(LI 1)]+ This is in contrast to the decrease in the
pKa values obtained for the analogous pyridyltriazole complexes containing
hydroquinone complexes (chapter four). For example, [Ru(bpy)2(L7)]+yielded a

pKa value of 3.2, however, no such decrease is evident within these complexes.
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[t 1s of interest to note, that the pKa values obtained for these quinone-containing
complexes are comparable to those obtained by O’Bnien and co-workers, who
exammed the analogous catechol complex shown n figure 48 This
hydroquinone-containing complex and its protected analogue also both yielded a
pKa value of 4 2 5211t was suggested 1n the previous chapter that the decrease in
the pKa value of the pyndyltriazole hydroquinone complexes arose as a result of
the hydroqunone moieties  If hydrogen bridging was occurring m the
hydroquinone complexes this may explain the increased acidity of the trnazolic
nitrogen in these complexes This suggestion seems to be further supported by the
pKa data obtained for these quinone complexes Since, these complexes differ
from their hydroqumone analogues only by the presence of the quinone moieties,
it 1s compelling evidence that the decrease m the pKa values observed for the

hydroquinones 1s as a result of the hydroqumone moiety

Table 5 4 also contains the pKa data obtamned for the mononuclear and dinuclear
pyrazyltnazole complexes Once again, as was the case for the previous
complexes, the data obtained in aqueous Britton-Robinson buffer were reversible
over the pH value range examined Clear and well-defined 1sobestic points were
observed at approximately 560 nm, 420 nm and 360 nm A comparable shift in
the Ama value 1s again observed although to a lesser extent than for the
pyridyltriazole complexes Hence, at the pH value 1 58 the Anax value 1s observed
at 450 nm and this gradually shifts to 440 nm as the pH value 1s increased to 5 88

This behaviour 1s consistent with that observed previously in both the protected
pyrazyltriazole analogues and the hydroquinone analogues (chapter three) 1681 1t 15
also interesting to note that the pKa data obtained for each of the pyrazyltnazole
complexes are very similar For example, the pKa value of
[Ru(bpy)2(L6)Ru(bpy),]*" was found to be 2 8, [Ru(bpy)(L10)Ru(bpy)]*" was
29 and [Ru(bpy)a(L14)Ru(bpy)]** 1s 29 At this pomnt, therefore, 1t 1s not
possible to make any conclusions about the presence of hydrogen bridging 1n the
pyrazyltriazole hydroquinone complexes as an increase in the acidity of the
triazohc nitrogen was not noted m for these complexes It 1s also important to
point out that the dinuclear complexes reported within this chapter have the

potential to undergo a two-step protonation, as there are two triazoles present
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In each of the dinuclear complexes, [Ru(bpy)2(L13)(bpy)2Ru]2+ and
[Ru(bpy)2(L14)(bpy)2Ru] , however, only one protonation step is observed over
the pH value range examined (circa pH 2 - 6). This would, therefore, seem to
suggest that in this aqueous media both protonation steps occur simultaneously.
This is, once again, indicative of either very weak or no metal-metal interaction
within these complexes.[37] This was also the case for the previous protected and
dihydroxy complexes and suggests that the intermetallic behaviour of these
bimetallic complexes is unaffected by the altering of the quinone moiety. This

phenomenon is explored further in the following spectroelectrochemical section.

Wavelength (nm)
Figure 5.20 pH dependence of the emission spectra of [Ru(bpy)ZLI 1)]+in Britton

Robinson buffer. Inset fitted sigmoidal curve of intensity versus increasing pH.

Emission measurements were also performed on these complexes in aqueous
buffer in a similar manner as the absorption measurements and the excited stated
(pKa*) data for these complexes are also listed in table 5.4. The pKa* values
could be calculated from pHi values both by the Forster method and by the Ireland
and Wyatt technique (chapterfour).[6 Figure 5.20 depicts the emission spectra of
the pyridyltriazole complex [Ru(bpy)2(LI 1)]+as a function of pH value.
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An 1ncrease of the emission intensity can be noted with increasing pH value,
however, the luminescence intensity noted for theses quinone complexes 1s still
very weak and hence, 1t was necessary to obtain Gaussian fittings 1n order to
calculate the pHi value (figure 5 20 mnset) This 1s comparable to the behaviour
noted for both the protected and hydroquinone complexes and arises for the same

reasons (chapter three)

Of the two technmiques employed 1n calculating the pKa* values the Ireland and
Wyatt method 1s more dependable for reasons outlined previously (chapter three)
(%] Hence, 1t can be seen from an examunation of fable 5 4, that the pKa* values of
these complexes 1s comparable to those of the hydroquinone complexes (see table
4 4) For example, both [Ru(bpy)x(L8)]" and [Ru(bpy)x(L12)]" yrelded a pKa*
values of 50 Once agan, the pKa* values obtained for the pyridyltnazole
complexes were lower than their pKa values (fable 5 4) This 1s comparable to the
behaviour noted for the range of pyndyltriazole complexes in the previous
chapters and therefore, suggests that within these complexes the excited state 1s
bipyridyl based rather than located on the triazole lhigand  The quinone
pyrazyltnazole complexes have pKa* values greater than their pKa values
suggesting that the excited state 1s based on the pyrazine moiety and not on the
bipyridyl motety Agan this tendency of the excited state of the pyrazyltniazole
complexes to switch upon protonation was reported previously 7 These data
are, hence, a further indicating of switching of the excited state within these
complexes upon protonation as previously suggested by the luminescence data
(section 5 3 4)
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5.5 Electrochemical Properties

In this section the electrochemical data obtain for the quinone complexes are
presented. The experimental conditions and methodologies utilised during the
course of these measurements are contained both in chapter two and the
electrochemical appendix (appendix B). Table 5.5 contains the electrochemical

data obtained during these measurements in volts versus SCE.

Oxidation Reduction
Complex Potentials (V) Potentials (V)

Run/Ruin ligand* bipyridyl
[Ru(bpy)2(L 11)]+ 1.00 -1.29 -1.49,-1.76
[Ru(bpy)2(H L11)]2+ 1.28 d
[Ru(bpy)2(L12)]+ 1.13 -1.22  -1.45,-1.68,-1.95
[Ru(bpy)2(HL12)]2+ 1.28 d
[Ru(bpy)2(L13)Ru(bpy)2]2+ 1.00 -1.31 -1.47,-1.75
[Ru(bpy)2(H2L13)Ru(bpy)2] 4+ 1.28 d
[Ru(bpy)2(L14)Ru(bpy)2]2+ 1.12 -1.23 -1.48,-1.67,-1.99
[Ru(bpy)2(H2L14)Ru(bpy)2]4+ 1.28 d

"The values shown are the cathodic peak potentials
‘Values standardised with respect to the redox potential of ferrocene (+0.38 V vs. SCE) under
equivalent experimental conditions as a secondary electrode. 1l
Protonation was achieved via addition of 1 drop of conc. HC104
'All measurements were carried out under a constant flow of nitrogen.

(/Surface effects arise in acidic solutions making reduction potentials difficult to obtain.[7J

Table 5.5 Electrochemical data for the Ru (I1) complexes in

acetonitrile with 0.1 M TEAP versus SCE

Unlike in the case of the hydroquinone-containing complexes, contained in the
previous chapter, no pre-treatment of the electrodes was deemed necessary.
Indeed, any such pre-treatments complicated the measurements further. However,

extensive electrode cleaning and polishing was undertaken prior to all scans.
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Current Density / Arbitrary Units

Potential / V vs. Ag|AgClI

Figure 5.21 Cyclic voltammograms of [Ru(bpy)Z LI 1)]+(blue line) and
[Ru(bpy)ZL14)Ru(bpy)Z2Hblack line) in neutral MeCN with 0.1 M TEAP
in volts versus Ag|AgCI (scan rate 0.10 V / s).

The electrochemical reduction of quinones and quinone species particularly in
aprotic solvents has been scrupulously studied, t22 73 74! In aprotic solvents the

reduction of these complexes takes place in two le' stages (figure 5.22).
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The most oxidised form is known as benzoquinone, the next one-electron reduced
form is called the semiquinonate radical anion and the fully reduced form is the
catecholate dianion (figure 5.22) . [/A] However, this process can be affected by the

electrolyte and this will be examined further in the coming section. [72][76l

0 p\- orr
+e f I +e
-e -€
0 0 cT
Benzoquinone Semiquinone Catecholate

Figure 5.22 The two le' reduction steps of quinones in aprotic solvents. [1]

The cyclic voltammograms of the pyridyltriazole mononuclear complex
[Ru(bpy)2(L I1)]+ and the dinuclear pyrazyltriazole [Ru(bpy)2(L14)Ru(bpy)2]2+ in
neutral acetonitrile are shown infigure 5.21. From an examination of the CV of
these complexes it becomes evident that they are quite similar to the protected
analogues presented in chapter three and are lacking the complications
encountered in the CVs of the hydroquinone complexes (chapterfour). There are
no hydroquinone processes occurring prior to the metal oxidation in the anodic
region of the CV. However, unlike the dimethoxy analogues, there is an
additional process observable in the cathodic region of the CV prior to the
bipyridyl reduction processes (figure 5.21).  For example, in the CV of the
pyridyltriazole complex, a reversible metal (Run/Rum) redox couple is clearly
observable at 1.00 V vs SCE at a neutral pH value while three reduction processes
are presentat- 1.29 V, - 1.49 V, and - 1.76 V versus SCE (table 5.5). Similarly,
the pyrazyltriazole dinuclear complex exhibits well-resolved, uninhibited metal
processes at 1.12 V versus SCE and four reduction processes at - 1.23 V, - 1.48 V,
- 167 V and - 1.99 V versus SCE (table 5.5). Furthermore, the values obtained
for the metal redox processes differ from those reported previously for the
analogous methoxy complexes. For example, the metal redox potential for
[Ru(bpy)2(L3)]+was found to be 0.80 V while [Ru(bpy)2(LI1)]+ reported a metal
redox process at 1.00 V. The slight shift noted in the potentials is unsurprising

considering the loss of the strongly electron donating methoxy groups.[6l]
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Also, these oxidations are not anodically shifted to the high potentials noted for
the hydroquinone complexes For example, the metal oxidation occurred at
127 V versus SCE subsequent to the ligand processes in the hydroquinone
complex [Ru(bpy)(L7)]" This 1s an important observation as 1t was suggested 1n
the previous chapter that the metal oxidations were shifted to hagher potentials as a
result of a proton transfer related to the previous oxidation of the hydroquinone
moilety The fact that the metal processes in the quinone complexes are not as
anodically shifted as i the hydroquinone complexes 1s further evidence of the

occurrence of intermolecular proton transfer m the hydroquinone complexes

The reductions are perhaps the most ntriguing processes observed mn the CVs of
the complexes The most negative reductions, that 1s the final two reductions
observed 1n the pyndyltriazole complexes and the final three in the case of the
pyrazyltriazole complexes, may be assigned based on comparisons with simular
ruthentum bipynidyl complexes and the previous protected and deprotected
complexes For example, in the case of the pyndyltniazole complexes these final
two reductions 1n the cathodic region may be assigned as the two one-electron
reversible redox reactions of the bipyridine ligands ! Thus 1s also the case for the
mononuclear and dinuclear pyrazyltnazole complexes, however once again, due to
the electron accepting nature of the pyrazine ring, the pyrazyl moiety now has a
substantially lower z* orbital than bpy and hence, the second reduction observed
can be said to be pyrazine based while the last two reductions are bipyridine
centred P9 However, there 1s now a new irreversible cathodic wave present
prior to these reductions that was not present in the previous CVs of either the
protected or the hydroquinone complexes It 1s there suggested that this process 1s
as a result of the quinoid moiety This 1s a reasonable assumption not only due to
1ts absence m the voltammograms of the previous analogous complexes but also
based on comparisons with other quinone-containing complexes The quinone
complex reported by Lehn and co-workers, for example, shown n figure 5 4 has a
quimone reduction at - 044 V™! The ruthentum-qumone complex reported by
Schanze and Sauer (figure 5 3) also has an usual ruthemum processes (125 V
versus SCE 1n neutral acetorutnle) and the first bipyridyl reduction at— 1 35 V but

in addition an irreversible cathodic wave was also observed at— 045V
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They too associated thuis wave with the reduction of the quinone functional
group 2 Other authors also reported E% (Q/Q ~) = - 050 V measurements on
very simular quinones [77] While, the reduction of the free quinone was observed at
-~ 057 V versus SCE " Namazian also reported the density functional theory
(DFT) calculations of electrode potentials of quinones 1n acetomtrile He reported
a reduction process for benzoquinone at approximately - 123 V 7317}
Oppermann et al examined another ruthemum complex containing qumone
moieties (figure 5 6) The electrochemistry of this complex mcluded a Ru'/Ru™
process at + 126 V versus SCE while the qumone had a reduction at — 079 V
followed by the bipyridyl reduction at — 1 38 V P8 Gulyas et al also prepared and
studied a ruthemum complex contaimng a quinone moiety (figure 5 2) Once~
again, the metal centred couple of this complex bearing coordinated ruthenium
was observed at 0 90 V (in MeCN vs Fc™) and a first reductiona —090 V Once
again, they point out that this 1s at a sigmficantly more positive potential than for
metal complexes without qumone functionalities and hence, 1s likely to correspond

to the reduction of the benzoquinone moiety (15}

The status of the quinone wave 1s also noteworthy For example, qumone ligands
generally report a two-step le” reduction process 1n aprotic solvents 2 However,
this process 1s affected by the nature of the electrolyte Pletcher ef al % studied a
number of ruthenium quinone complexes and reported that for all of the quinones
and electrolytes that they examined there was significant interactions between the
cations of the electrolytes and the semiquinones (Q") (figure 5 22) For example,
this process can occur 1n two steps (- 1 21 V and — 1 19 V) 1n some electrolytes,
however, sometimes two separate waves are not observed for each reaction H!78]
This has been proposed to be attnbutable to wave broademing which could anse
from the overlapping of the two waves for the two reactions (figure 5 22)
However, 1t 1s also possible that the wave could be concealed under the first
bipyndy! process (1e the second reduction wave)  However, in some of the
electrolytes that Pletcher et al studied the quinones only showed a single
reduction wave corresponding to the Q/Q" couple 721 For example, Schanze et al
reported an ureversible quinone reduction and noted that this irreversibility was
due to the fact that the chemical reactions of the quinone radical anmion are

sigmificant on the timescale of the electrochemical experiment (28]
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-1.8 0.0
Potential / V vs. Ag|AgClI

Figure 5.23 Cyclic voltammograms of [Ru(bpy)AL13)Ru(bpy)Z2+(black line) in neutral
MeCN, [Ru(bpy)AHL13)Ru(bpy)4+red line) in MeCN with 1drop of HC104with
0.1 M TEAP in volts versus Ag|AgCl (scan rate 0.10 V / s).

Since, the electrochemistries of these complexes are also strongly affected by the
pH value of the system, electrochemical investigations in acidic acetonitrile were

undertaken.[31
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Hence, the cyclic voltammograms of [Ru(bpy)z(L13)Ru(bpy)2]2+ in both neutral
and acidic media are shown 1n figure 5 23 The addition of acid to these systems
leads to numerous complications m obtaining the CVs due to surface effects on the
electrode This 1s particularly evident 1n the cathodic region of the CVs in which
the reduction potentials are all but obliterated (figure 5 23) However, the metal
processes are still observable and an anodic shift in the metal redox potential of
each of the complexes 1s clearly evident For example, the metal redox potential
of [Ru(bpy)z(Ll3)Ru(bpy)2]2+ clearly shifts from 1 00 V versus SCE to 1 28 V
versus SCE (figure 5 23, table 5 5) upon acidification Thus 1s comparable to the
shift noted 1n the voltammograms of the protected complexes in which the metal
oxidation was seen to shift to between 300 mV and 400 mV upon protonation of
the triazole moiety(ies) However, no such anodic shift was noted in the
voltammograms of the hydroquinone complexes in which the metal oxidation in
each of the complexes does not alter significantly (circa 1 28 V versus SCE for
each of the hydroqumone complexes) upon the addition of acid (chapter four) As
the hydroquinone complexes differ only from these quinone complexes by the
presence of the hydroqumone moieties this 1s an important observation It 1s
perhaps further compelling evidence that the hydroqumone complexes are
protonated subsequent to the hydroquinone oxidations and therefore, via an
intermolecular proton transfer ansing from these oxidations as suggested

previously by Keyes and co-workers (631

Finally, the cyclic voltammograms of the dinuclear complexes must also be
scrutimsed further Figure 5 21 and figure 5 23 contain the cyclic voltammograms
of the dmuclear complexes From an examnation of these figures 1t may be seen
that the voltammograms of these dinuclear complexes differ hittle from their
mononuclear counterparts For example, in these CVs only a single 2e” redox
process 1s present 1n the anodic region of the voltammograms By comparison
with the mononuclear analogues this process can be associated with the metal
redox process For example, figure 5 23 depicts the CV of the dinuclear complex
[Ru(bpy)z(L13)Ru(bpy)2]2+ The metal process m this complex can be observed at
1 00 V versus SCE Its complement {[Ru(bpy),(L.11)]" 1s also shown n figure 5 21

and the metal process 1s clearly observable at 1 00 V
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Therefore, 1t appears that the properties of the dinuclear complexes are very
symular to those of their mononuclear counterparts This was also the behaviour
noted for the analogous dimethoxy and dihydroxy-containing complexes reported
in previous chapters and may indicate that each of the metal units 1n the dinuclear

complexes behaves 1n an independent manner

The dinuclear complexes depicted in figure 521 and 523 are hke the
mononuclear complexes in that the current-potential responses are the same shape
However, 1n the dinuclear they have a larger magnitude due to the presence of the
additional electroactive centre ' This fact that the metal processes appear as one
2e redox process that was not resolvable by coulometric methods, suggests that
there 1s weak mtermetallic communication in these dmuclear complexes
However, spectroelectrochemical measurements are presented in the following
section with the aim of investigating the assignment of the redox processes further

and also to analyse the degree of mtermetallic communication further
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5.6 Spectroelectrochemistry

In this section the spectroelectrochemical characteristics of the ruthenium-quinone
complexes are examined. This technique was utilised, as it is known to be an
excellent tool for the verification of the assignment of the order of the redox

processes explored in the previous section.

5.6.1 Absorption Spectroelectrochemistry

Chapter two contains the experimental methodologies employed during this
technique. In each case the measurements were preformed in neutral acetonitrile
with an Ag|AgCI reference electrode and the changes in the absorption spectra of
the complexes were hence, monitored as they underwent electrochemical

oxidation (figure 5.24 and 5.25).

Wavelength (nm)

Figure 5.24 Spectroelectrochemical analysis of [Ru(bpy)A LI 1)]+at 1.20 V
in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCI.

Figure 5.24 depicts the spectroelectrochemical analysis of the mononuclear
pyridyltriazole complex [Ru(bpy)2(LI 1)]+at 1.20 V versus Ag|AgCIl while figure
5.25 depicts the changes in the spectra of the mono- and dinuclear complexes

[Ru(bpy)2(L12)]+and [Ru(bpy)2(L14)Ru(bpy)2]2+ at 1.30 V versus Ag|AgCI.
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Electrochemical data in the previous section suggested that only the oxidation of
the metal centre(s) (Rull to Rull) occurred in the anodic region of the cyclic
voltammograms. This analysis seems reasonable from an examination of the
spectroelectrochemical data obtained. For example, figure 5.24 shows that as a
potential of 1.20 V versus Ag|AgCl is applied to this system there is a concomitant
loss of the MLCT accompanied by the appearance of a shoulder at circa 318 nm
due to the formation of the Ru(lll) species.[&] These changes are also

accompanied by a depletion of the intense n-n* ligand-based absorbances at circa

Wavelength (nm)

Figure 5.25 Spectroelectrochemical analysis of [Ru(bpy)AL14)Ru(bpy)22+ and (inset)
[Ru(bpy)2(L12)]+at 1.30 V in neutral acetonitrile with 0.1 M TEAP vs. Ag|AgCI.

This behaviour is reminiscent of the data obtained for the analogous methylated
complexes (section 3.3.5) and contrasts starkly with that obtained for the
hydroquinone-containing complexes (section 4.6). In the methylated analogues
the same loss of bands was noted upon application of an oxidising potential,
however, unlike in the case of these complexes there are no further ligand

processes occurring beyond the metal oxidations.
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There are also no complications in these quinone complexes arising from ligand
processes occurring prior to the metal processes as was the case for the
hydroquinone complexes (section 4.6) and hence, the changes in the spectra of
these complexes are associated only with metal oxidation processes. The changes
noted in the spectra of the mononuclear and dinuclear quinone complexes are also
comparable to those observed for the protected pyridyltriazole complex.
Therefore, it is clear that the oxidation of Ru(ll) to Ru(lll) is also occurring within
this anodic potential window. Furthermore, the changes noted in the spectra of
these complexes are clean and clear isobestic points are observable in all spectra
indicating that only one process is occurring (figure 5.24 andfigure 5.25). Once
again, this is reminiscent of the behaviour noted in the case of the methylated
analogues although without the added complications of the subsequent ligand

processes (section 3.3.5).

Wavelength (nm)

Figure 5.26 Spectroelectrochemical analysis of [Ru(bpy)AL13)Ru(bpy)22+ from 480 nm
to 2000 nm and (inset) LMCT in the 625 nm to 1100 nm region at 1.20 V in acetonitrile
with 0.1 MTEAPvs. Ag|AgCI.
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Spectroelectrochemical measurements n region 300 nm to 2200 nm were also
performed As potentials of 1 20 V for the pyndyltriazole complexes and 130 V
versus Ag|AgCl for the pyrazyltnazole were applied to the mononuclear
complexes the growth of an additional band 1s noted This band 1s centred at
approximately 850 nm and appears as the metal 1s oxidised This band 1s stmilar
to a band observed in the spectra of the dimethoxy and dihydroxy-containing
complexes By companson with these complexes and due to 1ts position and also,
since, 1t depletes once the potential 1s returned to 0 V this band may be associated
with the formation of a bpy(n) — Ru d(=), ligand-to-metal-charge-transfer (LMCT)

which arises due to the oxidation of the metal ¥

The position and intensity of thus LMCT transition 1s also worth examining further
in hght of the LMCT transitions obtained m the case of the analogous dimethoxy
and dihydroxy complexes For example, Nazeeruddin et al 831 examined the
effects of the hgand on the LMCT Therr findings indicated that the nature of
these moieties has a significant effect on this transition and they found that
replacement of a donor higand by a weaker donor or acceptor ligand caused a red
shift m the observed LMCT band In the case of the complexes presented 1n this
chapter a shift in the LMCT compared to the methylated analogues 1s noted For
example, the LMCT 1n the methylated complexes 1s centred at approximately
1200 nm 1n the spectrum while these quinone complexes have and LMCT 1n the
region of 850 nm When considered in the hight of the findings of Nazeeruddin ef
al ™ 1t 1s understandable as these quinone complexes are now acceptor ligands
while the methylated ligands contained in the complexes m chapter three are
relatively strong donor ligands They also found that the larger the c-donor
capacity of the hgand the more intense 1s the observed band and indeed, the
methylated complexes yielded a more intense LMCT transition (figure 3 29) than
the quinone complexes (figure 5 26) [83(84)

The dinuclear complexes were also analysed in this region of the spectrum and

figure 526  contamms  the spectroelectrochemical analysis  of
[Ru(bpy)z(L13)Ru(bpy)2]2+ at 1 20 V versus Ag|AgCl 1n neutra] acetomtrile
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The spectroelectrochemucal analyses of the dinuclear complexes 1s particularly
relevant as 1t 1s 1 this region that intervalence transition bands (IT) can occur in
muxed valence species and hence, provide an indication of the level of metal-metal
inter-communication ) From an examunation of figure 5 26 1t can be seen that
there 1s, indeed, the gradual appearance of a broad, weak band This band was
also noted 1n the spectra of the pyrazyltriazole dinuclear complex However, by
comparison with the mononuclear analogues this band, centred at approximately
850 nm, can be deemed to be LMCT 1n nature However, only solvent peaks are
present in the rest of the spectrum as the oxidation proceeds and no other
identifiable transitions were observed to appear in the 350 nm to 2200 nm region
of the spectra (figure 5 26) Hence, no IT bands or at least no detectable IT bands
were seen to form durning the course of the oxidation This 1s perhaps unsurprising
as 1t was suggested 1n the electrochemical data that there was a relatively small if

any electronic interaction present between the metal centres (section 5 5)

5 6 2 Luminescence Spectroelectrochemistry

Luminescence spectroelectrochemical analyses were also performed on these
guinone complexes and the data obtained from these measurements are presented
in this section The expenmental techmques utilised during these measurements
are outhined in depth m chapter two The changes in the emission spectra with
applied potentials versus AglAgCl in acetomtrile were monttored Figure 527
was obtained for the mononuclear pyrazyltnazole complex [Ru(bpy)2(L12)]" at
1 30 V versus AgjAgCl Thus figure 1s typical of the emission spectra obtained for
each of the quinone complexes presented within this chapter From the previous
luminescence section it was seen that the emission emanates from the lowest
excited state, which was deemed to be 3I\/iLCT in nature (section 53 4) The
initial emssion obtained at 0 V versus Ag|AgCl 1s represented in figure 5 27 by a

black line
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Figure 5.27 Luminescence spectroelectrochemical analysis of [Ru(bpy)2(L12)]+in

neutral acetonitrile with 0.1 M TEAP at 1.30 V vs. Ag|AgCl

The emission is observed to decrease upon the application of an oxidising
potential (figure 5.27). This is, once again, indicative of the fact that at the
potential applied the oxidation of the metal from Rull to Rulll occurs and mirrors
the behaviour noted for the emission measurements obtained for the methylated
counterparts (section 3.3.5). This process was found to be reversible and upon
returning the potential to 0 V versus Ag|AgCl the initial emission curve was
returned. This is also suggestive of the fact that there was only one process
occurring during the course of the application of an oxidising potential of 1.30 V
versus Ag|AgCl. Analogous data were also obtained for the pyridyltriazole
complexes in which an oxidising potential of 1.20 V versus Ag|AgCl also resulted
in the depletion of the emission associated with the oxidation of the metal

centre(s).
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It must also finally be noted that the data obtained for the dinuclear complexes,
once again, murror the behaviour observed for their analogous mononuclear
counterparts Hence, 1t 15, once again, suggestive of the fact that the metal centres

behave independently of each other

5.7 Conclusion

The synthesis, electrochemical and spectroscopic charactensation of the
complexes [Ru(bpy)2(L11)]", [Ru(bpy)2(L12)]", [Ru(bpy)a(L13)Ru(bpy).]** and
[Ru(bpy)z(L14)Ru(bpy)2]2+ which contain quinone moieties are presented in this
chapter These complexes represent the final group of compounds in the series of
complexes presented in this thests  They provide a basis for the understanding of
the processes occurring n the proceeding hydroquinone complexes n chapter
four The quinone complexes were synthesised utilising the analogous protected
complex presented in chapter three although their synthesis via the analogous
hydroquinone-containing complexes 1s just as viable The synthesis of these
quinone complexes was achieved utilising an aqueous solution of ceric ammonium
nitrate (CAN) under muld reaction conditions Formation of the desired complex
was verified via the loss of the -OMe peaks in the NMR spectrum of the
complexes accompanied by a concomutant shift in the protons associated with the
quinone motety IR analyses were also used 1 order to ensure that the desired

complexes were obtained

Computer generated DOS spectra provided theoretical evidence that the HOMO of
these complexes 1s strongly influenced by the metal centre while the quinone
ligand also contnbutes to a sigmificant degree The LUMO, however, 1s strongly
bipyndyl in nature This 1s an interesting observation as 1t 1s contrary to what was
observed for the hydroquinone complexes and reflects the subsequent
electrochemical measurements Absorption data were obtained which show that
the quinone complexes display similar behaviour to their methylated counterparts
However, there 1s a sigmificant shift in the energies of the MLCT of these
complexes compared to the protected analogues and a slight shift compared to the
dihydroxy analogues This shuft 15 associated with the replacement of one of the

ligand moteties with an acceptor quinone ligand
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Furthermore there was also an mdication m the absorption measurements that
there was httle 1f any intermetallic communication 1n the dinuclear complexes
[Ru(bpy)z(L13)Ru(bpy)]** and [Ru(bpy),(L14)Ru(bpy);]*" The lumnescence
measurements obtamned for the dinuclear complexes also supported this
supposition and the emission data for these complexes was also rermniscent of the
protected and hydroquinone analogues Protonation of these complexes also
displayed behaviour analogous to their protected analogues A decrease in the
emussion of the pyridyltriazole complexes 1s noted upon protonation This was
also murrored 1n the hfetrmes of these complexes, which also depleted sharply
upon the addition of acid due to the increased ability of the protonated complexes
to populate the MC  This phenomenon 1s not noted m the low temperature
lJuminescence or lifetime data, since, this 1s a thermally accessible level The
addition of acid to the pyndyltniazole complexes also suggested that, once again,

switching of the excited state of these complexes occurs upon protonation

The pKa data further confirmed the suggestion of switching of the excited state of
the pyrazyltnazole complexes upon protonation pKa* measurements also
confirmed that the excited state in the pyridyltniazole complexes 1s bipyrdyl based
upon protonation of the complex The acid-base properties of the quinone
complexes were comparable to those of the protected complexes and the drop 1n
the pKa value noted for the hydroquinone complexes was not observed for the
quinone compounds This pKa data, therefore, may provide further evidence of
hydrogen bridging n the hydroqumone complexes Electrochemical studies
yielded cyclic voltammograms, which were unhindered by higand processes 1n the
anodic region This 15 quite unlike the situation noted for the protected or
hydrogquinone complexes, which do exhibit figand redox processes n this region

The metal processes observed 1n this region of the CV, however, are comparable
to those witnessed n the CV of the methoxy complexes The cathodic region of
the spectrum was also similar to that of the protected and dihydroxy-contaimng
complexes 1n that simular pyrazine and bipyndyl processes were noted The
electrochemical data also provided further compelling evidence of intermolecular

proton transfer in the hydroqumone complexes
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The cathodic regions of the CVs of the quinone complexes were found to contain

an additional process associated with the reduction of the quinone moiety

Spectroelectrochem?cal analyses further supported the supposition that the
oxidation of the metal(s) occurs upon the application of an oxidising potential
These measurements also indicated, once again, that little or no intermetallic
communication existed within the dinuclear complexes as no observable IT bands
could be detected 1n the spectra of these complexes although there 1s a possibility
that these transitions are extremely weak for these complexes Finally the
luminescence spectroelectrochemical analyses also indicated that metal oxidation
occurs upon the application of an oxidising potential and the independent nature of
the metal centres in the dinuclear complexes 1s also re-established from the

electrochemical measurements
The following chapter (chapter six) contain some final remarks and conclusions

based on the observations made 1n the chapters three to five Some suggestions

for future work are also contained in this final chapter
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Chapter Six

Final Conclusions and Future Work

In this chapter the data obtained in the previous
chapters are considered as a whole Some final
remarks and conclusions based upon these
amalgamated considerations are also reported

along with some suggestions for future work
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6 1 Final Conclusions

In this thesis, the synthesis and characterisation of a number of mononuclear and
dinuclear ruthenium (II) bipyndyl complexes containing various triazole ligands 1s
described In hight of the experimental observations descnbed in the previous
three chapters a number of conclusions can be addressed which take nto account
the preceding observations as a whole These conclusions will be discussed under

the following headings

1 General observations

2 Electrochemically induced proton transfer
3 Intramolecular communication

4 Quenching of the excited state

5 Intramolecular hydrogen bonding

1 General observations

In chapter three the synthesis of a group of ligands containing pyrazyltnazole and
pyndylinazole ligands with dimethoxyphenyl groups 1s described These ligands
were then utilised 1n the preparation of mononuclear and dinuclear complexes and
the photophysical and electrochemical properties of these complexes was
investigated These complexes are characterised by the presence of strong —OCHj;
peaks 1n the 'H-NMR spectra In the case of the mononuclear complexes two
peaks are present, however, due to the highly symmetric nature of the dinuclear
complexes, these methoxy peaks appear as one entity (N The photophysical data
obtamned for these complexes shows that generally the complexes behave like
[Ru(bpy)s]**, however, the difference between the pyndyltriazole and the
pyrazyltriazole complexes also becomes apparent  Most notable of these
differences 1s the ability of the pyrazyltriazole complexes to “switch” excited
states from bipyridyl based to pyrazine based upon protonation ) Ths 1s further
substantiated by both the lifetime and pH data These dimethoxy containing
complexes were then used as precursor complexes m the synthesis of the

subsequent hydroquinone complexes
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These complexes are analogous to the dimethoxy complexes, however, dihydroxy
groups are now present m place of the dimethoxy moieties The methoxy
complexes were demethylated using BBr;3 to yield the subsequent hydroquinone
complexes ] The 'H-NMR spectra of these complexes are characterised by the
lack of —OCHj; peaks and the appearance of broad -OH peaks The photophysical
data obtamed for these complexes are comparable to that of the protected
analogues with the exception that an extra band 1s present 1n the absorption spectra
and 1t was suggested that this 1s associated with the hydroqumone moieties [+-61 A
similar “switching” of the excited state 1s, once again, noted for the pyrazyltriazole

complexes ™ This phenomenon 1s also substantiated by the pH data

A final group of complexes were also synthesised from the protected analogues

These complexes are similar to the dimethoxy analogues with the exception that
the dimethoxy phenyl group has been replaced by a benzoquinone moiety The
synthesis of these complexes was achieved under mld conditions using CAN

These complexes are characterised by the absence of either ~OCH; or ~OH peaks
and a shifing of the protons associated with the phenyl moiety 1n the "H-NMR
spectra [ A band associated with the C=0 moiety was also observed m the IR
spectra of these complexes The photophysical data obtained for these complexes
are comparable to that of the protected complexes, however, the MLCT of these
complexes were observed to shift to lower energies due to the presence of the
quinone moieties The pyrazyltriazole complexes also display a “switching” of
the excited state upon protonation, a fact substantiated by both the lifetime and pH

measurements 2]

2 Electrochemucally induced proton transfer

It has been suggested previously that these hydroqumone-contaiming complexes
display a reversible, electrochemicaily induced proton transfer reaction, which
occurs from the hydroquinone group to the attached tnazole ring (scheme 4 1) 4
The posstbility that this proton transfer process 1s occurring 1n the hydroquinone
complexes presented 1n this thesis, s also suggested by the experimental data For

example, the electrochemical data for each group of complexes provides strong

evidence of this phenomenon
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In chapter three 1t was noted that the Ru'/Ru™ oxidation processes occurred prior
to those of the ligand moleties  Conversely, the metal oxidations in the
hydroqumone complexes are observed to occur subsequent to the ligand
oxidations The computational calculations had already suggested that this would
be observed for these complexes Furthermore, these metal processes are
anodically shifted compared to the dimethoxy complexes The metal processes in
the hydroquinone complexes are now observed to occur at approximately the same
potential as the protonated dimethoxy complexes Upon addition of acid to the
hydroquimone complexes, no shift was observed in the redox potential of the metal
processes In the electrochemistry of the quinone complexes, the metal
oxidations, which are not complicated by ligand processes as these are now
observed n the cathodic region of the CV, are also observed to shift anodically
compared to the protected analogues However, these processes are not shifted to
potentials as high as those noted for the hydroquinone complexes Also, addition
of acid to these complexes yields a shift in the redox potential of the metal(s)
These data, therefore, seem to indicate that proton transfer s occurnng in the

hydroquinone complexes 4

The most compelling evidence for the occurrence of this proton transfer comes
from an examnation of the spectroelectrochemical data obtained for the
complexes In the case of the dumethoxy complexes the spectroelectrochemical
data confirms that the metal oxidation(s) occur prior to the ligand processes
Similarly, the spectroelectrochemical data obtamned for the hydroquinone
complexes shows that the ligand-based oxidations are occurring prior to those of
the metals However, the tnazole ning(s) are also observed to become
“protonated” as the oxidation of the ligand moieties progresses
Spectroelectrochemical analysis of the quinone complexes also confirmed that, at
anodic potentials, oxidation of the metal(s) occurs During the course of the
quinone nvestigations no such protonation was observed to occur Furthermore,
the emussion spectroelectrochemical data obtamned for the hydroquinone
complexes also confirms that, as the ligand groups are oxidised, protonation of the

complexes occurs This 1s not observed for the dimethoxy or quinone complexes

233



Final Conclusions & Future Work Chapter Six

These data, when considered as a whole, therefore, provide compelling evidence
for the occurrence of electrochemically induced proton transfer from the
hydroqumone group to the triazole moiety m both the pyridyltriazole and

pyrazyltriazole mononuclear and dinuclear hydroqumone complexes

3 Intramolecular communication

In chapter three dinuclear pyndyltnazole and pyrazyltniazole complexes
containing dimethoxyphenyl moieties were prepared The photophysical data
obtained for these complexes shows that these dinuclear complexes have centres
that behave independently of each other and the data obtained for these complexes
are, therefore, stmilar to those obtained for their mononuclear counterparts The
electrochemical measurements performed on these complexes also show a single
bielectronic wave, associated with the simultaneous oxidation of the metal centres
NB) Thys, therefore, suggests that intramolecular communication in these dinuclear
complexes 1s weak M) In the case of the pyridyltriazole dinuclear complex,
spectroelectrochemical measurements yielded an IT band which aided m
classifying this complex as class II with a weak metal-metal interaction (81053
Unfortunately, no such data are obtainable for the pyrazyltriazole complex and
therefore, the status of the intramolecular communication cannot be confirmed
further at this point However, on the basis of the electrochemical measurements,
1t may be suggested that these complexes are either class II complexes with weak
intramolecular commumcation or perhaps class I, with no metal-metal
communmcation ) A more comprehensive ndication of the degree of
intramolecular communication could be facilitated via the synthesis of the mixed-
metal analogues and this possibility 1s explored further in the following section

{(section 6 2)

Replacement of the dimethoxy groups by hydroquinone mozeties did not alter the
intramolecular communication greatly In the case of the hydroqumone dinuclear
complexes, a single bielectronic wave 1s observed 1n the cathodic region of the
CVs The metal centres 1n these complexes also appear to behave independently
of one another and the photophysical data obtained for the dinuc¢lear complexes

are comparable to that obtained for their mononuclear counterparts
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Spectroelectrochemical measurements yielded no observable IT bands i the
spectra of either the pynidyltniazole or pyrazyltnazole dmnuclear complexes and
therefore, the degree 1n intramolecular commumnication present in these complexes
cannot be further classified at present However, 1t 1s possible that these
complexes are either class II with weak metal-metal interactions or class I with no
mntramolecular communication % [t would, therefore, be of interest to
demethylate the mixed metal dinuclear protected analogues, as suggested
previously These complexes may then aid 1n the elucidation of the degree of

itramolecular communication n the hydroquinone complexes

The quinone dmuclear complexes also displayed photophysical charactenstics
similar to those of their mononuclear analogues The CVs of these complexes
depicted a single bielectronic wave associated with the 2¢” oxidation of the metal
centres On the basis of these data the degree of metal-metal communication m
these quinone complexes 1s also deemed to be, at best, weak However, a lack of
observable IT bands for the pyndyltnazole and pyrazyltnazole dmuclear
complexes means that the degree of communication cannot be classified further
On the basis of these data, therefore, it appears as 1f these qumone complexes are
also erther class I or class II 1n nature However, if the mixed metal analogues of
these complexes were to be synthesised intramolecular communication could be

examined further (section 6 2)

Overall, therefore, the pyridyltriazole dimethoxy dinuclear complex 1s a class II
complex while 1t appears that metal-metal interaction in the rest of the dinuclear
complexes 1s at best weak or possible not present at all Changing the nature of
the phenyl group appears to mvoke httle change 1n the degree of intramolecular

communication in these complexes
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4 Quenching of the excited state

It was hoped that the presence of the anionic triazole-bndging group in these
complexes would evoke interesting charactenistic due to the fact that the donor
group 1s linked to a bridging hgand, which 1s not involved m the luminescent
SMLCT state and 1s also negatively charged This could, therefore, facilitate a
longer-lived charge separated state In previous studies, in which an aniomc linker
was not included, 1t was found that quinones are excellent quenchers of the excited
state 1% Hydroquinones were also found to effect the lifetime of the excited state
in previous studies Y The hydroqumone complexes contained n this thesis,
however, are not observed to quench the excited state when the lifetimes of these
complexes were compared to those obtained for the dimethoxy analogues This 1s
also the case for previously reported catechol complexes containing triazole
bridges !

Furthermore, there is no observable quenching of the excited state noted for the
quinone-containing complexes compared to the dimethoxy analogues Single
photon counting techniques venfied this observation This 1s an interesting
observation as it suggests that the negatively charge triazole bridge can stop
quenching of the excited state by the quinone moieties Fanm et a/ made a similar
observation previously They prepared a ruthemum complex mm which a
phenothiazine group was attached to ruthenium via a negatively charged triazole
group (figure 5 8) These workers found that the presence of the triazole nng in
the bridging higand could effectively mediate electron-transfer processes, as the
excited state was not as efficiently quenched, as was the case for the analogous

complexes, which did not contain a tnazole moiety 121

It 1s, therefore, possible to conclude that the presence of the negatively charged
tnazole ring n the bridging ligand of the complexes presented 1n thus thesis plays
a significant role in controlling the mnteraction between the excited state and the

quenching moiety
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5 Intramolecular Hydrogen Bonding

Although the presence of intramolecular hydrogen bonding m these complexes
cannot be venified without X-ray crystallographic data, which was unfortunately
not obtained for the hydroqumone or qumnone-containing complexes, some of the
data obtained for these complexes does justify the suggestion that intramolecular
hydrogen bonding may be present in the hydroquinone complexes The pH data
provides the most compelling evidence for this phenomenon The ground-state
data obtained for the hydroquinone complexes suggested that they were
considerably more acidic than their dimethoxy analogues One of the reasons for
this 1s the presence of hydrogen bnidging between the hydroqumone and the
tniazole Furthermore, the pH data obtained for the quinone complexes were not
more acidic than their protected analogues Ths, therefore, suggests that the cause
of the increased acidity in the hydroquinone complexes is associated with the
hydroquinone moieties Also, 1t 1s not just the presence of the hydroqumone
moieties that results 1n this increase 1n the ground state pKa value as the analogous
catecholate complex does not display a sumilar increase in the acidity of the
ground state B! It 1s, therefore, justified to suggest that this occurs as a result of

hydrogen bridging between the hydroquinone and the adjacent triazole ring

6.2 Future Work

The series of complexes containing dimethoxy, hydroqumone and quinone
moieties have been examined in this thesis and a number of interesting
conclusions have been reached as a result of the analysis of their photophysical
and electrochemical propertiecs  However, additional work could now be
conducted on these complexes to support the conclusions made 1n secfion 6 I For
instance, 1t would be helpful to obtain the X-ray crystal structure for both the
quinone and the hydroquinone complexes This could confirm the presence of
hydrogen bonding in the hydroquinone complexes  Transient absorption studies
could also be undertaken 1n order to further examine the process of photoinduced

proton transfer that occurs within the hydroquinone complexes
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Furthermore, as the mononuclear and dinuclear complexes described within this
thesis have proved to have interesting charactenstics, these could be further
utihised For example, 1t may be of interest to synthesis the osmium analogues of
the complexes discussed 1n this thesis in order investigate the effect that this metal
evokes within these complexes prior to the preparation of the heterodinuclear
analogues The hgands, utilised in the preparation of the dinuclear complexes
discussed 1n this thesis, could then be used to produce a vast quantity of mixed
metal complexes These complexes could aid in elucidating the degree of metal-
metal communication present in these complexes, since, the ruthenium-osmium

complexes display two separate oxidation waves for the metal centres

A number of authors have prepared the hetrodinuclear ruthemum-osmium
analogues of homonuclear ruthemum-ruthenium complexes 1n order to elucidate
the degree of mtramolecular communication Weldon et al prepared both homo-
and heteronuclear ruthenium and osmrum polypyndyl complexes containing the

following bridging higands (figure 6 1)

QHYQY

|

Figure 6 I Bridging ligands utilised by Weldon et al 1n the synthesis of mixed-metal

ruthenium-osmium complexes (131

The homodinuclear ruthenium complexes were also prepared and these complexes
show a single two-electron redox wave without any evidence of splitting U4 Thys
1s indicative of, at best, a weak interaction between the two metal centers in the
ground state This suggestion was substantiated by spectroelectrochemical

measurements (4]
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The fact that the oxidation potentials of the Os(II) and Ru(Il) centers i their
respecttve mononuclear and dinuclear complexes are 1dentical, within
experimental uncertainty, 1S 1n agreement with their observation (3] These
heterodmuclear complexes, therefore, showed excited state interactions and
confirmed that intramolecular communication across this tnazole bridging ligand
1s weak A similar approach could be taken for the dinuclear complexes contained
in this thests Appendix C contans the synthesis of the ruthenium mononuclear

complexes that could act as precursor complexes for mixed-metal synthesis

The possibility of introducing bipyridyl moieties within these metal umits
contamning groups, which bind to surfaces, 1s also a further possibility Once again,
both the hydroquinone and quinone versions could also be obtained For example,
Vos and co-workers prepared mononuclear, homodinuclear and heterodinuclear
ruthemium and osmium complexes mm which the bipyridyl moteties contained
pendant dicarboxylate groups (4113} These groups facilitated 1n the adsorption of
the dyes complexes onto nanostructured TiO; and ZnO surfaces These dye-
sensitized nanostructured film electrodes were then investigated for their potential

use 1n solar cells 411
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Appendix A

Additional NMR Data

This appendix contains additional NMR data
pertaiming to the mono- and dinuclear
ruthemmum (II) complexes with pyridyl- or
pyrazyl-1,2,4-triazole and dimethoxy-,
dihydroxy- or quinone moieties that were not

already presented in the main body of this thesis
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A .l Introduction

In the following sections the NMR data for the complexes contained in this thesis,
which are not included in any of the preceding chapters, have been provided. The
experimental details for this NMR data can be found in chapter two. In the case of

each of the ligands the NMR data was obtained in d6-dimethyl sulphoxide while the

complexes were run in dg-acetonitrile.

A.2 NMR Spectra

86 85 8.4 8.3 8.2 81 80 79 7.8 7.7 76 75 7.4 7.3

Figure A.1 ‘H-NMR spectra of the ligands (a) HL1 and (b) HL3 measured in di-
dimethyl sulphoxide (chemical shifts / ppm vs Me4Si)
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Figure A.2 COSY spectrum of the ligand HL3 measured in d™-dimethyl sulphoxide
(chemical shifts / ppm vs Me4Si)
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Figure A3 “-NMR spectrum of the ligand HL4 measured in d6-dimethyl
sulphoxide (chemical shifts / ppm vs Me4Si)
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Figure A.4 ‘H-NMR spectrum of the ligand H2L4 measured in d6-dimethyl
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Figure A.5 IH-NMR spectrum of the ligand H2L4 measured in d6-dimethyl
sulphoxide (chemical shifts / ppm vs Me4Si)

Appendix A

[13 I_
3.5

7.4



Additional NMR Data

Appendix A

A.2.2 NMR Spectra of Complexes
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Figure A.6 H-NMR spectrum of [Ru(bpy)2CI2] measured in d8acetonitrile
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Figure A. 7 COSY Spectrum of [Ru(bpy)2(L3)]+measured in d8-acetonitrile

(chemical shifts / ppm vs Me4Si)
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Figure A.8 ~-NMR spectra of (a) [Ru(bpy)2(L13) Ru(bpy)2]2+
and (b) [Ru(bpy)z(Ls)Ru(bpy):2]2+in ds-acetonitrile
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Figure A.9 ~-NMR spectraof (a) [Ru(bpy)z2(Ls)]+
and (b) [Ru(bpy):2(Ls)]+with 1drop of D20 in ds-acetonitrile
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Figure A.10 *H-NMR spectra of (a) [Ru(bpy)z(L1o )Ru(bpy)2]2+
and (b) [Ru(bpy)2(L10)Ru(bpy)2]2+with 1 drop of D20 in ds-acetonitrile
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Figure A.11 ~-NMR spectrum of the complex [Ru(bpy)z2(L12)]+n ds-acetonitrile
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Figure A.12 ~"-NMR spectra of (a) [Ru(bpy)2(L6)Ru(bpy)2]2+and (b)
[Ru(bpy)2(L14)Ru(bpy)2]2+ in d8-acetonitrile (chemical shifts / ppm vs Me4Si)
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A.2.3 NMR Spectra of Deuterated Complexes
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Figure A.13 '"H-NMR spectra of (a) [Ru(bpy)2(L18)]+and (c) [Ru(bpy)2(L17)]+in

ds-acetonitrile
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A.2.4 NMR Data ofMononuclear Complexes from appendix C
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Figure A.14 IH-NMR spectra of (a) [Ru(bpy)2(L15)]+and (c)

[Ru(bpy)2(L16)]+in ds-acetonitrile
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Additional Electrochemical Data

This appendix contains additional
electrochemical ~measurements that were
preformed on each genre of complex presented
in this thesis These studies were undertaken in
order to ascertain the optimum experimental
conditions achievable for these measurements by
exploring the roles of the solvent environment
and the working electrode on the cyclic
voltammograms of the ruthenium (Il) complexes

presented n this thesis
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B.1 Introduction

In order to identify the optimal solvent environs and working electrode and to
ensure the accuracy and reproducibility of the electrochemical measurements
provided m this thesis, detailed electrochemical studies were undertaken A
variety of solvents were ivestigated in conjunction with different working
electrodes over the entire range of complexes presented 1n this thesis Hence, the

most favourable solvent conditions and the most versatile working electrode were

identified

The choice of solvent 1n an electrochemical investigation 1s usually dictated by
circumstances For example, the electrochemical techmique used to study a
solvent-solute system 1s generally one that has been studied already (J Therefore,
in order for results to be comparable, a particular experimental regime 1s generally
adhered to This 1s important for a number of reasons the most important of which
1s the ability to compare one system with that of another previously reported For
example, generally the ruthemum bipyndyl systems studied to date reported
electrochemical measurements\m acetorutrile with a glassy carbon electrode !
However, 1t 1s useful to examine other experimental environs 1n order to establish
with confidence that the processes being reported do not arise merely as a result of

solvent interactions or reactions which take place at the surface of a particular

electrode

The choice of solvent 1s particularly system dependent For example, mutual
solubility of the solvent and solute, availabihity, cost of solvent, ease of
purification, toxicity and general ease of handling are all-important factors when
choosing a solvent system The voltage himits of a solvent, which define the
“window” of accessible electronic energy levels available for electron-transfer
processes, must also be considered ! Although solvents may have mtrinsic limts
on the basis of their oxidation-reduction properties, the practical working himits
depend also on the nature of the working electrode materal and the composition
of the supporting electrolyte In practical terms the voltage limits are a system
property !l For example, DMF and acetonitrile have high diclectnc constants (¢ =

36 7 and 30, respectively)
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When possible a solvent with a substantial dielectric constant should be used in
electrochemical work to minimise the solution resistance. This will minimise
ohmic losses and diminish the problem of potential-control errors. Acetonitrile is
resistant also to both oxidation and reduction and is, therefore, considered to be an
excellent solvent for many compounds. In general the voltage range for DMF
attained in reductions is comparable to acetonitrile but DMF is less suitable for the

study of oxidations.

The choice of working electrode in these solvents is also system dependent.
However, generally for an electrode to be useful well into the negative potential
region, it must have a low exchange current density and high overpotential for the
reduction of hydronium ions. On the positive side, the potential range will be
limited by oxidation of supporting electrolyte or solvent, by oxidation of the
electrode material to form soluble metal ions or metal oxides, or by formation of
molecular and chemiabsorbed oxygen in water or other oxygen-containing
solvents. Absolute values of the electrode potential for different solvent
systems cannot be directly compared, however, because they are often referred to
different reference electrodes and because of the uncertainty of junction potentials
between different solvent systems. Traditionally platinum electrodes have been

the electrodes of choice for the electrochemist.

Both platinum and gold are the most commonly used metallic solid electrodes as
these metals are readily obtained in high purity and they are resistant, but not
totally inert, to oxidation.Platinum also has an extremely small overpotential
for hydrogen evolution, however, it adsorbs hydrogen readily and it is, therefore,
not the most useful material for the study of cathodic processes. Gold on the other
hand, has a significantly larger overpotential than platinum for hydrogen evolution
and it does not appreciably adsorb hydrogen. It is, therefore, the metal of choice
for the study of cathodic processes. Furthermore, in aprotic solvents platinum
shows a positive limit that is larger than any of the other commonly used electrode
materials although gold is almost as good. [Z The voltage limits for platinum in
acetonitrile with TEAP is 4 2.2 to - 1.5V and in DMF and TEAP are from f 2 to
-1.5 V.
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The used of vitreous or glassy carbon as an electrode material was first suggested
1n 1962 PN [t has numerous advantages over the traditionally favoured platinum
It has a lower cost, 1t can be pre-treatment by polishing, ;.nd 1t has a larger
overpotential for production of hydrogen and dissolved oxygen with increased
reversibility for several redox couples Furthermore, surfaces that were examined
by techmques, such as, infrared spectroscopy and scanning electron microscopy
indicate that the glassy carbon electrode has a negligible concentration of surface
acid-base groups and comes closest to an 1deal 1nert redox electrode However, 1t
has the tendency for surface rougheming as a result of recrystallisation at hgh

current densities, which does not occur m platinum {112

Effects ansing from the nature of the electrode surface frequently complicate
electrochemical investigations using solid electrodes ' An electrode surface that
15 not clean will usually manifest itself 1n a voltage-sweep experiment to give a
decrease in the peak current and a shift in the peak potential (1 Therefore, prior to
these measurements and exhaustive pre-treatment regime was adopted Various
pre-treatment methods have been employed to clean or “activate” the surface of
electrodes with the mtention of enhancing the reversibility of the reaction !
Generally this procedure begins with polishing which removes adsorbed materials
that inhibit electron transfer The surface of a platinum or gold electrode may also
be cleaned with mitric acid 1n order to r:emove surface detritus Pre-treatment may
also mvolve altering the microstructure of the electrode surface ! For example, a
number of studies have shown how pre-treatment of a glassy carbon electrode can
have dramatic effects on the CVs obtamned "> Cabamiss et al for example, have
developed a pre-treatment method to create surface chemical sites at carbon
electrode surfaces, which would have the characteristics needed to provide a basis
for proton-coupled electron transfer pathways M This technique has been
particularly useful for the measurement of the hydroquinone complexes contained
In chapter four of this thesis Finally, since, atmospheric oxygen can create
artefacts 1n the cathodic region of the spectra a purging of the solution and cell
with a flow of inert gas proved entirely satisfactory, as 1t 1s capable of reducing the

oxygen concentration in the cell atmosphere by between 20 and 200 ppm o



Additional Electrochemical Data Appendix B

The following sections, therefore, contain the results obtained for the range of
complexes contained in this thesis under a variety of expenmental conditions
Numerous solvents were examined 1n conjunction with a platinum, glassy carbon
and a gold electrode and hence, the optimal bespoke experimental method
applicable for these systems, based on an overall consideration of these findings,

were chosen

B.2 Experimental Methodology

The cyclic voltammograms of the dimethoxyphenyl, dihydroxyphenyl and
quinone-containng complexes are presented in this section n various solvents and
with different working electrodes The experimental parameters employed during
these measurements are contamned 1n chapter two  Prior to each of these
measurements the electrodes were submitted to an extensive polishing regime and
three varymng grades of alumina were used followed by sonication to remove the
grans of polish Each of the electrodes was also cychsed 1 0 2 M H,SO4 between
— 02 V and 18 V, washed in water and allowed to air dry In the case of the
hydroqumone-containing complexes, the electrodes were held at a potential of
18 Vin 02 M H,SO4 for two minutes, m order to anodise the electrodes This
step was not preformed on either the dimethoxyphenyl or quinone-containing
complexes, as 1t did not enhance the quality of the cyclic voltammograms
obtained For each measurement only dry spectrochemical grade solvents were
used and all measurements were carried out under a blanket of nitrogen 1n order to

negate interferences from atmospheric oxygen

B.3 Results and Discussion

Electrochemical analyses of this protected group of complexes were carried out 1n
acetone, acetomtrile, dichloromethane, THF and ethanol Three different working
electrodes were also used during these studies — glassy carbon, gold and platinum
In this section the electrochemical behaviour of these dimethoxy complexes under
different experimental conditions are presented As stated in the introduction the
mutual solubility of the solvent and solute are of paramount importance when

considering which solvent to use to obtain a measurement
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Table B. 1, therefore, contains the data relating to the degree of solubility exhibited

by each type of complex contained in this thesis.

Table BA Solubility data obtained for the complexes in a

range of solvents at room temperature.

Solvent Dimethoxy Dihydroxy Quinone
Acetone Quite Soluble Soluble Slight Solubility
Acetonitrile Soluble Soluble Soluble
Ethanol Not Soluble Slight Solubility Slight Solubility
Dichloromethane Soluble Soluble Slight Solubility
THF Not Soluble Not Soluble Not Soluble

From an examination of the above table it can be seen that in the range of solvents
examined there were various degrees of solubility observed. For example, THF is
clearly not a viable solvent for these systems and the following data for each genre
of complex do not contain CVs generated in this solvent. The following sections,
however, contain data generated in most of the other solvents when a sufficient

degree of solubility could be achieved in order to generate a CV.

B.3A Dimethoxyphenyl Complexes

From an examination of the above table (table BA) it can be seen that these
complexes were not soluble in a number of the solvents examined. It was
therefore, not possible to obtain the cyclic voltammograms of these complexes in
these solvents. However, the following figures contain the cyclic voltammograms
that were obtainable in acetone with a glassy carbon, a gold and a platinum
electrode. Figure B.1 shows the cyclic voltammogram of the protected dinuclear
ruthenium complex containing a dimethoxyphenyl moiety. From an examination
of this CV, which was obtained, using a glassy carbon-working electrode in
acetone it is apparent that the cathodic region of the CV is sufficiently well
resolved while the anodic region is less clear. The use of acetone in these
measurements had a number of limitations. For example, acetone readily absorbs
water and this resulted in a broadening of the spectra and may account for the loss

of clear processes in the anodic region.
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Figure B.l Cyclic voltammogram of [Ru(bpy)2L5)Ru(bpy)2]2+ with a glassy carbon
working electrode in acetone and 0.1 M TEAP in Volt versus Ag|AgCl (scan rate 0.10 V' / s)

Current Density / Arbitrary Units

-2 0
Potential (V) vs. Ag|AgCl

Figure B.2 Cyclic voltammogram of [Ru(bpy)L5)Ru(bpy)22+ with a gold working
electrode in acetone and 0.1 M TEAP in Volt versus Ag|AgCl (scan rate 0.10 V / s)
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Potential (V) vs. Ag|AgCl

Figure B.3 Cyclic voltammogram of [Ru(bpy)2L5)Ru(bpy)Z2+ with a platinum
working electrode in acetone and 0.1 M TEAP in Volt vs Ag|AgCI (scan rate 0.10 V' / s)

The measurements were repeated in a similar manner with a gold electrode.
Figure B.2 contains the CV of this complex and once again, it can be seen that the
in this solvent utilising a gold electrode the redox processes are not clearly
resolved. This may be related to the tendency for gold to interact very well with
each component in solution as well. Furthermore, as the complex examined was
not completely soluble in this solvent this would exasperate the problem. Finally
figure B.3 was obtained with a platinum electrode in acetone. Again this data are
not well resolved and both the cathodic and anodic redox processes are unclear.
Overall, therefore, the solubility in acetone for these complexes proved to be of an
insufficient degree to allow the production of clear cyclic voltammograms.
Furthermore, since, acetone has a low boiling point it proved difficult to maintain
the samples under a flow of nitrogen or to degas the samples for long periods prior
to reduction analyses, as this simply evaporated the solvent. The following set of
electrochemical data was, hence, obtained in acetonitrile in which these dimethoxy

complexes were found to display excellent solubility.
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0
Potential (V) vs. Ag|AgCI

Figure B.4 Cyclic voltammogram of [Ru(bpy)L5)Ru(bpy)J2+ with a gold working
electrode in acetonitrile and 0.1 M TEAP in Volt versus Ag|AgClI (scan rate 0.10 VV / s)

Potential (V) vs. Ag|AgCl

Figure B.5 Cyclic voltammogram of [Ru(bpy)2L5)Ru(bpy)2Z]2+ with a Pt working
electrode in acetonitrile and 0.1 M TEAP in Volt vs Ag|AgCl (scan rate 0.10 VV / 3)
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The cyclic voltammograms of these complexes, which were obtained with a glassy
carbon electrode 1n acetonitrile, are depicted in figure 3 26 1n chapter three In the
above measurements acetonitrile proved to be a viable solvent and did not hinder
attainment of the CVs with any of the working electrodes From an examination
of figure B 4, that was obtained using a gold electrode, 1t can be seen that the CV
of the dinuclear dimethoxyphenyl complex 1s of satisfactory quality in both anodic
and cathodic regions However, the cathodic region of the CV 1s somewhat better
resolved than that of the anodic region 1n which the ligand process, which occur

subsequent to the metal oxidation (Ru"/Ru™), are not clearly evident

This 1s not surprising as pointed out n the mtroductory section this electrode 1s not
traditionally the electrode of choice for the anodic region but demonstrates
excellent behaviour i the cathodic region @ The reverse 1s generally true for
platinum and this 1s demonstrated well m figure B 5 In this CV the anodic region
depicts clear, well defined redox processes while the cathodic region contains
indistinct processes In contrast the CV of this complex, which was obtained with
a glassy carbon electrode, (figure 3 26) has clear and well-defined redox process
in both the anodic and cathodic regions of the voltammogram in this solvent
Furthermore, this solvent proved to be a more practical choice than that of acetone
as 1ts increased boiling point (81 - 82° C) allowed for purging prior to reduction
measurements without appreciable loss of the solution Further CVs were then
obtained m dichloromethane with the vanous working electrodes and the
following CVs depict the measurements obtamned for the dimethoxy-containing
mononuclear ruthentum complex [Ru(bpy),(L.3)]” These methoxylated complexes
were found to be of sufficient solubility in DCM to enable the electrochemucal
data to be generated Figure B 6 contans the CV of [Ru(bpy)(L3)]" in
dichloromethane with a glassy carbon electrode The CV of this complex shows
clear and well-resolved oxidations of the metal prior to the ligand oxidations 1n the
anodic regton, however, in the cathodic region, the reduction processes are not so
unambiguous and indeed, the separate bipyridyl reductions, which are expected in
this region, now appear as a single process In fact a ssmilar behaviour was noted
in the cathodic region of each of the CVs obtamned in DCM and hence, can be

associated with processes occurring due to the presence of this solvent
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% 0

Potential (V) vs. Ag|AgCl
Figure B.6 Cyclic voltammogram of [Ru(bpy)2L3)]+ with a glassy carbon working

electrode in dichloromethane and 0.1 M TEAP in Volt vs Ag|AgCI (scan rate 0.10 V / s)

-2 0
Potential (V) vs. Ag|AgClI

Figure B. 7 Cyclic voltammogram of [Ru(bpy)L3)]+ with a gold working electrode in
dichloromethane and 0.1 M TEAP in Volt vs Ag|AgClI (scan rate 0.10 V / s)
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Potential (V) vs. Ag|AgCl

Figure B.8 Cyclic voltammogram of [Ru(bpy)2L3)]+ with a platinum working
electrode in dichloromethane and 0.1 M TEAP in Volt vs Ag|AgClI (scan rate 0.10 V / s)

In figure B.7 the CV of this complexes was, once again, obtained in
dichloromethane in which a gold electrode has now replaced the glassy carbon-
working electrode. Again there is clear resolution of the oxidation processes in
the anodic region while the cathodic region again depicts the reductions of the
bipyridyl moieties as one single entity. A similar situation was noted in the case
of the CVs obtained with a platinum-working electrode (figure B.8) while the
anodic region is satisfactory; the cathodic region is not sufficiently resolved.
Again this can be attributed to the use of dichloromethane within these systems
and it appears as if this is not a viable solvent overall for use in the measurement
of these complexes. No other solvents proved adequate for the measurement of
this group of compounds and hence, no further CVs could be generated for these
complexes (table B.1). The following section contains the cyclic voltammogram

measurements obtained for the hydroquinone complexes.
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B.3.2 Dihydroxyphenyl Complexes

Electrochemical analyses of the dihydroxy-containing complexes were also
performed in a range of solvents and a variety of working electrodes. Once again,
these complexes were found to either be poorly soluble or not soluble in a number
of the solvents chosen (table B.l). However, the following section contains the
cyclic voltammograms that were obtainable in a number of different solvent

environs.

0
Potential (V) vs. Ag|AgClI

Figure B.9 Cyclic voltammogram of [Ru(bpy)2L8)]+ with a glassy carbon working
electrode in acetone and 0.1 M TEAP in Volt vs Ag|AgCI (scan rate 0.10 V / s).

Figure B.9 contains the CV of the pyrazyltriazole complex [Ru(bpy)2(L8)]+ in
acetone with a glassy carbon electrode. It can be seen that compared to the
methoxylated analogues, these hydroquinone-containing complexes have an
increased solubility in this solvent and this is apparent in the CVs obtained (figure
B.9 compared to figure B.l). There is, therefore, an increased resolution of both
the anodic and cathodic process in the CV obtained for these complexes with a

glassy carbon electrode (figure B.9).
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Potential (V) vs. Ag|AgCl

Figure B.10 Cyclic voltammogram of [Ru(bpy)2L8)]+ with a gold working electrode in
acetone and 0.1 M TEAP in Volt vs Ag|AgCI (scan rate 0.10 V / s).

Potential (V) vs. Ag|AgCl
Figure BA1 Cyclic voltammogram of [Ru(bpy)ZL8)]+ with a platinum working

electrode in acetone and 0.1 M TEAP in Volt vs Ag|AgClI (scan rate 0.10 V / s)
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The CVs obtained with the gold working electrode also depict clear reduction and
oxidation processes (figure B 10), however, the CV obtained with the platinum-
working electrode 1s again badly resolved in the cathodic region Thus result is not
surpnsing, however, as this electrode 1s known to generate poor results in the
cathodic region 2 Furthermore, 1t again proved difficult to purge the acetone
solutions with mitrogen prior to the reduction measurements without the causing

solvent evaporation The following CVs were, therefore, generated in DCM

Current Density / Arbitrary Units

T

0
Potential (V) vs Ag/AgCl

Figure B.12 Cyclic voltammogram of [Ru(bpy),(L8)]" with a glassy carbon working
electrode n dichloromethane and 0 1 M TEAP in Volt vs Ag|AgCl (scan rate 0 10 V /s)

Figure B 12 contains the CV of [Ru(bpy)2(L8)]" in dichloromethane with a glassy
carbon working electrode It was noted in the previous section that the CVs
obtained for the dimethoxy-containing compiexes in DCM had an obscured
cathodic region It can be seen from the above spectra (figure B 12) that this 1s
also the case for the hydroquinone-containing complexes The CVs obtained with
each of the working electrodes 1n thus solvent yielded simiar CV as that shown
above and ths, therefore, provides further evidence that the cause 1s solvent

related
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T

0
Potential (V) vs Ag|AgCl

Figure B 13 Cyclic voltammogram of [Ru(bpy),(L.8)]" with a glassy carbon working
electrode 1n ethanol and 0 1 M TEAP 1n Volt vs Ag|AgCl (scan rate 0 10 V / 5)

Figure B 13 contamns the CV of [Ru(bpy)(L8)]" in ethanol with a glassy carbon
working electrode Each of the CVs obtained in this solvent appear quite sumilar
regardless of the working electrode used The anodic region of each of the CVs
show clear processes while the cathodic region 1s obscured As n the case of the
CVs obtained m DCM, the processes occurring 1n the reductive region of the CVs
may be associated with the solvent This 1s particularly likely as it was noted n
each of the CVs regardless of working electrode and therefore, ts unlike to have
arisen because of the electrode It was, therefore, decided to analyse the CVs of
these complexes 1n acetomtrile and the following figures depict the CVs obtained
A CV obtained 1n acetomtrile with a glassy carbon electrode for this group of
complexes 1s contained 1n figure 4 I8 From an examunation of figure 4 18 1t can
be seen that both the cathodic and anodic process obtamned in this solvent for this
group of hydroquinone complexes are clear and well resolved However, m the
following figure B 14 obtained with a gold electrode the anodic region is not as

sufficiently resolved
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Current Density / Arbitrary Units

-2 0
Potential (V) vs. Ag|AgCl

Figure BA4 Cyclic voltammogram of [Ru(bpy)2L8)]+ with a gold working electrode in

Current Density / Arbitrary Units

-2 0
Potential (V) vs. Ag|AgCl
Figure BAS Cyclic Voltammogram of [Ru(bpy)2L8)]+ with a platinum working
electrode in acetonitrile and 0.1M TEAP in Volt vs Ag|AgClI (scan rate O.I0V/s)
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This is comparable to the result obtained previously with a gold electrode and
again emphasises that this electrode not the electrode of choice for this system in
the anodic region although it demonstrates excellent behaviour in the cathodic
region. The reverse situation is generally true for CVs obtained with a platinum-
working electrode and this is demonstrated well infigure B.15. In this CV the
anodic region depicts clear, well defined redox processes while the cathodic

region contains indistinct processes.

B.3.3 Quinone Complexes

Electrochemical analyses of the quinone complexes were also performed in a
range of solvents and a variety of working electrodes. These complexes were
found be particularly poorly soluble in a number of organic solvents (table B.I)
however, the following section contains the cyclic voltammograms that were

obtainable under a number of different experimental conditions.

0
Potential (V) vs. Ag|AgCl

Figure BA6 Cyclic voltammogram of [Ru(bpy) LI 1)]+ with a gold working electrode
in acetonitrile and 0.1 M TEAP in Volt vs Ag|AgCI (scan rate 0.10 V / s)

bb
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Figure B.16 and B.17 depict the cyclic voltammograms of [Ru(bpy)2(LI 1)]+ in
acetonitrile with a gold and a platinum electrode respectively. The CV of this
complex in acetonitrile obtained with a glassy carbon electrode is contained in the
electrochemical section of chapter five (figure 5.20). From table B.l it can be
seen that these quinone complexes are only slightly soluble or not at all soluble in
most of the solvents examined. Acetonitrile is the obvious exception and hence,
the CVs obtained in this solvent with differing working electrodes were generated
(figure B.16, B.17 and 5.20). From an examination offigure B.16 it can be seen
that the CV of this quinone complex obtained with a gold working electrode is
very similar to that obtained with a glassy carbon electrode (figure 5.20). The
anodic region of the voltammogram depicts the Run/Rum metal oxidation process
while the cathodic region contains the bipyridyl processes prior to the quinone

oxidation.

Potential (V) vs. Ag|AgCl

Figure B.17 Cyclic Voltammogram of [Ru(bpy) LI 1)]+ with a platinum working
electrode in acetonitrile and 0.1M TEAP in Volt vs Ag|AgCl (scan rate O.I0V/s)

Figure B.17 depicts the spectra of [Ru(bpy)2(LI1)]+ in acetonitrile with a

platinum electrode.

cC
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The anodic region of this CV depict clearly resolved metal redox processes
(Ru/Ru™), however, the cathodic region of the CV 1s less well resolved than
those observed for the glassy carbon and gold electrode  As discussed previously
(section B 1) this 1s due to the limitations of the platinum working electrode 1n this

region of the CV 11%

B.4 Conclusion

The electrochemical behaviour of the dimethoxy, hydroquinone and quinone-
containing complexes contained 1n this thesis were exammed 1n a range of
solvents and the CVs of these complexes were generated with a range of working
electrodes In the case of the dimethoxy complexes 1t was found that these
complexes were sufficiently soluble 1n acetone, acetonitrile and dichloromethane
and that the CVs of these complexes in these solvents were achievable While the
CVs obtained 1n acetomtrile and acetone were both satisfactory, acetone proved to
be a difficult solvent to work with due to its low boiling point The CVs obtained
in dichloromethane contained clear anodic processes, however, clear processes
were not observed in the cathodic region Overall the CVs generated for these
complexes with a glassy carbon electrode produced good CVs in the + 2 V to
— 2 V potential window Overall the gold and platinum electrodes produced

badly resolved CVs for these complexes

In the case of the dihydroxy complexes a similar trend was noted for the gold and
platinum electrodes with disappointing resolution of the process 1n the positive
and negation regions respectively The CVs generated with a glassy carbon
electrode were of a sufficient quahity over the range of potentials examined These
complexes were found to be soluble 1n acetone, dichloromethane, ethanol and
acetomtrile and the CVs of these complexes were generated m each of these
solvents  Acetone proved to be a difficult solvent to work with due to 1s low
boiling point aithough the CV's of these complexes obtained 1n this solvent proved
to be of a good quality DCM produced clear anodic processes, however, the
cathodic processes were unclear in this solvent This was also the case for the
CVs obtained n ethanol Overall acetomtrile produced clear CVs in the -2 V to

+ 2V potential window

dd
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The quinone complexes exhibited weak solubility m most of the solvents with the
exception of acetonitnle The CVs generated in this solvent with a platinum
electrode depict unclear cathodic processes while the CVs obtained with a glassy
carbon or gold electrode were both of a good quality in both the anodic and

cathodic region

Overall, therefore, acetonitrile proved to be the most successful solvent as the CV
of each of the complexes can be obtained 1n this solvent while glassy carbon 1s the
clear choice for the working electrode However, 1t 1s important to note that the
processes observed for each of the working electrodes (where processes were
sufficiently resolved) were stmilar Therefore, the processes reported 1n the CVs
of the complexes contained 1n this thesis that were generated with a glassy carbon
electrode, are ‘real’ That 1s the processes are not generated due to the interaction
of the complex with glassy carbon electrode surface For example, this confirms
that the hydroquinone process noted m the anodic region of the CVs of these
complexes and the additional quinone processes noted in the spectra of the
quinone complexes are ‘real’ and are not merely artefacts caused on the surface of

the glassy carbon electrode

These electrochemical studies, therefore, rationalise the experimental conditions
chosen for the range of complexes contained n this thests As the experimental
conditions are system dependent these are very important observations Hence,
the choice of acetomtnle as solvent and glassy carbon as working electrode 1s

justified

€C
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Appendix C

Synthesis of  Mononuclear and

Deuteriated Ruthenium Complexes

This appendix contains additional synthetic
information including the synthesis of two
mononuclear ruthemmum (1) complexes with
pyrazyl-1,2,4-triazole or pyrazyl-1,2,4-triazole
and dimethoxy moileties as precursors for the
preparation of hetero-dinuclear complexes The
preparation of various deuteriated mononuclear

complexes are also described
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C.1 Introduction

In chapters two, three and four, a range of complexes containing differing moieties
on the bridging ligands was presented By differing the nature of one on the
moieties, vanations 1n the charactenstics of each of the groups of complexes were
noted These vanations resulted 1n the formation of a covey of compounds with
novel and interesting charactenstics In future work the bidentate higands H,L5
and H,L6 (figure 3 6) have the potential to be utilised further

N &~ S
Q\VN/ \ p
I )= <1
H\YO
@) N N
(<]

Figure C.1 Ligands utihised m the preparation of ruthemum-osmum bipyridyl

heterodinuclear complexes 12!

For example, the possibility of synthesising heterodinulcear complexes containing
both a ruthemum and, for example, an osmium unit 1s a viable and interesting
possibility The design and synthesis of such polynuclear metal complexes has
been a topic of great interest over the past number of years Authors, such as,
Balzani et al have mvestigated such systems due to their potential as building
blocks for supramolecular assemblies and photomolecular devices P In the
previous chapters the maportance of dinuclear complexes was discussed in depth
and therr potential to create mixed-valence species of the type M'-M™ was
exammed This degree of metal-metal interaction separates mere polynuclear
compounds from their supramolecular counterparts and the degree of metal-metal
interaction can be gauged via the Hush techmque from an examnation of IT
bands
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[Ru(bpy)2(L15))(PF6)

[Ru(bpy)2(L16)](PF6)

[Ru(bpy)2(L17)| PF6 [Ru(bpy)2(L18)l PF6

Figure C.2 Structures ofthe complexes cited in this chapter.
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Within these systems the nature of the bridging ligand has been of paramount
importance (figure C.l). Triazole bridging systems have been found to be very
promising bridging groups within these systems and Hage and co-workers have
found that such dinuclear compounds have a significant degree of metal-metal
interaction. Hence, the synthesis of heteronuclear complexes containing the
triazole based ligands H2L5 and H2L6 is an exciting prospect. Furthermore, there
is also the potential to synthesise such complexes containing moieties, such as,
dicarboxy groups, which allow for the attachment of the complexes directly onto a
surface. With these aims in mind the mononuclear complexes [Ru(bpy)2(L15)]2+
and [Ru(bpy)2(L16)] I (figure C.2) were prepared. In the following section the
synthesis and H*-NMR spectral characterisation of these complexes is discussed
and investigated. The deuteriated analogues of [Ru(bpy)2(L3)]+ and
[Ru(bpy)2(L4)]+were also synthesised and hence, the preparation of complexes 17
and 18 (figure C.2) is also presented in the following experimental section.
Deuteriated complexes, such as these, aid in protons assignment and are, hence, a

useful tool for the further elucidation of the NMR data.

C.2 Experimental Methodology

C.2.1 Synthesis of Mononuclear Complexes

The  syntheses of the mononuclear complexes [Ru(bpy)2(L15)]2+,
[Ru(bpy)2(L16)]2+,which contain the ligands H2L5 and H2L6 and [Ru(d&
bpy)2(L17)]+ and [Ru(dg-bpy)2(L18)]+ which contain deuteriated bipyridyl
moieties are presented in this section. The synthesis of the ligands H2L5 and H2L6
has already been described previously in chapter three. The synthetic
methodologies, upon which the following complexes were prepared, are based

upon modified literature methods.[7][8]

Complex 15: [Ru(bpy)2(L15)]2+

ds-[Ru(bpy)2CI2].2H20 (0.47 g, 0.90 mmol) and 0.76 g (1.80 mmol) of H2L5 were
heated at reflux at reflux for 8 h in 50 cm3EtOH/H20 (2:1 v/v). The hot solution
was then filtered and evaporated to dryness. To this was added 10 cm3 of water
was added to the red-brown product. The product was precipitated with an excess

aqueous solution of NH4PF6.
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The resulting solid was collected by Alteration and recrystallised from hot
ethanoLTtO. The crude product contained traces of the dinuclear ruthenium
complex and was, hence, purified by column chromatography on neutral alumina.
The dinuclear complex was eluted with acetonitrile and then the mononuclear
complex was eluted using a mixture of acetonitrile and methanol (6:1 v/v) as
eluent. The desired product was then isolated as the hexafluorophosphate salt and
recrystallised from hot ethanol/HhO (with 1 drop of conc. ammonia). Yield =
0.35 g (41 %). ~-NMR (dg-ACN): 5 8.65 (d, IH, pyridyl Hs ), 8.19 (d, 1H, pyridyl
H3), 8.10 (d, 1H, pyridyl H3), 7.94 (d, 1H, pyridyl H5), 7.85 (d, 1H, pyridyl H4),
7.81 (d, 1H, pyridyl H4), 7.57 (s, 1H, phenyl He), 7.52 (d, 1H, pyridyl H6’), 7.42 (s,
1H, phenyl Hz), 7.10 (dd, 1H, pyridyl H5, 3.88 (s, 3H, -OCH3), 3.70 (s, 3H, -OCH3.

Complex 16: [Ru(bpy)2(L16)]2+

This complex was prepared in a similar to that described for complex 15 with the
exception that H2L6 was used in place of H2L5. Yield = 0.40 g (40 %).1H-NMR
(de-ACN): 5 9.25 (s, 1H, phenyl Hz), 9.21 (s, 1H, phenyl H3), 8.62 (d, 1H, pyridyl
H6%, 8.40 (dd, 1H, pyridyl H5?), 8.20 (d, 1H, pyridyl H6), 7.62 (dd, 1H, pyridyl H5?,
7.51 (s, 1H, phenyl He), 7.38 (s, 1H, phenyl Hz), 3.52 (s, 3H, -OCH3), 3.40 (s, 3H, -
OCHs).

C.2.2 Synthesis ofDeuteriated Complexes

The follow synthesis describe the preparation of the deuteriated analogues of
complexes [Ru(bpy)2(L3)]+ and [Ru(bpy)2(L4)]+. The preparation of the ligands
HL3 and HL4 has already been discussed in chapter three.

Complex 17: [Ru(d8&bpy)2(L17)]PF6.H20

The synthesis of this complex is the same as that described for the non-deuteriated
analogue in chapter three (section 3.2.2) with the exception that [Ruidg-bpy”Cy
was used in place of [Ru(bpy)2CI2]. Yield = 0.20 g (86 %). ~-NMR (ds-ACN): 6
8.18 (d, 1H, pyridyl H3), 7.80 (dd, 1H, pyridyl H4?), 7.48 (d, 1H, pyridyl H6"), 7.20 (s,
1H, phenyl Hsz), 7.13 (dd, 1H, pyridyl H5), 7.01 (dd, 1H, phenyl He), 6.89 (d, 1H,
phenyl H5), 355 (s, 3H, -OCH3, 3.70 (s, 3H, -OCHs). Calculated for
CINSHIsOjPFeRu: C: 41.27; H: 1.39; N: 11.00 %. Anal. Found: C: 41.28; H:
3.16; N: 10.66%.

kk
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Complex 18: [Ru(d8-bpy)2(L18)]PF6.H20

Again, the synthesis of this complex is the same as that described for the non-
deuteriated analogue in chapter three (section 3.2.2) with the exception that
[Ru(dg-bpy)2CI12] was used in place of [Ru(bpy)2CI2]. Yield = 0.28 g (81 %). H-
NMR (d8ACN): 8 9.26 (s, 1H, pyrazyl H3), 8.26 (d, 1H, pyrazyl H6), 7.63 (d, 1H,
pyrazyl H5), 7.23 (s, 1H, phenyl H3), 6.98 (d, 1H, phenyl H5), 6.90 (d, 1H, phenyl
H6), 3.60 (s, 3H, -OCH3J), 3.65 (s, 3H, -OCH3. Calculated for CNHi403PF&Ru: C:
40.43; H: 1.08; N: 12.51 %. Anal. Found: C: 39.93; H: 2.79; N: 12.19 %.

C.3 Results and Discussion

C.3.1 Synthetic and Characteristic Considerations

C.3.3.1.1 Mononuclear Complexes

The mononuclear ruthenium complexes were synthesised using an excess of
ligand starting product in order to ensure the production of the desired end
product.  Furthermore, the ligand was fully dissolved prior to addition to
[Ru(bpy)2CI2] in order to decrease the amount of unwanted dinuclear complex
being formed. However, subsequent to refluxing there was a small quantity of
dinuclear complex formed, which was removed by column chromatography.
During this procedure the dinuclear complex was removed by elution with
acetonitrile while the remaining mononuclear complex was then eluted with a
small percentage of methanol. The H-NMR spectrum was then utilised to
identify the mononuclear complexes. From an examination of the data contained
in appendix A it can clearly be seen that there are great differences between the
NMR spectrum of the mononuclear complex described here and its dinuclear
counterpart contained in chapter three. For example, in the NMR spectrum of
both of the mononuclear complexes the dimethoxy peaks now appear as separate
entities compared to the NMR spectrum of the dinuclear complex in which these
peaks formed a strong singlet based on the fact that in the dinuclear complex these
components are equivalent. [9 Also the phenyl protons no longer appear as a
singlet as in the dinuclear complexes as they are also no longer equivalent.
Furthermore, as explained in chapter three there is an upfield shift of the H6

proton upon coordination due to its interaction with adjacent bipyridyl rings.
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Thas shuft 1s evident for only one H® proton n these mononuclear complexes

which further verifies their mononuclear status P11!%121

C 3 3 1 2 Deuteriated Complexes

Partial deuteriation of a complex simplifies the analysis of the NMR spectra of a
complex, since, 1t allows the ligand based signals to be identified with more
clanty Hence, the deutenated analogues of [Ru(bpy)2(L3)]" and [Ru(bpy)(L4)]"
were prepared and the NMR spectra of these complexes are contained 1n appendix
A The synthesis of these complexes was straightforward and analogous to that of
the undeuteniated analogues with the exception that [Ru(ds-bpy),Cl2] 1s used in
place of [Ru(bpy)>Cl] Punfication of these complexes 1s also similar to that
utihsed for the undeuterated counterparts The 'H-NMR spectra of these
complexes, therefore, clearly show the location of the ligand protons in the

coordinated complexﬁwnh only small quantities of the bipyridyl moieties visible

C.4 Conclusions

The synthests of the mononuclear ruthenum complexes [Ru(bpy)(L15)]** and
[Ru(bpy)z(Ll6)]2+ was described m this appendix and hence, these complexes are
now potentially available as starting materials for the production of a wide vanety
of heterodinuclear complexes The synthesis and purification of these
mononuclear complexes proved uncomplicated and the subsequent NMR data 1s
contamed in appendix A The synthesis of the deuteniated complexes [Ru(ds-
bpy)2(L17)]" and [Ru(ds-bpy)o(L17)]" which are deutenated analogues of
[Ru(bpy)2(L3)]” and [Ru(bpy)2(L4)]" was also described The complexes were
prepared 1in an analogous manner to that of their undeutenated counterparts
(chapter three) and the NMR data for these complexes 1s contained in appendix A
These complexes were utiised 1n the assignment of the protons in the NMR

spectrum of the mononuclear contained 1n chapter three
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