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Abstract

The aim of my research was to investigate Ru(ll) mixed ligand complexes through
synthesis and characterisation and through the use of deuteriation. The location of
the excited state in the dinuclear species was to be determined through use of
selective deuteriation of ligands. Acid/ base dependency of these 1,2,4-triazole-
containing complexes may be applied in the area of supramolecular chemistry due to
its switch on/off effect. However to arrive at this stage a series of studies were

necessary.

In chapter 3, reveals the description of the synthesis of the starting material
[Ru(L)2CI2] .2H20, where L is bipyridyl, phenanthroline and biquinoline. This is
followed by the deuteriation of these ligands (bpy, phen and biq) and the Hpytr and
Hpztr ligands. The starting materials with the deuteriated ligands dg-bpy, dg-phen
and di2-big where consequently prepared .The synthesis and characterisation of the
ligands 3-(pyridin-2-yl)-1,2,4-triazole, Hpytr and 3-(pyrazin-2-yl)-1,2,4-triazole,
Hpztr and their complexes are shown in chapter 3. The use of deuteriation in the
location of the excited state of the pztr' complexes was not as facile as first thought
as the complex was found to have dual emitting properties due to close-lying excited
states. New developments arose in the isolation of the stereoisomers of the pytr' and
pztr complexes in collaboration with Dr. C. Villani, University of Rome, also a new
concept ofoor u NMR was investigated of the pytr' and pztr isomers in collaboration

with Prof. C. Elsevier, University of Amsterdam.

Chapter 4 is the investigation of complexes containing the ligand 3-(pyrazin-2-yl)-5-
(pyridin-2-yl)-1,2,4-triazole, Hppt. This ligand was synthesised and also deuteriated
to prepare selectively deuteriated complexes as in chapter 3 with the same starting
materials. The synthesis and characterisation was described in this chapter for these

complexes and YORu NMR was obtained.

vi



Also a crystal structure of the N2 of the triazole ring to the pyrazine isomer of the
ppf complex was achieved. Chapter 5 is the conclusive chapter of this text, which
describes the synthesis of the dinuclear complexes of the ppf ligand, and this is
prepared via two routes the indirect and the direct route. The indirect route is
prepared using the isolated isomers of the monomers. The characterisation and
selective deuteriation is discussed. From the redox and photophysical behaviour of
the dinuclear complexes some theories were derived. Chapter 6 is conclusions and
future work, which sums up the results of this thesis and the consequential studies,

which have evolved.
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1INTRODUCTION

1.1 Supramolecular Chemistry -A "'switch™ for the future?

Miniaturisation of components for the construction of useful devices is currently
pursued by a “large-downward” approach. This approach, which leads physicists to
deal with progressively smaller molecular aggregates, becomes difficult or even
impossible when the size of the miniaturised component has to be in dimension of
nanometers. A chemical solution has been put forward to overcome this “size”
dilemma. Through chemical strategies nanometer sized species may be produced via
a “small-upward” approachl starting with molecular components. This approach is
very appealing since it allows the assembly of functionally integrated molecular
building blocks.2

Assembly of molecular components into large and functional arrays3
(supramolecular species) can be based on a variety of intermolecular forces such as
hydrogen bonds, donor-acceptor interactions, stacking interactions, or on
coordination and covalent bonds45 When the molecular building blocks contain
transition metals, a strategy called “complexes as metals/ complexes as ligands” 67
can allow the construction of large polynuclear metal complexes via metal-ligand

coordination bonds.

Of particular interest are the dendrimers that incorporate some specific properties in
their building blocks such as the capability to absorb visible light, to give
luminescence, and to undergo reversible multielectron redox processes. Such
species, in fact, could find applications as components in molecular electronics and
as photochemical molecular devices for solar energy conversion and information
storage 48 Transition-metal complexes of polypyridine- type ligands 4 are ideal
components to build up dendrimers of this type. Species containing up to 22 metal-

based units have been obtained 9
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e =052+

Figure 1 Example ofa decanuclear supramolecular species 3

The interest in these dendrimers is related not only to their size but also to the
presence of chemically different units, since each unit introduces into the
supramolecular structure its own “pieces of information”(in the form of specific
properties such as absorption spectra, luminescence, and redox levels etc.)1011. One
of the most interesting aspects of the chemistry of supramolecular systems is their
interaction with light and the great variety of processes that may ensue. In molecular
photochemistry, a single molecule performs simple intramolecular and/or
intermolecular photoinduced acts such as bond breaking, light emission, electron
transfer etc. These simple acts may find useful applications in the field of
photochemical synthesis, photodecomposition, photochromism, photoluminescence
etc. But, more complex light induced functions such as vectorial electron transfer,
migration of electronic energy, and switch on/off of receptor ability, cannot be

performed by single molecules but need the cooperation of several components. 4
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In the area of coordination chemistry, there are three types of Supramolecular

systems:

I Second sphere coordination compounds, i.e. complexes associated to other
species by electrostatic interactions, hydrogen bonds, or other intramolecular
forces.5

Il. Cage type coordination compounds i.e. complexes in which the metal ion is
encapsulated in a single, polydentate ligand.

I Molecular building blocks linked via bridging units by means of covalent or
coordination bonds.6

N N
Iy _(w I\y A Ny 1] w
N N: N N
Bipyridine (Bpy) 2,5-bis(2-pyridyl)pyrazine (2,5-dpp)
Me~
N "
N.
N
N

2,3-Bis(2-pyridyl)pyrazine
(2,3-dpp) 2-[2-(I-methylpyridiumyl]-3-(pyridyl)pyrazine
(2,3-Medpp)
Figure 2 Examples ofligands employed in the synthesis ofpolynuclear

assemblies.

The design of effective synthetic procedures to prepare systems of particular
compositions and topologies represents a major target in the area of supramolecular

assemblies
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One route taken by Serroni et al12,13was by taking a general step-by-step approach
to the synthesis, which is based on the so-called "complexes-as-ligands/complexes as
metals” strategy and consists of reacting “metals” or “complex-metals” with ligands
or “complex-ligands”, which enables the formation of up to tridecanuclear species.
Another route would be to select a suitable bridging ligand (spacer) which would
give you the desired profile i.e. the bridging ligands based on terpyridine (Tpy) will
form linear complexes137. Other large molecular assemblies have been prepared
using 1,4,5,8,9,12-hexaazatriphenylene (Hat) as a tris-chelating ligand, which is
complexed to a metal and then used as a “metal- complex” to add to other ligands

such as 1,10-phenanthrolinel4

Further approaches taken by Serroni et al were the “divergent” and “convergent”
approaches, the former being a stepwise method in which the peripheral ligands are
selectively protected to limit the binding sites. The latter approach is just the direct
route in which the ligand is added to the “metal-complex” in large excess.15 More
recently several studies have been published on the synthesis of these
supramolecular complexes161718 with the use of a variety of ligands containing
pyridine and pyrazine moieties. The most common of the ligands used as bridging
ligands in these systems are shown in Figure 2. Pyridine and pyrazine rings are
employed in such bridging ligands due to the variety and versatility of their binding
sites, which is useful in the assembly of such macromolecules. Such structural

control enables the pattern of energy migration to be synthetically controlled. **#°*

Knowledge of the fact that the absorbance and electrochemical properties of
dendretic complexes are based on the actual properties of each building block of the
assembly has been established thus far1518 but, a newer concept is that of creating
and investigating stereochemically pure dendrimers22 The idea of enantiomerically
pure complexes has been investigated previously but not on supramolecular

systems23and is desirable for the clear interpretation of photophysical results.
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1.1.1 Supramolecular Photochemical Assemblies

As an introduction to photochemistry the concepts of photoinduced processes should
be discussed, which are illustrated in Figure 3. Photochemical reactions have been
depicted in two different reaction pathways, that of Energy transfer (a) and of
Electron transfer (b).

Bimolecular processes:

(@) A* +B—=A+B* Energy transfer

() A* +B A +B+

A* + B -» A++ B  Electron transfer

Photochemical reaction

P
\% A +hv' radiative deactivation
L
kql+g A + heat nonradiative deactivation

A and/ or products

quenching processes

Figure 3 Unimolecular and bimolecular deactivation processes ofan excited

state7’.

This would be the case for bimolecular reactions however for intramolecular
processes, reactions may be altered due to the linker molecule as it may alter the rate

of the process.
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Intramolecular processes:

A*-L-B >A-L-B* Energy transfer

(©) A*-L-B >A-L-B+
A*-L-B > A+L-B Electron transfer

In order to determine whether a photoinduced process is electron transfer or energy
transfer several methods are used, as portrayed in Figure 3. Such methods would

include;

(1) Luminescent lifetimes: the excited state energy, rate of decay and rate of
formation (rise time),

(2)  Absorption spectra of transient species (excited states and charge transfer
intermediates): rate of decay and rate of formation,

(3) Electrochemistry: to collect thermodynamic data for electron transfer
processes, and,

(4)  Absorption spectra: to find wavelength of excitation. These methods may be
useful in the interpretation of the photochemical reactions.

Other measurements such as resonance raman spectroscopy may also be

incorporated.

The most common metal ions used In photochem?stry are Ru , Osz": Rezv,, Rh2+, Ir2j

and Cu+ etc. as they are good metal ions for energy transfer. Ru(ll) complexes are

mainly prepared with bipyridine type ligands as in Figure 4. Such complexes have

been prepared as potential photocatalysts due to their characteristics i.e.

(i) good stability towards photo- and chemical decomposition,

(i) strong absorption in the visible region,
the lowest excited state, a MLCT level, is luminescent and long lived,

(iii)  they have interesting electrochemical properties,

(iv)  capable of photoinduced energy and electron transfer reactions.
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N N
Bipyridine (Bpy) Phenanthroline (Phen)
7 N
NN
Biquinoline (Biq) Terpyridine (Tpy)

Figure 4 Bipyridine type ligands

In supramolecular complexes the energy levels of the component building blocks are
essentially maintained.24 Light excitation in the near UV-Visible region populates
MLCT excited states of the various metal-based units. Investigations carried out on
[Ru(bpy)s]2+ with fast techniques indicate that the originally populated MLCT
excited states undergo relaxation to the lowest energy 3MLCT level in
subpicosecond time scale. If each unit were isolated, as it happens in mononuclear
complexes, competition between radiative (luminescence) and radiationless decay to
the ground state would account for the deactivation of the MLCT level, with an
overall rate constant, measured from the luminescence decay, in the range 10-10° s
19 Each isolated mononuclear [M(L),,(BL)3n]2+ component displays a characteristic
luminescence, both in rigid matrix at 77 K and in fluid solution at room temperature.
When the components are linked together in a supramolecular array, electronic
energy can be transferred from an excited component to an unexcited one. In some
dendrimetic complexes, the exoergonic energy transfer between contiguous units is
so fast that the luminescence of the unit whose MLCT level lies at higher energy
can no longer be observed, with concomitant sensitisation of the luminescence of the

unit possessing a lower SVILCT level.
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The energy of the 3VILCT level excited state of each unit depends on metal and
ligands in a predictable way.26 Following certain synthetic pathways a high degree of
synthetic control in terms of the nature and position of metal centres, bridging
ligands, and terminal ligands may be achieved. Thus, the synthetic approach
translates into a high degree of control, on the direction of energy flow within these
supramolecular arrays. The design of systems where a photoinduced energy flow can
be either interrupted or initiated by a self-photosensitised reaction has been
investigated. Systems of the first type are referred to as “self-poisoning” and of the
second type are “self-educating”. In principle, an artificial “self-educating” system
can be designed by using the same donor and acceptor units of the “self-poisoning”

device which is hoped to produce a photoswitchable supramolecular species.27

For Ru(ll) supramolecular complexes of high nuclearity, the molar absorption
coefficient is huge throughout the entire UV-Visible spectral region. The bands in
the UV region are ligand centred. The bands observed in the visible region are due to
metal-to-ligand charge-transfer (MLCT) transitions. The energies of these transitions
depend on the nature of the donor metal ion and the acceptor ligand and, to a minor
extent, on the remaining coordination environment.19 Therefore, even in the case of
homonuclear dendrimers, different types of MLCT transitions are present because
there are two types of ligands (bridging and terminal ones) and topologically

different positions for the metal ions (central, intermediate, peripheral).

Figure 5 Absorption spectra ofsome dendrimers in acetonitrile solution at room

temperature®®,
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1.1.2 Concepts in supramolecular chemistry.

The term 'supramolecular assemblies’ has grown in several directions and due to the
large interest in these systems several sophisticated functionalised nanosystems have
been created with basic principles based on common terminology such as acid/base

dependency or photoinduced reactions.

Jean-Marie Lehn and co-workers29 are currently working on intricate cylindrical
nanoarchitectures based on polytopic linear oligobipyridine and circular
hexaazatriphenylene (hat) ligands. These ligands undergo self-assembly with Cu (1)
and Ag (I) ions to generate the large inorganic entities shown in Figure 6. The
present results demonstrate that it is possible to access supramolecular architectures
of nanometric size presenting a high level of structural complexity by metal ion-
mediated self-assembly. Of particular interest is the simultaneous occurrence of two
processes: self-assembly of a multitopic receptor and the selection of substrate

entities possessing features compatible with inclusion in the internal cavities.

Figure 6 Schematic representation of the structures of the cylindrical inorganic
architectures 1, 2, and 3 containing one, two and three internal cauvities,
respectively; their heights are 18 nm, 26 nm and 35 tint, respectively2.
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Vogtle et al. are currently investigating the photoswitchable-functionalised
azobenzene dendrimers30. It is well known that azobenzene-type compounds undergo
an efficient and fully reversible photoisomerisation reaction, hence their applications
in the construction of photoswitchable devices. It has been found that the
thermodynamically stable E isomers of the azobenzene groups contained in the
periphery of the dendrimers are reversibly switched to the Z form by 313 nm light
and can then be converted back to the E form by irradiation with 254 nm light or by
heating Figure 7. In this study the dendrimer has been used as a potential host for
eosin Y (2\ 4° 5, 7'-tetrabromofluorescein dianion) and the resulting quenching

studies were monitored.

oh vV 5 ° AL i
vV S
] _ hv
/| - Vi /<V
: 1 /"V 'C hv 'li /"V<’
b

Figure 7 E and Z isomers of the azobenzene periphery groups (top) and
photoisomerisation of azobenzene and of the fourth generation dendrimers

bearing 32 photoisomerisable azobenzene groups in the periphery (bottom)30.

10
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It was found that in these systems (i) the lowest singlet, fluorescent excited state of
eosin is quenched by the amine units contained in the branches of the dendrimers and
(ii) the E YL and Z—& photoisomerisation reactions of the peripheral azobenzene
units are sensitised by triplet eosin. The fluorescence quenching experiments
revealed that the Z form ofthe fourth generation dendrimers are better hosts than that

of the E form.

Another area currently under investigation is the Molecular Shuttles' by Stoddart et
al.3L These large and impressive complexes have potential application in molecular
information processing. Appealing examples of chemical species that have
mechanically movable component parts are suitably designed catenanes, rotaxanes

and pseudorotaxanes.

Station

Figure 8 (a) Acid-base controllable molecular shuttle. Initially (state 0), the
macrocyclic component resides solely on the NH2+ station. After treatment with a
nonnucleophilic base, deprotonation coerces the macroring to move to the Bpym2+
station (state 1). Addition of acid regenerates the NH2+ centre, moving the
macrocyclic component back to bind its original station and rendering the
switching cycle reversible, (b) Structural formulas of the switchable rotaxanes

described here3L
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The relative displacements of these parts can be induced by chemical or electrical
energies, as well as by light, and can be monitored by a variety of techniques, such
as NMR, absorption and emission spectroscopies, along with electrochemistry. It has
been reported that two novel rotaxanes composed of a DB24C8 macroring bound
mechanically to a dumbbell-shaped component endowed with an NH:+ centre and a
Bypm2+ unit have been achieved by using the principles of synthetic supramolecular
chemistry. Acid-base switching experiments, monitored by 'H NMR spectroscopy, _
demonstrated that, upon addition of an appropriate base to a solution of either of the
rotaxanes, the crown ether switches from the NH2+to the Bpym:+ station as shown in
Figure 8. Other examples of acid-base controlled supramolecular systems are
'Molecular Plugs' which incorporate racemic crown ethers and binaphthyl units32
This is the state of the art in nanotechnological design and may be the future in

computer components shown in Figure 9.

"plug in”

plug out acid (CF3S03H)

base (Bu3N)

energy transfer

Figure 9 Reversible acid/base-controlled plug in/plug out between BN26C8and
ARH+ and photoinduced energy transfer from the binaphthyl to the anthracenyl

unit in theplug in state®.

12
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1.1.3 The Role of Artificial Photosynthesis

Photosynthesis represents the most efficient method of solar energy conversion
known to date. Chlorophyll molecules act as light absorbers in such systems, and use
the energy of the absorbed light, to effect a charge separation, thus converting light
to electrochemical energy. This energy is then used to drive the conversion of carbon
dioxide and water to glucose and oxygen, through a complicated cycle of events, not

relevant to this discussion.

6C02+ 6H20 + chlorophyll + light -» Glucose + 602 eqn. 1

Suffice to say that, photosynthesis can be defined as egn. 1 and represents the origin
of the food chain for all living matter. This clearly illustrates the power available

from solar energy, if it can be harnessed efficiently.

Based on the capabilities of the photosynthetic model, it is hardly surprising that
molecular approaches to solar energy conversion have attempted to mimic the
functions of the system. One such effort has focussed on creating molecular
assemblies, which function in a manner similar to the chlorophyll units in green
plants. In essence a chromophoric centre for light collection, capable of transferring
the energy collected to a suitable acceptor, thus creating a charge separated species,
with electrochemical potential, analogous to the chlorophyll unit is desired. Such
species can, therefore substitute for the chlorophyll unit, as photosensitisers in

inorganic solar energy conversion schemes.

Currently porphyrins and ruthenium (II) complexes have been employed as
components of supramolecular arrays both for the mimicry of processes taking place
in nature and for the development of devices at the molecular level. It has been found
that the occurrence of energy-transfer processes, which are formally forbidden on the
basis of the spin multiplicity (i.e., from the free porphyrin based excited singlet to
the AMILCT excited state localised on the ruthenium complex), is made possible by
the heavy Ru atom perturbing effect33. Efficient systems are under investigation with

the use of bis(terpyridine)ruthenium(l1) complexes34.
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Natural photosynthetic processes convert sunlight into chemical energy by means of
a very specific supramolecular organisation formed as the result of evolution.*® Part
of the natural photosynthetic system is devoted to optimise light absorption i.e., to
convert the incident sunlight into electronic energy of molecular components.36Such
an electronic energy is then channelled, thanks to an appropriate energy gradient, >’
toward a “reaction centre” 37 where the electronic energy is used to create charge
separation, i.e., redox chemical energy. In subsequent thermal steps, the redox
energy is used to transform low-energy chemical species such as water and carbon

dioxide into high-energy chemical species such as carbohydrates and dioxygen.

Light Absorption

Figure 10 Schematic representation of a light harvesting system. Light is
absorbed by an array of chromophores, and the electronic energy is then
channelled to a reaction centre (P).

An intelligent approach toward the design of artificial systems for solar energy
conversion is to take the natural energy conversion sequence as a model and see
whether the natural devices can be replaced by artificial ones. The strive to produce
enhanced photosensitisers for the conversion of solar energy has been given a lot of
attention in recent years, Current solar panels have an efficiency of about 13%2 but
in order for solar energy to become a source of household and industrial energy the

efficiency of their cells must be increased.
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As previously stated, the discovery of [Ru(bpy)s]2+ put ruthenium polypyridyl
complexes into the mainstream of suitable photocatalysts for solar cells. However
due to the photophysical properties of [Ru(bpy)s:]2+ extensive research has gone into

ligand substitution in order for photostability to be enhanced.

1.1.4 Photomolecular Devices (PMD’s) and photosensitisers.

An assembly of molecular components capable of performing light induced
functions can be called a photochemical molecular device (PMD). The increasing
interest in developing a means of artificially replicating photosynthesis or creating
other optically electronic materials for example; photosensitive receptor molecules
which may be used for substrate selective optical signal generation 15, has resulted in

a large growth in the area of “Supramolecular photochemistry”.16171819

Figure 11 Model of vectorial electron transfer in photochemical molecular

devices.

Light absorption by a component of a PMD generates “localised” electronic energy.
For several practical purposes an important function is represented by the possibility
of transmitting the electronic energy to another component of the PMD over a more
or less long distance, where the energy will be used for chemical purposes or

reconverted into light.
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Figure 11 shows a model for light energy conversion, this consists of a sensitiser
species S, possessing suitable redox, ground and excited state properties, linked to a
series of relay species, i.e. a series of electron acceptors A,, along a redox gradient.
Following sensitisation via light absorption, an electron is transferred from the
excited sensitiser to the relays until charge separation has been accomplished via
oxidation of the sensitiser and reduction of the final acceptor. There are some

interesting applications of PMD’s based on energy transfer, which deal with:

1) spectral sensitisation
2) antenna effect
3) remote photosensitization

4) light energy up conversion.

PMD’s performing such functions must have energy transfer photosensitiser (Pen) at
the interface toward light, i.e.; the *Pen” should be a molecular species capable of

absorbing light and donating electronic energy to another component ofthe device.

There are potential photochemical reactions, which do not occur because the
reactants are not able to absorb light. Such reactions can be photosensitised using
suitable chemical species that have been called L.A.S (light absorption sensitisers).
During the photochemical reaction light must be absorbed yielding an excited state.
This excited state must be able to oxidise or reduce one of the reactants. The
resulting reduced (or oxidised) form of the photosensitiser must be capable of
reducing or oxidising the other reactant in order to complete the redox process and
regenerate the light absorption sensitiser. The dicarboxybipyridine type ligands have
been used extensively as sensitisers in these PMD systems. More recent studies have
gone in the direction of the metal cyanide dicarboxy complexes i.e. cis-[(4,4’-
(CO02H)2opy)2M(CN)2], where M = Ru or 0s.20 Other examples of sensitisers are
[Ru(dcbH)(dcbH2)(L)], where L is diethyldithiocarbamate, dibenzyldithiocarbamate
or pyrrolidinedithiocarbamate and dcbH is 4-(COOH)-4’-(COQ")-2,2,-bipyridine,
and dcbH: is 4,4’-(COOH)2-2,2’-bipyridine,38 but the most efficient sensitiser to date
is cis-Ru(dcbH:): (NCS).3which the above examples were compared and contrasted

against.
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Simple molecules like water and carbon dioxide may be converted into fuels
(H2CH.) by means of non-biological photosynthetic processes through the use of

photosensitisers. The sensitisers must contain the following properties:

1) reversible redox behaviour,

2) suitable ground and excited state potentials,

3) stability towards thermal and photochemical decomposition,

4) intense absorption at a suitable spectral region,

5) small energy gap between the reactive excited states,

6) high efficiency of population ofthe reactive excited state,

7) suitable lifetime of the reactive excited state,

8) high energy content of the reactive excited state,

9) adequate kinetic factors for outer sphere electron transfer reactions,

10) long excited state lifetime.40

Generally photosensitisers exhibit intense charge transfer bands in the visible region.
Their lowest excited states are undistorted because they involve promotion of the
electron to a delocalised k* orbital24. They can be populated very efficiently due to
the spin-orbit induced by the heavy metal atom, and may be sufficiently long lived to
be involved in biomolecular processes. Even though the lifetimes are shorter than the
lowest triplet of the free ligand, this is due to enhancement of intersystem crossing to
the ground state. Redox sites must be present on both the metal and the ligands,
which lead to additional redox possibilities not available to simple metal ions or

organic molecules.

Photosensitisers should be intensely coloured, cheap, stable and readily available.
Ligand photodissociation is a hindrance when dealing with Ru(ll) bipyridyl
complexes as thermally activated formation of a 3MC excited state leads to t”

cleavage of a Ru-N bond forming a 5 coordinate square pyramidal species.
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The population ofthe 3VIC state may be prevented by:

(a) adding enough quencher to capture the MLCT state before crossing to 3MC can
occur,

(b) working at lower temperatures,

(c) increasing the energy gap between the 3VILCT and the 3VIC,

(d) avoiding coordinating anions in solvents of low dielectric constants,

(e) increasing the pressure,

(f) linking together the three bpy ligands so as to form a single caging ligand which

encapsulates the metal ion.11

If photodissociation is prevented Ruthenium polypyridyl complexes may be used as
suitable photosensitisers for an artificial photosynthetic system, as it satisfies the
kinetic, thermodynamic, spectroscopic and excited state requirements. Much study
has gone into the creation of PMD’s 4U4243444546 ancj the optimisation of the
photosensitisers. 4748499051 in order to optimise the efficiency of photosensitisers
and to form photostable and regenerative Ru(ll) polypyridyl complexes more

knowledge is required into the properties of these systems.

Early models of solar energy conversion were based on the water splitting reaction to
generate O and H:. In simplistic terms, the Ru(ll) polypyridyl complex
photosensitisers harnessed the sun's energy, to yield its excited state, which in turn is
quenched by a suitable electron relay, which in the presence of an appropriate
catalyst, could perform oxidation and reduction steps. The excited state redox
potentials of the [Ru(bpy)s]2+are highly suited to this application, and electron relay
is only required because the kinetics of the reduction of H+ is slow, and not
obtainable  within the range of the excited state lifetime of [Ru(bpy)j]2+
Methylviologen has been successfully incorporated as a quencher in this scheme and

the mechanism is shown in Figure 12.

This basic scheme has been expanded and developed by Gratzel and co-workers=,
who devised the first successful model for cyclic water photolysis in 1992, but the
model has never achieved adequate efficiencies, to complete a viable and cost

effective method of solar energy conversion.
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Nevertheless, such work paved the way for a second scheme, employing Ru(ll)
polpyridyl sensitisers in a photovoltaic cell 5354, which exhibits a commercially
realistic energy conversion efficiency. The device consists of a semiconductor film
of Ti02 of nanometer size, coated with a charge transfer dye to sensitise the film for
light harvesting. Current is generated when absorption of a photon gives rise to
electron injection into the conduction band of the semiconductor. Regeneration of
the dye is accomplished by electron transfer from a redox species in solution, which

is in turn reduced at a counter electrode.

semiconductor  dye electrolyte  conducting glass
countereledrode

AV

. (R/R)
© "V

Figure 12 Dye sensitised photovoltaic cellfor solar energy conversion 53

Much attention has been given to the optimisation of the various parameters
affecting the efficiency of these “solar cells”.%5% Of particular interest was the
chromophores of Ru(bpy)32+with Ti02 or SrTi02 since this offers the possibility to
shift the water cleavage activity of the oxides into the visible. High efficiencies in
the sensitisation of colloidal anatase particles and polycrystalline electrodes were
achieved using tris-(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(ll) dichloride as a

sensitiser.5/
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Another  such  cell employed  the  trimeric ruthenium  complex,
RUL2"(CN)Ru(CN)L2)2 where L is 2,2’-bipyridine,4,4’-dicarboxylic acid and L’ is
2,2’-bipyridine 3 The absorption range of this dye extends to about 700 nm and is
almost 100 % below 500 nm. The device was reported to harvest a high proportion
of incident solar energy (46 %), and convert >80 % of this to electrical current. The
overall solar conversion efficiency was 7.1-7.9 % in stimulated sunlight and 12% in
diffuse daylight. On using different dyes, greater levels of efficiency may be
reached. Cis-Ru(n)-(2,2’-bipyridyl,4,4’-dicarboxylate)X2, (where X = CI, Br, CN, |
and SCN) have been used, again showing broad absorption over the visible
spectrum, and suitable emission to promote electron injection into wide band gap
semiconductors. 3 These cells displayed an efficiency of 10 % and demonstrated
long term stability, another important consideration in the choice of dye, for such
systems. The efficiency of these cells, is not solely dependent on the dye, and
different semiconductors have been introduced such as Zn02. 8 However, the dye
dictates many parameters, such as range of the solar spectrum captured and stability
of the cell. Therefore it seems worthwhile to seek optimisation of the dyes

properties, as an approach to improve efficiency and commercial viability.
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1.2 Chemistry of Ruthenium

In 1884 Ruthenium6lwas first reported as a distinct metal by Karl K. Klaus at the
University of Tartu in Estonia, and was named after the Latin name for Russia,
Ruthenia. Ruthenium is a rare noble metal and a member of the six platinum group
metals (Ru, Os, Rh, Ir, Pd and Pt). The natural abundance of Ruthenium in the
earth’s crust is very low (103 to 104 ppm), rhodium is the only element of the six
platinum group metals, which is more rare. Ruthenium is extracted from the

platinum sludges obtained during the electrolytical refinement of nickel.

Ruthenium is of great interest in the field of inorganic synthesis of metal complexes
due to its rich coordination chemistry, and oxidation states from VIII (d° valence
electron configuration) to Il (d6 valence electron configuration) are obtained in
complexes with nitrogen-, phosphorus- and some oxygen- containing ligands. The
source of ruthenium in this thesis was RuCk which was used for the synthesis of the
starting dichloride’s [RuCL~CK].& The scope of this thesis is strictly confined to
coordination compounds of Ru(ll) with nitrogen donor ligands. To this day Ru(ll)
compounds are of great interest as they are intensely coloured complexes, which

display interesting photophysical and photochemical behaviour.

1.2.1 Ruthenium tris-bipyridine —The “parent” complex

The complex Ruthenium tris(bipyridyl) [Ru(bpy)a]2+ in Figure 13 is the parent
molecule of the complexes illustrated in this report. Ruthenium(ll), binds 3 bidentate
bipyridine ligands, in an octahedral configuration. [Ru(bpy){]2 has become of great
interest since the 1950’s when its luminescence was first reported as it has
potential use as a building block for photoactive studies of molecules.64 Emission of
light in the form of luminescence occurs from a metal-ligand charge transfer

( MLCT) state with quantum efficiency at room temperature of about 4%.
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Figure 13 Ruthenium tris-bipyridine, [Ru(bpy)¥ +

For [Ru(bpy)j]2+the HOMO (highest occupied molecular orbital) is the t.g and the
LUMO (lowest unoccupied molecular orbital) is the ligand 7t* orbital. Consequently
the lowest energy transition in this complex is MLCT in nature and may be seen in
the visible region of the absorption spectrum. This absorption band is observed at
450nm (gmax= 13000 M”cm™) 6667686380 Weaker bands in the absorption spectra
have been assigned to (Laporte forbidden) charge transfer transitions (322 and 344
nm)36, to states having largely triplet character, providing evidence of the existence
of such levels. This interpretation is supported by absorption spectra of the excited
state species, whose spectral features displayed striking similarity to that of bpy*, and
further confirmation by resonance raman spectroscopy.l0 The intensity of the
absorption can be justified on the basis of a spin allowed transition, whereby charge
transfer is believed to take place for the singlet ground state, to a MLCT singlet state.
67 The luminescence excited state in the absence of a quencher, can then decay to

ground state, with the emission of light.

For metal - ligand complexes the molecular orbital theory calculations of orbital
interaction between a metal and ligand suggest the orbital arrangement shown in
Figure 15 for metal ligand complexes. Various transitions are possible, MC: metal
centred, LC: ligand centred, MLCT: metal to ligand charge transfer, LMCT: ligand
to metal charge transfer. The relative energy of these levels may vary, depending on

the nature of the ligands.
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Figure 14 The electronic absorbance spectrum of/Ru(bpy)if+10
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Figure 15 Molecular Orbital diagramfor an octahedral transition metal

Complex10
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Much debate on the nature of the emissive state has concluded that emission is
dominated by relaxation from lower triplet states illustrated in Figure 16, based on
the magnitude of the excited state lifetimes (0.5-10 (j.5)89, and longer wavelength
emission (582nm). Intersystem crossing (ISC) between the singlet and triplet states
occurs as a result of spin-orbit coupling, which is relatively strong because of the
presence of a second row transition metal, and allows effective mixing of the two
states, which would normally be dipole forbidden. In fact the efficiency of ISC in
this compound has been shown to be 100%71. The lowest lying states however
remain largely triplet in character, and emission, to the singlet ground state, is now
believed to be mainly phosphorescence. Phosphorescent decay, because dipole
forbidden, displays longer excited state lifetimes than that of fluorescence, this is
desirable for photosensitisers, since relatively long lifetimes are required, to allow

charge or energy transfer to take place.

Figure 16 Photophysicalprocesses in [Ru(bpy)jf+10
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Emission is not the only decay pathway for the excited state of [Ru(bpy)3]2. In
addition to the radiative and direct non-radiative pathways, two other thermally
accessible pathways have been found for Ru(ll) polypyridine systems72 one a ligand
field d-d and the second a 4thMLCT state as shown in Figure 16.

Temperature dependent studies have shown increased photochemical activity for
[Ru(bpy)s]2+ at elevated temperatures 7374. Although relatively photoinert in aqueous
solution at room temperature 737475 photolysis of [Ru(bpy)3]2+ in aqueous solution
has been observed at higher temperatures 74 and substantial photochemical
deactivation is observed at 95°C 73. It is this photochemical deactivation, that
precludes [Ru(bpy)3]2+from being a suitable photosensitiser, and has spurred interest

in alternative Ru(Il) complexes.
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1.3 Characteristics of Ruthenium(n) polpyridyl complexes

Several contributions have been published 6364 on the ground- and excited- state
properties of [Ru(bpy):]2+ as a source of theoretical and experimental reference for
the model Ru(ll) complexes to be compared with. These citations describe the
available techniques and methods of study, which included; absorption spectroscopy,
emission spectroscopy, photo-oxidation, temperature dependence of the emitting
excited state lifetime (t) and quantum vyield emission (<tem), photosubstitution,
ground and excited state reduction potentials, and electron transfer quenching

studies.

Several important topics arise when describing the photophysics of the parent

molecule [Ru(bpy)s:]2+

- the nature ofthe lowest excited state (3VILCT)),

- localisation of the excitation energy,

- the relative importance of low-lying metal-centred dd states (3MC; important
pathways for photodeactivation to occur at higher temperatures),

- the correlation between the emission energy and the lifetime of the emitting state
(the “energy gap law” suggests that the higher the energy, the more long-lived the
emitting state),

- solvent and medium effects (solvation ofthe more polar excited state).

1.3.1 The nature of the ground state

Absorption of a photon of energy in the visible or ultraviolet region by a metal
complex S leads to its transformation to an electronically excited state S*. At upper
excited state levels, molecules are also usually vibrationally excited in a way that
depends upon the relationship of the geometry of the upper electronic state to the
ground state i.e. Franck - Condon principle. Relaxation of the complex in the upper
electronically excited state to the lowest excited state S* often occurs rapidly

(picoseconds or less).

26



Introduction Chapter 1

S* can undergo radiationless transition to a nearby excited state S** of the same or
different spin multiplicity. Non- radiative relaxation between two states of the same
multiplicity is called an internal conversion, while those of different multiplicity are
known as intersystem crossing (ISC). The molecule in the excited state S* can return
to the ground state S dissipating the excess electronic energy in the form of heat to
the surrounding medium (non-radiative decay) or by emission of a photon (radiative

decay as shown in S* — S + hv’(luminescence) eqn. 3),

S+hv->S*eqn. 2

S* -> S+ hv’(luminescence) egn. 3

Radiative processes between states of same multiplicity are called fluorescence and
those between states of different multiplicity phosphorescence. Transition metal
complex excited states involve the promotion of d electrons rather than s or p, as
partially filled, essentially non-bonding molecular orbitals in d can function in either

a donor or acceptor capacity.

Absorption spectra of Ru polypyridyl complexes contain various bands
corresponding to transitions between several well-defined electronic configurations.
Excited states in the case of organic molecules are described as electronic transitions
involving electrons of a and n bonds and lone pairs (n): a-a*, iz-iz* and n-7i*. It is
convenient to describe transitions of transition metal complexes in three categories

(Figure 18);

1 LC: those centred primarily on the ligand orbitals,

2. MC: those centred primarily on the metal,

3. CT: charge transfer types involving the electrons ofthe central metal and the
ligands.

Crystal field theory provides a general framework to analyse the bonding
interactions between the electrons on the metal ion and those on the ligands during

the formation of the metal complex.
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Figure 17 Schematic presentation ofsplitting of metal d orbitals in an octahedral

ligandfield 10.

Ligand field theory is a molecular orbital extension of crystal field theory. In general
the majority of coordination complexes are assumed to be octahedral. Figure 17
presents schematically the splitting of metal d orbitals in an octahedral field. Not all
d electrons ofthe central metal ion are destabilised equally by the ligand cage. Those
d electrons residing in the d orbitals that point toward the ligands (eg set) are repelled
more by the negative ligands than those residing in the d orbitals that are directed
between the ligands (t.g set). The difference Ao in destabilisation energy leads to the
splitting of the d orbital energies. The magnitude of the crystal field splitting

parameter Ao is determined by several factors;

(i) the radius of the metal ion,
(ii) the charge of the central ion,

(iii) the nature of the ligands.

The metal orbital diagram is combined with the ligand orbital diagram in order to
arrive at a composite model for the entire system. Since the relative disposition of
the two sets of orbitals can vary, and indeed is determined by the very nature of a

specific complex, several different possibilities for orbital arrangements arise.
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Figure 18 presents possible electronic transitions in an octahedral complex: ligand
centred (jtL-7i:L*)(IL or LC), metal centred or ligand field (LF, MC or d-d) and charge
transfer (CT). The charge transfer process may be further subdivided into charge
transfer from metal to ligand (d-reL*) (MLCT) and ligand to metal (oL or 7L- d)
(LMCT). A charge transfer transition (CT) is defined as the addition or removal of
an electron from a partly filled shell of a metal and a change in the oxidation state by

+1 or -1.

(*1)

o (™)
M =t=== (e")
o2+ =3=::(t20) @
(GlD)]
@
@
metal corrplex

ligand

1:d-d(MC) 2: *-«*(LC) 3: d-n*(MLCT) 4: tt—d*(LNCT)

Figure 18 Relative disposition of metal and ligand orbitals and possible electronic

transitions in an octahedral ligandfield ofa transition metal complex 10

Most common are the intramolecular type involving the metal ion and the ligand
system. Charge transfer from the ligands to the coordinated metal leads to transitions
that are known as ligand to metal charge transfer (LMCT). Ligand to metal charge
transfer bands are found in the UV and visible light region. Metal to ligand charge
transfer (MLCT) transitions involve promotion of an electron from an orbital largely

localised on the metal to an orbital, which is essentially ligand localised.
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1.3.2 Properties of electronically excited states

The decay dynamics and photochemical reaction pathways depend to a large extent
on some of the physical properties of the excited state [Ru(bpy)i]2l*, e.g. the
efficiency of population of the emitting excited state (§, usually 6471 taken to be
unity; the lifetime of the emitting excited state (t), and the quantum yield of this
emission (<Jem) in relation to competing, non-radiative decay pathways. By
investigation of these fondamental photophysical properties an estimate of the
practicality of using such photochemical properties as part of a photosensitiser can

be made.

Design of stable sensitisers requires knowledge of the relative rates of these
processes. The energy distribution of the emitted light (emission spectrum), lifetime
and quantum yields together quantitatively describe the relaxation of the excited
state. Emission spectra provide two important pieces of information on the excited
state: the electronic origin (v=0 level) of the lowest excited state and the extent of
distortion ofthe excited state relative to the ground state. The latter is known as the *
Stokes shift”. Excited electronic states in metal complexes relax by a combination of
radiative and non-radiative processes with rate constants kr and knr respectively.
Relaxation of electronically excited states of transition metal complexes can be
investigated by luminescence spectroscopic techniques i.e. pulsed excitation. The
relative magnitude of these two processes can be deduced from the emission

quantum yield @and lifetime data x

1t =k, +Kklir eqgn. 4

(Pan kr/ (kr #k?) eqn. 5

Non- radiative relaxation processes can occur in one of the following ways:
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(1) vibrational relaxation of an excited state species within one electronic state by
collisional interaction with the surrounding medium,

(2) internal conversion from one electronic state to another state of same
multiplicity; and

(3) intersystem crossing between states of different multiplicity.

The mechanisms by which electronically excited states transfer excess vibrational
energy during radiationless transitions have been of much theoretical interest. In
general C-C and C-H stretching modes are considered as principal “accepting”
modes, the vibrational modes into which the majority of the excited state energy is

disposed. The role this concept plays in deuteriation effect will be discussed later.

1.3.3 Acid - base properties

An excited state molecule is a new chemical entity with physical and chemical
properties quite different from those ofthe ground state. One such chemical property
that can change in the overall acidity/ basicity of the complex is its pKa (pKa (S)*
pKa (S*)), then the excited state molecule during its short lifetime can accept or
release a proton from one of its ligands. In some cases, distinct emission can occur
from both the protonated (SH*) and unprotonated (S*) species. Thus occurrence of
such acid-base reactions can be detected and analysed by the pH dependence of

luminescence.

Due to the negative triazole ring contained in the complexes cited in this text the pH
dependencies of the compounds must be closely monitored as on protonation of this
triazole a large shift in the photophysical properties of the complex will arise i.e.
reducing the a-donor capacity of the ligand. Also with compounds containing
pyrazine rings over-protonation may arise where the triazole ring and the pyrazine
ring is protonated so for this reason the pKa of the complexes is of utmost

importance.
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For polypyridyl complexes, the protonation constant pKbh+ is often used as a
measure of ligand o-donation to the central metal ion, which results in a higher
formal charge of the metal ion and consequently stabilisation of the metal drc
orbitals. 7i-acceptor ability of the ligands can be estimated from the reduction
potentials, and in fact they correlate with the calculated LUMO of the ligand n*
orbitals. Thus acid-base properties of the coordinated ligands provide direct
information of the interplay between the a-donor strength and 7t- acceptor properties

in influencing the metal to ligand charge transfer (d7t-7t*) transitions.

Forster has provided a quantitative relationship between the frequency shift
accompanying the protonation and the change in the equilibrium constant upon

excitation ApKa. At 298 K, the relationship is (in cm'l)

ApKa=0.00209(vs"- vsh) eqn. 6

where vs and vsn+are the frequencies ofthe lowest absorption bands of S’ and SH.
The inflection point of the fluorescence intensity against acidity gives a first
approximation ofthe pKa* of the excited state, but this involves the assumption that
the protolytic equilibrium is established within the lifetime of the excited state and
that the emission lifetimes of S and SHhare equal. When the rate of luminescence
decay is considerably less than the protolytic rate constants, the system reaches

equilibrium. In this case:

pH = pKa* - log (¢/t05 eqgn. 7

where pH is the acidity at which the relative emission intensity curves show the

inflection and To’ and x are the excited state lifetimes of S and SH** respectively.
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1.3.4 Redox properties

The intense interest regarding the nature of the lowest lying excited state is quite
understandable; the luminescence emission data are readily accessible
experimentally, as well as electrochemical data. The properties of the ground and
excited states of [Ru(bpy)3]2+are often summarised in an illustration as in Figure 19.
The excited state is a powerful reductant (-0.86V), and oxidative quenching of
[Ru(bpy)j]2'* has been extensively employed in electron transfer studies.
|[Ru(bpy)3]2t*is also a quite good oxidant (+0.86V), and reductive quenching does
sometimes compete. By convention it is always the redox couple which is defined
for a given couple e.g. Ru(113)/Ru(ll)*, for the sake of comparison with other redox

couples.76 The half cell reactions are written as reductions:

Ru(in) +e  Ru(n)* E°=-0.86V eqn. 8

Ru(lU) + e — Ru(ll) E°=+1.26V egn.9

The significance ofthe much lower reduction potential for the couple Ru(lIl)/Ru(I)*
is that any couple with lower standard reduction potential reduces any couple with
higher standard reduction potential. Thus, if the reduction potential is lowered, by
the change in properties on going to the excited state from +1.26V for the ground
state couple Ru(lID)/Ru(l)*, all couples between +1.26V and -0.86V can be

reduced.

All molecular excited states are potential redox reagents since the absorption of light
leads to excitation of an electron to a higher level where it is more weakly bound and
at the same time to an electron hole in the lower level. Excited state species hence
can be better oxidants as well as reductants than the corresponding ground state as
previously mentioned. The ground and excited state inter- relationships are best
illustrated in the form of a Latimer-type diagram, as shown in Figure 19 for the

MLCT excited state of [Ru(bpy)3]2+.
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Figure 19 Latimer-type diagram illustrating the inter-relationships ofground

state redox potentials with that ofthe excited state 77

The correlations between spectroscopic and electrochemical quantities are based on
the assumption that the spatially isolated w* acceptor orbital is the same for both the
reduction process and the charge transfer transition. It turns out that, for most
transition metal polypyridyl complexes, the redox and spectroscopic orbitals are the
same. In this report the characterisation of several Ruthenium polypyridyl complexes
are portrayed and the measurements achieved for each property as outlined in this

chapter are tabulated and discussed.
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1.4 Tuning of the excited states

1.4.1 Use of different metal centres

Polypyridine complexes with different metal centres have been investigated, the
most obvious being those ofthe other group 8a metals, iron and osmium. Iron, being
readily available and less expensive, would be a very attractive alternative, but the
chemistry of its complexes are in stark contrast to those of their Ruthenium
analogues. [Fe(bpy)3]2' does not luminesce significantly in the visible region
however it is deep red in colour and absorbs strongly in the visible region. Its lowest
excited state is ligand field rather than charge transfer in nature . Osmium
analogues, on the other hand, exhibit a chemistry closely related to that of
Ruthenium, but their charge transfer excited state lifetime has been reported to be
10-30 times shorter78. However, Osmium’s MLCT state lies at lower energy than
that of Ruthenium, and for this reason, Osmium complexes are, as expected, more
stable toward photodissociation79. The following illustrates the difference in

luminescent lifetimes on altering the metal centre:

Metal complex Lowest excited state Luminescent
[Fe(bpy)3]2+ MC No
[Ru(bpy)3]2+ MLCT Yes(610nm)
[Os(bpy)3]2+ MLCT Weakly(720nm)
[Ir(bpy)3]2+ LC Yes(450nm)

Interest in Osmium complexes to date has been small, relative to the vast research
performed on Ruthenium polpyridine complexes, however the two families have

been found to complement each other well in mixed metal complexes.

1.4.2 Ligand substitution

Since the number of suitable metals is very limited, the search for alternatives has
thus far focussed mainly on the ligand system, with the maintenance of the Ru metal
centre and the presence of three bidentate ligands allowing for fine-tuning of the

properties.
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A considerable amount of effort has been directed towards modification of the
polypyridine ligand systems, with a view to obtaining more robust complexes with
richer spectroscopic and electrochemical properties, essentially fine tuning excited
state energies, lifetimes and modes of decay. Approaches have included attachment
of electron mediating substituents to the pyridine rings, employing ligands with
different electronic contributions to a-donor and 7i-acceptor systems, in homoleptic
and heteroleptic configurations, and the development of polynuclear complexes,
presenting interesting and varied spectroscopic and electrochemical properties,

unattainable with mononuclear complexes.

The ligands which may be encountered in such substitution may be grouped into 2
classes, according to their a-donor and 7t-acceptor abilities. Strong 7t-acceptor
ligands are referred to as Class A type ligands, the effect of which are expected to
lower the energy of the ~-bonding and anti-bonding levels. Pyridine, Pyrazine and
Pyrimidine containing ligands have relatively low lying 71* orbitals and therefore act

0*1 04X 0/4 Cc
BE s 0

as good rc-acceptors o . Some coordinating ligands which are greater n-
acceptors have been studied extensively i.e. bipyrazine868r8889902691, bipyrimidines
92, and biquinolines each of which have been studied in their mononuclear and

dinuclear forms and with one or all of the bipyridyls replaced.

These complexes were found to have a Amexwhich is red-shifted compared to that of
[Ru(bpy)3]2+, hence the absorbance range is made more accessible to the solar
spectrum 93 As "-acceptance strength of these ligands is increased (estimated on the
basis of reduction potentials), the absorbance and emission spectra shifted further
into the red. Correlation between LUMO energy, reduction potential and absorption
and emission energy have shown that they are linearly dependant on each other %, so
the red shift observed is indicative of lower LUMO’s in these complexes. In the case
of mixed ligand complexes, the MLCT excited state has been shown to be localised
on the most easily reduced ligand and that emission occurs solely from this state, as
seen for [Ru(biq)(bpy)2]2+ %,[Ru(bpz)(bpy)22+ and [Ru(bpm)(bpy)2]2+ 9B, where

emission originated only from the Ru—>biq, bpz and bpm MLCT state respectively.
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Interestingly, absorption spectra of the above mentioned complexes showed MLCT
bands characteristic of both ligands in the complex. Emission for these complexes
occurs entirely from the lowest MLCT excited state 96While the red-shifted
absorption of the Class A type ligands, as a consequence of, lower lying LUMO’s, is
advantageous, these ligands are usually weaker a-donors than bipyridine, and the
ligand field splitting is reduced in their metal complexes. This effect renders them, in
general, less photostable, as a result of easier accessibilty ofthe MC decay pathway.
Homoleptic complexes, can be particularly problematic in this regard, the
photodissociative MC state of [Ru(biq)3]2+ in Figure 20 is shown to be easily
populated at room temperature9s. Mixed ligand complexes have circumvented this
problem to some degree, as weak and stronger o donors can be combined in the
same complex, and the LUMO can be lowered with less effect on ligand field

splitting.

Considerable improvement in photostability has been observed in going from
[Ru(big)3]2 to [Ru(big)(bpy)2]2 . Studies have predicted that the lowest MC excited
state lies approximately 5500 cm'l above the Ru—>biq lowest excited state in
[Ru(big)(bpy)2]21, in contrast to 2700 cm’l in [Ru(big)3]2+ suggesting that
[Ru(big)(bpy)2]2' is less susceptible to photodecomposition.% Indeed, a report
investigating the synthetic manipulation of decay pathways of the excited state in
[Ru(bpy)(bpz)2]2 heteroleptic complexes, illustrated the effect of increased donor
strength of the spectator ligand, on the accessibility of the lowest MC state and
concluded that complexes containing stronger donors, will be more photostable.72
The donor strength of the bipyridine ring can be increased on attachment of methyl
and phenyl derivatives, the latter giving a stronger effect. Luminescence and
photochemical quantum yield data, as reported 97 for homo and heteroleptic
complexes of these bipyridine derivatives, have shown that methyl and phenyl

substitution to inhibit photodecomposition and enhance excited state lifetimes.

Such effects as mentioned above, brings about interest in a second class of ligands,
the strong o-donors. Strong a-donation, increases ligand field splitting, and is also

responsible for stabilisation ofthe t2gd orbitals of the metal.
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This is characteristic to class B type ligands such as triazoles 98 93400°101"102403'104j the
imidazoles 106106 and the pyrazoles 10740810 These type of ligands posses k* levels
of much higher energy than bpy, due to their strong a-donor abilities, and as a result,
in mixed chelate complexes containing these ligands and bipyridyls the excited state
is always on the bipyridyl110 Higher energy absorption would therefore be required
for MLCT excitation in their homoleptic complexes, and this is reflected by a blue
shift in absorption, as for Ruthenium tris-[l-(2-pyridyl)-3,5-dimethyl pyrazole],
"mex=382 nm . Since such a shift is undesirable for solar energy absorption, mixed
ligand complexes ofthese ligands, where they participate as spectator ligands, forms

the basis of interest in class B ligands.

25 '
15
0 -
Ru(bpy)3zt Ru(biqg)32+ Ru (i-biq) 32+
* o\
bpy

Figure 20 Tuning the excited state propertiesm.
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A spectator ligand does not actually get involved in the excited state, that is, it is not
reduced. Mononuclear mixed ligand complexes containing these ligands, as for those
cited in this text, have been studied for localisation of the excited state. Resonance
Raman spectra and electrochemical data for [Ru(bpy)2bpt]+ has indicated that
reduction is bipyridine based 113 as is consistent with the view the lowest excited
state lies on the ligand with the lowest %" level. Despite being redox inactive in
many mixed ligand complexes, the role of these ligands in the manipulation of the
excited state is twofold. Firstly a red shift in the MLCT absorption band is observed
for heterocomplexes, containing class B ligands i.e. [Ru(bpy)2bpt]+ compared to that
of the parent complex [Ru(bpy)3]2+ 66 and for [Ru(bpz)2(dmb)]+72 whose absorption
is red shifted, compared with [Ru(bpz)3]2+and [Ru(bpy)3]2+ This can be justified by
the increased electronic charge on the metal centre, leading to easier reduction of the
ligand. Secondly, as previously discussed, in the case of the methyl and phenyl
derived bipyridine ligand, increased donor strength enhances ligand field splitting
and inhibits photodecomposition. Thermal activation of the upper MC excited state
in [Ru(bpy)2opt]f is found to be absent 66. Proof that this can be attributed to the
ligand donor strength is found in the reduced photostability of the dinuclear
[(Ru(bpy)2)2Dpt]+ where the ligand donor strength is shared between the two metal

centres, and so ligand field splitting is smaller.

The asymmetry of the coordination sites of the triazoles is a very useful property
whereby the specific sites chosen by the coordinating ligand effects the magnitude of
o-donation experienced by the metal 114 The acid/base chemistry of the triazoles is
very important as the uncoordinated nitrogen can undergo protonation and
deprotonation, which profoundly effects the rc-acceptor and a-donor properties of the

ligand

Therefore the combination of the two classes of ligands, in mixed ligand complexes,
has provided photostable complexes with most desirable spectroscopic properties.
Thus ligand nature can be instrumental in manipulation of excited state properties,
and following the above classification, predictions of ligand effects can be employed

in the design of complexes ofa given application.
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1.4.3 Bridging ligands

The bridging and non-bridging ligands incorporated in these studies are aromatic,
nitrogen-heterocyclic ligands that form chelate complexes with many transition
metal species. The ligands below which are cited in this text, all possess low-lying

it* orbitals, are thermally robust, and are stable when reduced in either their free or

metal coordinated forms.

Bipyridine (Bpy) Phenanthroline (Phen) Biquinoline (Biq)

Other examples of such ligands are:

=\
—N
N N
Bipyrimidine (Bpm) Bipyrazine (Bpz) Dipyridylpyrazine (Dpp)
Phenanthrolinepyrazine (Ppz) Tetrapyridylpyrazine(Tpp)

Figure 21 Examples ofnitrogen containing ligands thatform chelate complexes
with transition metals.
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The ligands Bipyridine (bpy), phenanthroline (phen) and biquinoline (biq) will only
bind one metal centre, whereas ligands such as bipyrimidine (bpm),
dipyridylpyrazine (dpp) and tetrapyridylpyrazine (Tpp) can bridge two metal
centres.115116 Where bpy, phen, bpm and dpp are bidentate ligands, tpp is a tridentate
ligand. For bpm, both six membered rings interact with the two metal centres in an
equivalent fashion, while for dpp and tpp there are some rings bound to both metal

centres and others that are only bound to one metal centre.

3-(pyridin-2-yl)-1,2,4-triazole, (Hpytr) 3-(pyrazin-2-yl)-1,2,4-triazole, (Hpztr)

3,5-Bis-(pyridin-2-yl)-1,2,4-triazole,(Hbpt)
3,5 -Bis-(pyrazin-2-yl)-1,2,4-triazole,(Hbpzt)

3- (pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazole, (Hppt)

Figure 22 Assymetric and symmetric Ligands containing 1,2,4-triazole

The ligands of interest in this study all contain a triazole ring, which possess w*
levels much higher in energy than bipyridine. It has been observed for all the

asymmetric ligands cited, on synthesis, coordination isomers are formed.

41



Introduction  Chapter 1

The ligands Hbpt, Hbpzt and Hppt all form mononuclear and dinuclear complexes.
Also the design of the ligands incorporates the pyridine and pyrazine class A type
ligands and the triazole of class B type ligands which should give interesting results
in the photophysics of their ruthenium(ll) complexes. The combination of the two
classes of ligands is hoped to perturb the excited state energy levels enough to
enhance photostability. This will be referred to further in the experimental chapters

ofthis text.
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1.5 Applications of deuteriation in inorganic chemistry

Deuteriation has been incorporated into the characterisation of excited states of
organic compounds for many years, prior to its potential for use in coordination
chemistry was revealed. Several uses were discovered for deuterium exchange in the
investigations of organic moleculesl17118119120 As deuteriation became more
practical further studies were carri.ed out on deuteriation techniquesm’m’iII As the
uses of deuteriation grew in the organic field, one of its first reports of its application
in inorganic chemistry was by Van Houten and Watts in 1975124 The investigation
of the effect of ligand and solvent deuteriation on the excited state properties of
[Ru(bpy)3]2+were studied, which revealed that deuteriation of the free ligand caused
the measured luminescent lifetime, xm to more than double. The effect of ligand
deuteriation was, however, mitigated in the complex, but a large isotope effect was
then observed for the solvent. Deuteriation of the solvent caused the radiationless

lifetime to almost double, while the deuteriation of the ligand caused only a 20%

increase.
Sample Solvent Temperature r
[Ru(bpy)3]Cl2 H20 25 C 0.58|isec
[Ru (ds-bpy)3Cl2 h 20 25°C 0.69]isec
[Ru(bpy)s]Cl2 d 2o 25°C 1.02jiisec
[Ru(ds-bpy)sJCl2 d 2o 25°C 1.25(0.sec
[Ru(bpy)3ICl2 EtOH/ MeOH 77K 5.10psec
4:1(vlv)
[Ru(dfrbpy)3JCl2 EtOH/ MeOH 77K 6.10(j.sec
4:1(viv)
Hx-bpy EtOH/ MeOH 77K 0.97sec
4:1(viv)
Dg-bpy EtOH/ MeOH 77K 2.20sec
4:1(viv)

Table 1 Lifetimes of[Ru(bpy)¥ +complex ion in agueous solutions124
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The results for this investigation are listed in Table 1, effect of solvent deuteriation
was explained in terms of an excited state model involving partial charge transfer to

solvent (CTTS).

In mixed ligand systems such as [Ru(bpy)2L][PF6]n, the excited state may lie on
either the bipyridine or the ligand(L). Methods of determining its location are
required for the correct assignment of spectroscopic bands and LUMO energies.
Current methods incorporated to locate the excited state are electrochemical data and
Resonance Raman spectroscopy, but a more recent approach has investigated the
deuteriation of ligands 125 in order to achieve this purpose. It was found that upon
deuteriation the emission lifetimes will increase which is in agreement with
Siebrands theory of non-radiative transitions, which states that, high energy,
anharmonic C-H stretching vibrations are important promotional modes in non-
radiative decay.126 To describe this phenomenon, the word “overlap” must be used in
terms of; the greater the overlap of the vibrational modes of the C-H and C-D
stretches the greater the non-radiative decay (k™). However, there is an increase in
amplitude of the vibrational stretches on going from C-H to C-D due to the heavier
Deuterium atom, the “overlap” decreases causing knr to decrease and consequently

increasing the lifetime.

In homoleptic [Ru(bpy)s]2+ deuteriation of the bipyridyl ligand has been shown to
dramatically increase the lifetime of the excited state, and this can be explained, as
already stated, in terms of the reduced vibrational energy of the C-D stretching
modes compared with those of C-H, which are involved in the non-radiative
relaxation modes of the excited state. The location of where the excited state lies in
[Ru(bpy):]2+ is under investigation by Kincaidiz7 128129 , Krauszisosi,132 and
Yersin ’ ’ in order to determine if the excited electron is localised on one of the
three bpy ligands, or delocalised over all three (identical) bpy units. Specific
deuteriation experiments are being used to investigate this question and Yersin et

aliss suggest that the excited state electron is delocalised over all three bpy units in

[Ru(bpy)3]2+
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This is based on a comparative study of the emission spectra of [Ru(bpy):(bpz)]2+
(where bpz is 2,2-bipyrazine), which has a localised excited state from Ru dn —bpz
7* as the energy of the bpz n* is considerably lower than that of bpy and this was
compared to the emission of [Ru(hg-bpy):(dg-bpy)]2'. In the emission spectra of
[Ru(bpy)2(bpz)]2+, only ligand centred modes of bpz could be found, whereas, in
contrast, for [Ru(hs-bpy):(dg-bpy)i24 the ligand centred vibrations of hg-bpy and dg-

bpy accompany the same electronic origin.

Riesen et al13 portrayed that the presence or absence of vibrational sidelines cannot
be used, as evidence for localisation/ delocalisation of MMLCT excitations. In the
excitation spectra ofthe series [Ru(bpy)3x(dg-bpy)x]2+ (x= 0-3), in [Zn(bpy)3](C104)2,
they observed two sets of electronic VILCT origins for the x = 1 and x = 2 systems.
These were assigned as independent SVILCT transitions involving either the hg-bpy
or the dg-bpy ligands. In order to confirm their assertion that the excited state
electron is localised on a single bpy ligand, they extended their study of deuteriation
effects to [Ru(dxbpy)3]2+ (x = 0,2,6,8). One set of origins was observed and the
origins gradually shifted to higher energy with increasing deuteriation degree.
Transitions involving the d2-bpy and the de-bpy ligand shifted to higher and lower
energy respectively, whereas transitions involving the dg-bpy or the hg-bpy ligand
remained at the same energy as in the [Ru(bpy)(dg-bpy)2]2+ complex. Hence it may
be suggested that the lowest 3MLCT levels in [Ru(bpy)s]2h systems are invariably
localised. Results published by Kincaid et all127128129 also concur that the excited
state electron is localised on one bpy ligand i.e. the excited state formulated as

[Ru<r>(bpyMbpy-)]2i

It was then proposed that such a phenomenon could be useful in simple
determination of excited state location in heteroleptic complexes. This is based on
the fact that lifetime is only affected, if the ligand deuteriated is responsible for
excited state emission. However in the case of deuteriation of a spectator ligand, no
effect on lifetime would be observed. This effect has been portrayed by Keyes et al
15 in the case of deuteriation of a bpy ligand in [Ru(bpy)2L][PF6]n, where L= 3-
phenyl-5-(pyridin-2-yl)-1,2 4-triazole or 5,6-diphenyl-3-(pyridin-2-yl)-1,2,4-

triazine.
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For the former, the excited state lifetime increased from 225 ns to 410 ns upon
deuteriation, whereas the latter showed no such increase, 740 ns to 780 ns 12s. This
can be explained, as in case one of the 3-phenyl -5-(pyridin-2-yl)-1,2,4-triazole, that
the LUMO is located on the bpy, as the triazoles are electron rich and have higher
lying 7t* levels than the bpy. Whereas in case two of 5,6-diphenyl-3-(pyridin-2-yl)-
1,2,4-triazine, the LUMO would be situated on this ligand as the triazines are

electron poor, so the n* levels ofthe bpy would be higher.12513%

Kincaid et al.137, studied the excited state of the complex [Ru(bpy)2(pypz)]2+ by
deuteriating the pyridine half of the asymmetric ligand 2-(2-pyridyl)pyrazine (pypz)
Figure 23, which demonstrated that the excited state electron is localised on the

pyrazine half ofthe pypz ligand.

Figure 23 2-(2-pyridyl)pyrazine (pypz) 137

Apart from the advantages of photophysical characterisation, which deuteriation
facilitates another important motive is the simplification of their 'H NMR spectra. In
Ru(ll) complexes an asymmetric mononuclear complex will have up to sixteen non-
equivalent protons from the bipyridyl moieties, and in the case of dinuclear up to
thirty two protons may arise, making complete unambiguous structural assignment

extremely difficult.

Figure 24 5,6,10,ll-tetra-hydro-16, 18-diazadipyrido[2,3-.a:3",2"-n]pentacene
(Lnax
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Figure 25 IH NMR spectra of [Ru(bpy)2(L)J [PFg2 (top) and [Ru(dg-
bpy)2(L1)][PFs12 (bottom) recorded at 300 MHz in CD3CN1R

One of the first examples of this was reported by Thummel et al18in which Ru(dg-
bpy)2Cl2.2H20 was used to prepare a mononuclear complex from a ligand with two
equivalent bidentate sites: 5,6,10,1 I-tetra-hydro-16, 18-diazadipyrido[2,3-.a:3",2'-

njpentacene (L1).

When the 16 proton signals due to the bpy were eliminated, the spectrum of the
coordinated (L1) Figure 25, is easily interpreted, by comparison with previously
established chemical shifts values for ruthenium (11) complexes. Thummel et al. have
continued to use deuteriation as a characterisation tool for large polyaza cavity-

shaped ligands similar to that of (L 1)

It is envisaged that systematic deuteriation ofthe individual ligands, and observation
of the effects on the lifetime, could provide a simple approach to the elucidation of

the excited state location.
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Up to recently, synthesis of the deuteriated ligands has proved cumbersome, but a
novel method has been published 125 for the deuteriation of bpy, and may be applied
to other ligands as will be seen in later chapters. If this method proved applicable to
a wide range of ligands, then the ligand deuteriation would be easier than
conventional approaches of electrochemical correlation and transient absorption
spectra of the excited state complexes, in location of the excited state, particularly
when extended to the area of polynuclear systems. Also, as will be illustrated jn
further chapters, the deuteriation of ligands aids in the elucidation of *H NMR as all
of the deuteriated ligand hydrogen signals are suppressed which is useful in
[Ru(LL)2L] systems where all LL'(LL' = bpy, phen and biqg) signals are suppressed
and ligand shifts on complexation may be clearly assigned. On the whole, the
deuteriation of ligands has become a very attractive method to facilitate the

characterisation of inorganic complexes.

Another enticing advantage of the deuteriation method is that the deuteriation also
effects the C13 spectrum. Exchange of C-H to C-D brings about a substantial
diminution in the height ofthe carbon signal and also effects a decrease in the height
of the adjacent carbon signals. This was observed in 1974 for organic molecules by
Echols and Levyl40 and was noted again in 1984141 Similarly, deuteriation of
exchangeable functional groups (OH, NH) diminishes the height of the signal of the
attached carbon atom. These signal changes may be attributed to various causes such
as loss of heteronuclear nuclear Overhauser effect (NOE) effects, the fact that C-D
coupling constants are smaller than C-H coupling constants, and signal 'splitting'
owing to the presence of partially and fully deuteriated species, in a molecule where
deuteriation takes place at different sites, different factors are obviously involved. In
each case, however, the effect of deuteriation is made evident by an obvious
decrease in the height of the signals of the relevant carbons. O'Brien et al give
examples of complexes polyheterocyclic compounds and again we see deuteriation
facilitating the assignment of NMR, but in this case it is C13142 This phenomenon
was also observed for the partially deuteriated complexes in this text and will concur
that the same principles arise for the partially deuteriated inorganic complexes as for

the organic molecules.
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1.6 Scope of Thesis

The contents of this thesis describes the synthesis and characterisation of
mononuclear and dinuclear ruthenium complexes with different ligands containing
1,2,4-triazole. The deuteriation of various ligands plays an important role both
synthetically and theoretically, and will be incorporated into all aspects of this study.
The ligands chosen for this study all contain 1,2,4-triazole moieties which have been
chosen for their applications in redox and photo -chemistry. Chapter 1 gives the
background ofthe Ru(ll) complexes and outlines their applications in photochemical

processes.

In Chapter 2 the instrumentation and techniques used to characterise the compounds
are listed and the use of each will be described in the course of the work. The
experimental chapters describe the deuteriation of all ligands involved in the
chapters and the synthesis of the corresponding starting materials [Ru(LL")2CI2]
(where LL' is dg-bpy, ds-phen or dn-big). Chapter 3 contains the synthesis of the
ligands 3-(pyridin-2-yl)-1,2,4-triazole (Hpytr) and 3-(pyrazin-2-yl)-1,2,4-triazole
(Hpztr) and the complexes [Ru(LL")2(X)]2+ (where LL" is bpy, phen or big or their
deuteriated analogues and X is either Hpytr or Hpztr). This chapter concentrates on
the photophysics of the pyrazine-triazole containing complex and will be discussed

further in the text.

The emphasis of this thesis is placed on chapters 4 and 5 as they deal with the ligand
3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2 4-triazole (Hppt). Chapter 4 illustrates the
synthesis of the ligand (Hppt) and its relevant mononuclear complexes
[Ru(LL")2(ppt)]21 (where LL' is bpy, phen or biqg or their deuteriated analogues).
Particular attention will be paid to the photophysics of the complexes with the use of
partial deuteriation as a probe into the location of the excited state electron. Chapter
5 is the conclusive experimental chapter where the dinuclear complexes of the RuRu
type for the Hppt ligand are made taking two different synthetic pathways. The
characterisation of the dinuclear complexes both obtained 'directly’ and 'indirectly’
will be described. Chapter 6 depicts any future work, which may be relevant to this

thesis.
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Finally four appendices are supplemented to this thesis. The first consists of poster
presentations and contributions made to publications during the course of my
research. The second consists of ®Ru NMR data obtained from the University of
Amsterdam. The third appendix contains hplc and circular dichromism data obtained
from the University of Rome. The final appendix relates to X-Ray crystal structure
data for (i) N2-bound coordination isomer of [Ru(bpy)2oztr]2+ and (ii) pyridine-
bound coordination isomer of [Ru(bpy)2ppt] 2+
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All synthetic reagents were of commercial grade and no other purification employed,
unless otherwise stated. All solvents used for spectroscopic measurements, with the

exception of ethanol, were HPLC grade.

2.1 Chromatographic Techniques

High performance liquid chromatography (hplc) was carried out on a Shimadzu
liquid chromatography LC-10AD hplc pump, a Waters 990 photodiode array
detector equipped with a NEC PAC IIl computer, a20 pi injector loop and a partisil
SCX radial PAK cartridge. The detection wavelength used was 280 nm. The
chromatography was achieved using a mobile phase, which consisted of acetonitrile:
water 80:20 (v/v) containing 0.12 M lithium perchlorate, unless otherwise stated. (It
should be noted that care should be taken when using perchlorates, as they are
potentially explosive when in contact with combustible material!). The flowrate used

was > cms/min.

Semi-preparative hplc was carried out using a Waters 510 hplc pump a, UV/ Vis
detector ACS model 353, a 1 cms injector loop and a Waters partisil cation exchange
column (10 mm/ 25 cm). The mobile phase in this system consisted of acetonitrile:
water 80:20 (v/v) containing 0.12 M potassium nitrate. (It should be noted that care
should be taken when evaporating mobile phase to dryness, as nitrates are potentially

explosive!). The flowrate used varied between 1.5 - 2.5 cm3 min.

Stereoisomers of compounds in chapter 5 were separated on hplc coupled to a

circular dichromism detector in collaboration with Dr. Claudio Villani, University of

Rome, lItaly.

Column chromatography was carried out on activated neutral alumina (Al:Os, 150
mesh). In general a mobile phase of 100% acetonitrile eluted the N2 bound isomer

and 100% methanol eluted the N4 bound isomer, unless otherwise stated.

2.2 Absorption and Emission spectroscopy

UV/Vis spectra were carried out on a Waters 990 photodiode array spectrometer or

on a Shimadzu UV-3100 spectrophotometer.
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Emission spectra were obtained both at room temperature and at low temperature,
(77 K, cooled with liquid nitrogen) using a Perkin- Elmer LS50B luminescence
spectrometer equipped with an Elonex-466 PC. This utilises fluorescence data
manager software. An emission slitwidth of 10 nm was used at room temperature

and 2.5 nm at 77 K. An excitation slitwidth of 10 nm was used at both temperatures.

Titrations in the pH range from 1to 10 were carried out in a Britton-Robson buffer
solution (0.04 M H:BOs, 0.04 M HsPOi, 0.04 M Hs (COOH)). The pH of the
solutions was adjusted using concentrated sulphuric acid or concentrated sodium
hydroxide solution. The appropriate isosbestic point from the absorption titration
data was used as the excitation wavelength for emission titrations. Normalisation of
the absorption spectra was carried out using the Shimadzu-3100 UV and the

emission spectra were carried out in the normal manner.

2.3 Nuclear Magnetic Resonance Spectroscopy

Proton nuclear magnetic resonance (NMR) spectra were obtained using a Bruker AC
400 MHz spectrometer. Measurements were carried out in ds- acetone or in d3
acetonitrile for the complexes and ds-DMSO for the ligands, unless otherwise stated.
The peak positions are relative to TMS. The spectra were converted from their free

induction decay (FID) profiles using Bruker WINNMR software package.

The 2-D COSY (correlated spectroscopy) experiments involved the accumulation of
128 FIDs of 16 scans. Digital Filtering was sine-bell squared and the FID was zero
filled in the FI dimension. Acquisition parameters were FI = £ 500 Hz, F2 = 1000

Hz and Xm = 0.001 s. The cycle time delay was 2 s.
9ru NMR was carried out in collaboration the Institute of Molecular Chemistry,

Universiteit van Amsterdam, under the supervision of Dr. S. Gaemers, J. van

Slageren and Prof. C J Elsevier.

60



EXPERIMENTAL PROCEDURES CHAPTER 2

2.4 Electrochemical Measurements

Cyclic voltammetric (CV) measurements were carried out using an Model 660 CH
software controlled potentiostat (Memphis, TN). A saturated calomel electrode
(SCE) was used as the reference electrode. Measurements were carried out in

spectroscopic grade acetonitrile with 0.1 M TEAP as the supporting electrolyte.

Tetraethylammoniumperchlorate (TEAP) was prepared by dissolving a 1 M of
TEAB (tetraethylammoniumbromide) in water. Perchloric acid was added dropwise
until precipitation of the white perchlorate salt ceased. The product was collected by
filtration and redissolved in hot water, neutralised with NaOH and then recrystallised

five times from hot water.

Glassy carbon and platinum (gauze or wire) electrodes were used as the working and
counter electrodes respectively. The electrochemical cell used was a conventional
three-compartment cell with glass frits. Solutions for reduction measurements were
deoxygenated by purging with N2 (g for 15 minutes prior to scanning. Measurements
were taken in the range -2 to 2.0 V. The complexes were protonated by adding two

drops 0f0.1 M HCIO. to the electrolyte solution. The scan rate used was 0.1 V/sec.

2.5 Elemental Analysis

Elemental analysis on C, H and N were carried out at the Microanalytical Laboratory
of the University College Dublin (UCD). The CHN analyser used is an Exador
analytical CE440.

2.6 Luminescent Lifetime Measurements

The lifetime measurements were carried out using a Q-switched Nd-YAG spectrum
laser system using the third harmonic (355 nm). Emission was detected in a right-
angled configuration to the laser using an Oriel model 1S520 gated intensified CCD
coupled to an Oriel model MS125 spectrograph. They were carried out in
deoxygenated analytical grade acetonitrile at room temperature (degassed by

bubbling with argon). The lifetime errors are estimated to be less than 10%.
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2.7 Deuteriation of ligands

The deuteriation of ligands was carried out in a General Purpose Bomb P/N 4744,
supplied by Scientific Medical Products, which included a Teflon cup and cover.
Palladium (10% on charcoal powder) was the catalyst employed, supplied by
Johnson Matthey. The solvent and source of deuterium was deuterium oxide, 99

atom % D supplied by Aldrich.

2.8 X-Ray Crystallography

Crystal structures shown in this text were obtained from two different sources. The
structure of the [Ru(bpy):Hpztr]2+ N2 bound coordination isomer, shown in chapter
3 was obtained by Dr. J. G. Gallagher, Dublin City University, Dublin, Ireland. The
second structure [Ru(bpy):ppt]+pyrazine bound shown in chapter 4 was obtained in

collaboration with Sven Rau and Dr Helmar Gurls, Jena University, Germany.

2.9 Isis Draw Structures

The structures cited in this text were carried out by the author with the use of
Chemsketch and Isis Draw. The models are to aid in the visual recognition of the

various coordination isomers and their '"H NMR elucidation.
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3.1 INTRODUCTION

The ligands 3-(pyridin-2-yl)-1,2,4 - triazole, (Hpytr) and 3-(pyrazin-2-yl)-I ,2,4-triazole
(Hpztr) are model compounds for the work carried out on the ligand 3-(pyrazin-2-yl)-5-
(pyridin-2-yl)-1,2,4-triazole (Hppt). The Hpytr and Hpztr ligands were previously
studied 1. and can be used as model compounds. In this thesis knowledge of synthetic
procedures, purification methods and characterisation techniques was gained through

the use of the pyridine and pyrazine triazole ligands.

Hpytr Hpztr

Figure 1: 3-(pyridin-2-yl) - 1,2,4 - triazole, (Hpytr) and 3-(pyrazin-2-yl) - 1,2,4
triazole, (Hpztr).

The ligands Hpytr and Hpztr were chosen for their a-donor and 71-acceptor properties
and it is hoped that due to these properties the excited states of these Ru(ll)
complexes would be perturbed enough to enhance their photostability. The Hpytr
ligand contains a pyridine ring which is a good 7i-acceptor and 1,2,4-triazole which is
a good a- donor and for the Hpztr ligand the pyrazine ring contains good -i-acceptor
properties and the 1,2,4-triazole has good a- donor properties. In order to pinpoint
the excited state in the Hppt ligand in further chapters it will be useful to have
knowledge of the lifetimes of the pyridine and pyrazine triazole complexes. Due to
their potential as building blocks in supramolecular systems it is necessary to be aware
of their properties as individual units rather than containing both the pyridine and
pyrazine rings as in the case of the Hppt ligand 3-(pyridin-2-yl)-5-(pyrazin-2-yl)-

1,2,4-triazole.
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Pyridine and Pyrazine have different properties and this will be seen in their acid/base
properties. Also the binding sites of the ligands will possess different properties due
to the difference of the pyridine/pyrazine rings. Initially [Ru(bpy).pytr]+ and
[Ru(bpy)2pztr]+ mononuclear complexes were prepared and characterised to
determine the reproducibility of the synthesis and characterisation. This also proved
useful in the synthesis of the partially and fully deuteriated complexes, [Ru(d&
bpy):pytr]+ [Ru(ds-bpy)ds-pytr]+ [Ru(ds-bpy):pztr]+and [Ru(ds-bpy)ds-pztr]’. Some
developments were made during this research as it was found that the isomers formed
on preparation of the mononuclear complex were isolated through the use of neutral
alumina columns. This turned out to be a more efficient method of separation
compared to that of semi-preparative hplc. The semi-preparative hplc is a useful
technique for the isolation of isomers s+ and a high percentage purity of the isolated

isomers was achieved (95-100% purity), but it has its drawbacks.

Earlier studies of the [Ru(bpy):(L)]2+ type complexes have been carried out on 3-
(pyridyl-2-yl)-1,2,4-triazole compounds, which laid the path for future complexes to
be investigatedssss This pyridyl-triazole complex was the first example of a
coordination isomers to be purified by semi-preparative hplc. It also had further uses
as a probe into the characteristics of these novel heteroligand type complexes. The
isolation and characterisation of the coordination isomers was just the beginning of a
series of complexes containing the pyridine/pyrazine rings which would lead to a
whole new chapter of N2/N4 bound coordination isomers. Introduction of a methyl
group was introduced to the triazole ring as a steric hindering device to deter the
formation of coordination isomers. Acid-base ground and excited state studies of the
N2/N4 bound isomers showed large differences, which clearly portrayed the non-
equivalence of the triazole coordination sites.s By varying the pyridyl-azole bond and
introducing substituents, it was hoped that a more detailed understanding of the
physical properties of the pyridyl-triazole complexes would arise. It was found that
most pyridyl-1,2,4-triazole complexes are weaker 7i-acceptor ligands than bpy and
that they all had comparable spectroscopic properties to [Ru(bpy)siz+.10 As further
investigations progressed a new approach was taken to replace the pyridine ring of

the pyridyl-I1,2,4-triazole ligand with a pyrazine ring.u
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It was found that the coordination mode of the isomers greatly effected the physical
properties of the complexes. Due to the presence of the pyrazine ring the LUMO was
lowered in the complexes and this was evident in the increased basicity of the excited
state. Small shifts were observed in the absorption and emission maxima as a result of
the acid-base behaviour of the triazole ring are unusual and in agreement with a shift
from the pyrazine-triazole-based LUMO for the protonated compound to a bpy-based
one in the deprotonated species. Also it had been suggested that the slightly
increased pKa* value of the triazole ring suggests strongly that in the excited state

there is an appreciable interaction between the triazole and the pyrazine ring.

As the physical properties of these pyridyl/pyrazine-triazole complexes were further
understood an investigation took place of their photochemical properties as they were
proposed as future photosensitisers. For the complex 4-methyl-3-(pyridin-2-yl)-1,2,4-
triazole in acetonitrile it was shown that the photochemically induced ligand
dissociation can be reversed thermally. A series of substituted pyridyl-triazole
containing complexes were also studied and showed that they portrayed some unusual
photochemical properties.s The photoinduced linkage isomerism and photoanation of
pyridyl-triazole was studied in a controlled pH environment. This showed that by
controlling protonation of the ground state of the complex the photolability of the
complex could be controlled.s Dinuclear complexes ofthe ligand 1-methyl-3-(pyrazin-
2-yl)-1,2,4-triazole have been prepared in mono- and bi-dentate fashions and their
photochemical and spectroelectrochemical features have been investigated .. Efficient
energy transfer in the excited state was reported for these RuOs dinuclear complexes
leading to emission from one metal unit. More recent studies have unveiled the dual
emission properties of the pyrazine-triazole complex over a temperature range of 75

K to 175 K, which will be looked at further in this text.1s

In the following chapter the advances made in the study of the pyridine- and pyrazine-
triazole containing complexes will be portrayed. A comparative view will be taken to
demonstrate the progression from the prior studies carried outl2 The studies will
include a systematic approach in the uses of deuteriation and also in the general

synthetic routes and characterisation.
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The introduction of different Ru(ll) moieties (2,2’-bipyridyl, 2,2’-biquinoline and
1,10-phenanthroline) was looked at with the Hpztr ligand, which may be compared to
previous studies of the pyridyl-triazole species.I* Tuning of the ligand properties
generates more information in order to create further models for the interpretation of

the excited state properties of mixed ligand complexes.
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3.2 EXPERIMENTAL

The ligands were prepared according to literature methods12

3.2.1 Preparation of the Ligands

3-(pyridin-2-yl)-1,2,4-triazole, Hpytr

26 g (0.25 mol) 2-cyanopyridine was heated at 40°C with 50 cms ethanol. An
equimolar amount of hydrazine hydrate was added. The mixture was left to react
overnight, after which the pale yellow intermediate . -pyridylamidrazone was isolated
ina 80 - 90 % vyield. The amidrazone (125 mmol) was added slowly to 125 cms
formic acid at 0°C. After stirring for 3 hr, the excess of acid was evaporated and the
remaining oil was heated approximately for 30 min at 130 - 150 °C. IH NMR data
[(CDs)2(SO)]: H3 8.09 ppm (d); H4, 7.98 ppm (t); H5 7.51 ppm (t); H6 8.70 ppm
(d); H5, 8.27 ppm (s).Yield. 50 %, M.P.: 158-160 °C:

3-(pyrazin-2-yl)-1,2,4-triazole, Hpztr

20 cms of ethanol was added to a mixture of (5.0 g; 0.048 mol) of molten 2-
cyanopyrazine and an equimolar amount of 2.33 cms hydrazine hydrate. The solution
was stirred at room temperature for 1 hour. Yellow crystals of 2-pyrazylamidrazone
were collected by filtration. The pyrazylamidrazone (14 g; 100 mmol) was dissolved
ina 10 fold excess of cold formic acid at temperatures below 10 °C. The mixture was
stirred for 3 hours at room temperature. After subsequent heating to dryness at 120
°C the ligand precipitated. The ligand was recrystalised from hot ethanol. Yield: 48
%, M.P: 213 °C,S. ]JH NMR data [DMSO]: H3, 9.46 ppm (d); H5, 8,70 ppm (d); He,
g.66 ppm (d) ; H5', 8.25 ppm (s). Yield:48 %, M.P.:213 °C:
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3.2.2 Synthesis of [Ru(L)2CI2].2H20

Cis-[Ru(bpy)2CIZ.2H20

This complex was prepared according to a modified method of the literature method

as follows:

(7.8 g, 29.83 mmol) of RuCls was heated with 50 cms of DMF and 1.5-2 g of LiCl,
while being bubbled with Tyg). (9.307 g, 59.66 mmol) of 2,2’-bipyridine was added to
the solution slowly and then heated under reflux for s hours. The solution was cooled
and added to a large volume of acetone (400 cm3, which was placed in the freezer (-
4°C) overnight. The product was collected by vacuum filtration and any traces of
carbonyl removed by washing with water. Wash through the precipitate with ice cold

water and then diethyl ether. Yield: 12 g, 80 %

Cis-[Ru(phen)2CI2].2H2

This complex was prepared according to literature method s (6.5 g; 31.23 mmol) of
RuCli and 2 g of LiCl were heated in 50 cms of DMF with a gentle flow of N2 (g)
bubbling through the solution. (10.81 g, 60.00 mmol) of 1,10 - phenanthroline was
added slowly in 3 to 4 batches and was heated under reflux for s hours. The solution
was then cooled, added slowly to 300 cms of Acetone and put in the freezer overnight
at (-4°C). The product was collected under vacuum filtration and washed with water

and diethyl ether. Yield 12 g ; 70 %.

Cis-[Ru(big)2CliZ.21120

This complex was prepared according to literature method 14 (2.5 g; 10 mmol) of
RuC13 2 g of LiCl and 3 g of ascorbic acid were heated in 40 cms of DMF. (5 g; 20

mmol) of biquinoline was added to the solution slowly and heated under reflux for 40

min. The solution was left to cool, added slowly to 250 cms of Acetone and placed in
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the freezer at -4 °C overnight. The product was collected under vacuum filtration and
washed with water and diethyl ether. Yield 5g, 70 %
3.2.3 Deuteriation of Ligands

The following ligands were deuteriated according to literature method 1s

2,2’-Bipyridyl

3 g of 2,2’-bipyridyl was placed in a teflon bomb with 0.5 g palladium charcoal
catalyst and 20 cms of deuterium oxide. The bomb was placed in an oven at 200 °C
for 3 days. The solution was vacuum filtered and the palladium charcoal collected, the
deuteriated bpy was washed out of the bomb and the palladium charcoal with diethyl
ether. The ether was allowed to evaporate and ’"H NMR determined the % deuterium
exchange of the ligand. If deuteriation is not successful on first attempt, repeat the
above procedure with fresh D2 and palladium charcoal. ]H NMR reveals a silent
spectrum, infrared spectroscopy showed bands at 2250-2295 cm'], attributed to vcd
vibrations. Yield: 2.2 g, 73 %

1,10-Phenanthroline

3 g of 1,10-phenanthroline was placed in a teflon bomb with 0.5 g palladium charcoal
catalyst and 20 cms of deuterium oxide. The bomb was placed in an oven at 200 °C
for 3 days. The solution was vacuum filtered and the palladium charcoal collected, the
deuteriated phen was washed out of the bomb and the palladium charcoal with diethyl
ether. The ether was allowed to evaporate and  NMR determined the % deuterium
exchange of the ligand. If deuteriation is not successful on first attempt, repeat the
above procedure with fresh D2 and palladium charcoal. *H NMR reveals a silent
spectrum, infrared spectroscopy showed bands at 2250-2295 cm’], attributed to vecd
vibrations. Phenanthroline was found to be more difficult to deuteriate in comparison

to other ligands i.e. bipyridyl. Yield: 1g; 33 %
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2,2’-Biquinoline

3 g of 2,2’-biquinoline was placed in a teflon bomb with 0.5 g palladium charcoal
catalyst and 20 cm3 of deuterium oxide. The bomb was placed in an oven at 200 QC
for 3 days.

The solution was vacuum filtered and the palladium charcoal collected, the
deuteriated big was washed out of the bomb and the palladium charcoal with diethyl
ether. The ether was allowed to evaporate and 'H NMR determined the % deuterium
exchange of the ligand. If deuteriation is not successful on first attempt, repeat the
above procedure with fresh D2 and palladium charcoal. H NMR reveals a silent
spectrum, infrared spectroscopy showed bands at 2250-2295 cm'], attributed to ved

vibrations. Yield: 2 g, 65 %.
3-(pyridin-2-yl)-1,2,4-triazole, Hpytr

3 g of 3-(pyridin-2-yl)-1,2,4-triazole was placed in a teflon bomb with 0.5 ¢
palladium charcoal catalyst and 20 cms of deuterium oxide. The bomb was placed in
an oven at 200 °C for 3 days. The solution was vacuum filtered and the palladium
charcoal collected, the deuteriated Hpytr was washed out of the bomb and the
palladium charcoal with hot ethanol. The ethanol was evaporated and a [H NMR
determined the % deuterium exchange of the ligand. If deuteriation is not successful
on first attempt, repeat the above procedure with fresh D20 and palladium charcoal.
'H NMR reveals a silent spectrum, infrared spectroscopy showed bands at 2250-

2295 cm'l attributed to vcavibrations. Yield: 2.2 g, 73 %
3-(pyrazin-2-yl)-1,2,4-triazole, Hpztr

3 g of 3-(pyrazin-2-yl)-1,2,4-triazole was placed in a teflon bomb with 0.5 g
palladium charcoal catalyst and 20 cms of deuterium oxide. The bomb was placed in
an oven at 200 °C for 3 days. The solution was vacuum filtered and the palladium
charcoal collected, the deuteriated Hpztr was washed out of the bomb and the

palladium charcoal with hot ethanol.
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The ethanol was evaporated and a » NMR determined the % deuterium exchange of
the ligand. If deuteriation is not successful on first attempt, repeat the above
procedure with fresh DO and palladium charcoal. :H NMR reveals a silent
spectrum, infrared spectroscopy showed bands at 2250-2295 cm'], attributed to vca
vibrations. Yield: 2.4 g; 80 %.

3.2.4 Synthesis of [Ru(dn-Li>Cbl.2H7Q

Cis-[Ru(d&-bpy)2Cl2].2H20

This complex was prepared according to a modified method of literature method:s as
follows:

(2.31 g, 8.84 mmol) ofRuCls was heated with 50 cm: ofDMF and 1.0-1.5 g ofLiCl,
while being bubbled with N. (g (2.9 g, 17.7 mmol) of deuteriated 2,2’-bipyridine
was added to the solution slowly and then heated under reflux for s hours. The
solution was cooled and added to a large volume of acetone (250 cm3), which was
placed in the freezer (-4 °C) overnight. The product was collected by vacuum
filtration and any traces of carbonyl removed by washing with water. Wash through

the precipitate with ice cold water and then diethyl ether. Yield: 2.8 g, 77 %.

Cis-[Ru(ds-phen)2Cl2].2 H20

This complex was prepared according to literature method16. (1.22 g, 5.88 mmol) of
RUCI; and 1 g of LiCl were heated in 50 cm: of DMF with a gentle flow of ISfyg)
bubbling through the solution. (2.24 g ; 11.77 mmol) of deuteriated 1, 10 -
phenanthroline was added slowly in 3 or 4 batches and was heated under reflux for s
hours. The solution was then cooled, added slowly to 200 cms of acetone and put in
the freezer overnight at (-4 °C). The product was collected under vacuum filtration
and washed with water and diethyl ether. Yield: 2 g ; 45 %.
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Cis-[Ru(di2-big)2Cl21.2H20

This complex was prepared according to literature method 14.

(0.116 g ; 0.8 mmol) ofRuCh, 1.5 g of LiCl and 2 g of ascorbic acid were heated in
40 cm3 of DMF. (0.43 g¢; 1.6 mmol) of deuteriated biquinoline was added to the
solution slowly and heated under reflux for 40 min. The solution was left to cool,
added slowly to 250 cm3 of acetone and placed in the freezer at -4 °C overnight. The
product was collected under vacuum filtration and washed with water and diethyl

ether. Yield: 5g, 70 %.

3.25 Preparation of the Ruthenium complexes.

[Ru(bpy)2Hpytr] [PF6]2.H20

520 mg (1 mmol) of cis-[Ru(bpy)2CI2].2H20 was heated under reflux with 0.3 g (2
mmol) of Hpytr for 4 hr in 50 cm3 ethanol/water (1:1 v/v). The solvent was removed
by rotary evaporation, and the remaining solid dissolved in 10 cm3 water. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 11
(v/iv). Two isomers are formed. Separation of the isomers took place on a neutral
alumina column under gravity. Isomer two (second isomer off analytical cation
exchange hplc column) elutes first with 100% acetonitrile and isomer one elutes off
with 100% methanol. Yield: 670 mg; 82%. CHN: Found: C, 37.26; H, 2.67; N,
12.77; C21H23F 12N 80OP2RU requires C, 37.42; H, 2.67; N, 12.93 %. (N4-isomer)

[Ru(d(rbpy)2Hpytr] [PF6R2.2H20

530 mg (1 mmol) of cis-[Ru(dg-bpy)2CI12].2H20 was heated under reflux with 0.3 g (2
mmol) of Hpytr for 4 hr in 50 cm3 ethanol/water (1:1 v/v). The solvent was removed
by rotary evaporation, and the remaining solid dissolved in 10 cm3 water. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone:water 1.1

(v/v).
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Two isomers are expected to form. Separation of the isomers took place on a neutral
alumina column under gravity. Isomer two (second isomer off analytical cation
exchange column) elutes first with 100% acetonitrile and isomer one elutes off with
100% methanol. Yield: 590 mg; 71 %. CHN: Found: C, 36.15; H, 2.41; N, 11.81;
C27D 16H 10F 12N 802P2RU requires C, 35.97; H, 2.91; N, 12.43 %. (N4-isomer)

[Ru(bpy)2ds-Hpytr][PF6]3/2.1/2H20

520 mg (1 mmol) of cis-[Ru(bpy)2CI2].2H20 was heated under reflux with 0.3 g (2
mmol) of ds-pytr for 4 hr in 50 cm3 ethanol/water (1:1 v/v). The solvent was
removed by rotary evaporation, and the remaining solid dissolved in 10 cm3 water.
The complex was precipitated with an aqueous solution of NH4PF6. The complex
was collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (the second isomer off analytical
cation exchange column) elutes first with 100% acetonitrile and isomer one elutes
off with 100% methanol. Yield: 620 mg; 76 %. CHN: Found: C, 41.42; H, 2.95; N,
14.34; C27D5H 18F9N 80 /2P 1.5RU requires C, 41.00; H, 2.93; N, 14.17 % (N4-isomer)

[Ru(djrbpy)2ds-Hpytr] [PF6]2.4H20

530 mg (1 mmol) of cis-[Ru(d&-bpy)2CI2].2H 20 was heated under reflux with 0.3 g (2
mmol) of ds-pytr for 4 hr in 50 cm3 ethanol/water (1:1 v/v). The solvent was
removed by rotary evaporation, and the remaining solid dissolved in 10 cm® water.
The complex was precipitated with an aqueous solution of NH4PF6. The complex
was collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100% methanol. CHN: Found C, 35.43; H, 294; N, 10.31.
RuC27D 21H9F 12N 804P2 requires C, 34.41; H, 3.21; N, 11.89.
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[Ru(bpy)2pztr][PF6]32 H20

(2 mmol; 0.5 g) of cis-[Ru(bpy)2CI2].2H20 and an excess of ligand Hpztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100% methanol. Yield: 720 mg, 90 %. CHN: Found C, 39.30; H, 2.70; N,
15.48. RUC26H 2N 90 1P3/2F9 requires C, 39.28; H, 2.79; N, 15.86. (N2-isomer)

[Ru(ds-bpy)2pztr] [PF6]3/2.H20

(1 mmol; 0.54 g) of cis-[Ru(d8-bpy)2CI2].2H20 and an excess of ligand Hpztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100% acetonitrile and isomer one elutes
off with 100% methanol. Yield: 700 mg, 83 %. CHN: Found C, 38.88; H, 2.67; N,
15.50. RUC26D 16H6N9OP3/2F9 requires C, 38.51; H, 2.73; N, 15.55.(N2-isomer)
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[Ru(bpy)2d4pztr] [PF6]sk- 2H20

(2 mmol; 0.52 g) of cis-[Ru(bpy)2CI2].2H20 and an excess of ligand d4-pztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1.1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100% acetonitrile and isomer one elutes
off with 100% methanol. Yield: 750 mg, 91 %. CHN: Found C, 38.94; H, 2.76; N,
15.00. RuC26H20D4AN902P3/2F9requires C, 38.22; H, 2.96; N, 15.43.(N2-isomer)

[Ru(ds-bpy)2d4-pztr] [PF6]32.H20

(1 mmol; 0.54 g) of cis-[Ru(d8-bpy)2CI2].2H20 and an excess of ligand d4-pztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100 % methanol. Yield: 700 mg, 83 %. CHN: Found C, 38.50; H, 2.45; N,
15.13. RuC26D20H2N90P3/2F9 requires C, 38.31; H, 2.72; N, 15.47. (N2-isomer)

|Ru(phen)2pztr] [PF6]3/2.H20

(L mmol; 0.53 g) of cis-[Ru(phen)2CI2].2H20 and an excess of ligand pztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v).
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Two isomers are expected to form. Separation of the isomers took place on a neutral
alumina column under gravity. Isomer two (second isomer off analytical cation
exchange column) elutes first with 100 % acetonitrile and isomer one elutes off with
100% methanol. Yield: 600mg, 72 % CHN: Found C, 42.86; H, 2.65; N, 14.55.
RUCs0H22NsOP3/Fs requires C, 42.74; H, 2.63; N, 14.96 %. (N2-isomer)

[Ru(ds-phen)2Hpztr] [PF6]2.2H20

(1 mmol; 0.55 g) of cis-[Ru(ds-phen).Cl.].-H20 and an excess of ligand pztr (1.5-2
mmol;0.2-0.3 g) were heated under reflux in 50 cms of ethanol for s hours. The
solvent was evaporated off and the residue was dissolved in 10 cms of H.O. The
complex was precipitated with an aqueous solution of NH.sPFs. The complex was
collected under vacuum filtration and recrystallised in 30 cms acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100 % methanol. Yield: 650 mg, 76 %. CHN: Found C, 38.38; H, 2.48; N,
13.27. RUCs0D16H9N9O2P2F 12 requires C, 37.91; H, 2.65; N, 13.27.

[Ru(phen)2d4-pztrJ |PF6]2.2H20

(L mmol; 0.53 g) of cis-[Ru(phen):Cl:].2Hz20 and an excess of ligand pztr (1.5-2
mmol; 0.2-0.3 g) were heated under reflux in 50 cms of ethanol for s hours. The
solvent was evaporated off and the residue was dissolved in 10 cms of H20. The
complex was precipitated with an aqueous solution of NH4PFs. The complex was
collected under vacuum filtration and recrystallised in 30 cms acetone: water 1.1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100 % methanol. Yield: 670 mg, 80 %. CHN: Found C, 39.08; H, 2.55; N,
12.84. RuCs0H20DsP2F120 2 No requires C, 38.43; H, 2.58; N, 13.45.
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[Ru(ds-phen)2d4_HpztrJ [PFe].2H20

(2 mmol; 0.55 g) of cis-[Ru(dg-phen)2Cl2].2H20 and an excess of ligand d4-pztr (1.5-
2 mmol; 0.2-0.3 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100 % methanol. Yield: 720 mg, 85 %. CHN. Found C, 45.31; H, 3.01; N,
14.73. RUC30H5N 902D 20PF6 requires C, 44.51; H, 3.11; N, 15.56. (N2-isomer)

[Ru(big)2Hpztr] [PF6].H20

(L mmol; 0.72 g) of cis-[Ru(big)2CI2].2H20 and an excess of ligand pztr (1.2-1.5
mmol; 0.15-0.25 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1.1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (the second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100 % methanol. Yield: 900 mg, 90 %. CHN: Found C, 54.33; H, 3.26; N,
13.54. RUC42H3IN 9OPF6 requires C, 54.60; H, 3.38; N, 13.65. (N2-isomer)
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[Ru(di2-big)2Hpztr] [PFé]

(0.09 mmol; 0.067 g) of cis-[Ru(di2-big)2CI2].2H20 and an excess of ligand pztr (0.1
mmol; 0.02 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The solvent
was evaporated off and the residue was dissolved in 10 cm3 of H20. The complex
was precipitated with an aqueous solution of NH4PF6. The complex was collected
under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1 (v/v). Two
isomers are expected to form. Separation of the isomers took place on a neutral
alumina column under gravity. Isomer two (second isomer off analytical cation
exchange column) elutes first with 100 % acetonitrile and isomer one elutes off with
100 % methanol. Yield: 83 mg, 95 %. CHN: Found C, 54.35; H, 3.27; N, 13.50.
RUC4D 24H6N PF6 requires C, 54.20; H, 3.25; N, 13.55. (N2-isomer)

[Ru(big)2d4-pztr] [PF6]32. HD

(0.09 mmol; 0.05 g) of cis-[Ru(big)2CI2].2H20 and an excess of ligand d4-pztr (0.1
mmol; 0.02 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v). Two isomers are expected to form. Separation of the isomers took place on a
neutral alumina column under gravity. Isomer two (second isomer off analytical
cation exchange column) elutes first with 100 % acetonitrile and isomer one elutes
off with 100% methanol. Yield: 70 mg, 85 %. CHN: Found C, 50.63; H, 3.24; N,
8.59. RUC42D 4H 26N 90O P3/2F9 requires C, 50.48; H, 3.03; N, 8.44. (N2-isomer)

[Ru(di2-big)2d4-pztr] [PFe].H20

(0.09 mmol; 0.06 g) of cis-[di2-Ru(big)2CI2].2H20 and an excess of ligand d4-pztr
(0.1 mmol; 0.02 g) were heated under reflux in 50 cm3 of ethanol for 8 hours. The
solvent was evaporated off and the residue was dissolved in 10 cm3 of H20. The
complex was precipitated with an aqueous solution of NH4PF6. The complex was
collected under vacuum filtration and recrystallised in 30 cm3 acetone: water 1:1
(v/v).
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Two isomers are expected to form. Separation of the isomers took place on a neutral
alumina column under gravity. Isomer two (second isomer off analytical cation
exchange column) elutes first with 100 % acetonitrile and isomer one elutes off with
100 % methanol. Yield: 74 mg, 92 %. CHN was not obtained for this complex |,
however, this complex was made in an identical manner to that of [Ru(biq).pztr]+

and was found to be hplc pure and ‘H NMR pure.

79



Synthesis and characterisation of Hpytr and Hpztr complexes Chapter 3

3.3 RESULTS AND DISCUSSION

3.3.1 Synthetic analysis

The synthesis of the pytr' and pztr' containing complexes has previously been
reported by Hage et al.: , which illustrated that the complexes resulting from the
coordination of these ligands not only formed coordination isomers but also formed
very pH sensitive complexes. The pytr' complexes in this study were reproduced as
model compounds and the CHN analysis of the complexes show that the compounds
were obtained with different amounts of counter ions (PF6). This may be attributed
to the fact that on recrystallisation of the complex Hage would have added a drop of
basic solution in order to deprotonate the complex but however in this study acid or
base was not added during recrystallisation. This does not effect any of the
measurements as all measurements were carried out in acidic and basic media. The
only difference that was noticed is during UV spectrum analysis of the complex,
prior to addition of acid or base the spectrum obtained will give you a mixture of the
two species. Also when obtaining a 'H NMR of this complex the solution has to be

pH controlled in order to obtain a clear spectrum.

The pztr' complexes are similar as the CHN results gave different results for the
counter ions of various analogues of the pztr' compounds. The complexes were not
recrystallised in acidic or basic media and therefore when the crystal structure was
obtained we see a sharing of the counter ion resulting in the complexes having

[PFs]s/2- The crystal structure of [Ru(bpy) pztr]+N: -isomer is shown in Figure 3. The
complexes containing the Hpztr ligand did not appear to be as pH sensitive as the
Hpytr analogues as the H NMR was obtained in ds:-acetonitrile for all the pztr'
complexes. All characterisation measurements were obtained in a basic or protonated
media. The CHN analysis was only obtained for one isomer of each complex,
however all isomers were found to be hplc and '"H NMR pure. As stated previously
the H NMR of the complexes illustrates their purity and the deuteriated analogues

also confirm this.
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Figure 2 Crystal structure o f[Ru (bpy)2HpzXrf+to illustrate sharing ofproton.
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3.3.2 Chromatographic interpretation

Initially the mononuclear complexes were run on an analytical hplc using a SCX
cation exchange column and a mobile phase of 0.12 M LiC104, 80:20 acetonitrile:
water, flowrate 2 cm3 min and a detector wavelength of 280 nm. The following is an
example of (I) the mononuclear complex containing the two isomers and (Il) after

isolation on the alumina column the individual isomer traces.

Figure 3: Hplc traces of (I)[Ru(bpy)zp ztrf+monomeric complex and (Il) isolation

ofisomers.
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The hplc trace of the monomer is presented in Figure 3, which portrays the two
coordination isomers of the monomer at their different retention times but with
similar UV spectra from the photodiode array detector. It is thought that the isomers
are separated due to their difference in acid/base properties based on their binding
sites as shown previously6. The separation was successfully achieved on neutral
alumina columns using 100 % acetonitrile to isolate the first fraction and 100 %
methanol to isolate the second fraction. The solvent is evaporated and isolated in an
aqueous solution of PF6. The precipitate is filtered, dried and the purity of the
fraction is analysed by hplc. Deuteriation does not have any effect on retention
times. Semi-preparative hplc was also used to isolate the isomers using a mobile
phase 0f 0.12 M KNO3 in 80:20 MeCN: H:0, however on evaporation of the mobile
phase to extract the pure isomers high concentrations of nitrate salts were also
collected (which are known to be potential explosives when heated to dryness!).
Hence this method of purification was not further pursued, as it was not drastically

required for the purification of the compounds.

The pyridine-triazole (Hpytr) complexes were only synthesised in conjunction with
bipyridyl and its deuteriated analogues. The isolation of the N2 and N4 isomers is
straight forward as the retention time for each isomer is well separated. After
recrystallisation, purification of the isomers took place on an alumina column 100 %
MeCN followed by 100 % MeOH, to elute both isomers. The separation is facile and

a crystalline product is collected after the solvent is removed.

A similar separation technique is included in the isolation of the pyrazine-triazole
(Hpztr) containing complexes but due to the use of bipyridyl, phenanthroline or
biquinoline in complexation the complexes will contain different properties and
hence different retention times. Due to the well-separated retention times of the
pyrazine-triazole containing isomers on the alumina columns the use of semi-
preparative hplc was not required. For the phenanthroline containing compounds the
retention times were 3 to 5 min which were similar as for the bipyridyl, however, in
the case of the biquinoline containing complexes the retention time is very short (<2

min).
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The biquinoline complex initially looked pure (1 peak, 100 %) when injected onto
the analytical column. When this complex was eluted off an alumina column two
fractions were isolated. This concurs with the previous complex, the only difference
being that the N2: N4 isomers were collected in a yield of 90:10 respectfully. The
argument for this ratio may be simply that the N2 coordination site is more sterically
favourable than the N4 site and is revealed on using "peripheral” ligands bigger than
that of the bipyridyl. In the case of the phenanthroline there was not an exact ratio of
60: 40 N2: N4 as there was for the bipyridyl complex. A ratio of 80: 20 N2: N4 is

the estimated yield for the isolated isomers containing phenanthroline.

3.3.2.1 Stereoisomer separation

Current interesti7,18,19 lies in the isolation of the stereoisomers of Ru(ll) complexes
as it is suggested that in order to achieve accurate results for luminescent lifetimes of
such complexes they would have to be enantiomerically pure. This has direct
significance in the area of supramolecular chemistry2021, as it would have an
amplified effect in such systems. Figure 4 and Figure 5 are examples of enantiomeric

separation of the pytr' and pztr' complexes respectfully carried out by Villani et al2

0 10 20 30 40 50 60

Figure 4 Chromatogram ofenantiomeric separation of [Ru(bpy)2ytrf2
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The development of a hplc stationary phaseZ2324 which is capable of separating
enantiomers would be a great advantage in the synthesis and purification of Ru(ll)
complexes both for mononuclear and supramolecular studies. The study carried out
revealed a new stationary phase (silica-bound Teicoplanin) which enables high
efficient chromatographic resolution of chiral mono- and dinuclear Ru(ll)
complexes. A set of results were obtained for the mononuclear complexes of
[Ru(bpy)2pytr]+ Figure 4 and [Ru(bpy)2pztr]+Figure 5. The results obtained for both
complexes revealed four peaks. On a cation exchange column two peaks are

obtained for pytr' and pztr' mononuclear complexes.

0 10 20 30 40 MM

Figure 5 Chromatogram ofenantiomeric separation of [Ru (hpy) p7.trf 22
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[Ru(bpy)2LI
N4
0 10 20 30 40 50 00
minutes

Figure 6 Circular dichromism of[Ru(bpy)2pytrf and [Ru (bpy)p ztrf

Elution of the enantiomers was established by on-line circular dichromism detection
and the data for the two complexes are shown in Figure s, which highlights the
orientation of the enantiomer (A or A), a is the observed angle of rotation and the
angle may be left or right of the original value a = 0°. The A isomer, Dextrorotatory
(Latin dexter, "right™) are referred to as compounds which rotate the plane of
polarisation to the right and are given a positive (+) value for a (observed angle of
rotation). The A isomers, Levorotatory (Latin laevus, "left") and is given a negative
(-) value for a. For these complexes the A enantiomers were retained on the column.
A remarkable separation of regioisomers and enantiomers was achieved and this was
extraordinary, as there is so little structural difference between the regioisomeric
complexes. For further information refer to appendix 1, paper 4 and additional

relevant data in appendix 3.
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3.3.3 *HNMR Spectroscopy

In the elucidation of the structures of ruthenium polypyridyl complexes 'H NMR
Ah6to jias proven to be a very powerful technique zs.s.27.2620 Interpretation of Ru(ll)
polypyridyl complexes in the past has sometimes proven to be difficult due to the
large quantity of protons present on the peripheral ligands i.e. bipyridine. However,
the idea of using deuteriated bipyridyl is to simplify the *H NMR spectra of
ruthenium complexesls 'H NMR is used to determine the percentage deuteriation of
the ligands as it is necessary to have the ligands >99 % deuteriated for accurate

luminescent lifetime measurements to be determined.

3.3.3.11H NMR of deuteriated ligands

This procedure must be carried out in order to interpret the degree of deuterium
exchange that takes place during the deuteriation of the ligands. The ligands should
preferably be 99.99% deuteriated in order for accurate luminescent lifetimes to be
measured on the complexes but for *H NMR > 95 % would be sufficient. The
following is an example of how the % deuteriation was determined on a sample of

bpy after 4 days at 200 °C using 3 g.

Calculation of % deuterium exchange e.g. 2.2°-bipyridvl:

Step 1 Ligand to solvent ratio of the undeuteriated ligand

emg/l cm3

The "H NMR of the undeuteriated 2,2’- bipyridyl was obtained by dissolving s mg
of bpy in 1 cms of CDCI3, and from this spectrum the ratio of the integration of the
ligand peak (L) to the solvent peak (S) was determined. From this spectrum we get
the ratio of the relative number of hydrogen's in the bpy sample compared to that in
the deuteriated solvent. In order to calculate the overall % deuteriation of the ligand,

an average of all four ligand peak integration values must be taken;

For undeuteriated bpy, L = (1.00+0.988+1.014+0.994) £4 = 0.999,

Hence, from the spectrum
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Figure we can see the ligand to solvent ratio L/S =10, as the integration of the ligand

averages at 0.999 and the solvent integration is 0.1.

RATIO ofL/S = 1.0/0.1 = 10

Step 2: Ligand to solvent ratio ofthe deuteriated ligand

12mg/ 1 cm3

The X NMR spectrum of the deuteriated sample of bpy was obtained by dissolving
12 mg of deuteriated bpy in 1 cm3. In this case the weight of the sample must be
taken into account in order to compare it with the corresponding peaks of the

undeuteriated sample.

For deuteriated bpy, L = (1.000+0.900+0.893+0.994) -j-4 = 0.947

Hence, from the spectrum in Figure we can see in this case that the ligand to solvent
ratio L/S = 0.099, as the average ligand peak integrates as 0.947 and the solvent peak
integrates as 9.557.

ratio of L/S = 0.947/9.557 = 0.099
This must be divided by the weight differences,

0.099 -s-12 mg/ s mg = 0.0495

therefore, Deuteriated ratio L/S = 0.0495 = 0.00495
Undeuteriated ratio L/S 10

Hence, the percentage of remaining hydrogen in the deuteriated sample, %H = 0.495
%, which means, therefore that the % deuterium exchange of the sample is 99.505
%. The experiment error, due to discrepancies in weight and volume measurements

was estimated to be approximately 99 +/- 1 %.

Figure 12 to Figure 17 show examples of the H NMR of the ligands and their

respective deuteriated analogues, bpy, phen and big.

88



Synthesis and characterisation of Hpytr and Hpztr complexes Chapter 3
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Figure 7: IH NMR o fundeuteriated bpy in I cms of CDCIj.
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Figure 8: IH NMR of deuteriated bpy in 1 cm- of CDCIj
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Figure 9 '"H NMR of undeuteriatedphett in 1 cm3 of CDCI3

fl a» *0 se

Figure 10 'H NMR of deuteriatedphen in 1 cm3of CDClI,
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Figure 11 IH NMR ofundeuteriated biq in 1 cm3 of CDCh

93 "5 G
fi

Figure 12 1H NMR ofdeuteriated big in 1 cm30fCDCI3
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3.3.3.2 HNMR ofHpytr complexes containing hg-bpy and dg-bpy

The '"H NMR spectra of the N2-isomer of [Ru(bpy)2oytr]2+ [Ru(dg-bpy)2pytr]2+and
[Ru(bpy):ds-pytr]2+are presented in Figure 13, Figure 14 and Figure 15 respectively.

The elucidation ofthe spectra is greatly facilitated by the deuteriation of the ligands.

COMPOUND (ppm) H4 (ppm) Hs (ppm) H6 (ppm) H3(ppm)
Hpytr 8.09 (d) 7.98 (t) 7.51 (1) 8.70 (d) 8.27 (5)
[Ru(bpy)Dytrf Iso 1 8.08(-0.01)  7.84(-0.14)  7.11(-0.40)  7.49C-1.21) 7.90(-0.37)
[Ru(bpy)ytr]+1so 2 8.32(+0.23)  7.99(+0.01)  7.34(-0.17)  7.57(-1.13) 8.11C-0.16)

[Ru(dSbpy)Dytr]' Iso 1  8.08(-001)  7.84(-0.14)  7.11(-0.40)  7.49(-121) 7.90(-0.37)
[Ru(d8bpy)Dytr]+lso 2  8.32(+0.23)  7.99(+0.01)  7.34(-0.17)  7.57(-113)  8.11(-0.16)

Table 1: 400 MHz 1IH NMR resonances for the [Ru(bpy)pytrf+ mononuclear
complexes. All measurements were carried out in d3-Acetonitrile exceptfree ligand
measured in d*-DMSO. Values in parenthesis are the chemical shifts compared
with thefree ligand (s =singlet, d = doublet, t = triplet and m - multiplet). (Iso 1 is

the N4 bound isomer and Iso 2 is the N2 bound isomer).

Table 1lillustrates the chemical shifts of the H3, H4, H5 and H6 Hpytr protons on
complexation to the Ru moiety. When comparing the proton shifts of the isomers the
H5 signal is the most indicative shift. For N4-isomer (-0.37), which is double of that
for N2-isomer (-0.16). The signal of the H5 proton of the triazole ring undergoes a
large shift upfield when the Ru(bpy)2 moiety is coordinated to the N4 coordination
site. The ring current effect of the adjacent bipyridyls is experienced by the H5 when

it is in such close vicinity.

The H of N2-isomer is also shifted upfield by 0.16 ppm on coordination to the N

site, which is due to the negative charge present on the triazolate ligand, resulting in
a higher electron density on the ligand. The '"H NMR of the [Ru(d8bpy)(d5-pytr)]+
isomers are not listed as in this case all of the proton signals are suppressed. The
complexes [Ru(bpy)2(ds-pytr)]+ and [Ru(d8bpy):(ds-pytr)]+ are not useful tools in

spectral elucidation but may prove useful in the identification of the excited state.
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3.3.3.3 NMR of Hpztr complexes containing h8bpy and dg-bpy.

The 'H NMR resonances of the two isomers of [Ru(bpy):pztr]+ are significantly
different as shown by Hage et al. The deuteriation of the bpy ligand has facilitated
the elucidation of the spectra greatly and enables the interpretation of the ligand
shifts without the presence of the bipyridyl signals. Isolation of the pztr mononuclear
coordination isomers [Ru(bpy):pztr]+ [Ru(dg-bpy):pztr]+and [Ru(ds-bpy).ds-pztr]+
was achieved through the use of neutral alumina columns with 100% acetonitrile to
elute N2-isomer and 100% methanol to elute N4-isomer.lH NMR spectra were
obtained for each isomer in deuteriated acetonitrile. The chemical shifts of these
isomers are shown in Table 2. The shifts of the complex [Ru(ds-bpy):(d:-pztr)]+are
not shown in this table as all the C-H signals are replaced by C-D signals and hence

all of the complex peaks are suppressed in the ~ NMR spectra.

Figure 13: "HNMR of[Ru(bpy):pytrf+N2-isomer in dj-acetonitrile.
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Figure 14 *HNMR of[Ru(dg-bpy)”ytrf N2-isomer in dr acetonitrile..

JI

ot »l

Figure 15 NI NMR offRu(bpy).ds-pytrf N2 -isomer in d”™acetonitrile
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To determine the coordination mode of the pyrazine-triazole ligand in the
mononuclear complexes the IH NMR spectra were compared. Figure 16 and 17
show the *H NMR spectra of N4-isomer and N2-isomer of the [Ru(bpy):pztr]+
complexes respectively. The partially deuteriated [Ru(ds-bpy):pztr]+ complexes
facilitate the interpretation of the ligand shifts for each isomer, NMR spectra for
the partially deuteriated complex shown in Figure 18 and Figure 19. The H proton is
observed as a sharp singlet, hence assignment of this proton is straightforward. In
Figure 16 it may be observed that for H5 its chemical shift is at much higher field
than that observed in Figure 17 for N2-isomer. Structural models reveal that when
the triazole ring is bound via N4 the H5 proton will be directed to the neighbouring
bpy ring, but for the N2 bound isomer this proton will not be located as near to the
bipyridyls. 3 The above elucidation shows that N4-isomer is bound via N4 of the
triazole and isomer 2 via N2, which may be clarified by the crystal structure of N2-

isomer in Figure 35.
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COMPOUND H3 (ppm) H3 (ppm) H6 (ppm) H5 (ppm)
Hpztr 9.47 (s) 8.71 (d) 8.65 (d) 8.24 (s)

[Ru(bpy)dztr]+Iso 1 9.52(+0.05) 8.07 (-0.64) 8.60 (-0.05)  8.94 (+0.70)
[Ru(bpy)2oztr]+Iso 2 9.50 (-0.03) 8.10(-0.61) 854 (-0.11)  8.74 (+0.50)
[Ru(d8bpy)2pztr] ' Iso 1 9.52(+0.05) 8.07 (-0.64)  8.60 (-0.05)  8.94 (+0.70)
[Ru(ds-bpy)2oztr]* Iso 2 9.44 (-0.03) 8.10 (-0.61)  8.54 (-0.11)  8.74 (+0.50)
[Ru(phen)2ztr]+Iso 1 9.35(-0.12) 8.10(-0.61)  8.20 (-0.45)  7.36 (-0.88)
[Ru(phen)2pztr]+Iso 2 9.25 (-0.22) 8.08 (-0.63)  8.18 (-0.47)  7.98 (-0.26)
[Ru(d8phen)2pztr]+Iso 1 9.35 (-0.12) 8.10 (-0.61)  8.20 (-0.45)  7.36 (-0.88)
[Ru(d8-phen)2ztr]+Iso 2 9.25 (-0.22) 8.08 (-0.63)  8.18 (-0.47)  7.98 (-0.26)
[Ru(big)dztr]+Iso 1 8.57 (-0.90) 7.80(-0.91)  8.49(-0.16)  7.50 (-0.74)
[Ru(big)Zztr]+Iso 2 8.32 (-1.15) 7.61 (-1.10)  8.28 (-0.37)  7.78 (-0.46)
[Ru(dizbig)2oztr]+Iso 1 8.57 (-0.90) 7.80(-0.91)  8.49 (-0.16)  7.50 (-0.74)
[Ru(diZbiq)Zpztr|* Iso 2 8.32 (-1.15) 7.61 (-1.10)  8.28 (-0.37)  7.78 (-0.46)

Table 2: 400 MHz H NMR resonances for the mononuclear complexes. All
measurements were carried out in d3-Acetonitrile exceptfree ligand measured in
de-DMSO. Values in parenthesis are the chemical shifts compared with the free
ligand (s =singlet, d = doublet, t = triplet and m = multiplet). In all cases isomer 1

is N4 bound and isomer 2 is N2 bound

3.3.3.4 13C NMR ofHpztr complexes containing hg-bpy and dg-bpy

Deuteriation involves the exchange of the C-H to C-D, which has always been
reflected in the '"H NMR spectrum and has aided in elucidation of the spectrum, here
we will observe its effect on the 13C spectrum. The effect of deuteriation on the 13C
spectra has never been previously considered for the inorganic complexes with

deuteriated ligands.
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is e Boy

Figure 16 H NMR of[Ru(bpy)pztrJ¥N4-isomer in d3-acetonitrile

Figure 17*11NMR of/Ru(bpy)¢pztrf N2-isomer in ds-acetonitrile
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Figure 18: *HNMR o f[Ru(dfrbpy)zztrfrN4-isomer in d3-acetonitrile
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Figure 19: IH NMR of[Ru(ds-bpy)2d ztrf N2 -isomer in ds-acetonitrile
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For organic compounds however where selective deuteriation has been encountered
the use ofthe 13C spectrum has proven most useful3Ll2 Recently O'Callaghan et al.33
observed a substantial diminution in the height of the carbon signals, and nearby
carbon signals of the 13C spectra for polyheterocyclic compounds upon deuteriation.
The decrease in the signal intensity of the 13C has been attributed to various factors:
loss of heteronuclear Overhauser effect (NOE), the fact that C-D coupling constants
are smaller than C-H coupling constants, and signal 'splitting' owing to the presence
of partially and fully deuteriated species. Figure 20, Figure 21 and Figure 22 are the
1C spectra of [Ru(bpy)2pztr]+ , [Ru(d8&bpy)2pztr)' and [Ru(d8-bpy)2d5-pztr]+
respectively. The 13C spectra have not been assigned for the complexes. However in
Figure 20 we see that there is a range of 13C signals between 175 and 200 ppm. On
comparison of Figure 20 with Figure 21 we see a large difference as the C-D signals
of the deuteriated bipyridyls have been suppressed only revealing the C-H signals of
the pztr' ligand. Figure 22 illustrates the “C ofthe fully deuteriated complex which
has only solvent peaks remaining. This clearly illustrates the effect of deuteriation on

the partially and fully deuteriated complexes.

190 165 i80

(pprr

Figure 20 13C NMR of fRu(bpy)pztrf N2-isomer in ds-acetonitrile.
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(ppm)

Figure 21 1SCNMR of [Ru(ds-bpy)d ztrf N2-isomer in dr (icetonitrile.

Figure 22 ::CNMR of [Ru(dg-bpy).ds-pztrfN: -isomer in dj-acetonitrile.
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3.3.3.5 '"HNMR ofHpztr complexes containing hg-phen and dg-phen

The complex [Ru(phen):pztr]+ also forms coordination isomers which were visible
on elution down a hplc column. The N2 and N4 coordination isomers are identified
via 'H NMR by observing the chemical shift of the H5' triazole signal. The H5'
signal is known as being sensitive to ring current effect when a peripheral ligand (i.e.
bpy, phen, biq) is nearby. For the complex [Ru(phen).pztr]+, N4-isomer appears to
be the N4 bound coordination isomer as it has the most significant shift of the H5'
triazole proton of the two isomers. A shift of -0.88 ppm is experienced by the H5'
proton of the N4 isomer compared to -0.26 ppm for the N2 isomer with respect to the

Hpztr ligand shifts.

The other 3 Hpztr ligand protons (H3, H5 and H6) of the pyrazine ring in both N2
and N4 have chemical shifts quite similar in magnitude. The H5' shift of the N4
isomer of [Ru(phen)2pztr]f is shifted -0.88 ppm on complexation to the metal.
However, in the case of [Ru(bpy):pztr]+for the N4 isomer a shift of + 0.70 ppm is
observed for the H5'".

Figure 23 and Figure 24 are 'H NMR spectra of the two coordination isomers of
[Ru(phen)2pztr]+ N4 and N2 respectively. Figure 25 and Figure 26 are the '"H NMR
spectra of the N2 bound isomer of [Ru(ds-phen):pztr]+and [Ru(phen)2d5-pztr]+which
illustrate effectively the use of partial deuteriation in the elucidation of 'H NMR
spectra of phenanthroline containing compounds. The spectra of [Ru(ds-phen).pztr]+
only contains the signals of the Hpztr ligand protons, whereas the [Ru(phen)2ds-
pztr]+ shows only the proton signals of the phenanthroline complex. The
phenanthroline ligand as previously stated is a difficult ligand to deuteriate but
fortunately clear *H NMR spectra were obtained. The chemical shifts for the N2 and

N4 isomers of [Ru(phen)2pztr]+are listed in Table 2.
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@

Figure 23: IHNMR of[Ru(phen)”™)ztrf N4-isomerin dj-aretonitrile.

Figure 24: "H NMR of [Ru(phen):pztrJ¥N. -isomer in dj-acetonitrile.

102



Synthesis and characterisation of Hpytr and Hpztr complexes  Chapter 3

Figure 25: IH NMR of[Ru(dg-phen)dztrf N2-isomer in dy-acetonitrile.

Figure 26: H NMR of[Ru(phen).ds-pztrf N2-isomer in ds-acetonitrile.
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3.3.3.6 '"H NMR of Hpztr complexes containing hi2-biq and di2biq

It was hoped on synthesis ofthe dark purple [Ru(big)2pztr]+monomer that the size of
the biquinoline ligand would stericaUy hinder the formation of both coordination
isomers. A ratio of 1:20 of N4-isomer:N2-isomer was found on isolation by column

chromatography, which suggests that in fact the N4-bound isomer is stencally

hindered.

Figure 27: COSY NMR of[Ru(biqg)pztrJvN4-isomer in d™etonitrile.
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PPM

Figure 28: COSYNMR of[Ru(big)dztrf N2-isomer in dj-acetonitrile.

Separation was achieved using neutral alumina and 100% Acetonitrile followed by
100% Methanol to elute the second fraction. The hplc trace only revealed one peak
for the product. Once the isomers were isolated, COSY NMRs were obtained which
are shown in Figure 27 and Figure 28. The use of COSY NMR facilitated greatly in

the assignment ofthe ligand shifts, which are listed in Table 2.
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A partially deuteriated complex confirmed the assignment of the COSY. The
findings were that three proton peaks of the pyrazine ring H5 (d), H6 (d) and H3 (s)
are at 7.61, 8.28 and 8.32 ppm respectively are all coupled to each other as expected,
whereas the H5” of the triazole ring, is not coupled to another proton. From the
chemical shift data presented in Table 2 it is suggested that N4-isomer is the N4
bound isomer and isomer 2 is the N2 bound. This is because the H5' signal of the
triazole ring for the N4 isomer undergoes a shift of -0.74 ppm compared to the N2
isomer of -0.46 ppm. Another observation is that the entire proton shifts for the N2

isomer are greater than that of the N4 isomer, excluding the H5' of the triazole ring.
3.3.3.7"Ru NMR Spectra

'H NMR is widely known as being a powerful tool in the elucidation of Ru(ll)
structures. More recent studies have delved into the use of other nuclei in their
analysis such as “Fe, Rh, Osand Mn 3 and a more common probe in use is
that of 19N which is a great asset in the interpretation of heterocyclic ligand based
complexes3 In this section the use of "Ru NMR as an analytical tool to identify
coordination isomers in a mixture of a Ru(ll) complex is proposed. Ruthenium NMR
was carried out in collaboration with the Universiteit van Amsterdam36. The results
are shown in Table 3 for the ruthenium shifts on coordination to the different
ligands. "Ru NMR gave two distinct signals for the monomer of the [Ru(bpy)pytr]+

containing both coordination isomers.

COMPOUND s9Ru (ppm)
[Ru(bpy)2oytr]+ N4 4853
[Ru(bpy)Zytr]+ N2 4700
[Ru(bpy)2oztr]+ N4 4817
[Ru(bpy)2pztr]4 N2 4678

Table 3: 300 MHz ®Ru resonancesfor the mononuclear complexes ofpyridine-

andpyrazine-triazole in ds-acetonitrile.
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On comparison with the NMR spectra of the isolated isomers the signal assigned to
isomer 1-N4 bound was at 4853 ppm and isomer 2-N2 bound was at 4700 ppm. N2-
isomer is shifted upfield compared to that of N4-isomer due to its coordination site
N2, as the N2 site is a greater o-donor than the N4 site causing an upfield shift for
N2-isomer. Also the fact that it is a pyridine ring bound to a triazole ring has an

effect which will be discussed in chapter 4.

For the complexes [Ru(bpy)2pztr]+two peaks were observed isomer 2, N2 bound
was at 4678 ppm. N2-isomer is shifted upfield compared to N4-isomer. The pKa
values correspond to the upfield shifts of the different isomers. The pKa of the N4
bound isomers in both the pytr' and pztr' complexes has a less acidic pKa value than
the N2 site. This is in direct agreement with the shifts that occur in the 9Ru NMR
and is based on the greater o-donating properties of the N2 coordination site
compared to that of the N4 site. Another pattern observed is the pKa values for the
pztr isomers are lower than that of the pytr' and this is the same case for the
corresponding upfield shift ofthe pztr’ isomers in this ®Ru NMR. Additional results
are shown in Appendix 2, and further discussion on ¥Ru NMR may be found in

Appendix 1 paper 2.

3.3.4 Electronic and Photophysical properties.

3.3.4.1 Absorption and Emission of Hpytr complexes.

The absorption, emission and luminescent lifetime(room temperature) properties of
Ru(ll) pyridine triazole complexes and their deuteriated analogues are listed in Table
4. The electronic absorption spectra of all these Ru(Il) dinuclear complexes are quite
similar and are dominated in the visible region by djc - & metal-to-ligand charge
transfer (MLCT) transitions typical of complexes of this type37and in the UV region
(250-350 nm) by intense n - 9" transitions associated with the bipyridyl and
bridging ligands. The absorption of the deprotonated species are all red-shifted with
respect to [Ru(bpy)3]2f as a result of strong o-donation of the negatively charged

triazole moiety.
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Compound aAbs (nmj &m (nm)  alifetime
(log s) (300K) (t/ns)(300K)
[Ru(bpy)2pytr)]+ N4 470 (4.03) 660 -
[Ru(bpy)2Hpytr)]2+ N4 450 (3.95) 615 -
[Ru(bpy)2pytn)]+ N2 465 (3.96) 650 145
[Ru(bpy)AHpytr)]2+ N2 437 (3.89) 620 -
[Ru(d8-bpy)Apytr)]+ N4 475 (4.07) 665 -
[Ru(d8&-bpy)2(Hpytr)]2+ N4 445 (3.80) 613 -
[Ru(d8bpy)Apytn)]+ N2 468 (3.89) 654 250
[Ru(d8bpy)(Hpytr)]2-N2 440 (4.01) 622 -
[Ru(bpy)2(d5-pytr)]+N4 468 (3.99) 658 -
[Ru(bpy)2d5-Hpytr)J2L N4 442 (3.87) 610 -
[Ru(bpy)Zd5-pytr)]+ N2 470 (4.04) 654 142
[Ru(bpy)2d5-Hpytr)]2-N2 441 (3.92) 614 -
[Ru(d8bpy)Ad5pytr)]+N4 463 (3.96) 668 -
[Ru(ds-bpy)2(d5-Hpytr)]2+N4 448 (3.87) 619 -
[Ru(ds-bpy)Ad5pytr)]+ N2 472 (3.95) 652 250
[Ru(d8bpy)2(d5-Hpytr)]2+N2 441 (3.83) 622 -

Table 4: Absorption, emission and luminescent properties of the mononuclear
complexes ameasured in acetonitrile, bdegassed with nitrogen. Protonation and
deprotonation of the complexes were carried out with trifluoroacetic acid or
diethylamine respectively. All laser measurements were carried out under nitrogen
atmosphere in acetonitrile with an error of £10%. The lifetimes which do not
appear for the Hpytr complexes are too short (<20ns) to be measured with the

laser system available. (N4 is isomer 1 and N2 is isomer 2).
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When the complexes are protonated the coordinated ligand becomes a weaker g-
donor and a stronger "-acceptor. As a consequence, the metal dit (t2g) orbitals are
stabilised and the t2g- 3VILCT energy gap is increased, resulting in the observed
blue shift in the absorption spectrum. In all the pyridine triazole complexes the
absorption maxima occurred between 435 and 470 nm. Deuteriation has no affect on
the absorption maxima. The pyridine triazole complexes exhibit emission at room
temperature in acetonitrile in their protonated and deprotonated forms. For the
deprotonated species the emission maxima occurs at lower energy than that of the
[Ru(bpy)3]2+. This can be explained by the strong a-donor properties of the anionic
bridging ligand, leading to increased electron density on the metal centre, and as a
consequence decreasing the t2g - 3MILCT energy gap which in turn lowers the
emission energy. The luminescent lifetime properties of these complexes will be

discussed in section 3.3.5.

3.3.4.2 Absorption and emission of pyrazine triazole complexes

3.3.4.2.1 [Ru(bpy)2pztr]+

The absorption, emission (300 K), emission (77 K) and luminescent lifetime (room
temperature) properties of Ru(ll) pyrazine triazole complexes and their deuteriated
analogues are listed in Table 5. The same spectra were observed as expected for the
deuteriated and non-deuteriated complexes with respect to [Ru(bpy)a]2+as a result of
strong G-donation of the negatively charged triazole moiety. When the complexes
are protonated the coordinated ligand becomes a weaker a-donor and a stronger n-
acceptor. Figure 39 illustrates the shift in the absorption spectra on protonation. As a
consequence, the metal dn (t%) orbitals are stabilised and the t2g- "MLCT energy gap
is increased, resulting in the observed blue shift in the absorption spectrum. In all the

pyrazine triazole complexes the absorption maxima occurred around 450 nm.
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nm

Figure 7 Absorption spectra of [Ru(bpy)dztrf (pink, 460 nm) and
[Ru(bpy)z2H pztrf+(blue, 440 nm) in acetonitrile.

Pyrazine triazole complexes exhibit emission at room temperature (300 K) and at
low temperature (77 K) in acetonitrile in their protonated and deprotonated forms
For the deprotonated species the emission maxima occurs at lower energy than that
of the [Ru(bpy)3]2+ This can be explained by the strong a-donor properties of the
anionic bridging ligand, leading to increased electron density on the metal centre,
and as a consequence decreasing the t2g- 3MLCT energy gap which in turn lowers

the emission energy,

At 77 K all the complexes exhibit a strong emission with vibrational structure. This
vibrational fine structure is due to relaxation via bipyridine-based vibrations, 3wvhich
is common in ruthenium polypyridyl complexes. On cooling to 77 K a blue shift is
observed in the emission maxima for both the protonated and deprotonated species.
This is associated with a phenomenon termed “rigidchromism” by Wrighton and
coworkers who were one ofthe first to report on it39. In the alcoholic glasses formed
at 77 K, the solvent dipoles are immobile on the timescale of the excited state and
therefore cannot respond to the change in electronic configuration between the

ground and excited state.
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Compound “Abs (nm) ‘Em 'Em “Hifetime
(toge) (nm)(300K)  (NM)(77 K)  (x/ns)(300K)
[Ru(bpy)2pztr)f N4 458 (3.99) 669 640 -
[Ru(bpy)Hpztr)]2+N4 440 (4.14) 657 615
[Ru(bpy)Apztr)]+N2 456 (3.81) 668 640 228
[Ru(bpy)AHpztr)]2 N2 441 (4.12) 658 620 230
[Ru(d8bpy)Apztr)]+N4 460 (3.70) 664 635 -
[Ru(ds-bpy)AHpztr)]2+N4 439 (3.93) 656 619 -
[Ru(d8bpy)2pztr)]+N2 455 (3.63) 661 641 283
[Ru(d8bpy)AHpztr)]2+N2 440 (3.87) 654 620 230
[Ru(bpy)2drpztr)]+HN4 459 (3.96) 670 638 -
[Ru(bpy)AdrHpztr)]i+N4 442 (3.85) 656 615 -
[Ru(bpy)Zdrpztr)] N2 459 (3.74) 667 643 210
[Ru(bpy)2d: -Hpztr)]i+ N2 440 (3.64) 660 619 467
[Ru(dg-bpy)2d.-pztr)]+N4 461 (4.02) 664 639 -
[Ru(d8bpy)Ad:-Hpztr)]2IN4 440 (3.75) 652 617 -
[Ru(d8bpy)drpztr)]+N2 455 (3.86) 667 645 290
[Ru(d8-bpy)Ad4-Hpztr)ffN2 437 (3.69) 653 622 480

Table 5: Absorption, emission and luminescent properties of the mononuclear
complexes aneasured in acetonitrile, bdeaerated with nitrogen, aneasured in 80:20
ethanol: methanol Protonation and deprotonation of the complexes were carried
out with 1 drop of dil trifluoroacetic acid or diethylamine respectively. Laser

lifetime measurements have an error of+/-10 %

The result is an increase in the emission energy, which is confirmed in a blue shift in
the emission spectra. Another observation at low temperature is the increase in
emission intensity of the complexes, This is attributed to two factors, the first being
solvent dependent. At low temperature, the complex and its environment are rigid,
making it less susceptible to vibronic coupling to low frequency, high amplitude Ru

- N vibrations, which contribute to radiationless decay, knr.
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Solvent interactions, which may contribute to krr are also considerably reduced in the
frozen matrix, as too is quenching of the excited state by oxygen, since diffusion of
oxygen to the excited state is restricted. The second factor is related to the MLCT -
IMC energy gap. Since this transition is thermally activated at 77 K there will be
insufficient thermal energy to populate the 3VIC level, and as a consequence, the
intensity of the emission increases. The emission maxima for the complex

[Ru(bpy):pztr]+is in the region of 660 nm at room temperature and at 77 K 630 nm.

3.3.4.2.2 [Ru(phen)2pztr]+

The absorption, emission (300 K), emission (77 K) and luminescent lifetime (room
temperature) properties of Ru(ll) pyrazine triazole complexes and their deuteriated

analogues containing phen are listed in Table 6.

These complexes were not previously prepared, hence a systematic characterisation
was carried out in order to compare the effect of ligand substitution. As expected the
protonated species is at higher energy than the deprotonated species for the same
reasons as discussed previously. By replacing the bipyridyl moiety with the phen
moiety, there is a change in the 7i-acceptor and o-donor properties of the ligand
systems, which alters the electronic and photophysical properties30. This is evident in
the in the blue shift observed on going from the bipyridyl to the phenanthroline

containing complex.

The blue shift may be attributed to the stronger a- donor properties of
phenanthroline as compared to bipyridine, which results in lower absorption and
emission energies and higher metal based reduction potentials than [Ru(bpy):]°"*". A
difference in the shape of the absorption spectra from that of the bpy on substitution
of the phen is observed which may be seen in Figure 30. The absorption maxima for

the [Ru(phen):pztr]+complex is in the region of 430 nm.
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Compound aAbs (nm) “Em (hm) Em ahlifetime
(log s) (300K) (hm)(77K)  (t/ns)(300K)
[Ru(phen)2pztr)]+ N4 431 (383 667 602 120
[Ru(phen)2Hpztr)]2+ N4 414 (3.75) 643 592 -
[Ru(phen)2pztr)]+ N2 430 (369) 654 596 130
[Ru(phen)2Hpztr)]2+ N2 415 (3.79) 642 582 -
[Ru(d8phen)2pztr)]+N4 430 (359) 660 605 210
[Ru(d8phen)AHpztr)]2-N4 420 (3.89) 645 590 -
[Ru(d8phen)Apztr)]+ N2 431 (391) 655 600 150
[Ru(d8&phen)AHpztr)]2 N2 416 (4.02) 640 585 -
[Ru(phen)2d5-pztr)]+ N4 429 (3.85) 669 603 280
[Ru(phen)2d5Hpztr)]2+N4 416(3.92) 645 591 -
[Ru(phen)2d5pztr)]+ N2 431(3.80) 653 598 170
[Ru(phen)2d5-Hpztr)]2+N2 417 (3.75) 640 581 -
[Ru(d8-phen)Ad5-pztr)]+ N4 432 (3.84) 669 600 235
[Ru(d8-phen)Ad5-Hpztr)]2~N\N4  415(3.86) 642 594 -
[Ru(d8phen)Ad5pztr)]+ N2 432 (359) 651 598 210
[Ru(d8phen)Ad5-Hpztr)J2N2 418 (3.95) 640 581 -

Table & Absorption, emission and luminescent properties of the mononuclear
complexes ameasured in acetonitrile, bdeaerated with nitrogen, aneasured in 80:20
ethanol:methanol Protonation and deprotonation of the complexes were carried
out with 1 drop of dil. trifluoroacetic acid or diethylamine, respectively. Laser
lifetime measurements have an error of +/- 10 % Lifetimes were not carried out

underprotonated conditions as they were outside experimental error.
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The emission maxima for the [Ru(phen)2pztr]+complex is in the region of 650 nm at
room temperature and 600 nm at low temperature. Factors attributing to the blue
shift observed on going from bpy to phen have already been mentioned and also the
circumstances under which the emission increases in energy on decreasing
temperature have been discussed. Deuteriation did not show any change in the
absorption or emission energies of the [Ru(ds-phen)2pztr]+ complexes. The
luminescent lifetimes of the [Ru(phen)2pztr]+ complexes will be discussed in section

3.3.5.

3.3.4.2.3 [Ru(biq)2pztr]+

The absorption, emission (300 K), emission (77 K) and luminescent lifetime (room
temperature) properties of Ru(ll) pyrazine triazole complexes containing big and
their deuteriated analogues are listed in Table 7. Comparisons may be drawn with

similar [Ru(big)2L]+type complexes i.e. Ru(biq)2X-Mepytr (where X = 1or 3).2

Biquinoline is a strong 7i-accepting ligand which is found to exhibit less negative
reduction potentials that are (biq) based, lower absorption and emission energies, and
higher metal-based oxidation potentials than [Ru(bpy)3]2+4044243 Comparing the
biquinoline containing complexes to that of the phen or bpy we see a significant
difference in the photophysical properties. This dark purple complex absorbs over a
broad region of the spectrum, which is the desired objective of this research, as a
complex which absorbs a wide range of the solar spectrum would be an ideal

sensitiser for the use in efficient solar energy conversion.

The absorption spectra of this complex may be see in Figure 41. However, even
though biquinoline is a strong 7r-acceptor it is also a weak c-donor, less than that of
bpy, which leads to diminished ligand field strength. Due to this weaker ligand field
the 3VIC states are closer in energy to the MMLCT states and consequently such
compounds tend to be photolabile. Preliminary photolysis studies showed that this
complex was photolabile in acetonitrile, dichloromethane and acetone containing

0.01M LiCl, however in 100% acetone it did not appear to photodecompose.
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Compound aAbs (nm)  “Em (nm) 'Em (nm) abLifetime
(log e) (300K) (T7K) (x/ns)(300K)
[Ru(big)Apztr)]+ N4 584 (3.58) 787 746 190
[Ru(big)(Hpztr)[2- N4 548 (3.79) 730 713 -
[Ru(big)2pztr)]+ N2 576 (4.01) 782 742 220
[Ru(big)AHpztr)]2+ N2 550 (3.67) 746 720 -
[Ru(d]2-big)ZApztr)d+ N4 582 (3.56) 793 752 210
[Ru(di2-big)AHpztr)]2+N4 544 (3.67) 735 717 -
[Ru(di2-big)Zpztr)]+ N2 580 (3.66) 787 752 270
[Ru(di2big)AHpztr)]i+ N2 550 (3.85) 750 725 -
[Ru(big)2d5pztr)]+ N4 590 (3.75) 790 750 260
[Ru(big)2(d5-Hpztr)]i+ N4 550 (3.83) 738 715 -
[Ru(big)2d5pztr)]+N2 572 (3.67) 777 740 240
[Ru(big)2d5Hpztr)]2-N2 546 (3.75) 740 717 -
[Ru(di2-big)2Ad5-pztr)]#N4 586 (3.58) 789 756 210
[Ru(d12big)2(d5-Hpztr)]2N4 537 (3.65) 729 719 -
[Ru(dizbiq)2d5pztr)]+ N2 577 (3.76) 792 749 -
[Ru(d12big)2d5Hpztr)]2+N2 542 (3.86) 747 717 -

Table 7 Absorption, emission and luminescent properties of the mononuclear
complexes Omeasured in acetonitrile, kdeaerated with nitrogen, aneasured in 80:20
ethanol: methanol Protonation and deprotonation of the complexes were carried
out with 1 drop of dil trifluoroacetic acid or diethylamine respectively. Laser
lifetime measurements have an error of +/- 10 % Lifetimes were not carried out

under protonated conditions as they were outside experimental error.

The absorption maxima for the [Ru(big)2pztr]+complexes is in the region of 550 nm
which is 4000 cm'l lower in energy than those of the analogous Ru(bpy)2

compounds.
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The emission properties of the biquinoline complexes are quite low in energy. For
room temperature (300 K) the emission maxima is in the region of 760 nm and the
low temperature (77 K) at 720 nm shown in Table 7. These values are in agreement
with those found for the [Ru(big)2Mepytr]' type complexes and are red shifted
compared to the bpy and phen values due to the stronger 7i-accepting properties of
the big and the decrease in the ligand field strength. The luminescent lifetimes of

these complexes will be looked at further in section 3.3.5.

The absorption spectra of [Ru(bpy)2pztr]+ [Ru(phen)2pztr]+ and [Ru(biq)2pztr]+ is
shown in Figure 42 and this illustrates clearly the a-donor/ 7i-acceptor properties of
the ligands. The bpy and phen containing complexes do not differ greatly as they are

good o-donors with phen being slightly stronger o-donor than bpy.

260 310 360 410 460 510 560 610 660 710

nm

Figure 30 Absorption spectra of [Ru(bpy)2 ztrf(blue), /Ru(phen)pztr[rpink) and
[Ru(big)p ztrf(green).

The biqg ligand is a good ~-acceptor ligand and this is shown by the dramatic red shift
to lower energy for both the .-« - band and the MLCT (d7t-7t*) band. Shifts in the
spectrum such as these observed in Figure 30 is the reason for ligand substitution in
Ru(ll) polypyridyl complexes in order to ‘fine tune' their photophysical properties

Through ligand substitution complexes with stable photophysical properties may be
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achieved and through investigating a series of complexes as portrayed in this text a

suitable complex may be achieved by means of elimination.

3.3.5 Luminescence properties

In this section, the photophysical properties of a series of selectively deuteriated
mixed ligand complexes will be discussed. The increase in the luminescent lifetime
of [Ru(bpy)3]2' upon deuteriation of the bpy ligands has been well documented, but
to date no systematic study of the effect of selective deuteriation on the lifetimes of
the mixed ligand ruthenium polypyridyl complexes has ever been carried out. Keyes
et al.#4 previously proposed that the emission lifetime was only increased if the

excited state was located on the ligand that was deuteriated.

The effect of deuteriation has contributed to the location of the excited state electron
in mixed ligand systems. This increase in lifetime is related to the non-radiative

relaxation of the excited state, k. k,r may be derived from the equation;
T kr + knr

where, X is the luminescent lifetime, kr is the radiative decay and km the non-

radiative decay.

The relationship with deuteriation and longer lifetimes is based on the phenomena of
slower vibrational relaxation ofthe excited electron on the bipyridyl. In this situation

the C-H stretch are replaced with the C-D stretch on the bipyridyls.

It has been recognised by Siebrands theory44 that C-H vibrations are important
promoting modes for transition and hence the deuteriation will cause a dramatic
change on these transitions. Less vibrational energy is lost as the frequency ofthe C-
D oscillations is increased, leading to a less efficient k”, which results in an increase

in lifetime.

The complexes of the ligands Hpytr and Hpztr are sensitive to protonation and for
this purpose the lifetimes were not carried out in a protonated medium. The lifetimes

for the complex [Ru(bpy)2pytr]+are listed in Table 4.
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The use of selective deuteriation was best demonstrated for this complex as the N2
bound isomer gave an increase in lifetime when the bpy was deuteriated and when
the whole complex was deuteriated. The [Ru(bpy):pytr]+complex gave a lifetime of
145 ns and this remained the same in the case of the [Ru(bpy):ds-pytr]+ hence
suggesting that the excited state is not based on the pytr" ligand.

An increase in lifetime was observed for the [Ru(ds-bpy):pytr]f and [Ru(dg-bpy).ds- .
pytr]+up to 250 ns. This increase confirms that the excited state emission is firmly

based on the bpy ligands.

It was previously proposeds: that the excited state of the [Ru(bpy):pztr;. complexes
was bpy based, in which case a significant increase of the lifetime of the deuteriated
bpy analogues should be observed. Table 5 lists the luminescent lifetimes of the pztr'
complexes. The complexes [Ru(bpy):pztr]+and [Ru(bpy):ds-pztr]+gave an emission
lifetime of 220 ns, however, the complexes [Ru(ds-bpy):pztr]+and [Ru(dg-bpy).ds-
pztr]+ gave a lifetime of 280 ns. This is an increase but not as substantial as for the
pytr' containing complexes48. Detailed temperature dependence studies were carried
out in order to rationalise this behaviour, and it was found that for the deprotonated
complex [Ru(bpy)2pztr]+ in the temperature range 120-250 K, the emission is
resolved into two distinct bands of intensity ratio 1:2 at 600 nm and 700 nm

respectively.

This will be discussed in section 3.3.5.1. It has been proposed 13 that the presence of
two closely linked excited states might account for the fact that there was no marked
increase in the emission lifetime of the [Ru(bpy):pztr]+ complex on deuteriation of
the bpy as if there is an equilibrium between two triplet states based on different
ligands, the deuteriation of one of these ligands is not going to have the same effect

as when the excited states in question are non-coupled.
The complex [Ru(phen):pztr]+ did not give any more insight into the excited state

location. For the deprotonated N2 isomer a lifetime of 130 ns was observed which

when the phen was deuteriated remained at 150 ns.
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However the [Ru(phen)2d5-pztr]+ gave an emission lifetime of only 170 ns and the
fully deuteriated complex gave a lifetime of 210 ns. In order to obtain conclusive
results for the pztr' containing complexes the protonated species must be studied and

at various temperatures.

Table 7 lists the emission lifetimes for the complex [Ru(big)2pztr]+ and the
selectively deuteriated analogues. The deprotonated N4 isomer has a lifetime of 190
ns for the fully undeuteriated complex [Ru(big)2pztr]+ 210 ns for the deuteriated biq
complex [Ru(di2-big)2pztr]+ 260 ns for the deuteriated pztr" complex [Ru(big)2ds-
pztr]+and 210 ns for [Ru(di2-big)2d5-pztr]+.

Again for the big analogues we only see a slight increase in the deuteriated pztr'
complex. The investigation into the photophysical properties of the Hpztr ligand has
developed through means of resonance raman and the fact that selective deuteriation
is not successful for the pztr complexes suggests that temperature dependence
luminescence may aid in the elucidation of the pztr excited states. One can expect
that the presence of two strongly coupled emitting states, based on different ligands,
will limit the effect of partial deuteriation on the emission lifetime 48 However, in
the system reported here the limited effect of deuteriation is explained by the
presence of two weakly coupled emitting states, the deactivation of one of which is
not strongly influenced by vibrational coupling 13. The photophysical properties for

pztr' containing complexes are thus very unusual.

3.3.5.1 Dual emission of pztr' complexes

The following results were obtained after a temperature dependent emission study
was carried out on [Ru(bpy)2pztr]+isomers. Prior to this finding an extensive study
was carried out on the luminescent lifetimes, which proved to be incoherent, hence a
more in depth study was performed on the emission properties where, evidence of
dual emission was detected. The results which are discussed in depth in paper 1*°,
Appendix 1, show that on cooling to 90 K a typical emission is observed at 617 nm

and after laser excitation at 355 nm a single exponential lifetime was obtained.
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An increase in temperature to 145 K gave two distinct emission bands at 710 nm and
590 nm. The luminescent signal is not single exponential. When Iluminescent
temperature dependence studies were carried out on the two signals, a difference was
found in their lifetimes. Above 260 K shows that population of only the bipyridyl
triplet manifold is observed and a single exponential decay of the emission signal is

found.

Based on these results obtained, the dual emission occurs in the complex
[Ru(bpy)2pztr]+ due to the similarity in energy levels of the pyrazine and bipyridyl
MLCT states. It has been suggested that the highest energy emitting state between
120 and 260 K is pyrazine based. After excitation to the IMLCT level, efficient
intersystem crossing to the lowest, strongly coupled bipyridyl based triplet state is

observed.

The lower energy components of this manifold are weakly coupled to a pyrazine
state, and population of the pyrazine state occurs thermally between 120 and 260 K.
To conclude it is suggested that Ru(ll) polypyridyl complexes with ligands
containing pyrazine may show unusual photophysical properties due to close lying

excited states.

3.3.6 Acid-base properties

Investigations into the acid-base behaviour of their [Ru(L)2X]' (where L = bpy, phen
or big, and X = pytr' or pztr") complexes, can yield important information about their
electronic properties. In ruthenium polypyridyl complexes the Ru-N bond is mainly
a in nature, but in addition it is stabilised by backbonding between the t2g and tc*
orbitals of the metal and ligand, respectively. Determination of the pKa of a complex
yields information about the extent of the backbonding from the metal and the a-
donor and 7u-acceptor properties of the ligands, while determination of the excited

state pKa, pKa*, offers an insight into the nature of the emitting state.
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The acid-base properties of the excited state can give information about the charge
redistribution, which occurs upon excitation, and furthermore, the excited state
acidity can be related to the nature of the emitting state. By monitoring the spectral
changes as a function of pH, titration curves were obtained from which were
determined pKa values. The pKa values of the Ru(bpy). type complexes of the
pyridine®3) and pyrazine triazole were previously studied but had not been as
expected so further research was carried out to confirm the results. The pKavalues of
the pyridine triazole and pyrazine triazole complexes are cited in Table 8. The pKa
values were calculated for the deuteriated complexes also which only differ in the
calculation of the pKa*(l) as the luminescent lifetimes of the complexes is required

to calculate the value.

The following equations were used to determine the pKa* of the excited state:

pKa* (1) =pHi + log (tS 1) eqtu 1

where xa is the lifetime of the protonated species and ib is the lifetime of the
deprotonated species. This equation 1 has not been incorporated into this study as the
lifetime of the complexes in a protonated media was not obtained and will be

examined in future studies.

The point of inflection in the emission titration curves do not represent real excited-
state pKavalues, or pKa *, because they need to be corrected for the different lifetimes

of the protonated and deprotonated species51.

An estimate of the pKa * value can also be obtained from the ground-state pKa values

from the absorption titration and the emission energies of the protonated and

deprotonated species, using the Forster equation , egn. 22335
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pKa* (2) = pKa+ 0.625(ua-ub/T eqn. 2

where uaand Woare the emission maxima ofthe deprotonated and protonated species
respectively and T is the experimental temperature. (This equation is susceptible to

error due to the stokes shifts in the emission spectra.)

fRu(bpy)2pytr]+and [Ru(bpy)2pztr]+

The protonation and deprotonation of the pyridine-triazole and pyrazine-triazole
ligands alters their o-donor and Tc-acceptor properties. The emission properties of the
[Ru(bpy)2pztr]+ complexes are listed in Table 5. The excited state acidity has been
investigated by a study of the pH dependence of the emitting properties of the
compounds. The emission titrations were carried out by excitation into the
appropriate isosbestic point. By investigating the acid-base behaviour of this type of
ruthenium compound important information about their electronic properties can be
obtained. The ground state behaviour tends to be a measure of the amount of electron
donation from the ligand to the metal, while the excited state measurements can give
information about the nature of the emitting state. Upon coordination to ruthenium,
the acidity of the triazole proton in the ground state increases considerably, which is
generally explained by a donation from the ligand to the metal centre. As N2 isomer
is considerably more acidic than the N4 isomer, the coordination site of N2 appears

to be a better a donor.
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Compound PKa PHi PKa*(2)
(G.S) (Ex.S)
[Ru(bpy)2oytr]2N4 5.95 4.22 6.04
[Ru(bpy)2oytr] 20N2 4.07 212 4.13
[Ru(d8-bpy)2oytr] 2N4 6.0 4.2 6.09
[Ru(d8bpy)2ytr] 2,N2 4.1 2.2 4.16
[Ru(bpy)25-pytr] 2N4 6.0 4.2 6.09
[Ru(bpy)25pytr] 24N2 4.09 212 4.15
[Ru(bpy)2oztr] N4 5.2 25 5.22
[Ru(bpy)2oztr]#N2 3.7 2.0 3.52
[Ru(d8bpy)dztr]#N4 5.3 25 531
[Ru(d8bpy)2ztr]iN2 3.6 2.0 3.61
[Ru(d8-bpy)2Xi4-pztr] N4 5.25 2.6 5.26
[Ru(d8-bpy)2d4-pztr]N2 3.55 1.9 351

Table 8 Ground state pKa excited state pH ¢and corrected pKa* values, carried out

in Britton Robinson buffer with conc. NaOH and conc. H2SOa.

The difference between the ground state and the excited state pKa values of the
[Ru(bpy)2oztr]+ complexes is in all cases very small. This observation suggests that
the deprotonation of the pztr' ligand does not participate in the emission process.
However, this is not true in this case and can not be clearly stated whether or not the
pztr' ligand is the emitting state as more recent studies48 have shown that the
emission appears to come from two strongly coupled emitting states, based on
different ligands. Hence the location of the emitting state is not as straightforward as

hoped, as the photophysical properties of the complex are quite complicated.
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[Ru(phen)zpztr]+and [Ru(biq)2pztr]+

The pKa titration results for the ground and excited state properties of
[Ru(phen)2pztr]+ and [Ru(biq)2pztr]+ are listed in Table 9. The phenanthroline
containing complexes reveal that the pKaofthe excited state is more acidic than that
of the ground state pKa. The only result that may be suggested for the pKatitrations
is that there is a similar behaviour for the bpy, phen and big containing complexes as
for each complex the excited state pKa is more acidic than the ground state. The

ground state pKatitration of [Ru(biq)2pztr]lis shown in Figure 43.

The magnitude of the acidity of the complex varies between each complex and this
may be attributed to the greater o-donor properties of the bpy and phen containing
complexes compared to that of the big. Based on the pKa results of the
[Ru(bpy)2pztr]+ and [Ru(phen)2pztr]+ it is suggested that the pztr' ligand acts as a
spectator ligand and does not actively participate in the emission processes. After
excitation of the ruthenium polypyridyl complex, an electron is promoted from the
metal to the bpy ligand. This results in a ruthenium centre with a formal valence of
3+, with a consequent increase in a-donation from the triazole ligand to the metal
ion. This causes a higher acidity for the ligand when the complex is excited.
Formation of the complex [Ru(big)2pztr]+ causes an electron flow from the triazole
ligand to the ruthenium centre, yielding a lowering of the pKa value of the Hpztr

ligand.
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Compound PKa pHi PKa*(2)
(G.S) (Ex.S.)
[Ru(phen)dztr]aN4 5.00 2.30 5.05
[Ru(phen)pztr]2 3.50 1.80 3.52
[Ru(dirphen)2oztr]IN4 5.10 2.35 5.05
[Ru(ds-phen)2pztr] N2 3.45 1.82 3.52
[Ru(phen)d5-pztr] N4 5.05 2.30 5.05
[Ru(phen) 2i5-pztr] ‘N2 351 1.90 3.52
[Ru(big)Dztr]aN4 3.70 3.10 3.92
[Ru(big)2ztr]' N2 3.60 2.00 3.67
[Ru(di2biq)pztr]#N4 3.81 3.20 3.92
[Ru(d)2-big)2ztr]+N2 3.60 2.00 3.67
[Ru(big) 15 pztr] N4 3.80 3.20 3.92
[Ru(bi 0)j,dj-pztr]TM2 3.60 2.00 3.67

Table 9 Ground state and excited state acid- base properties, carried out in Britton

Robinson buffer with conc. NaOH and conc. H2SO4.

nin

Figure 31 Absorption acid-base titration of [Ru(biq)pztrf N4-isomer.

Measurements carried out in thepH range 1to 7.
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Since big is a stronger Ti-acceptor and a weaker a-donor ligand than bpy, less
electron density is present at the ruthenium centre for the Ru(big)2 system than for
the Ru(bpy)2 moiety, leading to an increase of electron donation from pztr' to the
Ru(Il) for the [Ru(big)2pztr]+ complex. Figure 31 illustrates the ground state pKa
titration of the complex [Ru(biq)2pztr]+ for N4-isomer.

3.3.7 Electrochemical properties

A number of investigations have been carried out on mono- and polynuclear
complexes containing polypyridine-type ligands from which it is well established
that oxidation and reduction processes are metal centred and ligand-centred,

respectivelyl.

Compound Ru(ll/11)oxid.(V)  Ligand based red.(V)
(V vs S.C.E) (V vs S.C.E)
[Ru(bpy)Apztr)]+ N4 110 -1.43 -1.66
[Ru(bpy)AHpztr)]2+tN4 1.30 -14 -1.51
[Ru(bpy)Zpztr)]+ N2 1.01 -1.44 -1.67
[Ru(bpy)AHpztr)]2+ N2 1.25 -1.21 -1.55
[Ru(d8bpy)Apztr)]+N4 1.00 -1.42 -1.67
[Ru(d8bpy)AHpztr)]2-N4 131 -1.39 -1.50
[Ru(d8-bpy)2(pztr)]+N2 1.10 -1.45 -1.68
[Ru(d8-bpy)AHpztr)]2+ N2 1.25 -1.20 -1.54
[Ru(d8bpy)2d4-pztr)]+N4 1.00 -1.44 -1.68
[Ru(d8-bpy)2d4-Hpztr)] 2f N4 1.32 -1.41 -151
[Ru(d8-bpy)2d4-pztr)]+N2 1.10 -1.43 -1.69
[Ru(d8-bpy)2(drHpztr)]2+N2 1.25 -1.22 -1.56

Table 10 Electrochemical data of the Ru(ll) complexes obtained in acetonitrile
containing 0.1M TEAP. Values obtained by Cyclic Voltammetry. Potentials in
Volts versus SCE. Protonation occurred via addition of 1 drop ofHCIO4. Scanrate
of0.1 V/sec.
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Figure 8 Cyclic voltammogram of the oxidation of [Ru(bpy)dztrf N4-isomer in

0.1 M TEAPIin acetonitrile with a scan rate of100 mV/sec. Scanrate of0.1 V/7sec.

The oxidation and reduction potentials for [Ru(bpy)2pztr]+ [Ru(phen)2pztr]+ and
[Ru(big)2pztr]lare given in Table 10, Table 11 and Table 12 respectively. All values
have been corrected using the redox potential of ferrocene under the same
experimental conditions as a secondary reference. Its potential was taken to be +0.38
V vs SCE.The anodic region of the cyclic voltammogram Figure 46 features
reversible metal-centred oxidation, while the cathodic region is poorly defined waves
resulting from the reduction of the coordinated polypyridyl ligands. The oxidation
potentials are significantly lower than that of [Ru(bpy)3]2+(E12= 1.26 V vs SCE) for
the [Ru(L)2pztr]+ complexes(where L = bpy, or phen) which may be seen in Table
10 and Table 11, which indicates that pyrazine-triazole is a stronger a-donor ligand
than bpy or phen. On protonation of the complexes the bpy and phen complexes
show an anodic shift of between 200 and 300 mV compared to the deprotonated
species. Since in its protonated form the coordinated ligand is a better ~-acceptor and
weaker a-donor, this results in a decrease in electron density at the metal centre
which then becomes more difficult to oxidise. The oxidation potentials of the N2-
bound, N2-isomer are slightly lower than those of the N4 bound, N4-isomer shown

in Table 10. electrochemical properties of the complexes.
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Compound Ru(l1/111)oxid.(V) Ligandbased
(Vvs S.CE) red.(V)
(Vvs S.CE)
[Ru(phen)Xpztr)]+ N4 0.94 -1.4
[Ru(phen)AHpztr)]2+N4 0.86 -
[Ru(phen)Apztr)]+ N2 0.87 -15
|[Ru(phen)AHpztr)]™ N2 0.82 -
[Ru(d8-phen)2Apztr)]+N4 0.92 -1.35
|Ru(d8-phen)AHpztr)]2+N4 0.84 -
[Ru(d8phen)Zpztr)]+N2 0.85 -14
[Ru(d8-phen)AHpztr)]2+N2 0.81 -

Table 11 Electrochemical data of the Ru(ll) complexes obtained in acetonitrile
containing 0.1M TEAP. Values obtained by Cyclic Voltammetry. Potentials in
Volts versus SCE. Protonation occurred via addition of 1 drop ofH c 10 4. Scanrate
of0.1 V/sec.

This may be assigned to the stronger a-donor properties of the N2 site, which leads
to a higher electron density on the metal centre and, therefore, a lower oxidation
potentiall As it may be observed in Table 10 the deuteriation of the ligands has no
effect on the electrochemical properties of the complexes. The a-donor properties of
the phenanthroline ligand are not very different from that of the bipyridyl ligand and
this is reflected in the oxidation potentials of the [Ru(phen)2pztr]Hcomplexes listed
in Table 11. Due to the difficulty observed in obtaining satisfactory reduction
potentials in acidic solutions, such as adsorption on the electrode surface, no clear
reduction waves could be produced. The N2 isomer again is oxidised more readily

compared to that ofthe N4 isomer due to the greater a-donor strength of the N2 site.
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Compound Ru(H/11T)oxid.(V) Ligand based red.(V)
(Vvs S.C.E) (Vvs S.C.E)
[Ru(big),(pztr)]’ N4 1.04 -1.05,-1.39
[Ru(big)AHpztr)]2 N4 1.29 -1.10, -1.39
[Ru(big)2(pztr)]+ N2 1.02 -1.23,-1.40
[Ru(big)AHpztr)]i+ N2 0.75 -
[Ru(dizbig)Apztr)]+ N4 1.03 -1.06,-1.38
[Ru(d12big)AHpztr)]2+N4 1.25 -1.09, -1.37
[Ru(dizbig)2(pztr)]' N2 101 -1.25, -1.41
[Ru(d12biq)AH pztr)f N2 0.78 -

Table 12 Electrochemical data of the Ru(ll) complexes obtained in acetonitrile
containing 0.1M TEAR Values obtained by Cyclic Voltammetry. Potentials in

Volts versus SCE. Protonation occurred via addition of1 drop ofHCIOa. ¢

Figure 9 Cyclic voltammogram of the oxidation of fRu(biq)p7.trf N2-isomer in

0.1 MTEAP in acetonitrile with a scan rate of 100 mV/sec. Scanrate of0.1 V/sec.
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The [Ru(big)2pztr]+ complexes are listed in Table 12. All complexes exhibit
reversible oxidation and reduction processes as deduced from the cyclic
voltammogram in Figure 33. In general the oxidation potentials of the
[Ru(biq)2pztr]+ complexes are 100 mV higher than those of the analogous Ru(bpy)2
complexes. The cr-donor properties of big are significantly weaker than those of bpy
or phen, leading to a raise of the oxidation potential i.e. stabilisation of the du
orbitals. The N2 isomer is also easier to oxidise than the N4 for the biq containing
complexes. In general the big containing pztr' complexes are more difficult to
oxidise and reduce compared to the bpy and phen analogues due to the weaker a-
donor strength ofthe biq ligand. This effect has also been observed for the electronic

properties of the complex.

3.3.8 X- Ray Crystallography of [Ru(bpy)2pztr]2+ Isomer 2-N2 bound

The crystal of [Ru(bpy)2pztr]2+ N2-isomer was obtained after the separation of the
mononuclear isomers on a neutral alumina column. On isolation of the isomers they
were subsequently recrystallised in acetone: water (2:1). The physical structure of
the isomers is of utmost importance to clarify the coordination sites of the ligand

Hpztr.

The following data, Figure 48 collected by Dr. J.G Gallagher, Dublin City
University, is related to the complex which has been identified as [Ru(bpy)2pztr]+
N2-isomer from its retention time and :H NMR spectra. The following data gathered
have illustrated that the coordination site is N2 of the triazole ring to the pyrazine
ring for N2-isomer which confirms '"H NMR predictions. It seems to hydrogen bond
between each unit cell, which may be seen in Appendix 1, which also includes
relevant data. Each unit cell was inter linked with [PFe]32 salt units which was in
agreement with the C, H, N analysis. From the data it can be seen that the crystal is
orthorhombic, space group B2cb, a = 17.4944(13) A, b = 17.5143(15) A, ¢ =
19.5605(20) A, a = 90°, B =90°, X=90°, V =5993.4(9) A 3
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Figure 34 X-Ray Crystal structure of [Ru (bpy)zp+.trf +N2 bound.
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Bond length(A)  |Ru(bpy)2ztr]2tN2(A)  [Ru(bpy)ZMepytr]+N2(A)

Ru- N(2) 2.023(4) 2.050(5)
C(5) - C(52) 1.440(7) 1.456(8)
N1-N2 1.368(6) 1.374(6)
C2-N4 1.346(6) 1.334(7)
NI-Cl 1.331(7) 1.317(7)

Table 13 Selected bond lengths of[Ru(bpy)2 ztrf+N2 bound and

[Ru(bpy)23Mepytrf N2 bound.
The structure of [Ru(bpy)2pztr]2+ N2 bound can be compared with the bond angles

and lengths obtained for bis(2,2,-bipyridine)[3-methyl-5-(pyridin-2-yl)-1,2,4-

triazole] ruthenium hexafluorophosphate tetrahydrate crystal structure .

Bond angles(u) [Ru(bpy)2pztr]2+N2(u) [Ru(bpy)ZMepytr]+N2( 0)

N2 - Ru-N4' 78.2(2) 78.0(2)
N4’ - Ru-N21 88.6(2) 90.9(2)
N41 -Ru-N21 97.4(2) 90.5(2)
N2 - Ru- N41 92.6(2) 87.4(2)
N41 -Ru-N31 79.0(2) 79.4(2)

Table 14 Selected bond angles of[Ru(bpy)d ztrf+N2 bound and

[Ru(bpy)23MepytrJiN2 bound

In Table 13 a direct comparison of the bond lengths of both crystals are shown. Each
contains a 1,2,4- triazole ring linked to an aromatic ring i.e. pyridine or pyrazine so
similarities should appear in the bond lengths and bond angles. Figure 35 illustrates
the hydrogen bonding of the [Ru(bpy)2pztr]+ which reveals that there is evidence of

intramolecular hydrogen bonding via the N4 sites of the triazole ring.
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Figure 35 X-Ray Crystal structure of [Ru(bpy)2 ztrf+N2 bound showing
Hydrogen bonding.

This hydrogen bonding results in the presence of [PF6]32 for each complex in the
CHN analysis as the complexes share a proton between them via the N4 site of the

triazole. Refer to Appendix 4 for complete set of crystal data.
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41 INTRODUCTION

Supermolecules have attracted much interest due to their potential use in artificial
photosynthesis processes and also in areas such as molecular electronics1,2345
Molecular devices are often based on metal-containing building blocks that exhibit
suitable ground and excited state properties, and bridging ligands capable of linking the
building blocks to form the appropriate supramolecular structures. A large problem

associated with the use of Ru(ll)polypyridyl complexes as photomolecular devices is

their photostability due to population of low-lying MC excited states6,78. In order to

isolate the 3MC state (the deactivating state) from the 3M LCT excited state (the state

responsible for luminescence), it is necessary to increase the energy-gap between these
two states as much as possible91011,12. A ligand capable of increasing this energy gap is
strived for, hence a series of ligands and their mono- and dinuclear complexes are

prepared to ascertain the perturbation oftheir effects on the energy gap.

It is hoped by combining the strong a-donor pyridyltriazole ring and the strong it-
accepting pyrazine ring in this ligand that the MC state will be perturbed enough that
its population will be prevented. The MC energy level tends to be increased when
strong o-donating ligands are involved, but destabilisation of the t2g energy level may
occur due to the possible decrease of the t2g-3MLCT energy gap131415. Ligands such as
these do not get directly involved in the emission process and are referred to as a
spectator ligand. Good 7t-accepting ligands may also serve to enlarge the 3MLCT-3MC
energy gap, but decrease of the t2g-3MLCT energy gap is possible1617,18 These ligands
are expected to be directly involved in the electrochemical and emission processes by

lowering the energy ofthe MLCT level. The location ofthe excited state in this study is

facilitated through the use of deuteriated bipyridyl moieties ofthe complexes.
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In 1988 Hage et al reported the synthesis and characterisation of the Hbpt ligand (3,5-bis
(pyridin-2-yl)-1,2,4-triazole)19. Purification of these pyridyl-triazole type complexes
commenced on semi-preparative hplc in order to isolate the coordination isomers20.
Protonation of the bpt' complex leads to a shift of higher energy for the lowest MLCT
band. Similar behaviour was previously observed for a series of compounds containing

imidazole, pyrazole and 1,2,4-triazole moieties and is explained by the increased o

donor capacity ofthe deprotonated ligand2l. The bpt monomer is a greater o-donor than
the pyridyl-triazole complexes, which has been deemed due to the presence of the extra

pyridine ring.

Studies of the anionic bridging ligand (bpt”) have revealed that the two nitrogen atoms

ofthe triazole ring have quite different a-donor properties and are therefore inequivalent

22324
and also that interaction between the two metal centres is very efficient . On the

basis of this observation it was postulated that in dinuclear complexes of

[Ru(L2)bptRu(L:- )]3+, the emitting state is located on the ruthenium centre bound to the
N1 site of the triazole ring, while photosubstitution occurs at the N4 site of the bridging
ligand 25 Further investigations were pursued using mixed ligand bpy/ phen dinuclear
complexes, where it was found that the emitting state was bpy based. The results also
indicated that the nature of the emitting charge transfer states is solely determined by the

nature of the polypyridyl ligand, but that on the other hand, the location ofthe first metal

based oxidation is controlled by the asymmetry of the bpt" ligand. Photochemical

experiments in MeCN suggested strongly that the MC level of the ruthenium unit at the

N4 triazole atom is lowest in energy26.
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In contrast with the Hbpt ligand studies, the studies into the ligand Hbpzt (3,5-

bis(pyrazin-2-yl)-1,2,4-triazole) revealed that on complexation of the dinuclear species
there was direct evidence for electron localisation within the reduced bpzt’ bridging
ligand. The bpzt" mononuclear complexes shows perturbations of the electronic

environment which is effected by either protonation of the bpzt" ligand or the addition of

a second Ru(Il) centre, resulting in a switch of the ligand on which the LUMO is based.

As for the asymmetry reported in the electronic nature of the bpt’ ligand27,28 the bpzt

ligand shows charge polarisation toward one pyrazine of the reduced bpzt bridge in the

AMLCT state ofthe dinuclear complexes29°30.

In this chapter, the synthesis, characterisation, photochemical and photophysical
properties of a series of mononuclear Ru(ll)polypyridyl complexes and their deuteriated
analogues containing 3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2,4-triazole (Hppt) Figure 1 are

prepared.

Figure 1 Structure of 3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2,4-triazole (Hppt)

It is of interest to examine the effect of increasing the asymmetry in this ligand due to
the two, very different coordination sites i.e. one pyrazine based, one pyridine based as
this will greatly influence the photophysical properties.

There are a potential four binding sites on the Hppt ligand in Figure 1 for a Ru(bpy)2

moiety to coordinate to, hence the four isomers possible are:
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* N1 oftriazole and N of pyridine ring (Isomer 1)
* N4 oftriazole and N of pyridine ring
* N2 oftriazole and N of pyrazine ring (Isomer 2)

* N4 oftriazole and N of pyrazine ring

The synthesis of the mononuclear complex yields four isomers, two of which are more
prominent and are later shown to be the N1 and N2 bound isomers, denoted isomer 1
and isomer 2 above.The N4 isomer of both the pyridine and pyrazine coordinationsites

of the ppf ligandarevisible on hplc as a shoulder of the N1 and N2 peaksand are
removed during purification. The isomers are isolated to create dinuclear species, in the
following chapter the isolated isomers will be "complexes used as ligands" to form the

dinuclear species the indirect route.

The direct route for the synthesis of the dinuclear complexes yields two isomers, which
are inseparable due to the close similarities of their properties. In order to investigate the
properties of the ppt' dinuclear complexes, the purified monomers are reacted with a
second moiety of Ru(bpy)2, which is known as the indirect method . This will be
discussed further inchapter 5. It is envisaged that due to the asymmetry of theligand

Hppt that vectorialelectron or energy transfer may be controlled and mediatedvia this

bridging ligand.
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2,2'- Bipyridine (bpy) 1,10 - Phenanthroline (phen) 2,2'- Biquinoline (biq)
N-N N-N
3-(pyridin-2-yl)-1,2,4-triazole (Hpytr) 3-(pyrazin-2-yl)-1,2,4-triazole(Hpztr)
N-N N-N

3, 5 bis-(pyridin-2-yl)-1,2,4-triazole (Hbpt) 3, 5 bis-(pyrazin-2-yl)-1,2,4-triazole (Hbpzt)

N-N

3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazole (Hppt)

Figure 2 Ligands cited in this chapter

It is of interest to examine the effect of increasing the asymmetry in this ligand due to
the two, very different coordination sites i.e. one pyrazine based, one pyridine based as
this will greatly influence the photophysical properties. The ppt’ mononuclear
complexes investigated in this chapter have been designed with bpy, phen, big and their
deuteriated analogues. The excited state of this ligand is a complicated one, and in order

to perturb the energy levels of the complexes the different ligands were incorporated.

Also in order to facilitate the 'h NMR studies and luminescent lifetime elucidation the
complexes have been selectively deuteriated. It is hoped that some insight can be shown

into the photophysical properties of the compounds.
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4.2 EXPERIMENTAL

C/'.s-[Ru(bpy)2CI2].2H20 and Cw-[Ru(d8-bpy)2CI2].2H20 were prepared as described in

section 3.2, chapter 3.
4.2.1 Preparation of Hppt ligand
3-(pyridin-2-yl)-5(pyrazin-2-yl)-1,2,4-triazole (Hppt)

The following synthesis is a modified method of that previously reported. (15 g; 0.12
mol) 2-pyrazylcarboxylic acid was dissolved in 96 cm ethanol and 15 cm® concentrated
H2SO4 and heated under reflux for 3 hours. The solution was neutralised with a
saturated solution of Na2C03 and then filtered to remove side products. Most of the
ethanol was removed and the remaining solution was extracted with dichloromethane to
yield a yellow product. The fractions were dried over MgS04. The dichloromethane was
evaporated off to yield the ester, which crystallised after a few minutes. The ester was
weighed and an equimolar amount of hydrazine monohydrate (use in fume hood) was
weighed out. The ester was dissolved in ethanol and then dropped into the hydrazine
monohydrate and the pyrazylhydrazide crystalised out overnight in the freezer (-4°C).
The pyrazylhydrazide was filtered and weighed. An equimolar amount of 2-
cyanopyridine (as to the pyrazylhydrazide) was weighed out and dissolved in 30 cm3 of
methanol and 0.7 g sodium and was heated under reflux for 3 hours to form the pyridyl-
imidate. The pyrazylhydrazide was added to the solution and heated for 15 min. The
precipitate (yellow intermediate) was heated under reflux for 1 hour in a minimal
quantity of ethylene glycol to yield the Hppt ligand. The ligand (white) was recrystalised

in hot ethanol. (A schematic diagram of the Hppt synthesis is shown in Figure 3).

Yield: 14 g (52%), M.P.: 250-252 °C 31

Other routes for the synthesis of this ligand exist but were not investigated.
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0 A o nh2nh?2 O p
—N OH HzsP4 \—n  OEt NHNH.

2-pyrazylcarboxylic acid pyrazylhydrazide

H
MeOH/Na. J

U /I CN

"N V N

cyanopyridine

Q KNHNH,, -I-ON - -'[Me O T <pN_HX/ to

H H

OMe

pyrazylhydrazide
PPT intermediate(yellow)

C2H4(OH)2
| 2
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3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazole
(HPPT)

Figure 3 Synthesis of 3-(pyrazyl-2-yl)-5-(pyridin-2-yl)-1,2,4-triazole (Hppt).
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Characterisation of Hppt Ligand

This reaction was monitored by 'h NMR at three different stages. The first checkpoint

is the formation of the pyrazylhydrazide. The ~ NMR for this product was carried out

in d&-DMSO shown in Figure 4, the protons were assigned to: N-H, 10.15 ppm (s), C-H,
9.11 ppm (s), C-H, 8.81 ppm (d), C-H, 8.67 ppm (d), N-H2, 4.65 ppm (s).

Figure 4 IH NMR ofpyrazylhydrazide in d™-dmso

The 'H NMR of the Hppt intermediate (yellow) product is shown in Figure 5 The
protons were assigned as follows: (pyrazine ring) H3, 9.19 ppm; H5, 8.73 ppm; H6, 8.60
ppm; (pyridine ring) H3, 8.19 ppm; H4, 7.90 ppm; H5, 7.51 ppm; H6, 8.84 ppm.
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Figure 5 '"H NMR ofthe Hppt intermediate in d,rdmso.

After the intermediate was cyclised in ethylene glycol the result was the Hppt ligand.

The IH NMR of the Hppt ligand is shown in Figure 6 and the protons are assigned as
follows : (Pyrazine ring) H3, 9.33 ppm(s); H5 and H6, 8.72ppm(m); (Pyridine ring) H3,

8.17ppm(d); H4, 8.01ppm(t); H5, 7.54ppm(t); H6, 8.77ppm(d). As can be seen from 1H

NMR the ligand is very pure once recrystallised.

40 »

Figure 6 1H NMR ofthe ligand 3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2,4~

triazole in da-dmso.

146



Synthesis and characterisation of Hppt monomers  Chapter 4

4.2.2 Preparation of the mononuclear complexes
[Ru(bpy)2ppt] [PF6]3/2.5H20

Cis-[Ru(bpy)2CI2].2H20 (520 mg;l mmol) and Hppt ligand (224 mg; 1 mmol) were
heated under reflux for 6 hours in 40 cm® ethanol and 10 cm® water. The solution was
evaporated to dryness and the residue then dissolved in 10 cm® water and precipitated by
addition of aqueous NH4PF6. This resulted in a mixture of two isomers. The complex
was recrystallised in a mixture of acetone: water 1:1 (v/v). The isomers were separated
by column chromatography on a neutral alumina column. Isomer 1 eluted off the
column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.

Yield of combined fractions: 888 mg (95%). CHN: Found C, 39.75; H, 2.95; N, 13.8.
RuC3IH33Nio0P3/ZF9requires C, 39.60; H, 3.10; N, 14.90 %.

[Ru(d8bpy)2Hppt][PF6|2.2H20.NH4PF6

C7s-[Ru(d8-bpy)2C12].2HD (540 mg; 1 mmol)and Hppt(224mg;Immol) were heated
under reflux for 6 hours in 40 cm’ ethanol and 10 cm® water. The solution was
evaporated to dryness and the residue then dissolved in 10 cm’ water and precipitated by
addition of aqueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 712 mg (93%). CHN: Found C, 33.50; H, 2.64; N, 13.24.
RuCs”igHieNnO~Fiij requires C, 32.58; H, 2.82; N, 13.48 %.
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[Ru(bpy): d7-ppt] [PF6]3/2.1H20

0".v-[Ru(bpy)2CI2],2H20 (520 mg; 1 mmol)and d8ppt(231mg;Immol) were heated
under reflux for 6 hours in 40 cm’ ethanol and 10 cm® water. The solution was
evaporated to dryness and the residue then dissolved in 10 cm’ water and precipitated by
addition of aqgueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 730 mg (97%). CHN: Found C, 42.54; H, 2.82; N, 15.01.
RUCS31H 18N 100 1P 3/2F9D 7 requires C, 42.34; H, 2.86; N, 15.90. (Isomer 2)

[Ru(d8-bpy)2d7-ppt][PF6]3/23H20

Cis-\Ru(d8-bpy)2CI2].2H20 (540 mg; 1 mmol)and d8ppt(231mg; Immol) were heated
under reflux for 6 hours in 40 cm’ ethanol and 10 cm® water. The solution was
evaporated to dryness and the residue then dissolved in 10 cm water and precipitated by
addition of aqueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 725 mg (94%). CHN: Found C, 39.60; H, 2.71; N,15.61.
RuC3iHeD 230 iP3/2FNio requires C, 39.97; H, 3.14; N, 15.04. (Isomer 2)
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[Ru(phen)2ppt][PF6]32 H20

C/s-[Ru(phen)2CI2.2H20 (568 mg; 1 mmol)and Hppt(224mg;Immol) were heated
under reflux for 6 hours in 40 cm® ethanol and 10 cm® H20. The solution was

evaporated to diyness and the residue then dissolved in 10 cm water and precipitated by
addition of aqueous NHtPFg. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water I:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 754 mg (95%). CHN was not obtained for this complex,

however, this complex was made in an identical manner to that of [Ru(phen)2d7-

ppt]3/2[PF6] and was found to be hplc pure and "h NMR pure.

[Ru(ds-phen)2ppt] [PF6]3/2.H20

C/5-[Ru(d8-phen)2CI2].2H20 (576 mg; 1 mmol)and Hppt (269 mg;1.2 mmol) were
heated under reflux for 6 hours in 40 cni ethanol and 10 cii H20. The solution was

evaporated to dryness and the residue then dissolved in 10 cm® water and precipitated by
addition of aqueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 790 mg (93%). CHN was not obtained forthis complex,

however, this complex was made in an identical manner to thatof [Ru(phen)2d7-

ppt]3/2[PF6] and was found to be hplc pure and 'H NMR pure.

[Ru(phen)2d7-ppt] [PF6]322H20

C/5-[Ru(phen)2CI2].2H20 (240 mg; 0.45 mmol)and d8ppt (115 mg;0.5mmol) were
heated under reflux for 6 hours in 40 cm® ethanol and 10 cn® HzO. The solution was
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evaporated to dryness and the residue then dissolved in 10 cm3water and precipi.tated by

addition of aqueous NH4PF6.

The resulting complex was a mixture of two isomers. The complex was recrystallised in
a mixture of acetone: water Il:I(v/v). The isomers were separated by column
chromatography on a neutral alumina column. Isomer 1 eluted off the column using
100% acetonitrile, and isomer 2 eluted off using 100% methanol. Yield of combined
fractions: 290 mg (84%). CHN: Found C, 45.13; H, 260; N, 14.48.
RuC35D7H20N 1002P3/2F9 requires C, 44.47; H, 2.87; N, 14.82 %.

[Ru(d8-phen)2d7-ppt][PF6]3/2.5H20

C/'s-[Ru(d8-phen)2CI2].2H20 (60 mg; 0.102 mmol)and d&ppt (22 mg; O.Immol) were
3

heated under reflux for 6 hours in 40 cm"™ ethanol and 10 cm3 H20. The solution was

evaporated to dryness and the residue then dissolved in 10 cm water and precipitated by
addition of aqueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water I:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column. Isomer 1 eluted off
the column using 100% acetonitrile, and isomer 2 eluted off using 100% methanol.
Yield of combined fractions: 75 mg (91%). CHN: Found C, 41.45; H, 2.65; N, 13.13.
RUCs5H 10D 23N 1005P3kF9 requires C, 41.40; H, 3.28; N, 13.80. (Isomer-2).

|Ru(biq)2HPPt] [PF6]2.H 20

Ci5-[Ru(biq)2CI2].2H20 (500 mg; 0.694 mmol)and Hppt (187 mg; 0.833 mmol) were

heated under reflux for 6 hours in 40 cm3 ethanol and 10 cm3 H20. The solution was

evaporated to dryness and the residue then dissolved in 10 cm3water and precipitated by

addition of aqueous NH4PF6. The resulting complex was a mixture of two isomers. The

complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were

separated by column chromatography on a neutral alumina column, isomer 1 eluted off
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the column using 100% Acetonitrile, and isomer 2 eluted off using 100% Methanol.
Yield of combined fractions: 650 mg (95%). CHN: Found C, 49.47; H, 2.91; N, 12.55.
RuC47H3AN 1) P2 2requires C, 49.30, H, 2.90, N, 12.23%.

[Ru(d12-big)2HPPt] [PF6]2.5H20

C/s-[Ru(di2-big)2CI2].2H20 (250 mg; 0.34 mmol)and Hppt (92 mg; 0.408 mmol) were
heated under reflux for 6 hours in 40 cm® ethanol and 10 cm® H20. The solution was
evaporated to dryness and the residue then dissolved in 10 cm’ water and precipitated by
addition of agueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water l:I(v/v). The isomers were
separated by column chromatography on a neutral alumina column, isomer 1 eluted off
the column using 100% Acetonitrile, and isomer 2 eluted off using 100% Methanol.
Yield of combined fractions: 310 mg (90%). CHN: Found C, 45.40; H, 2.85; N, 12.13.
RuC47D24H18NIo 0P ZFi2requires C, 46.04; H, 3.45; N, 11.43 %.

[Ru(biq)2d7-pptl [PF6].3H20

Cw-[Ru(biq)2CI2).2H20 (468 mg; 0.65 mmol)and d8ppt (161 mg; 0.7 mmol) were
heated under reflux for 6 hours in 40 cm3 ethanol and 10 cm3 H2 The solution was

evaporated to dryness and the residue then dissolved in 10 cm’ water and precipitated by
addition of aqgueous NH4PF6. The resulting complex was a mixture of two isomers. The
complex was recrystallised in a mixture of acetone: water I:1(v/v). The isomers were
separated by column chromatography on a neutral alumina column, isomer 1 eluted off
the column using 100% Acetonitrile, and isomer 2 eluted off using 100% Methanol.
Yield of combined fractions: 595 mg (95%). CHN: Found C, 54.62; H, 3.22; N, 13.37.
RuC4D™s0N100sPF6requires C, 54.12; H, 3 58; N, 13.43 %.
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fRu(di2-big)2d7-ppt][PF6]3/2.5H20

Cl.y-[Ru(d12-big)2CI2].2H20 (100 mg; 0.137 mmol) and d&ppt (47 mg, 0.20 mmol) were

heated under reflux for 6 hours in 40 cm® ethanol and 10 cm® H20.

The solution was evaporated to dryness and the residue then dissolved in 10 cm’ water
and precipitated by addition of aqueous NH4PF6. The resulting complex was a mixture
oftwo isomers. The complex was recrystallised in a mixture of acetone: water l:1(v/v).
The isomers were separated by column chromatography on a neutral alumina column,
isomer 1 eluted off the column using 100% Acetonitrile, and isomer 2 eluted off using
100% Methanol. Yield of combined fractions: 125 mg (85%). CHN: Found C, 47.38; H,
3,24; N, 13.97. RUC47H6D31N 1005P3/29 requires C, 47.97; H, 3.60; N, 11.90. (Isomer-
2).
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4.3 RESULTS AND DISCUSSION

4.3.1 Synthetic analysis

The ppt’ mononuclear complexes form four different coordination isomers due to the
various coordination sites of the Hppt ligand. Of these four isomers , two have been
studied (N1 ofthe triazole to the pyridine ring {isomer 1} and N2 of the triazole ring to
pyrazine {isomer 2}) as the two N4 bound isomers of the Hppt ligand are too difficult to
isolate. The ppt' complexes may be formed in a protonated or deprotonated manner, as

previously seen for the pztr" complexes. From CHN analysis of the various bpy, phen

and big, ppt" complexes there is a difference in the counter ion content [PF6], This may
have been avoided if a drop of base had been added to the complex during
recrystallisation. This does not effect any of the measurements as all measurements were
carried out in acidic and basic media. The only difference that was noticed is during UV
spectrum analysis of the complex, prior to addition of acid or base the spectrum
obtained will give you a mixture of the two species. The presence of [PF6]32 may be
attributed to hydrogen bonding via the complexes resulting in a sharing of the counter
ion between unit cells. This was not evident in the crystal structure obtained for isomer 2
ofthe ppt’ complex, as data was unable to be collected for this crystal. One complex was
found to contain excess NH4PF6 salt. As the complex is isolated as a PF6 salt, in some
cases there is evidence of excess PF6 remaining after recrystallisation as the complexes

are recrystallised from acetone and water and the PF6 salt is water soluble. The presence

of excess PF6 is evident in the *H NMR spectrum as three NH4 quaternary ammonium

signals. The presence of the excess salt does not interfere with measurements.
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4.3.2 lsis draw structures of the mononuclear Hppt isomers.

The following structures were investigated purely for a visual purpose. It is important to
ascertain which proton of the ppt' ligand is adjacent to a peripheral ligand, i.e. bpy, phen

or big in order to confirm NMR shifts.

Figure 7 Isis draw structure of [Ru(bpy)pptj+NI/N2-bound coordination isomers

It is known that when a proton of these bridging ligands is in close vicinity to the bpy
ligand that a shift arises due to a ring current effect 3536. The ppt' ligand also has four
potential binding sites, hence four different isomers may be formed. It was hoped that
the use of biquinoline may cause some steric hindrance and cut down on the amount of

isomers formed.
In both cases for the pyridine and pyrazine isomers in Figure 7, their H6 proton is

hanging directly over the bpy rings, hence this is the proton to observe when identifying

the different isomers.
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We can also see that the unbound ring is free to rotate and the ligand is not rigid or of a
planar fashion. The N4 isomers are not characterised in the text as they are too difficult
to isolate when mixed with the analogous N1/N2 bound isomers. The N4 isomers are
only present as a shoulder of the N1 and N2 bound isomers, and the retention times of
the N4 bound isomers are slightly longer than that of their respective N 1 and N2 bound
isomers. This separation was only clear on semi-preparative hplc. Also the N4 isomers
seem to be produced in a smaller ratio than that ofthe NI/ N2 isomers. However, the N4

isomers are also formed on complexation and should be noted.

For the phenanthroline containing complexes [Ru(phen)2ppt]h the pyridine and pyrazine
bound isomers ofthe N1/N2 triazole position are shown in Figure 8. In both cases their
H6 proton is hanging directly over the phen rings, hence this proton will be shifted more

upfield than the adjacent protons.

Figure 8 Isis draw structure of [Ru(phen)2pt]+NI/N2-bound coordination isomers
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It is suggested that the pyrazine bound analogue experiences the usual H6 shift of the

pyrazine ring. However, in the case of the [Ru(biq)2ppt]+ complex the pyridine bound
isomer experiences a shift of both the H6 and the H3 protons ofthe pyridine ring are due
to the coordination of the peripheral biquinoline ligand, however this was not observed.
The biquinoline isomers of the [Ru(big)2ppt]+ complex in Figure 9 again shows the
same type of coordination, and the H6 proton of the bound ring (pyridine/ pyrazine) will
be shifted upfield. The spatial alignment of the biquinoline complexes is slightly

different to that of the bpy and phen isomers.

Isomer 1

Figure 9 Isis draw structure of [Ru(biq)pt]+NI/N2-bound coordination isomers

In the interpretation ofthe 'h NMR of these complexes there does not appear to be any

dramatic steric effects caused by the size of biquinoline but [Ru(phen)2ppt] complex,
the H6 proton of both the pyridine ring (N1-bound isomer) and pyrazine ring (N2-bound
isomer) will be shifted substantially due to the ring current effect experienced by the
adjacent protons. As previously mentioned in chapter 3 the coordination isomers have a

A and A enantiomer each.
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4.3.3 Chromatographic interpretation

Initially the mononuclear compounds were run on an analytical hplc using a SCX cation

exchange column and a mobile phase of 0.12M LiCIO,}, 80:20 acetonitrile: water,

flowrate of 2 cm3min and a detector wavelength of 280 nm.

Figure 10 Analytical hplc trace of the mononuclear [Ru(bpy)2pptf and its isolated

coordination isomers, 0.12 M LiCl04, 80:20 MeCN:H20 at 2 cm3min.
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The hplc trace of the monomer is presented in Figure 10, which portrays the two isomers
at different retention times and the separated coordination isomers after isolation either
by means of semi-preparative hplc or by neutral alumina columns. The retention time
for the isomers 1 and 2 are 4.08 min. and 4.99 min. respectively. Deuteriation does not
have any effect on retention time. The isolation of the ppt’ coordination isomers is more
difficult than that of the pyridine-/ pyrazine-triazole complexes, as the resolution of the
isomers is not as good. It may be suggested that the difficulty in separation is due to the
interaction of free nitrogen atoms on the cationic column. Also more importantly the
only difference is that one isomer is bound via the pyridine ring and the other via the
pyrazine ring but the coordination sites to the triazole ring of both isomers have equal
properties. It was noted that all the biquinoline containing complexes have very short
retention times in comparison to that of the bipyridyl containing analogues and that a
slower flowrate is required (1.5 cm / min) in order to see any resolution of the isomers.
The biquinoline isomers were adequately isolated on the neutral alumina column in a
ratio of 90:10 for isomer 1l:isomer 2, however, the bipyridyl and phenanthroline isomers
required semi-preparative separation as insufficient purification was achieved on

column chromatography.

434 *HNMR spectroscopy

The 3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2,4 triazole ligand has proven to be complicated
in ascertaining the coordination mode of the purified compounds as the only difference
lying between isomer 1 and isomer 2 is the fact that they are pyridine or pyrazine bound
3L Due to the isomerisation obtained during the synthesis of the mononuclear ppt'
complexes, it is essential that correct assignment be given to each isomer in order to
interpret their coordination sites to the ppt’ bridging ligand. The use of 'H NMR enables
the elucidation of the structure and aids in the determination of the coordination modes

of the complex. The complexes and their deuteriated analogues were synthesised as

described in Section 4.2.
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Mononuclear complexes

[Ru(bpy)2ppt]+

*H NMR resonances for the ppt' ligand and complexes are shown in Table 1. The
coordination isomers that will be dealt with in this text are the N1 of the triazole to the
pyridine ring and the N2 of the triazole to the pyrazine ring. The N4 isomers were not
isolated for this study. The interpretation of the [Ru(bpy)2pt]+ and [Ru(bpy)2bpzt]+
complexes will not involve coordination isomers, mononuclear coordination occurs via
the N2 site of the triazole ligand, hence a shift of the H6 proton of the pyridine and

pyrazine should be observed respectively.

Further evidence of the coordination of the ppt’ isomers will be verified using 'h NMR
spectroscopy. Isomer 1 has been assigned to coordinate via N1 of the triazole and the
pyridine ring. For this isomer the H6 proton of the pyridine ring experiences an upfield
shift in relation to the H6 of the pyrazine ring. The upfield shift has been associated with

a ring current effect of an adjacent bpy which a H6 proton of the pyridine (or pyrazine)

will experience when a Ru(bpy)2 (or Os(bpy)2 moiety is coordinated to it 23334 Due to

the effect of the negatively charged triazole ring on the coordinated ppt’ ligand, more
electron density is located on the pyridine and pyrazine rings resulting in an overall
upfield shift of all the protons compared to that of the free ligand. The assignment of the
protons of the coordinated ppt’ ligand was facilitated by deuteriation of the bipyridyls
prior to synthesis of the mononuclear complex. Hence, it may be concluded that
coordination for isomer 1 does take place via the N1 ofthe triazole ring and the N of the

pyridine.
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For isomer 2 a similar result is observed as in this case it is the pyrazine ring protons

which experience the shift upfield due to the coordinated Ru(bpy)2 moiety. and H"”

of the pyrazine ring are strongly shifted upfield due to the proximity of the adjacent

bipyridyls35°36.

Compound H3 H4 H5 H6

Hppt prz 9.33 (s) (.. 8.72 (d) 8.72 (d)

pyr 8.17(d) 8.01 (t) 7.54 (1) 8.77 (d)
oyr 7780039, d 800001 m 7.18(036)t 751-126)d
[Ru(d8-bpy)2ppt]+1so 1 prz 9.19(-0.14), s () 8.46(-0.26),m  8.32(-0.40),m
oyr  778(039).d  800(001).m  7.18(036)t 7.51(126)d
[Ru(bpy)2ppt]+lso 2 prz 9.31(-0.02),5 () 8.38(-0.34),d  8.18(-0.54)d
oyr  788(029m  7.77(:024)t  7.25(0.29)t  8.49(-0.28)d
[Ru(ds-bpy)2ppt]+1so 2 prz 9.31(-0.02),s () 8.38(-0.34),d  8.18(-0.54),d
oy 78B(029)m  777(:024)t  725(029)t 8.49(-028)d
[Ru(phen)prt]+ Iso 1 prz 914('019),3 (.. 853(-019),m 837('035),d
oyr 793(024)m  80B(H0.07)M  7.19(035)t 8.12(065)m
oyr BOS(014HM  BOO(H00)M  7.21(033)t 859(-0.18)m
oyr  822(+005)d  7.86(0.15)t  7.68(+0.14)t 8.05(0.72)d
[Ru(dlz.b|q)2ppt]+|50 1 prz 920(-013),5 (--) 888(+016),d 850('022),d
8.22(+0.05)d  7.86(-0.15)t  7.68(+0.14)t 8.05(-0.72),d

pyr

Table 1 400 MHz "HNMR resonances observedfor the complexes containing theppf

ligand in dj-Acetonitrile. Hppt was measured in d*-DMSO. Values in parenthesis are
the chemical shifts compared with thefree ligand (s = singlet, d = doublet, t = triplet

and m = multiplet). (Pyr represents the pyridine ring andprz the pyrazine ring)
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The resonances of the uncoordinated pyridine ring show a small upfield shift due to the
electron density influenced by the deprotonated triazole ring. Figure 11 and Figure 12
illustrate the *H NMR spectra of [Ru(bpy)2opt]+ and [Ru(d8bpy)2ppt]lrespectively for
the NI-pyridine bound isomer (isomer 1). This (Figure 12) is a good example of the
advantages of deuteriation in IH NMR elucidation, as we can see the bipyridyl proton
signals are completely suppressed and a clear interpretation may be made of the Hppt

ligand shifts after coordination.

[Ru(phen)2ppt]+

Table 1 lists the chemical shifts for the complexes [Ru(phen)2ppt]Hisomer 1 and 2. The
complex [Ru(phen)2ppt]+was purified as stated for the bpy analogue and the resulting
’h NMR spectra are shown for isomer 1 and isomer 2 in Figure 13 and Figure 15.
Isomer 1 has been assigned as being bound to N1 of the triazole to the pyridine as the
H6 signal of the pyridine ring undergoes the maximum shift of -0.65 ppm and the H5 of
the same ring shifts -0.35 ppm. Figure 14 is the Xd NMR spectrum of [Ru(phen)2d7-
ppt]+ which presents the phenanthroline protons without the ppt’ ligand signals as they
are deuteriated. This enables a clear view of the phenanthroline protons after
complexation and can be subtracted from the fully undeuteriated [Ru(phen)Zppt]+ to
determine the ppt" shifts. Isomer 2, shown in Figure 15, has been assigned as being N2
of the triazole to the pyrazine as the H6 signal of the pyrazine ring is shifted by -0.52
ppm. This upfield shift is attributed to the ring current effect experienced by the H6
proton from the adjacent phenanthroline rings. The corresponding [Ru(phen)2d7-ppt]+
for isomer 2 is shown in Figure 16. There is a distinct difference in the spectra of
[Ru(phen)2d7-ppt]’ isomer 1 and isomer 2. The shift observed is that of the

phenanthroline protons and occurs on complexation to the Hppt ligand. This confirms

that there are two coordination isomers present.
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Figure 11 "H NMR of jRu(bpy)dptJd pyridine bound in dr acetonitrile

JU

90 0.0

Figure 12 "H NMR of fRu(dg-bpy)-ppt/ pyridine hound in dj-acetonitrile
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Figure 13 IHNMR of[Ru(phen)zppt] +pyridine bound in d3-acetonitrile

Figure 14 IH NMR of/Ru(phen). d7-pptJ+pyridine bound in dj-acetonitriie
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9.0 85 8.0 75 7.0

(ppm)

Figure 15 ITHNMR of[Ru(phen)2ppt] + pyrazine bound in dj-acetonitrile

Figure 16 1H NMR of [Ru(phen). d--pptJ + pyrazine bound in ds ~acetonitrile
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Figure IS "h NMR of/Ru(d,2-1>i<l)2ppt/ +pyridine bound in d3-aceu,nitrite
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|Ru(biq)2ppt]+

The chemical shifts for the complex [Ru(biq)2ppt]+ are listed in Table 1 It appears that
on complexation to the Hppt ligand that the biquinoline ligand does actually cause steric

hindrance which promotes the presence of one isomer over the other.

Two isomers were isolated from the alumina column in a ratio of 90:10 hence only

isomer 1 is characterised by IH NMR. Isomer 1 has been assigned to the N1 of the

triazole to the pyridine bound isomer. A shift of -0.72 ppm is experienced by the H6
proton of the pyridine ring. The spectrum of [Ru(big)2pt] isomer 1is shown in Figure

17, and the partially deuteriated analogues [Ru(d,2-biq)2ppt]+and [Ru(bigq)2d7-pptf are
shown in Figure 18 and Figure 19 respectively In Figure 19 the H3 singlet of the

pyrazine ring of [Ru(di2-big)2ppt]+ is off the scale at 9.20 ppm but the other six ppt"

protons are present.
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This spectrum clearly illustrates the shifts for the ppt" ligand on complexation to the
biquinoline moiety. Figure 19 presents the biquinoline protons only as the ppt" ligand
was deuteriated. Addition ofthe spectra in Figure 18 and 19 will give the same spectrum
as that shown in Figure 17. It has been clearly illustrated here that the use of deuteriation
in the elucidation of *H NMR is highly advantageous. Also from the spectra shown in
this chapter we can see that the bpy, phen, biq and ppt’ ligands were all successfully
deuteriated and to my knowledge only the bpy ligand has previously been deuteriated.
Hence we have shown also that deuteriation is applicable to various heterocyclic

ligands.

4341 99Ru NMR of [Ru(bpy)zppt]+ coordination isomers

The following data was obtained by Gaemers et al37 of the University of Amsterdam.
Recent studies have shown that *Ru NMR is a powerful tool for the analysis of
ruthenium(Il) complexes in addition to well established techniques. The data in Figure
20 is a summary of the results obtained for the complexes in this chapter and chapter 3.
A comparison is drawn between the pyridine triazole (highlighted in red) complex and
the pyrazine triazole (highlighted in blue) complex as shown in chapter 3 and from these
complexes we see that the stronger a-donor N2 coordination site leads to a lower

ruthenium chemical shift.

167



Synthesis and characterisation of Hppt monomers  Chapter 4

99Ru NMR

Figure 22 Schematic layout ofthe Ru shifts in ds-acetonitrile.

The same applies for the ppt" complexes an example ofwhich is shown in Figure 27. On
going from the N2 to the N4 isomer of the pyrazine-triazole isomer there is a shift of
140 ppm and for the pyridine-triazole isomers a shift of 153 ppm. A similar shift exists
for the N2/ N4 pyrazine-bound isomers of the Hppt complex of 136 ppm. This concurs
with the redox potentials of these complexes. It may also be noticed that the pyrazine
bound isomers of the pztr' and ppt' complexes are at lower chemical shifts than that of
the pyridine bound which may be compared with the higher redox potentials of the
pyrazine complexes. Pyrazine is a greater 7t-acceptor than pyridine and will cause an
upfield shift. This technique may be used in the identification process of coordination

isomers in various compounds.
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Also for complexes containing polydentate nitrogen ligands it is found that complexes
with higher redox potentials have higher 9Ru chemical shifts, possibly allowing the
prediction of electronic properties of this type of complex based on 9Ru-NMR

spectroscopy. The relevant paper o may be found in appendix 1 paper 3. Data gathered

for this study is presented in appendix 2.

LO
cn

cn
LO

388 §

HH~ 500Hz

6500 6000 3000

Figure 21 Ru NMR spectra of[Ru(bpy)2pt] isomer 2 in dr acetonitrile.
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4.3.4 Absorption and Emission properties

[Ru(bpy)2ppt]+

In Table 2 the absorption and emission maxima (298 and 77 K) of the
[Ru(bpy)2opt]complexes and their luminescent lifetimes at room temperature (298K)

are listed. As expected the complexes absorb in the visible region (Figure 28) between

350 and 500nm as expected for Ruthenium polypyridyl complexes38394041 which is
characteristic of their diz-n*, metal to ligand charge transfer (MLCT). From the table of
results it is evident that deuteriation has no effect on the absorption and emission

measurements of the complexes.

nm

Figure 24 Absorption spectrum of [Ru(bpy)dpt]+ (blue, 461 nm) [Ru(bpy)2H pptf+

(pink, 441 nm.) in acetonitrile.
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Compound

[Ru(bpy)2(ppt)]'lso 1
[Ru(bpy)2(Hppt)]2Hso 1
[Ru(bpy)2(ppt)]Hso 2
[Ru(bpy)2(Hppt)]2Hso 2
[Ru(d8-bpy)2(ppt)]Hso 1
[Ru(d8bpy)2(Hppt)]2Hso 1
[Ru(d8-bpy)2(ppt)]Hso 2
[Ru(d8-bpy)2(Hppt)]2Hso 2
[Ru(bpy)2(d7-ppt)]Hso 1
[Ru(bpy)2(d7-Hppt)]2Hso 1
[Ru(bpy)2(d7-ppt)]+iso 2
[Ru(bpy)2(d7-Hppt)]2Hso 2
[Ru(d8-bpy)2(d7-ppt)]Hso 1
[Ru(d8&bpy)2(d7-Hppt)]2Hso 1
[Ru(d8-bpy)2(d7-ppt)]+iso 2
[Ru(d8bpy)2(d7-Hppt)]2Hso 2

aAbs(nm)
(log e)
461(4.04)
441(3.95)
457(4.35)
432(4.13)
465(4.15)
436(4.20)
457(4.19)
422(3.99)
465(3.95)
436(4.02)
457(4.16)
422(4.05)
465(3.98)
436(4.08)
457(3.95)
422(4.02)

&E&m (nm)
(298K)
671
612
658
669
670
612
658
669
670
613
660
670
671
613
660
670

Chapter 4
cEm (nm)  abLifetime
(77K) (x/ns)(298K)
615 217
580 (--)
600 140
615 (...)
615 220
580 (..)
600 130
615 (..)
615 580
580 (..)
600 110
615 (...)
615 220
580 (...)
600 165
615 (...)

Table 2 Electronic properties of the mononuclear complexes of the partially

deuteriated [Ru(bpy)j)p tf coordination isomers “ measured in acetonitrile, b degassed

with Argon and c 80: 20 ethanol: methanol Protonation and deprotonation of the

complexes were carried out on addition of trifluoroacetic acid or diethylamine

respectively. Lifetime error +/- 6 %
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A higher shift in energy is observed on going from [Ru(bpy)2ppt] ' isomer 1to isomer 2

due to the better 7i-acceptor capabilities of the pyrazine ring compared with that of the

pyridine ring. Emission occurs from 3VILCT excited states42’43. The emission values for
these complexes are found between 600 and 680 nm. The acid/base chemistry of these
complexes influences its electronic properties. Protonation of the complexes arises in a
shift to higher energy of the MLCT bands both in the absorption and emission values
which is due to a decrease in o-donor capacity of the protonated ligand resulting in
destabilisation of the d-orbitals19,21,44. The emission values obtained at low temperature
are found at higher energy than those measured at room temperature. The blue shift on
going from the 298 K emission measurements to the 77 K analogues is based on the fact
that at low temperature the excited state energy levels experience less vibrational energy

loss and this results in an increase of emitting energy of the complex.

[Ru(phen)2ppt]+

In Table 3 the absorption and emission maxima (298 and 77 K) of the

[Ru(phen)2ppt]Homplexes and their luminescent lifetimes at room temperature (298K)

+
are listed. The electronic properties of the [Ru(phen)2ppt] complexes are generally not

that different from those of the [Ru(bpy)2ppt] ' complexes, however a blue shift in the
MLCT band of the absorption and emission spectra exists as phenanthroline is a greater

a-donor than that of bipyridyl. Figure 23 is an example of an absorption spectra of
+
[Ru(phen)2ppt] protonated and deprotonated.
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nm

2+

Figure 25 Absorption spectrafor [Ru(phen)jipt] (yellmv, 429 nm) [Ru(phen)¢Hppt]

(red, 404 nm.) in acetonitrile.

Protonation causes an increase in energy and a blue shift compared to the deprotonated
species Low temperature emission measurements are at higher energy than the values
measured at room temperature. The effect of substituting bpy with phen will be further
discussed in the luminescent lifetime section, however, no dramatic deviation from the

bpy complexes is expected for the phen analogues.

[Ru(biq)2ppt]

In Table 4 the absorption and emission maxima (298 and 77 K) of the [Ru(big)2pt]+

complexes and their luminescent lifetimes at room temperature (298 K) are listed.
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Compound aAbs(hm) a&Em (@M Em (hm)  “"Lifetime
(log 8) (298K) (7T7K)  (x/ns)(298K)
[Ru(phen)2(ppt)]Hso 1 429(3.95) 658 592 650
[Ru(phen)2(Hppt)]2Hso 1 404(3.99) 610 569 (-.)
[Ru(phen)2(ppt)]Hso 2 428(3.87) 655 592 170
[Ru(phen)2(Hppt)]2Hso 2 407(3.82) 630 567 (-
[Ru(ds-phen)2(ppt)]Hso 1 429(3.97) 658 592 950
[Ru(d8-phen)2(Hppt)]2Hso 1 404(3.89) 610 569 (-.)
[Ru(d8-phen)2(ppt)]Hso 2 428(3.79) 655 592 335
[Ru(d8phen)2(Hppt)]2Hso 2 407(3.85) 630 567 ()
[Ru(phen)2(d7-ppt)]Hso 1 429(3.90) 658 592 640
[Ru(phen)2(d7-Hppt)]2Hso 1 404(3.88) 610 569 (-.)
[Ru(phen)2(d7-ppt)]Hso 2 428(3.78) 655 592 215
[Ru(phen)2(d7-Hppt)]2Hso 2 407(3.85) 630 567 (-)
[Ru(ds-phen)2(d7-ppt)]Hso 1 429(3.76) 658 592 480
[Ru(ds-phen)2(d7-Hppt)]2Hso 1 404(3.75) 610 569 (-.)
[Ru(d8-phen)2(d7-ppt)]Hso 2 428(3.72) 655 592 1000
[Ru(d8-phen)2(d7-Hppt)]2Hso 2 406(3.80) 630 567 ()

Table 3 Electronic properties of the mononuclear complexes of the partially

deuteriated fRu(phen)jyptf coordination isomers ameasured in acetonitrile,

bdegassed witﬁArgon and 80: 20 ethanol: methanol. Protonation and deprotonation
of the complexes were carried out on addition of trifluoroacetic acid or diethylamine

respectively. Lifetime error +/- 6 %
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nm

Figure 26 Absorption spectra for /Ru(biq)jjptd* (blue, 576 nm) fRu(big)2Hppt]2®

(pink, 555 nm.) in acetonitrile.

Biquinoline is a weaker a-donor than bipyridyl or phenanthroline and this leads to a
decrease in energy, hence the MLCT band is red shifted to 550nm. The other peaks
observed in the absorption spectrum are LC (ligand centred), K-n* in the UV region at
260 nm. The absorption band at 370 nm is also assigned to MLCT (metal to ligand
charge transfer) d -+ and there also may be contributions from LMCT (ligand to metal
charge transfer) #-d n*. The absorption and emission values are very sensitive towards
deprotonation of the triazole ring and upon deprotonation the MLCT is shifted to a
lower energy. On going from ground state to excited state there is a red shift in energy

of> 200 nm.
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Compound

[Ru(big)2(ppt)]Hso 1
[Ru(biq)2(Hppt)]2Hso 1
[Ru(big)2(ppt)]+so 2
[Ru(biq)2(Hppt)]2Hso 2
[Ru(d!2- big)2(ppt)]+iso 1
[Ru(diz- big)2(Hppt)]2Hso 1
[Ru(di2- big)2(ppt)]Hso 2
[Ru(di2- big)2(Hppt)]2Hso 2
[Ru(big)2(d7-ppt)]Hso 1
[Ru(big)2(d7-Hppt)]2Hso 1
[Ru(big)2(d7-ppt)]Hso 2
[Ru(big)2(d7-Hppt)]2Hso 2
[Ru(diz- big)2(d7-ppt)]Hso 1

[Ru(di2- big)2(d7-Hppt)]2+iso 1

[Ru(di2- big)2(d7-ppt)]Hso 2

[Ru(diz- big)2(d7-Hppt)]2Hso 2

aAbs (nm)
(log 8)
576(4.20)
555(4.25)
550(4.16)
542(4.17)
574(4.18)
554(4.20)
551(4.19)
542(4.15)
574(4.18)
556(4.16)
553(4.12)
540(4.15)
575(4.20)
553(4.22)
552(4.19)
542(4.21)

'Em (nm)
(298K)
810
786
790
770
810
786
790
770
810
786
790
770
810
786
790
770

Chapter 4
cEm (nm)  abLifetime
(77K)  (x/ns)(298K)
765 340
723 (-)
739 260
718 (...)
765 320
723 (...)
739 240
718 (...)
765 320
723 (--)
739 380
718 (..)
765 140
723 (...)
739 185
718 (...)

Table 4 Electronic properties of the mononuclear complexes of the partially

deuteriated [Ru(biq)jjp tf coordination isomers ameasured in acetonitrile, bdegassed

with Argon and c 80: 20 ethanol: methanol Protonation and deprotonation of the

complexes were carried out on addition of trifluoroacetic acid or diethylamine

respectively. Lifetime error +/- 6 %.
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The low temperature emission measurements are shifted to a higher energy due to less
efficient vibrational energy loss in a frozen medium. A shift to higher energy is
observed for isomer 2 due to the better ~-acceptor capabilities of the pyrazine ring as

opposed to the pyridine ring (isomer 1).

It is hoped that using ligands such as these that a photostable, regenerative complex will

be achieved. Sufficient perturbation of the *MC state is required in order to stabilise

such Ru(Il) complexes. One such complex has been observed but only in its
deprotonated state45. The complex [Ru(big)2(3Mepytr)]+ was found to be photostable

but however this property was pH dependent and on protonation photolabilisation of the

ligand 3Mepytr was observed.
4.3.6 Luminescent lifetime measurements

Luminescent measurements at room temperature of [Ru(bpy)2ppt]+ [Ru(phen)2ppt]+and
[Ru(big)2ppt]+ are presented in Table 2, Table 3 and Table 4 respectively. The
protonated species were not investigated in this study as they are more sensitive to pH
than the deprotonated form and are more difficult to ascertain. A series of selectively
deuteriated complexes were synthesised in order for the excited state of the complexed
ppt' monomers to be located. All the measurements were repetitively carried out under
the same conditions. It was hoped that by selectively deuteriating the ligands of the ppt'
complexes on excitation a visible increase would be observed if the excited state was
based on the deuteriated ligand.
This increase in lifetime is related to the non-radiative relaxation of the excited state,
knr,knr may be derived from the equation,

T=kr+ k,,r
where, x is the luminescent lifetime,

kris the radiative decay and knr is the non-radiative decay
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The relationship with deuteriation and longer lifetimes is based on the phenomena of
slower vibrational relaxation of the excited electron on the bipyridyl. Inthis situation the
C-H stretch are replaced with the C-D stretch on the bipyridyls. It has been recognised
by Siebrands theory4647 that C-H vibrations are important promoting modes for

transition and hence the deuteriation will cause a dramatic change on these transitions.

For the complex [Ru(bpy)2ppt]+ the lifetimes for the pyridine bound isomer will be
discussed first. Based on the lifetimes of the first three analogues [Ru(bpy)2ppt]lh
[Ru(dg-bpy)2ppt]+and [Ru(bpy)2d7.ppt]+ it would suggest that the excited state is based
on the ppt' ligand. This is based on the increase of lifetime on going from
[Ru(bpy)2ppt]+ 217 ns to [Ru(bpy)2d7-ppt]+ 580 ns. The complex [Ru(d8-bpy)2ppt]+ has
a lifetime of 220 ns, hence no change when the bpy is deuteriated, however, the complex
[Ru(dg-bpy)2d7-ppt]+gives a lifetime of 220 ns which does not correlate with the other
results as it should show some increase if the Hppt ligand is deuteriated. The only
suggestion that may be made without further studies is that for the fully deuteriated
complex the excited states are weakly coupled as previously seen for the pztr
complexes. If this is the case there may be a deactivation process occurring via the
MLCT of the bpy when the complex is fully deuteriated, hence there would be no

increase observed.

The pyrazine bound isomer of [Ru(bpy)2ppt]+ had no pattern at all. The lifetimes
obtained were as follows [Ru(bpy)2ppt]+ 140 ns, [Ru(dg-bpy)2ppt]+; 130 ns,
[Ru(bpy)2d7-ppt]™; 110 ns and [Ru(ds-bpy)2d7-ppt]+ 165 ns. Because this is the pyrazine
bound isomer the photophysics would be expected to be complexed based, based on the
results observed for the [Ru(bpy)2pztr]Hcomplexes in chapter 3. The use ofthe selective
deuteriation has given no insight into the photophysical properties of this isomer, all that
can be suggested at this moment is that there is two deactivation pathways competing

with each other which limits the effect of deuteriation on increasing the lifetime.

The phenanthroline containing complexes are slightly better in that there is some sort of

pattern involved after selective deuteriation. For the pyridine bound isomer of
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[Ru(phen)2ppt]+ it would be suggested that the excited state of the complex is based on
the phenanthroline ligand as the lifetime of [Ru(phen)2ppt]+ is 650 ns, [Ru(dg-
phen)2ppt]+is 950 ns and [Ru(phen)2d7-ppt]+is 640 ns, hence an increase is observed for
the deuteriated phenanthroline complex. However, the fully deuteriated complex [Ru(ds-
phen)2d7-ppt]+ has a lifetime of 480 ns. Again it may be suggested that in the case of
fully deuteriated mixed ligand systems that there is a competitive deactivation process
occurring which results in a decrease in the lifetime. The pyrazine bound isomer of
[Ru(phen)2ppt]+ has much shorter lifetimes than that of the pyridine bound. Again it
may be suggested that the excited state lifetime is based on the phenanthroline ligand as
the lifetimes show an increase for the deuteriated phen complex as the lifetime of
[Ru(phen)2ppt]His 170 ns, [Ru(d8&phen)2ppt]His 335 ns, [Ru(phen)2d7-ppt]+is 210 ns and
the fully deuteriated complex [Ru(d8phen)2d7.ppt]+is 1000 ns. For the whole series of
substituted ligands this is the only fully deuteriated complex to give an increase in
lifetime. This lifetime of 1000 ns may be attributed to the deuteriated phenanthroline
and it may suggest that when the Hppt was deuteriated that the excited states of the ppt"
and the phen were isolated from each other allowing for a clear deactivation process
from the phen 3BMLCT. For the [Ru(d8phen)2ppt]+complex the lifetime is only 335 ns
and this may be due to an interaction of weakly coupled excited states, when only the

phen is deuteriated.

The biquinoline analogues were also prepared and the results were also quite scattered.
For the pyridine bound isomer of [Ru(biq)2ppt]Ta lifetime of 340 ns was obtained. For
the rest of this series the lifetimes are 320 ns for [Ru(di2-big)2ppt]+ 320 ns for [Ru(biq)2
d7-ppt]+and 140 ns for [Ru(di2-big)2d7-ppt]+. No conclusions may be determined on the
location of the excited state from these results. A similar pattern is observed for the

pyrazine bound isomer.
The use of selective deuteriations may have applications in the location of the excited

state, but the photophysical properties of pyrazine-triazole and ligands containing

pyrazine-triazole have turned out to be more complicated than previously thought.
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Hence, a larger investigation will have to be carried out on this series of complexes by
temperature dependence luminescent studies and resonance raman in order for a model

ofthe photophysical properties ofthe ppt' complexes to be derived.

4.3.7 Acid-Base properties

The acid-base properties for the complexes [Ru(bpy)2ppt]+, [Ru(phen)2ppt]+
[Ru(biq)2ppt]+ are listed in Table 5 Table 6 and Table 7 respectively. The following

equations were used to determine the pKa*oftheexcited species.

pKa*(1) = pHs+ log (Ta/Th) eqn. 1

where xa is the lifetime of the protonated species and xv is the lifetime of the

deprotonated species.

The point of inflection in the emission titration curves do not represent real excited-state
pKa values, or pKa * because they need to be corrected for different lifetimes of the
protonated and deprotonated species48. An estimate of the pKa * value can also be
obtained from the ground-state pKavalues from the absorption titration and the emission
energies of the protonated and deprotonated species, using the Forster equation,

equation 2 4950'51'52

pKa*(2) = pka+ 0.625(va- vb eqn. 2

where va and Vb are the emission maxima of the deprotonated and protonated species
respectively and T is the experimental temperature. (This equation is susceptible to error

due to the stokes shifts in the emission spectra).
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The pKa of the ground state for both isomers of the [Ru(bpy)2ppt]+ complex is lower
than in the excited state. This suggests that the excited state is based on the ppt' ligand.
This assumption is based on the knowledge that upon excitation of a ruthenium

polypyridyl complex, a metal-based electron is promoted to a ligand-based k orbital.

Compound pKa pHi* pKa(l) pKa*(2)
[Ru(bpy)2(ppt)] Iso 1 2.7 (2.7) 3.0 2.26 2.82
[Ru(bpy)2(ppt)]+Iso 2 3.6 (3.8) 338 4.18 3.57
[Ru(d8-bpy)2(ppt)]'Tso 1 2.7 3.0 2.15 2.82
[Ru(ds-bpy)2(ppt)]+Iso 2 3.6 3.8 4.01 3.57
[Ru(bpy) Abpt)]+ 4.2 3.9 3.3 2.8
/Ru(bpy)2(bpzt)] 2.0 4.9 3.8 1.3

Table 5 Ground state pKa and excited state pKa * values of the mononuclear ppf
complexes containing bipyridyl and some related compounds. pKa *(1) and pKa *(2)
were calculated using egn. 1 and egn. 2 respectively. All measurements are carried

out in Britton Robinson buffer. All values + 0.1. Values in italics3L

This results in the creation of a ruthenium centre with a formal valence of 3+ A
decreased basicity is then explained by a reduced electron density on the ppt' ligand as a
result of electron donation to the metal centre. The fact that the pKa* values are higher
or equal to the pKavalues suggest that the electron is excited into the ppt' ligand so that
the ligand does not just act as a spectator ligand. Similar acid-base behaviour was
observed for the mononuclear [Ru(bpy)2opzt]+3L and [Ru(bpy)2pztr]H53 Hence, it may
be suggested that the pKaofthe ppt' complex is strongly influenced by the pyrazine ring

especially for the pyrazine bound isomer.
The values for the phen containing analogues are listed in Table 6. The pKa values for

the ground state [Ru(phen)2ppt]+isomers are more acidic or almost equivalent to that of

the excited state suggesting that the excited state electron is ppt' based.
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Compound pKa pHi*  pKa*(l) pKa (2)
[Ru(phen)2(ppt)]+lso 1 2.5 2.8 -- 2.6
[Ru(phen)2(ppt)]+Iso 2 3.4 3.6 - 3.45
[Ru(ds-phen)2(ppt)]+iso 1 2.5 2.8 - 2.6
[Ru(ds-phen)2(ppt)]+Iso 2 3.4 3.6 - 3.45
[Ru(phen)2(bpt)J+ 3.4 3.9 3.3 3.7

Table 6 Ground state pKa and excited state pKa * values of the mononuclear ppf
complexes containing phenanthroline. pKa *(1) and pKa *(2) were calculated using
egn. 1 and eqgn. 2 respectively. All measurements are carried out in Britton Robinson

buffer. All values + 0.1. Values in italics3L

Compound pKa pHi*  pKa"(l) PKa'(2)
[Ru(big)2(ppt)]+Iso 1 4.0 3.3 - 4.05
[Ru(big)2(ppt)]+Iso 2 3.34 1.95 - 3.39
[Ru(di2-big)2(ppt)]+Iso 1 4.0 3.3 . 4.05
[Ru(di2-big)2(ppt)]+Iso 2 3.35 1.98 . 3.39

Table 7 Ground state pKa and excited state pKa * values of the mononuclear ppf
complexes containing biquinoline. pK,, *(1) andpKa *(2) were calculated using egn. 1
and eqn. 2 respectively. All measurements are carried out in Britton Robinson buffer.

All values + 0.1.

For the complex [Ru(bpy)2bpt]+the ground state was found to be less acidic than the
excited state and this lead to the excited state electron being bpy based. The analogous
phen complex [Ru(phen)2bpt]+ possessed the same pKa values as the bpy species and
hence the excited state electron was based on the phen. The pKa values of

[Ru(bpy)2ppt]+ and [Ru(phen)2ppt]+do not differ greatly and this may be attributed to
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the similarity in the electronic properties of the bpy and phen ligands. The pKa values
for the isomers of the complex [Ru(big)2ppt]+ and their deuteriated analogues are listed
in Table 7. The pKa values tell a different story for the [Ru(big)2ppt] f isomers. In all
cases the excited state is more acidic than the ground state and this would suggest that
the excited state electron is based on the biquinoline. The pKa values of all the
complexes in general reflect the a-donor and Tt-acceptor properties of the ligands with
[Ru(phen)2ppt]+ having the more acidic pKa values due to its good a-donor properties
and [Ru(big)2ppt]+ having the more basic pKa values due to the biq u-accepting

properties.

4.3.8 Electrochemical properties

The electrochemical potentials obtained for all the [Ru(bpy)2ppt] 1complexes are shown
in Table 8. It may be observed that the isomer 2 species has a metal-based oxidation at a
higher potential than the analogous isomer 1 This is due to the weaker a-donor
properties of the pyrazine ligand, less electron density is present on the metal and
therefore it is harder to oxidise45 The reduction potentials observed for the
mononuclear deprotonated complexes may be assigned to the bipyridyls2756. The metal-
based oxidation potential of the [Ru(bpy)2ppt]+ is significantly lower than that of the
[Ru(bpy)3]2+ which has an oxidation potential of 1.26 v SCE57.
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cw©

Figure 25 Cylic voltammongram of [Ru(bpy)zH pptf+isomer 1, 0.1 M TEAP in

acetonitrile with one drop ofH2So04 and a scanrateof0.1 V/sec.

This is due to the increased a-donor ability of the deprotonated triazole ligand compared
to that ofthe bpy. An increase in oxidation potential is observed when the triazole ligand
is protonated. This is due to the decreased a-donor strength abilities of the protonated
ligand, with a consequent decrease in the electron density at the metal centre. This
means that the metal centre is more difficult to oxidise than in the deprotonated case.
The oxidation and reduction potentials for the protonated and deprotonated phen

complexes are listed in Table 9.

184



Synthesis and characterisation of Hppt monomers  Chapter 4

Compound Oxid. Pot. (V) Red. Pot. (V)
(Vvs S.C.E) (Vvs S.C.E)
[Ru(bpy)2(ppt)]+ Iso 1 0.95 -1.45,-1.70
[Ru(bpy)2(Hppt)]2+ Iso 1 1.25 -
[Ru(bpy)2(ppt)]+ Iso 2 1.05 -1.50,-1.75
[Ru(bpy)2(Hppt)]i+ Iso 2 1.20 -
[Ru(d8-bpy)2(ppt)]+ Iso 1 0.95 -1.45,-1.70
[Ru(d8-bpy)2(Hppt)]2+ Iso 1 1.25 -
[Ru(d8-bpy)2(ppt)]+ Iso 2 1.05 -1.50,-1.75
[Ru(d8-bpy)2(Hppt)]2+ Iso 2 1.20 -
[Ru(d8-bpy)2(d7-ppt)]+ Iso 1 0.95 -1.45, -1.70
[Ru(ds-bpy)2(d7-ppt)]2+ Iso 1 1.25 -
[Ru(d8-bpy)2(d7-ppt)]+ Iso 2 1.05 -1.50, -1.75
[Ru(d&-bpy)2(d7-ppt)]2+ Iso 2 1.20 -

Table 8 Electrochemical data of the Ru(ll) bipyridyl complexes containing the Hppt
ligand obtained in MeCN containing 0.1M TEAP. Values obtained by cyclic
voltammetry. Potentials in Volts versus S.C.E. Protonation occurred via addition of 1

drop ofH2S04. Scanrate 0f 0.1 V/sec.
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Compound Oxid. Pot. (V) Red. Pot. (V)
(Vvs S.C.E) (Vvs S.C.E)
[Ru(phen)2(ppt)]+ Iso 1 0.96 -1.48, -1.78
[Ru(phen)2(Hppt)]2+ Iso 1 1.30 -
[Ru(phen)2(ppt)]+ Iso 2 1.06 -1.52,-1.80
[Ru(phen)2(Hppt)]2+ Iso 2 1.27 -
[Ru(d8-phen)2(ppt)]+ Iso 1 0.95 -1.48, -1.78
[Ru(ds-phen)2(Hppt)]2+ Iso 1 131 -
[Ru(d8-phen)2(ppt)]+ Iso 2 1.07 -1.52, -1.80
[Ru(ds-phen)2(Hppt)]2+ Iso 2 1.25 -
[Ru(phen)2(d7-ppt)]+ Iso 1 0.95 -1.48,-1.78
[Ru(phen)2(d7-ppt)]2+ Iso 1 1.29 —
[Ru(phen)2(d7-ppt)]+ Iso 2 1.06 -1.52,-1.80
[Ru(phen)2(d7-ppt)]2+ Iso 2 1.28 -
[Ru(d&-phen)2(d7-ppt)]+ Iso 1 0.97 -1.48, -1.78
[Ru(d8-phen)2(d7-ppt)]2+ Iso 1 1.30 -
[Ru(d8-phen)2(d7-ppt)]+ Iso 2 1.05 -1.52, -1.80
[Ru(d8-phen)2(d7-ppt)]2+ Iso 2 1.27 -

Table 9 Electrochemical data of the Ru(ll) phenanthroline complexes containing
the Hppt ligand obtained in MeCN containing 0.1M TEAP. Values obtained by
cyclic voltammetry. Potentials in Volts versus S.C.E. Protonation occurred via

addition of 1 drop of H2s04. Scanrate of 0.1 V/ sec.
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Compound Oxid. Pot. (V) Red. Pot. (V)
(V vs S.C.E.) (V vs S.C.E)

[Ru(big)2(ppt)]+ Iso 1 1.06 -1.04,-1.35
[Ru(big)2(Hppt)]2+ Iso 1 1.32 -
[Ru(big)2(ppt)]+ Iso 2 1.15 -1.00, -1.45
[Ru(big)2(Hppt)]2+ Iso 2 1.30 —
[Ru(diz-big)2(ppt)f Iso 1 1.05 -1.04,-1.35
[Ru(di2-biq)2(Hppt)]2+ Iso 1 131 -
[Ru(di2-big)2(ppt)]+ Iso 2 1.16 -1.00,-1.45
[Ru(di2-biq)2(Hppt)]2+ Iso 2 1.32 -
[Ru(big)2(d7-ppt)]+ Iso 1 1.05 -1.04, -1.35
[Ru(big)2(d7-ppt)]2+ Iso 1 1.35 -
[Ru(big)2(d7-ppt)]+ Iso 2 1.12 -1.00, -1.45
[Ru(big)2(d7-ppt)]2+ Iso 2 131 -
[Ru(di2-big)2(d7-ppt)]+ Iso 1 1.06 -1.04, -1.35
[Ru(di2-big)2(d7-ppt)]2+Iso 1 1.32 -
[Ru(di2-big)2(d7-ppt)]+ Is0 2 1.14 -1.00, -1.45
[Ru(di2-big)2(d7-ppt)]2+ Iso 2 1.30 -

Table 10 Electrochemical data of the Ru(ll) biquinoline complexes containing the
Hppt ligand obtained in MeCN containing 0.1M TEAP. Values obtained by cyclic
voltammetry. Potentials in Volts versus S.C.E. Protonation occurred via addition of 1
drop ofH2S04. Scanrate 0f0.1 V/sec.

On comparing the [Ru(phen)2ppt]+with the [Ru(bpy)2ppt]+ there is a shift to a higher
potential for the phen complexes, which is particularly observed in the case of the
protonated species. This shift has been previously observed for the complexes

[Ru(bpy)2bpt]+and [Ru(phen)2bpt]+3L
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The complexes containing biquinoline are listed in Table 10. It may be observed that the
metal based oxidation potentials for the big containing complexes are higher than those
of bpy or phen. The a-donor properties of biq are significantly than that of bpy or phen
leading to a raise of the oxidation potential (i.e. stabilisation of the d-orbitals). The-
reduction potentials ofthe big complexes are significantly less negative than those of the
bpy and phen complexes, due to the strong ®t-accepting properties of the big ligand. All
complexes exhibit reversible oxidation and reduction processes as deduced from the
cyclic voltammograms. Deuteriation does not appear to affect the electrochemical

properties of Ru(Il) polypyridyl complexes.

4.3.9 X-Ray Crystallography of [Ru(bpy)2ppt]+pyrazine bound

Figure 26 illustrated the crystal structure of the N2 of the triazole to the pyrazine bound

coordination isomer of [Ru(bpy)2ppt]+

Figure 26 X-Ray Crystallography of [Ru(bpy)dptf" (N2 of the triazole to the

pyrazine ring coordination).

188



Synthesis and characterisation of Hppt monomers  Chapter 4

The structure could not be solved to great detail due to spatial disorders in the crystal
lattice. The quality of the crystal prevented bond length and angles from being
calculated. However, the data obtained is sufficient for the confirmation of the
coordination site of isomer 2 (N2 bound to the pyrazine). A comparison of the bond
lengths and angles of this structure with that of the [Ru(bpy)2pt]+or [Ru(bpy>2pzt]+
would be desirable but unfortunately the data were not collected for this structure. Thé
data were collected under the following conditions; Temperature -90°C, Instrument:

Cappa CCD, Phi-Scan (180 frames, Aphi = 1°,t = 30 s per frame).

189



4.4

© 0 N o

11

12

13

14

15

16

17

18
19

Synthesis and characterisation of Hppt monomers  Chapter 4

References

V. Balzani and F. Scandola, Supramolecular Photochemistry, Ellis Horwood,
1991.

J.R. Norris and P. Gast, J. Photochem., 1985, 29, 185.

V. Balzani, Pure and Appi. Chem., 1990, 62, 6, 1099.

V. Balzani, L Moggi and F. Scandola, Supramolecular Photochemistry, Reidei
publishing company, 1987, 1

S. Campagna, G. Denti, S. Serrani, M. Ciano and V. Balzani, Inorg. Chem.,
1991, 30, 3728.

T.J. Meyer, Pure and Appi. Chem., 1986, 58, (9), 1193.

J. Van Houten and R.J. Watts, J. Am. Chem. Soc., 1976, 98,(16), 4853,

M.A. Ollino and A.J. Rest, J. Photochem and Photobiol., A:Chem, 1992, 69, 73.
Y. Kawanishi, N. Kitamura and S. Tazuke, Inorg. Chem., 1989, 28, 2968.

W.F. Wacholtz, R.A. Auerbach and R.H. Schmehl, Inorg. Chem., 1987, 26,
2989.

J.R. Kirchoff, D.R. Me Millan, P.A. Marnot and J.P. Sauvage, J. Am. Chem.
Soc., 1985, 107, 1138.

F. Barigelletti, A. Juris, V. Balzani, P. Belser and A von Zelewsky, Inorg.
Chem., 1987, 26, 1138.

M. Haga, Inorg. Chim. Acta., 1980, 45, 183.

A.M. Bond and M. Haga, Inorg. Chem., 1986, 25, 4507.

P. Day and N. Saunders, J. Chem. Soc., A 1967, 1536.

J.D. Peterson, W.R. Murphy Jnr., R. Sahai, K.J. Brewer, R.R. Ruminski, Coord.
Chem. Rev., 1985, 64, 261.

Y. Fuchs, S. Lofters, T. Deiter, W. Shi, R. Morgan, T.C. Strekas, H.D. Gaffney
and A.D. Baker, J. Am. Chem. Soc., 1987,109, 2691.

S. Ernst, V. Kasack and W. Kaim, Inorg. Chem., 1988, 27, 1146.

R. Hage, A.H.J. Dijkhuis, J.G. Haasnoot, R. Prins, J. Reedijk, B.E.Buchanan
and J.G. Vos, Inorg. Chem., 1988, 27, 2185.

190



20

21

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36
37

Synthesis and characterisation of Hppt monomers  Chapter 4

B.E. Buchanan, R. Wang, J.G. Vos, R. Hage, J.G. Haasnoot and J. Reedijk,
Inorg. Chem., 1990, 29, 3263.

R. Hage, R. Prins, J.G. Haasnoot and J.G. Vos, J. Chem., Soc., Dalton Trans,
1987, 1389.

R. Hage, J.G. Haasnoot, H.A. Nieuwenhuis, J. Reedijk, D.J. De Ridder and J.G..
Vos, J. Am. Chem. Soc., 1990,112, 9245.

L. De Cola, F. Barigelletti, V. Balzani, R. Hage, J.G. Haasnoot, J. Reedijk and
J.G. Vos, Chem. Phys. Lett.,, 1991,178, 491.

F. Barigelletti, L. De Cola, V. Balzani, R. Hage, J.G. Haasnoot, J. Reedijk and
J.G. Vos, Inorg. Chem., 1991, 30, 641.

F. Barigelletti, L. De Cola, V. Balzani, R. Hage, J.G. Haasnoot, J. Reedijk, and
J.G. Vos, Inorg. Chem., 1989, 28, 4344.

H.P. Hughes, D. Martin, S. Bell, J. Me Garvey and J.G. Vos, Inorg. Chem.,
1993, 32, 4402.

R. Hage, J.G. Haasnoot, D. Stufkens, T. Snoeck, J.G. Vos and J. Reedijk, Inorg.
Chem., 1989, 28, 1413.

H.P. Hughes and J.G. Vos, Inorg. Chem., 1995, 34, 4001.

C. Coates, T.E. Keyes, H.P. Hughes, P.M. Jayaweera, J.J. Me Garvey and J.G.
Vos, J. Phys Chem., 1998, 102, 5013.

C. Coates, T.E. Keyes, H.P. Hughes, P.M. Jayaweera, J.J. Me Garvey and J.G.
Vos, Coord. Chem. Rev., 1998, 171, 323.

H.P. Hughes, Ph. D. Thesis, Dublin City University, Ireland, 1993.

G. Bryant and J. Fergusson, Aust. J. Chem., 1971, 24, 441.

Y. Ohsawa, M. De Armond, K. Hanck and C. Moreland, J. Am. Chem. Soc.,
1985, 107, 5383.

J. De Wolf, R. Hage, J.G. Haasnoot, J. Reedijk and J.G. Vos, New J. Chem.,
1991, 15, 501.

P. Belser and A von Zelewsky, Helv. Chim. Acta., 1980, 63, 1675.

E. Constable and J. Lewis, Inorg. Chim. Acta., 1983, 70, 251.

S. Gaemers, J. Van Slageren, C M. O’Connor, J.G. Vos, R. Hage and C.

191



38

39
40
41

42
43

44
45

46
47
48
49
50
51
52
53
54
55
56
57

Synthesis and characterisation of Hppt monomers  Chapter 4

Elsevier, awaiting acceptance.

K. Kalyanasundaram, M. Nazeeruddin, M. Gratzel, G. Viscardi, P. Savarino and

E. Barni, Inorg. Chim. Acta, 1992,198, 831.

R. Stainewicz and D. Hendricker, J. Amer. Chem. Soc., 1977, 99, (20), 6581.
R. Berger, Inorg. Chem., 1990, 29, 1920.

J. Kelly, C.Long, C. O’Connell, J.G. Vosand A. Tinnemans, Inorg. Chem.,
1983, 22, (20), 2818.

R. Harrigan and G. Crosby, J. Chem. Phys., 1973, 59, (7), 3468.

D. Sandrini, M. Maestri, V. Balzani, U. Maeder and A. von Zelewsky, Inorg.
Chem. 1988, 27, 2640.

M. Haga, T. Matsumura-lnoue and S. Yamabe, Inorg. Chem., 1987,26, 4148.
T. Keyes, J.G. Vos, J. Kolnaar, J.G. Haasnoot, J. Reedijk and R. Hage, Inorg.
Chim. Acta., 1996, 245, 237.

W. Siebrand, J. Phys. Chem., 1967, 46, 440.

W. Siebrand, J. Phys. Chem., 1971, 55, 5843.

M. Nazeeruddin and K. Kalyanasundaram, Inorg. Chem., 1989, 28, 4251.

T. Forster, Nature, 1989, 36, 186.

J. Ireland and P. Whyatt, Adv. Phys. Org. Chem., 1976, 21, 131.

N. Lasser and J. Feilelson, J. Phys. Chem., 1973, 77, (8), 1011.

J. Aaron and J. Winefordner, Photochem. and Photobiol., 1973, 18, 97.

R. Hage, Ph. D. Thesis, Leiden University, The Netherlands, 1991.

E. Dodsworth and A . Lever, Chem. Phys. Lett., 1986, 124, (2), 152.

D. Rillema, G. Allen, T. Meyer and D. Conard, Inorg. Chem., 1983, 22, 1617.
C. Elliot and E. Hershenhart, J. Amer. Chem. Soc., 1982,104, 7519.

N. Takvoryan, R. Hemingway and A. Bard. J. Amer. Chem. Soc., 1973, 95,
6582.

192



Chapter 5

THE SYNTHESIS AND CHARACTERISATION OF RU(II)
DINUCLEAR COMPLEXES CONTAINING 3-(PYRIDINE-
2-YL)-5- (PYRAZINE-2-YL)-1,2,4-TRIAZOLE (HPPT).
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5.1 INTRODUCTION

There is continuing interest in the photophysical properties of the Ru(ll) polpyridyl
complexes due to their well-recognised role in useful, photochemically driven
devices.1 Tailoring of the excited state properties of these complexes is central to
their adaptation for useful practical application. Numerous studies have been carried
out on Ru(ll) complexes coordinated to a bridging ligand demonstrate perturbation of.
their photophysical properties due to electronic communication between individual
components. The extent of perturbation depends on factors such as the a-donor/ 7.
acceptor properties of the ligands and/ or the identity of the metal centres. Central to
the investigation of the components (metals, bridging ligands and peripheral ligands)
is the necessity for effective spectroscopic probes of excited-state properties, which
will be sensitive to changes resulting from either slight chemical or other

modifications to the immediate external environment.2345

In the design of supramolecular assemblies many factors must be considered and the
most basic of those and maybe the most important is the synthetic strategy especially

if directional energy control is involved. This requires:

(1) knowledge of electronic, and electrochemical properties of each individual
metal unit,

(i)  knowledge of the extent to which the properties of each component are
affected by the order of nuclearity,

(iii)  the availability of synthetic strategies for the preparation of polynuclear

compounds with different units.

The idea of "complexes as ligands" has been a useful approach in the synthesis of the
polynuclear compounds6,7. This concept has allowed for the synthesis of polynuclear
complexes of the dpp (bis-(2-pyridyl)pyrazine) ligand, which controlled migration of
electronic energy in a desired direction. This concept was also incorporated into the

'indirect’ synthesis of the dinuclear complexes in this chapter.
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The bridging ligand in polynuclear systems is of great importance, as its chemical
nature controls the electronic communication between the metal centres. With their
coordination sites they contribute to determining the spectroscopic and redox
properties of the metal-based units. The size and coordination modes of the bridging
ligands determine the whole structure of the supramolecular system. A range of rigid
bridging ligands and spacers have been investigated over the years examples of which
are: PAP (2,6-adamantanebis-(1,1,3,3-tetramethyl-1,3-dihydro-7,8-diaza) cyclopenta
[1] phenanthrene-2-ylidene)8, Tpy (2,2":6',2"-terpyridine) in conjunction with ph (1,4-
phenylene)9, Tpphz (tetrapyrido-[3,2-a: 2',3'-c: 3", 2" -h: 2", 3"-j]phenazine]10 and
Bgpy (bis-{dipyrido[3, 2-f:2', 3'-h] quinoxalo}-[2, 3-e: 2', 3' -ljpyrene)1l, shown in
Figure 1

Figure 1 Examples ofrigid bridging ligands.
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In rigid rodlike species the key role played by the bridging ligand is 2-fold, because (i)
it gives the desired rigidity to the molecular backbone by fixing the distance and, to a
certain extent, the relative orientation between the reacting centres and (ii) it can
contain different molecular subunits with either conducting or isolating electronic
properties. The asymmetry of the Hppt ligand has potential with regard to vectorial
energy or electronic transfer within photomolecular devices. Meyer et al. have
incorporated the use of unsymmetrical ligands into their studies to investigate firstly.
in multiple chelates which ligand is the ultimate acceptor. Secondly, in complexes
with two or more identical acceptor ligands, is the excited state electron localised on
one ligand or is it delocalised over both12 For this reason selective deuteriation was
incorporated into the synthesis of the indirect dinuclear complexes of the Hppt ligand

cited in this chapter.

In the search for a suitable bridging ligand, a systematic study has been carried out
which involved the study of other bridging ligands. Previous studies in dinuclear
complexes show that by using ligands such as 3,5-bis(pyridin-2-yl)-1,2,4-triazole
(Hbpt)13 the lowest excited state is located on the polypyridine ligands, while with
the ligand 3,5-bis(pyrazin-2-yl)-1,2,4-triazole (Hbpzt) 15 the emitting state is located
on the pyrazine ligand . The Hppt ligand is of interest since the two coordination sites
on the bridge are very different from each other. Based on the Hbpt13 type complexes
the pyridine bound isomer of the Hppt complex is expected to show bpy based
photophysical properties, while the pyrazine coordinated Hppt isomer can lead to
both a pyrazine or a bpy based excited state chemistry similar to that of Hpztri4 and

Hbpztls complexes.

The Hppt ligand has proven to be a very complex and useful bridging ligand. Results
given in the following chapter will demonstrate the potential applications for the ppt
dinuclear dimers in areas such as (a) supramolecular assemblies, (b) molecular

switches and (c) photosensitisers.
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The applications for such molecules in supramolecular chemistry will be based on the
fact that there is a suitable synthetic strategy developed i.e. ‘complexes as ligands'. For
the dinuclear species, the coordination sites can vary the structure of the system and
lead to interesting spectroscopic results and also the mono- and dinuclear
characteristics are known for the complex. More recent revelations have also shown
that the enantiomersi8 can be isolated on hplc for the dinuclear ppt complexes which

is desirable for photophysical measurements in large assemblies.

2,2'- Bipyridine (bpy) 1,10- Phenanthroline (phen) 2,2'- Biquinoline (biq)

N-N N-N

3-(pyridin-2-yl)-1,24-triazole (Hpytr) 3-(pyrazin-2-yl)-1,2,4-triazole (Hpztr)

N-N N-N

3, 5 bis~(pyridin-2-yl)-1,2,4-triazole (Hbpt) 3, 5 bis-(pyrazin-2-yl)-1,2,4-triazole (Hbpzt)

N-N

3-(pyridin-2-yl)-5-(pyrazin-2-yl)-1,2,4-triazole (Hppt)

Figure 2 Ligands cited in this chapter
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Current research relating to 'molecular switches' is presently focussed on acid-base
controllable devicesi6 which is directly relevant to the studies in this text as the acid/
base dependency of the spectroscopic features of the Hppt dinuclear complex are
sensitive to the pH of their environment which may be used as an ON/ OFF trigger
for systems such as these. Due to the reversible redox properties and long
luminescent lifetimes of the ppt' dinuclear complexes, there may be application for
them as photosensitisers in solar cells. Results will be further discussed in the-

experimental section
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5.2 EXPERIMENTAL

5.2.1 Preparation of the Hppt dinuclear complexes

5.2.1.1 Direct Method

The synthetic route taken to prepare the direct dinuclear complexes is to use one
mole of the bridging ligand (Hppt) and 2 moles of the [Ru(L)2]CI2 where L is
bipyridyl, phenanthroline or biquinoline and their deuteriated analogues (as shown in

chapter 3).

[(Ru(bpy)22ppt] [PFE34H2D [RuRu]

This compound was prepared by dissolving (112 mg; 0.5 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). An excess of [Ru(bpy)2ClZ].2H20 (570 mg;l.I mmol) was
added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water The complex was precipitated
by addition of an aqueous solution of NH4PFG6.

The complex was recrystalised in acetone: water 1 I(v/v).

Yield after purification: 0.6 g (82%), CHN: Found C, 39.94, H, 2.75; N, 11 67;
RU2C51H 4N 1404 3Fig requires C, 39.33; H, 3.04; N, 12.59 %.

i(Ru (d8&bpy)22pptl [PF6L3

This compound was prepared by dissolving (112 mg; 0.5 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). An excess of [Ru(d8-bpy)2CI2].2H20 (590 mg,1.1 mmol)
was added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NH4PF6The complex was recrystalised in
acetone: water l:I(v/v).

Yield after purification: 0.61 g(87%) CHN: Found C, 41.15, H, 2.86; N, 11.58;
Ru2C5,D32H7N 14P3F 18requires C, 40.37; H, 2.72; N, 12.93 %.
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[(Ru(phen)22ppt] [PFE36H20

This compound was prepared by dissolving (112 mg; 0.5 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). [Ru(phen)2CI2].2H20 (568 mg;l mmol) was added and
heated under reflux for 8 hours. The solvent was removed by rotary evaporation and
the residue dissolved in 10 cm3water. The complex was precipitated by addition of an
aqueous solution of NH4PF6The complex was recrystalised in acetone: water
l:1(v/iv).

Yield after purification”.58 g(85%) CHN: Found C, 41.25; H, 2.34; N, 11.46;
Ru2C5H 5iNi406P3Fi8requires C, 41.90; H, 3.04; N, 11.61 %.

[(Ru(d8&phen)22ppt] [PFEI37TH20

This compound was prepared by dissolving (112 mg; 0.5 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). [Ru(ds-phen)2CI2].2H20 (576 mg;l mmol) was added and
heated under reflux for 8 hours. The solvent was removed by rotary evaporation and
the residue dissolved in 10 cm3 water. The complex was precipitated by addition of an
aqueous solution of NH4PF6.The complex was recrystalised in acetone: water
I:1(v/v). CFIN was not obtained for this complex, however, this complex was made
in an identical manner as the [Ru((phen)2)2ppt]3+ complex and was found to be hplc

pure and :H NMR pure (just showing the isomers of the dinuclear complexes).

[(Ru(biq)22ppt] [PFE3H20

This compound was prepared by dissolving (47 mg; 0.208 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). [Ru(big)2CIZ].2H20 (300 mg; 0.416 mmol) was added and
heated under reflux for 8 hours. The solvent was removed by rotary evaporation and
the residue dissolved in 10 cm3 water. The complex was precipitated by addition of an
aqueous solution ofNH4PF6.The complex was recrystalised in acetone:water 1:1(v/v).
Yield after purification: 0.28 g (81%) CHN: Found C, 52.35; H, 2.72; N, 10.06;
Ru2C&H5/N 140P3F 18requires C, 52.36; H, 3.01; N, 10.30 %.
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[(Ru(d12big)22PPtl fPFA34HD

This compound was prepared by dissolving (38 mg; 0 17 mmol) Hppt in 50 cm3
ethanol: water 2:1 (v/v). [Ru(di2-big)2CI2].2H20 (250 mg; 0.34 mmol) was added and
heated under reflux for 8 hours. The solvent was removed by rotary evaporation and
the residue dissolved in 10 cm3water, The complex was precipitated by addition of an
agueous solution of NEUPFg.The complex was recrystalised in acetone: water
I:I(v/v). Yield after purification: 0.25 g (87%) CHN: Found C, 48.88; H, 3.15; N,
10.31; Ru2C&D4*HIsN i504P3FIgrequires C, 49.35; H, 3.14; N, 10.40 %.

5.2.1.2 Indirect method

The synthetic route taken to prepare the indirect dinuclear complexes is to use 1 mole
of the metal complex [Ru(L)2(L"]+ and 1 mole of the [Ru(L)Z]CI2Z where L is
bipyridyl and L' is the ligand Hppt. Their deuteriated analogues of the ligands were
also incorporated, hence a number of analogues ensued. All mononuclear isomers

were previously purified as described in chapter 4.

IRu(bpy)2pptiRu(bpy)Z [PF635H2  [RulRu]

(100 mg; 0,104 mmol) [Ru(bpy)2ppt] isomer 1was dissolved in 50 cm3 ethanol: water
2:1 (viv). An equimolar equivalent of [Ru(bpy)2CI2].2H2 (54 mg; 0.104 mmol) was
added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NHtPFe.The complex was recrystalised in
acetone: water I:I(v/v). Yield after purification: 0,120 g (78%) CHN: Found C,
39.40; H, 2.62; N, 11.65; RuzCsiH*NmMOSsPjF.s requires C, 38.88; H, 3.13; N, 12.45
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[Ru(bpy)2ppt2Ru(bpy)? [PF§3.9H20 [Ru2Ru]

(100 mg; 0.104 mmol) [Ru(bpy)2ppt] isomer 2 was dissolved in 50 cm3 ethanol: water
2:1 (v/v). An equimolar equivalent of [Ru(bpy)2Cl2].2H20 (54 mg; 0.104 mmol) was
added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NHtPFg.The complex was recrystalised in
acetone: water l:I(v/v). Yield after purification: 0.128 g(83%) CHN: Found C,
36.94; H, 2.58; N, 11.72; R"CsiHU'NMOgPsFis requires C, 37.23; H, 3.36; N,
11.92%.

[Ru(bpy)2pptiRu(d8bpy)Z [PF63.14H20

(95 mg;0.1 mmol) [Ru(bpy)2ppt] isomer 1 was dissolved in 50 cm3 ethanol: water 2:1
(v/v). An equimolar equivalent of [Ru(d8-bpy)2Cl2].2H20 (56 mg; 0.1 mmol) was
added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NH4PF6.The complex was recrystalised in
acetone:water l:I(v/v).

Yield after purification: 0.135 g(89%) CHN: Found C, 34.38; H, 2.44; N, 11.21,
RU2C51H 51D 16N 140 14P 3F 18requires C, 34.93; H, 3.85; N, 11.19 %.

[Ru(bpy)2ppt2Ru(d8-bpy)[PFE36H20

(85 mg; 0.09 mmol) [Ru(bpy)2ppt] isomer 2 was dissolved in 50 cm3 ethanol: water
2:1 (v/v). An equimolar equivalent of [Ru(d&bpy)2Cl2].2H20 (51 mg; 0.09 mmol)
was added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NH4PF6.The complex was recrystalised in
acetone: water l:I(v/v). Yield after purification: 0.10 g (73%) CHN: Found C,
38.84; H, 2.61; N, 11.38. RuzCsiHsiDjgNuOzPaFis requires C, 38.45; H, 3.2; N, 12.3
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[Ru(d8bpy)2pptiRu(bpy)Z [PF63.5H20

(88 mg; 0.09 mmol) [Ru(d8bpy)2ppt] isomer 1 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(bpy)2CI2].2H20 (47 mg; 0.09 mmol)
was added and heated under reflux for 8 hours. The solvent was removed by rotary
evaporation and the residue dissolved in 10 cm3 water. The complex was precipitated
by addition of an aqueous solution of NHjPFe.The complex was recrystalised in
acetone: water I:I(v/v). Yield after purification: 0.115 ¢g(85%) CHN: Found C,
38.85; H, 2.73; N, 11.52; Ru2C5iH33Di6N 140 5P3F 18 requires C, 38.44; H, 3.20; N,
12.31%.

[Ru(d8-bpy)2pt2Ru(bpy)? [PFE3XH2

(100 mg; 0.103 mmol) [Ru(d8-bpy)2ppt] isomer 2 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(bpy)2ClZ.2H20 (58 mg; 0.103
mmol) was added and heated under reflux for 8 hours. The solvent was removed by
rotary evaporation and the residue dissolved in 10 cm3 water. The complex was
precipitated by addition of an aqueous solution of NHiPFg.The complex was
recrystalised in acetone: water I:I(v/v). Yield after purification: 0.132 g(83%) CHN
was not obtained for this complex, however, this complex was made in an identical
manner as the [Ru(bpy)2ppt2Ru(bpy)2] complex and was found to be hplc pure and
'HNMR pure.

[Ru(d8bpy)2pptIRu(d8bpy)2][PF6]3.11H20

(50 mg; 0.05 mmol) [Ru(dsbpy)2ppt] isomer 1 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(d8&bpy)2CI2.2H20 (28 mg; 0,05
mmol) was added and heated under reflux for 8 hours. The solvent was removed by
rotary evaporation and the residue dissolved in 10 cm3 water. The complex was
precipitated by addition of an aqueous solution of NH4PF6The complex was
recrystalised in acetone: water l:1(v/v).

Yield after purification: 0.060 g(77%) CHN: Found C, 36.19; H, 2.22; N, 10.12;
Ru2C5iH20D 32N i40iiP3Fi8requires C, 35.70; H, 3.58; N, 11.03 %.
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[Ru(d8bpy)2ppt2Ru(d8-bpy)2][PF6]3.XH20

(70 mg; 0.072 mmol) [Ru(d8-bpy)2ppt] isomer 2 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(d8-bpy)2Cl2].2H20 (40 mg; 0.072
mmol) was added and heated under reflux for 8 hours. The solvent was removed by
rotary evaporation and the residue dissolved in 10 cm3 water. The complex was
precipitated by addition of an aqueous solution of NH4PF6The complex was
recrystalised in acetone: water l:1(v/v). Yield after purification: 0.088 g(80%)

CHN was not obtained for this complex, however, this complex was made in an
identical manner as the [Ru(bpy)2pt2Ru(bpy)Z] complex and was found to be hplc
pure and 'H NMR pure.

[Ru(bpy)2d7-pptIRu(bpy)2HPF€32H2

(60 mg; 0.062 mmol) [Ru(bpy)2d7-ppt] isomer 1 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(bpy)2CI2].2H2 (32 mg; 0.062
mmol) was added and heated under reflux for 8 hours. The solvent was removed by
rotary evaporation and the residue dissolved in 10 cm3 water. The complex was
precipitated by addition of an aqueous solution of NH4PF6.The complex was
recrystalised in acetone: water l:1(v/v).

Yield after purification: 0.075 g(81%) CHN. Found C, 39.91; H, 2.67; N, 12.92;
RU2C5IH 36D 7N 1402P3F 18requires C, 40.08; H, 3.30; N, 12.84 %.

|Ru(bpy)2d7-ppt2Ru(bpy)2IPF6]3.XH20

(70 mg; 0.072 mmol) [Ru(bpy)2d7-ppt] isomer 2 was dissolved in 50 cm3 ethanol:
water 2:1 (v/v). An equimolar equivalent of [Ru(bpy)2CI2].2H20 (37 mg; 0.072
mmol) was added and heated under reflux for 8 hours. The solvent was removed by
rotary evaporation and the residue dissolved in 10 cm3 water. The complex was
precipitated by addition of an aqueous solution of NH4PF6The complex was

recrystalised in acetone: water I:I(v/v). Yield after purification: 0.082 g(76%)
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CHN was not obtained for this complex, however, this complex was made in an
identical manner as the [Ru(bpy)2ppt2Ru(bpy)2] complex and was found to be hplc
pure and *HNMR pure.
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5.3 RESULTS AND DISCUSSION

5.3.1 Chromatographic interpretation

The dinuclear ppt' complexes were analysed on analytical hplc using an SCX cation
exchange column and a mobile phase of 0.12M LiC104 in 80: 20 acetonitrile: water
with a flowrate of 2.0 cm3 min'land a detector wavelength of 280 nm. From the hplc m
chromatograms it was found that the direct dinuclear complexes only revealed one
peak. In a previous study17 it was suggested that ‘selfassembly’ occurred on synthesis
of the ppt' direct dimer. However, it may be shown by use ofthe uv/ vis detector that
by viewing the uv/ vis spectrum at either side ofthe dimer peak the uv/ vis spectra are
clearly different. :H NMR spectra of the direct dimer are quite complicated but

suggest the presence of two isomers.

To clarify that the direct dimer presented two coordination isomers a study on the
stereoisomers was carried out by Villani et ali8 on the direct dimer of the ppt' and
twice the amount of stereocisomer peaks were obtained on chiral hplc than were
expected (refer to appendix 3). In comparison to the chiral hplc of the stereoisomers
of the dinuclear bpt' complex run under the same conditions but yielding half the
amount of hplc peaks, hence, it may be concluded that there is no evidence of ‘self
assembly’. To further explore the direct dimer synthesis larger ligands (1,10-
phenanthroline and 2,2°- biquinoline) were incorporated to investigate if any steric
hindrance would occur and encourage the route to ‘selfassembly’. Chromatograms of
the larger dinuclear systems did not show any difference in comparison to the
bipyridyl analogues. Attempts to isolate one of the two coordination dinuclear
complexes were not successful, this may be attributed to the large similarities of the

physical and electronic properties of the complexes.
Another angle was taken on the synthesis of the dinuclear complexes via an indirect

route illustrated in Figure 3. The coordination isomers of the Hppt mononuclear

complexes were isolated as described in Chapter 4. The pyridine bound isomer and
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the pyrazine bound isomer of the ppt' are reacted with an equivalent molar of

Ru(bpy)2CI2 or RuCds-bpy”~Ckto form the respective dinuclear systems.

i3+
[Ru(bpy)2ppt1Ru(bpy)2]

[Ru(bpy)2ppt] [Ru(bpy)2CI2]
isomer 1 [Ru(d8-bpy)2Ci2] [Ru(bpy)2pptl Ru(ds-bpy)2]3+
[Ru(bpy)2ppt]+
3+
[Ru(bpy)2ClI + 1D VAN [Ru(bpy)2ppt2Ru(bpy)2]
.[Ru(bpy)9ppt]  [Ru(bpy)2Ci2]
isomer 2 [Ru(dg-bpy)ZCIZf’\*‘[Ru(bpy)Zppt2F€u(d8-bpy)2]3+
Hppt
i3+
IRufd fapywmtl* | W h W
[Ru(d0-bpy)2CI2T isomer 1 [Ru(bpy)2CI2] ' '[Ru(d0-bpy)2pptl Ru(bpy)2]3+

[Ru(d8-bpy)2ppt]+

[Ru(d8-bpy)2ppt2Ru(d8-bpy)2]3*
iRu(d0-bpvUpptl+ [Ru(d8-bpy)2ClI2]y *

isomer 2 [Ru(bpy)2ClI2] [RU(d8-bpy)2 ppt2Ru(bpy)2]3+

2 [Ru(bpy)2CI12] [(Ru(bpy)2)2ppt]>*

-<

2[Ru(d8-bpy)2CI2] [(Ru(d8-bpy)2)2ppt]’3+

Figure 3 Synthetic routes of the Hppt dinuclear complexes.

The indirect synthesis to produce the individual dinuclear complexes can isolate the
dinuclear complexes as one peak was revealed on the hplc chromatogram and was
found to be pure when analysed using the photodiode array detector at different

points ofthe peak

Column chromatography may be used to purify dinuclear complexes using neutral

alumina with 100% acetonitrile to remove any monomer remaining and 100%
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methanol to bring down the dimer. Any remaining [Ru(L)2CI2].xH20 (where L is h&

bipyridyl or ds-bipyridyl) will stick to the top of the column.

To remove any excess ligand or NH4PF6 after synthesis, the complex is dissolved in
dry acetone and filtered under vacuum, the filtrate was collected and recrystallised
from acetone: water 2:1. Purification may also be achieved by semi-preparative hplc.
using a mobile phase of 0.12 M KNO3 in 80:20 acetonitrile: water and a fiowrate of

2.5 cm3 min.

5.3.1.1 Stereoisomer separation

The interest in isolating enantiomerically pure isomers is of current interest’ * * as it
is suggested that in order to achieve accurate results for luminescent lifetimes of
Ru(ll) complexes they would have to be stereoisomer pure. This of course is of great
importance in the area of supramolecular chemistry2223 as it would have an amplified
effect in such systems. As previously mentioned, the enantiomeric separation of some
of the complexes cited in this text has been carried out by Villani et all8 The
development of a hplc stationary phase2425 which is capable of separating enantiomers
would be a great advantage in the synthesis and purification of Ru(ll) complexes both

for mononuclear and supramolecular studies.
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minutes

Figure 4 Chromatogram ofenantiomeric separation of[(Ru(hpy)2 2f>ptJ3+, where
peak 1and 4 are the homochiral species AA and AA, andpeak 2 and 3 are
AA and AA heterochiral species respectively18

The study carried out used a new stationary phase (silica-bound Teicoplanin) which
enables high efficient chromatographic resolution of chiral mono- and dinuclear
Ru(ll) complexes A set of results were obtained for the direct dinuclear complexes of
[(Ru(bpy)?220opt]31 and [(Ru(bpy)22ppt]3+ The results obtained for the

[(Ru(bpy)22bpt]3*dinuclear complexes revealed 4 peaks as shown in Figure 4

On a cation exchange column one peak is obtained for this direct dinuclear
complexes. The explanation for the presence of four peaks for the bpt dinuclear
complexes is that, for each chiral Ru(ll) dinuclear complexes there exists two
diastereoisomers and for each of these diastereoisomers there are two corresponding
enantiomers, hence four peaks in all. However on carrying out the same
chromatogram under the same conditions for the [(Ru(bpy)22ppt]3+ dinuclear

complexes 7 peaks were observed. The reason being that, the direct
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dinuclear complexes synthesis produces two geometric isomers which each form two
diastereoisomers (4 in total) and each of the diasterecisomers contain two
enantiomers, leading to a total of 8 peaks. In the chromatogram shown in Figure 5, 7
peaks are observed as two ofthe enantiomer peaks may overlap. The presence oftwo
sets of enantiomers existing for the ppt dinuclear complexes confirmed that self
assembly does not occur on direct dinuclear complexes synthesis, i.e. that under the
single peak observed on cation exchange chromatogram two dinuclear isomers exist.
Corresponding data may be found in appendix 3, relevant paper is presented in

appendix 1, paper 4. 1

Figure 5 Chromatogram of enantiomeric separation of[(Ru(hpy)3 pptj iHH

5.3.2 X1 NMR Spectroscopy.
li NMR elucidation of Ru(ll) dinuclear complexes1733 has proven complicated due
to the large quantity of bipyridyl protons. Deuteriation has shown to be quite an

effective tool in NMR elucidation 26,2as illustrated in previous chapters.

5.3.2.1 Indirect Dinuclear Complexes.

Synthesis was also carried out via the indirect route to eliminate the formation of the

second dinuclear coordination isomer. The reaction pathway which is illustrated in
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Figure 3 involves isolating a mononuclear isomer and reacting with another Ru(bpy)2
moiety. In this manner isomer 1 yields RulRu and isomer 2 yields Ru2Ru. Selective
deuteriation of the bipyridyl ligands and the Hppt ligand was incorporated into this
study as it will enhance visually from '"H NMR which isomers are present and will aid
in the elucidation of the spectra. The complexes were also designed through selective
deuteriation for photophysical purposes which will be discussed in section 5.3.4.2.
The X NMR shifts for the coordination isomers of the dinuclear complexes is shown

in Table 1

Compound  H3(ppm) H4(ppm) Hs(ppm) H6(ppm)

Hppt  pyz 9.35, s () 8.72,d 8.72,d
pyr  820,d 8.03, t 7.56, t 8.79, d

RulRu pyz 9.15(-0.20) () 8.30(-0.42) 7.40(-1.32)

oyr 8.32(+0.12)  7.48(-055)  7.08(-048)  7.10(-1.69)

Ru2Ru pyz 9.10(-0.25) (.) 8.50(-0.22)  7.54(-1.18)
pyr 8.42(+0.22) 757(-046)  7.5(-041)  7.00(-1.79)

Table 11H NMR of the indirect dinuclear ppf complexes in dj-acetonitrile (values
in brackets represent chemical shifts of the ligand on complexation to the two Ru
centres).

The complex referred to, as RulRu is the indirect dinuclear complexes, which was
formed from the pyridine, bound monomer. The pyridine bound monomer has been
assigned as being coordinated via N1 of the triazole ring. Hence, when a second
moiety of Ru(bpy)2is added to this complex the second metal unit coordinates via N4
of the triazole to the free pyrazine ring. This observed in the *H NMR shifts in Table
1, for the pyrazine ring the H6 proton is shifted significantly, as it is coordinated via

the N4 site.

This shift may be attributed to the H6 proton of the pyrazine ring hanging in close
proximity to the bpy rings, also the N4 site is a weaker a-donor than the N2 site

causing a larger shift upfield for the N4 bound isomers. The H5 proton of the
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assigned as being N1 of the triazole to the pyridine ring, coordinated. This is the
coordination of the mononuclear isomer that was used to form the indirect dinuclear
complexes and may be confirmed by the chemical shifts observed in the *H NMR.
The H4 and H5 protons of the pyridine ring undergo upfield shifts, however, it is the
H6 proton of the pyridine ring which undergoes the most substantial shift. Hence
based on this data it is suggested that RulRu is N Ito the pyridine for the first metal

centre and N4 to the pyrazine for the second metal centre.

The complex referred to as Ru2Ru was produced from the monomer [Ru(bpy)2opt]+
N2 bound to the pyrazine. Complexation of the second moiety of Ru(bpy)2leads to
the coordination of a second metal centre at N4 to the free pyridine ring. This may be
observed from the '"H NMR data, as the H6 proton ofthe pyrazine ring is shifted but
not as much as in RulRu. However, for the H6 of the pyridine ring a larger shift is
experienced than in the case of RulRu. In the Ru2Ru complex the pyridine is N4
coordinated to the metal centre. All upfield shifts may be attributed to ring current
effect experienced by the ppt' protons from the adjacent bpy rings, and the a-donating
strength also contributes to such shifts. It may be suggested that the dinuclear

complex is coordinated N2 to the pyrazine and N4 to the pyridine.

Examples of the selectively deuteriated dinuclear complexes 'H NMR are shown in
Figure 6 to Figure 11. Figure 6 and 7 illustrate the two isomers without the use of
deuteriation. The '"H NMR of the partially deuteriated complex formed after synthesis
of a undeuteriated monomer with a Ru(d8bpy)2 moiety are presented for both
isomers in Figure 8 and 9. The dinuclear complexes prepared with the deuteriated d7-
ppt ligand are shown in Figure 10 and Figure 11. For each 'H NMR displayed the top

spectrum is RulRu and the bottom spectrum is Ru2Ru.
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Figure 6 HNMR of[Ru(bpy)pptlRu(bpy)Z +in driicetonitrile [RulRu]

mL
4]
Cy)
Figure 7 IH NMR of[Ru(bpy)2pt2Ru(bpy)Z +in dj-acetonitrile [Ru2Ru]
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Figure 8 'H NMR offRu(bpy)2ptiRu(dg-bpy)2 +in dj-acetonitrile:

Figure 9 IHNMR of[Ru(bpy)dpt2Ru(ds-bpy)Z +in dr acetonitrile.
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Figure 10 IHNMR of[Ru(bpy)drpptiIRu(bpy)Z + in ds-acetonitrile.

Il - — - ] B>—-—f e I

9-3 B-5 0.0 7.5

Figure 11 "HNMR of[Ru(bpy)d Zppt2Ru(bpy)Z +in dr acetonitrile.
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5.3.2.2 Direct dinuclear complexes compounds

It has been observed that only one hplc peak is obtained on synthesis by taking the
direct synthetic route or by indirectly preparing the dinuclear species from that of the
isolated mononuclear species. Figure 12 portrays the three coordination isomers of
the Hppt ligand. The isomer 1and isomer 2 will be dealt with in this study but isomer
3, will not be dealt with as there is no evidence it exists and it is suggested that due to

steric hindrance that it is not feasible.

Figure 12 Threepossible coordination isomers for the ppt dinuclear complexes.

*N4 ofthe triazole to pyrazine & N1 oftriazole to pyridine
*N2 ofthe triazole to pyrazine & N4 oftriazole to pyridine

*N2 of the triazole to pyrazine & N1 of triazole to pyridine
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Figure 13 "H NMR o f[(Ru(bpy)2 in dr-acetonitrile

Figure 14 U1 NMR of . Rufdg-hpy)9jpptf in d.Hicetonitrile
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For the directly synthesised dinuclear complexes it is evident that H3 of the pyridine
ring and H5 of the pyrazine ring are both strongly shifted upfield due to the magnetic
anistrophic effect of adjacent bipyridyl rings.

The *H NMR of the directly synthesised dinuclear compounds (2 [Ru(bpy):Ci2]
equivalents with 1 Hppt ligand) are quite complicated. This is due to the presence of
two isomers in this complex. Hence it is not possible to give an accurate assignment
of the proton shifts as the are twice the number of protons present. Figure 13 shows
the IH NMR of the direct dinuclear complexes of the [(Ru(bpy)2:ppt]3+ which is
quite complicated The deuteriated version of this complex [(Ru(ds-bpy)22opt]3+
shown in Figure 14. The phenanthroline direct dinuclear complexes gives a similar

complicated spectrum as for the bpy.

Figure 15 I1H NMR off(Ru (phen)2PP{f in di-acetonitrile
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Figure 16 "HNMR off(Ru(biq)9 ipptf+in dr-acetonitrile

5.3.3 Electronic and photophysical properties

5.3.3.1 Absorption and Emission of ppt dinuclear complexes.

Indirect dinuclear complexes

The absorption, emission and luminescent lifetime (room temperature) properties of
Ru(ll) ppt' indirect dinuclear complexes complexes and their deuteriated analogues
are listed in Table 2. The absorption and emission spectra of the indirect dinuclear
complexes were not affected by the deuteriation of the ligands. All the complexes
exhibit an absorption band in the visible region between 400 and 550 nm which is
expected for the dn-%* metal-to-ligand charge transfer (MLCT) band characteristic of
Ru(ll) polypyridyl complexes27288 On comparison to the ppt" mononuclear
compounds there is a shift to higher energy on addition of the second Ru(bpy)2
moiety, which causes the negative charge of the triazole anion to be shared between

the two metal centres.
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RuRu
RulRu
Ru2Ru

260 360 460 560

nm

Figure 17 Absorption spectra of the [(Ru(bpy)d ® ptf£[RuRu] direct dinuclear
complexes and the two indirect dinuclear complexes [RulRu] and [Ru2Ru],

equimolar concentrations (0.2 x 1ff4 M) in acetonitrile.

This results in a decrease of the electron density on the metal centre causing a blue
shift of the MLCT band. This is also observed for the complexes [(Ru(bpy):)-bpt]3+
and [(Ru(bpy):):bpzt]3+ The absorption spectra of the dinuclear species
[(Ru(bpy)2)-bpt]3tand [(Ru(bpy)22pzt]3r have the same absorption maxima (+/ - 3
nm) as the [(Ru(bpy):):ppt]3+ which is to be expected as they all have similar

structural and chemical properties.

The absorption spectra of the direct dinuclear complexes [(Ru(bpy)2)20pt]3+and the
two indirect dinuclear complexes [Ru(bpy)2ptIRu(bpy)23+ and
[Ru(bpy)2pt2Ru(bpy)2]3+are shown in Figure 17. This is to illustrate the presence of
the two isomers in the direct dinuclear complexes species and to show the effect on
isolating the isomers through the indirect synthesis. Eventhough they absorb in the

same region ofthe spectrum the shape of the absorption band is different.
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Compound

[Ru(bpy)2ppt]+1
[Ru(bpy)2ppt]+2
[Ru(bpy)2pptIRu(bpy)2J3t
[Ru(bpy)2ppt2Ru(bpy)2J3t
[Ru(bpy)2optIRu(d&bpy)23+
[Ru(bpy)2ppt2Ru(d8bpy)2J3+
[Ru(d&bpy)2opt IRu(bpy)23+
[Ru(d&bpy)2opt2Ru(bpy)2] 3+
[Ru(d8&-bpy)2opt 1IRu(d8bpy)2]3+
[Ru(d8-bpy)2ppt2Ru(d8-bpy)Z]3
[Ru(bpy)2d7-ppt IRu(bpy)2|3t
[Ru(bpy)27-ppt2Ru(bpy)2]3+
[Ru(bpy)2pt]+

[(Ru(bpy) 2opt]3+
[Ru(bpy)2opzt]+

[(Ru(bpy)3 2opzt]3+

“Abs (nm)
(loge)
461 (4.04)

457 (4.35)
451 (4.31)
449 (4.29)
449 (4.32)
447 (4.28)
450 (4.34)
445 (4.31)
455 (4.30)
450 (4.29)
452 (4.35)
448 (4.39)
475 (4.05)
452 (4.30)
450 (4.09)
452 (4.43)

‘Em (nm)
(298K)
671
659
670
662
670
662
668
664
675
660
673
660
650
642
666
671

Chapter 5

'Em (nm)
(77K)
615

600
645
647
644
649
644
643
642
648
643
645
624
603
605
617

“bLifetime(x/ns)
(298K)
217

140
150
170
161
142
175
103
154
131
108
145
354
85
290
260

Table 2 Electronic properties of the indirect dinuclear complexes “measured in

acetonitrile, hdegassed with Argon, 80:20 ethanol: methanol Lifetime error +/- 6

%. Values in italicsfor the bpf and bpzf complexesIr.

There is a characteristic emission band observed for the indirect dinuclear complexes

in the region of 660 nm to 670 nm. The difference in the emission maxima on going

from monomer to dinuclear species of the ppt' complexes is only a few nm and this

was also observed for the bpt' and bpzt' species. The emission value for the bpzt'

dinuclear species is 671 nm at 300 K, which is similar to that of the ppt" dinuclear

complexes whereas the bpt' complex emits at higher energy around 640 nm. However

at low temperature for the bpzt' and the bpt' species both emit at higher energy than
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that of the ppt' dinuclear complexes. The emission spectra undergoes a blue shift on
going from room temperature to low temperature which can be explained by the

phenomenon of'rigidchromism' as explained in previous chapters.

Further temperature dependent emission studies are required in order to investigate if
the dinuclear complex undergoes dual emission as for the pyrazine-triazole

complexes.

S.3.3.2 Luminescent lifetime properties

The luminescent lifetime measurements were not carried out on the direct dinuclear
complexes, as a true lifetime would not be attainable due to the presence of the two
isomers. This was the reason for the synthesis of the indirect dinuclear complexes and
hence a study of the photophysics of the dinuclear complexes could be achieved. The
dinuclear complexes were designed using the technique of selective deuteriation
purposely to use as a probe to locate the excited state of the ppt dinuclear complexes.
A systematic investigation of the complexes was carried out in deaerated acetonitrile,

at room temperature and monitored by CCD detection.

The results shown in Table 2 for both RulRu and Ru2Ru moieties shows that on
selective deuteriation of the ligands that no particular enhancement of the lifetime is
observed. This at first would suggest that the use of deuteriation is pointless however
that is not the case. Observation shows that for all complexes containing the ds-bpy
moieties, on comparison with the RulRu and Ru2Ru fully undeuteriated dinuclear
complexes there is no enhancement of lifetime for the deuteriated bipyridyl ligands.
This suggests that, the excited state is based on the ppt ligand, as there is no dramatic
effect over a wide range of selectively deuteriated complexes. So far the
interpretation is clear but on observation of the lifetime obtained repetitively for the
dinuclear isomers containing d7-ppt the dramatic enhancement of this lifetime as
expected does not occur. In order to clarify that the complexes are fully deuteriated,
the 'FI NMR of the complexes are shown in section 53 2.2 in this chapter and show
clearly that the compound is deuteriated. There are two phenomena which may be

used in the explanation of this result.
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Firstly, previous studies of selectively deuteriated complexes shown in Chapter 3 have
also portrayed insensitivity to deuteriation. The pyrazine-triazole complexes were
shown to have dual emission properties over a wide temperature rangel4 which was
explained, by close-lying excited states of the pyrazine-triazole and the bpy ligands.
Further resonance raman studies acknowledge the close lying states and showed them
to be weakly-coupled emitting states, one of which has a deactivation process not-
strongly influenced by vibrational coupling29. Hence from this interpretation a similar
one may be developed for the Hppt dinuclear system that on deprotonation of the
complex the excited state is based on the Hppt ligand but is not clearly defined by

selectively deuteriating the ligands due to weakly-coupled emitting states.

Secondly, would be to suggest that the excited state is Hppt based as already stated
however, the fact that it is insensitive to deuteriation as previously mentioned
suggests that the excited state is localised around the pyrazine of the Hppt ligand and
that the pyrazine-triazole moiety of the ligand may govern the location of the excited
state energies. It has been shown that for the [(Ru(bpy):):bpzt]3+ complex that the
excited state of the complex was localised towards one of the pyrazine rings of the
reduced Hbpzt ligand13 Of course this cannot be clearly stated until further studies
are carried out. Also, it is known that for the pyridyl-triazole complexes irrespective
of the protonation state of the triazole ring has excited states which are bpy-

0212 Hence, the fact that no bipyridyl enhancement was observed on the

based
deprotonation of the Hppt ligand may suggest that there is no contribution to the
excited state from the pyridine-side of the Hppt ligand. This is only hypothetical and

further investigations would be required.

5.3.4 Electrochemical properties

The electrochemistry of the direct dinuclear complexes was not investigated, as an
accurate voltammogram is not achievable due to the presence of two isomers. For

dinuclear complexes communication between the metal centres may be observed via

electrochemistry.
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Two oxidation peaks are observed in the cyclic voltammogram of RulRu. For the
indirect dinuclear complexes of RulRu and Ru2Ru type species each complex
exhibits two reversible metal-based oxidation processes shown in Table 3. A
difference of 290 mV exists for the oxidation potentials between the two ruthenium

centres which is expected for this bridging ligand17.

Figure 3 Cyclic Voltammogram of[Ru(bpy)dptIRu(bpy)Z +in MeCN containing

0.1M TEAP(intemal reference: Ferrocene). Scan rate 0.1 Vsec-1
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Compound Oxidation Pot. (V) Reduction Pot. (V)
[Ru(bpy)2ppt]+1 0.94 -1.47/-1.71
[Ru(bpy)2opt]+2 1.03 -1.51/-1.74
[Ru(bpy)Dpt]+ 0.85 -1.44/-1.68
[Ru(bpy)2opzt]+ 1.00 -1.41/-1.66
[Ru(bpy)2optIRu(bpy)2f + 1.06/1.35 -0.87/-1.37/-1.49/-1.63/-1,78
[Ru(bpy)2opt2Ru(bpy)Z] 3+ 1.11/1.45 -1.04/ -1.45/-1.56/-1.71
[(Ru(bpy)2 2opt] 3+ 1.06/ 1.38 -142/-1.67
[(Ru(bpy)i)2bpzt]3+ 119 1.50 -127/-1.39 - 1.59

Table 3 Electrochemical data of the Ru(ll) indirect dinuclear complexes of the
ppf complexes obtained in MeCN containing 0.1M TEAP. Values obtained by
using cyclic voltammetry (internal reference: Ferrocene). Potentials in Volts

versus SCE. Scanrate of 0.1 V/sec. Values in italics17

The difference in oxidation potentials of the two ruthenium centres is due to an
increased electron negativity on the ppt ligand after the oxidation of the first metal
centre making it more difficult to oxidise the second metal centre. As can be seen
from the data that for all indirect dinuclear complexes isomer 1 the NZ1-pyridine
bound/ N4 pyrazine bound is at a higher metal-based oxidation potential than the
analogous isomer 2 N1-pyrazine bound/ N4 pyridine bound. This may be attributed to
the weaker a-donor properties of the pyrazine ligand, hence less electron density is
present on the metal and therefore it is harder to oxidise. This is also experienced on
going from isomer 1 (pyridine bound) to isomer 2 (pyrazine bound) of the ppt'
mononuclear complex and is evident on going from the bpt' to the bpzt' mononuclear

and dinuclear complexes.

The reduction potentials obtained for all of the dinuclear species indicates that the
first reduction potential must be ppt' based, as it is found at a less negative potential

than that of the bpt' analogue33.
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Similar behaviour occurs for the ppt' ligand as for the bpzt* ligand, that in the
mononuclear species a bpy-based reduction is only observed (bpy-based LUMO) For
the same species in the dinuclear form the ».* level is lowered for the ppt' ligand on
addition of the second Ru(bpy)2 moiety. Consequently, due to the lowering of the 7t*
level of the ppt' ligand a less negative reduction potential (-0.87 V) is observed for
the ligand compared to that of the bpy's. Based on the electrochemical data given here
it is proposed that the lowest MLCT state is localised on the ppt' ligand. This'
confirms suggestions made to explain the photophysical properties of the dinuclear

species in section 5.3.3.2.
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6.1 CONCLUSION

In this work, the synthesis and characterisation of a number of novel Ruthenium (I1)
mononuclear and dinuclear complexes containing 1,2,4-triazole ligands is described.
Synthesis has played a large role of this study, as a selection of heteroligand
complexes were prepared which all form coordination complexes. The use of
'synthetic strategy' was used during this study in order to attempt to tune the excited
states of the complexes through the use of ligand substitution. It was hoped through
the use of deuteriation ofthe heteroligand complexes that the excited states would be
pinpointed but in the case of the Hpztr and Hppt ligands their photophysical
properties revealed to be more complicated than first thought. Also for the formation
of Hppt dinuclear complexes two synthetic routes were involved, both direct and

indirect.

Characterisation of the pztr' complexes was determined by hplc, UV, emission, 1H
NMR, electrochemistry and also 9Ru NMR and stereoisomerism through
collaborative work. The use of selective deuteriation was best demonstrated for the
[Ru(bpy):pytr]+complex which suggested that the excited state was bpy based. In the
case of the [Ru(bpy).pztr]+complex the photophysical properties turned out to be
much more complicated as there were no dramatic effects noticed after selectively
deuteriating the complex. After temperature dependence studies of the emission
properties of the pztr complex it has been proposed that the complex has dual
emission properties i.e. that two close-lying excited states may exist. The
phenanthroline and biquinoline analogues of the pztr' complex did not show any
enhancement after deuteriation hence further studies are required into their
photophysical properties. The electrochemistry of the pztr' complexes shows that the
cr-donor properties of the biquinoline complex are significantly weaker than those of
the bipyridyl and phenanthroline species. This leads to a raise of the oxidation
potential of the biq species due to the stabilisation of the d-i-orbitals. In all cases the
N2 isomer was easier to oxidise than the N4 isomer due to the greater c-donor
strength ofthe N2 site. A crystal structure was obtained of [Ru(bpy):pztr; : N2 bound
which confirms the structure of the complex, the coordination sites of the isomers

and the hydrogen bonding occurring in the complexes.
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The Hppt complexes proved to be more complicated than the Hpztr complexes as the
Hppt type have a potential of four coordination isomers forming on synthesis. Semi-
preparative hplc was very useful in the isolation ofthe N1 and N2 isomers of the ppt'
complexes, 'H NMR and s9ru NMR were used to identify the isomers, The use of
selective deuteriation for the bpy, phen and big ppt’ complexes did not give much
insight into the photophysical properties of the complexes, as there was no dramatic
effects on deuteriation of the ligands. Resonance Raman and temperature
dependence studies is necessary in aprotic and protic media in order for further
insight to be obtained. The acid-base properties of the ppt' complexes suggest that
the ppt' ligand is not a spectator ligand as the pKa* is higher than that of the ground
state pKa. Similar results were found for the phen-containing analogue however the
big species gave the opposite result, i.e. that the excited state is based on the biq
ligand. An X-Ray crystal structure of the pyrazine bound [Ru(bpy):ppt]+ was

achieved which confirms the coordination isomers depicted form the 'H NMR.

The study of the dinuclear complexess of Hppt incorporated two different synthetic
routes, one in which was the direct approach i.e. - [RuCbpy”Cy moieties with :
Hppt moiety. Whereas the indirect approach was more difficult in that the
mononuclear coordination isomer had to be isolated prior to synthesis with 1 moiety
of [Ru(bpy):Cl.] to form the indirect dinuclear complexes. It was found that the
direct dinuclear complexes formed two inseparable dinuclear coordination dinuclear
complexes with almost identical chemical properties. This was confirmed by the
presence of double the amount of stereoisomers present in the sample and by hplc-
photodiode array detection. From the photophysical properties it suggests that the
excited state may be based on the ppt' ligand and maybe even localised around the
pyrazine ring. This is suggested as the pyrazine-triazole complexes proved to be
insensitive to the effects of selective deuteriation due to its close lying excited states,
This may also be the case for the Hppt ligand. Also the Hbpzt ligand was found to
have its excited state localised around one pyrazine ring of the ligand. In the case of
Hpytr and Hbpt the excited state has been mainly bpy based We have seen no
evidence of bpy-enhancement hence this may suggest that the excited state is ppt'
based. Electrochemical evidence thus far suggests that the lowest MLCT state is

localised on the ppt" ligand. Further investigations are required.
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In general the molecular modelling was found to be quite useful in the visual
understanding of both the coordination isomers and the stereoisomers. Also the use
of deuteriation does not appear to alter the hplc, UV and electrochemical properties
of all the complexes cited in this text. Much experience has been obtained in
synthesis, purification, recrystallisation and deuteriation, which is outlined in the
relevant chapters. Also a variety of analytical techniques have been incorporated in
the characterisation, in which training in new techniques such as laser spectroscopy
with CCD detection was obtained. New concepts such as photophysics and
photochemistry were also examined in relation to Ru(ll) chemistry. As a result of
this study a series of complexes with varying ligands and selectively deuteriated
moieties have been prepared and are available for a more in-depth study into the

photophysical and electrochemical behaviour of these Ru(Il) complexes.

6.2 Future Work

From this study develops new projects which are necessary in completing the study

ofthe HPPT and Hpztr ligand investigation. Some of the concepts are as follows;

1 Temperature dependence studies in acidic and basic media of the
mononuclear ppt' complexes both emission and laser spectroscopy for the
bpy, phen and biq analogues.

2. Temperature dependence studies of the photophysical behaviour of the Hppt

indirect dinuclear complexes.

3. A more in-depth electrochemical study ofthe ppt' mono- and dinuclear
Complexes

4. Spectroelectrochemistry of the indirect dinuclear complexes of Hppt.

5. Another area, which may be useful to prevent isomérisation, is the use of

quarternisation. The aim would be to selectively methylate one nitrogen on
either the pyridine or the pyrazine ring. A similar ligand dpp was previously
quarternised by Serroni et al: with the wuse of trimethyloxonium
tetrafluoroborate, which selectively methylated one of the pyridine rings as

shown in Figure 1
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PF,
6

2,3 - cipp
2,3-Mscjpp

Figure 1: Quarternisation of the ligand Dpp using trimethyloxonium

tetrafluorohoratel

6. Partial deuteriation ofthe Hppt ligand i.e. deuteriation of the pyrazine or
pyridine ring prior to synthesis of the Hppt ligand.

7. Synthesis ofthe indirect Hppt dinuclear complexes completely deuteriated,
may see some enhancement ofthe ppt' ligand.

8. Solvatochromic study of the [Ru(biqg):pztr]+and [Ru(biq).ppt]+ complexes.

9. Photochemical study of all the mono- and dinuclear complexes of Hppt.

10 Photochemical study of [Ru(biq):pztr]+complexes. Thus far the pztr-
complexes containing big have been found to be unstable and the ppt'
monomers have shown to be photostable. [Ru(biqg):pytr]+have been
previously been found to be photostable3 hence it may be the presence of the
pyridine-ring on the Hppt ligand that aids in its big complexes photostability.

11.  Preparation of mixed ligand indirect ppt' dinuclear complexes i.e.

[Ru(bpy)-pptRu(biq)2]3+

6. "~References

t S. Serroni, G. Dfenti, Inorg. Chem., 1992, 31, 21,4251.

2 A. Brennan and Olaffs, Photochemistry projects, 1998-"and 1999.

3 T. Keyes, J.G. Vos, J. Kolnaar, J. Haasnoot, J. Reedijk and R. Hage, Inorg.
Chim. Acta.,1996, 245, 237.
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The synthesis, purification and characterisation of ruthenium 3-(pyrazin-2-yl)-
2-(pyridin-2-yl)-1,2,4-triazole (Hppt), Ru-Mn TMR conference, Paris, France,
April 1997.

The synthesis, purification and characterisation of ruthenium (I1) Hppt
mononuclear complexes and their deuteriated analogues, Irish Chemistry
colloquium, Dublin City University, June 1997.

Photophysics of a dual emitting Ru(11) polypyridyl mixed ligand complex,
EPA Summer School Noordwijk, The netherlands, June 1998.

Locating excited states in novel Ru(ll) dinuclear complexes, Irish Chemistry

colloquium, Kevin St.college, Dublin Institute of Technology, June 1999.

Presentations

1
2.

The best of Irish research open day, Burligton Hotel, Dublin, November 1998.
Science Day, Waterford Institute of Technology, Waterford, Feburary 1998.

Publications

Evidence for the presence of dual emission in a ruthenium (I1) polypyridyl
mixed ligand complex, T. Keyes, C. O’Connor and J.G. Vos, Chem. Comm.,
1998, 889.

Synthesis, characterisation and photophysics of Ru(ll) complexes containing
3-(pyrazin-2-yl)-1,2,4-triazole, T. keyes, C. O’Connor and J.G. Vos, awaiting
acceptance.

9sRU-NMR spectroscopy of Ru(ll) organometallic complexes and mixtures of
tris-polypyridyl complexes: A powerful analytical tool, S. Gaemers, J. van

Slageren, C. O’Connor, J.G. Vos and C.J. Elsevier, awaiting acceptance.



4, Isolation of the stereoisomers of Ru(ll) polypyridyl complexes by HPLC,

F.Gasparrini, D. Misiti, C M. O’Connor, J.G. Vos and C. Villani, awaiting

acceptance.

5. Synthesis, characterisation and photophysics of Ru(ll) complexes containing
3-(pyrazin-2-yl)-5-(pyridin-2-yl)-1,2,4-triazole, H. Hughes, C. O’Connor and
J.G. Vos, future publication.



Evidence for the presence of dual emission in a ruthenium(n) polypyridyl

mixed ligand complex

Tia E. Keyes, Christine O’Connor and Johannes G. Vos*t

Inorganic Chemistry Research Centre. School of Chemical Sciences, Dublin City University, Dublin 9, Ireland

The complex [Ru(bpy)2(pztr)]+ 1 jbpy = 2,2'-bipyridyl,
Hpztr = 3-(pyrazin-2-yl)-1,2,4-triazole] exhibits two emis-
sion maxima in fluid solution [ethanol-methanol (4:1)] over
the temperature range 120-260 K; from fluorometric studies
two well resolved emission maxima are observed at 590 and
700 nm, accompanied by two different lifetimes; the
observations suggest the presence of two emitting states in
this compound, one bpy and one pyrazine based.

The photophysical properties of ruthenium(n) polypyridyl
complexes make them attractive building blocks for supra-
molecular assemblies and as a result several thousands of homo-
and hetero-leptic compounds have been reported in the
literature.1 It is generally accepted that emission in ruthenium
polypyridyl complexes originates from a triplet metal-to-ligand
charge-transfer (3MLCT) state.1 In the case of a mixed ligand
complex this cxciietl state can in principle be located on any of
the ligands. Many detailed studies have therefore been carried
out to determine the location of the emitting state in such
compounds. From theoretical considerations one would predict
that emission will occur from the lowest triplet state only2and
indeed this is observed in almost all cases. In rigid media a
number of dual emissions have been documented.3However, in
solution such reports are rare,1and to our knowledge no clear-
cul eases have been reported in solution for ruthenium
polypyridyl type compounds.

In this contribution, we wish to present direct evidence for
dual emission in solution over a wide temperature range for the
mononuclear mixed ligand ruthemum (n) polypyridyl complex
IRu(I>|jy),,(p/.(O1L, 1-1, | [bpy bipytiilyl, Mp/n - 3-(pyr-
azin-2-yl) ),2,4-triazole]|.

Ru(bpy X

The compound under investigation was synthesised as
described previously." The N!and N#isomers were separated hy
semi preparative HPLC- and characterized by 'll NMR spec
tmscopy, analytical diode array HPLC, and elemental analysis.
Iliese techniques confirm that the purity of | is >99%, In this
study only the N2 isomer, shown above, was investigated.

Earlier work on these compounds has shown that isomerisa
lion, photoinduced or otherwise, of the deprotonated N *and N/’
isomers does not occur,w while pK,, values obtained for the
ground slate and excited slate for the N' isomer are between i.S
and 4 and as a result, protorinlion ol | undei lhe experimental
conditions discussed here is unlikely.™

One can therefore he confident that m the experiments carried
n|n ui ihis contribution only one species will be present. It is
lunheimore important to note that p/C, values, ekclroehemical
“xperiments and resonance Raman data have shown that bpy
and pyra/me based excited slates are similat in energy hi | the
hpv siaie  lowei in energy, while in the complex containing a
(‘intonated In.i/ote the emitting stale is pvra/ioe based.'"'J

Finally, emission and absorption maxima of 1 in its protonated
and deprotonated states are veiy similar.5"

Selected temperature dependent luminescence spectra for 1
[ethanol-methanol (4:1), containing 1% diethylamine or
ammonia to assure deprotonation of the triazole ring] are shown
in Fig. 1. At 90 K, the spectrum obtained [Fig. 1(a)] is typical
for compounds of this type with a single emission being
observed at 617 nm. After laser excitation at 355 nm the
luminescence decays according to a single exponential with a
lifetime of 3200 ns (all lifetimes +10%). On increasing the
temperature to 145 K, [Fig. I(ft)] the emission spectrum of 1 is
resolved into two distinct bands; one, as expected, at 710 nm
and an additional feature at 590 nm. The luminescent signal
obtained at this temperature monitored at 650 nm cannot be
fitted as a single exponential. Normal curve fitting procedures
yield lifetimes of 2400' and 800 ns with ratios of 60 and 40%,
respectively. Measurements monitored out at 700 and 590 nm
yield single exponential decays and identify the long lifetime as
belonging to the 700 nm signal. At higher temperatures the
contribution from the higher energy component decreases. The
temperature dependence of the emission decay for the two
signals is therefore different. Excitation spectra obtained at both
emission maxima are sufficiently similar to suggest that both
emissions are based on MLCT emissions. The excitation
spectrum of the 590 nm emission shows an absorption
maximum at 440 nm, while for the 700 nm band a maximum is
observed at 465 nm.

In cases where a dual emission is observed, the contribution
from impurities is always a concern. However, we do noi
believe that the data above can be attributed to the presence of
an impurity. First of all, the lifetimes and intensities observed
for the two emission components (see above) suggest that the
concentration of an impurity would have to be high and this is
not observed. Also, the same results were obtained for various
samples of 1. Finally, when the triazole is protonated a normal
single exponential behavior is obtained over the entire tem-
perature range [77 K (2200 ns), 175 K (800 ns) and room
temperature (230 ns)].

t'ij;. 1 IVmpur.iluie ilepciiilem limuK'sVail speirir m| lim'ih.mol nuili.mol
(1 1) .uni I'tmilii‘iliyliiiiiinu, nt (o) IK), tM 145, (€ ) 21 .imi ti/l ¢*X K
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On the basis of these considerations we are confident that the
results obtained are best explained by the presence in the title
compound of two weakly coupled emitting states. As pointed
out above, earlier work has shown that bpy and pyrazine based
MLCT states are similar in energy. For example, the energy
separation between these two emitting states of 2400 cm-1
which at 145 K is consistent with the electrochemistry of this
complex which shows a potential difference 0f0.33 eV between
the first two bpy and pyrazine based reductive steps of 1. We
therefore propose, based on our earlier results,5 that the highest
energy emitting state observed between 120 and 260 K, is
pyrazine based. After excitation to the 'MLCT level, efficient
intersystem crossing to the lowest, strongly coupled bpy based
triplet state is observed. Up to 260 K it is the lowest energy
manifold of the bpy triplet that is populated. Population of the
pyrazine based triplet state can in this model only occur by
thermal means. The lower energy components of this manifold
are weakly coupled to a pyrazine state, and population of the
pyrazine state occurs thermally between ca. 120 and 260 K.
Above this temperature the upper, fourth 3BMLCT of the bpy
triplet manifold is thermally populated,6 such population is
observed in the temperature dependent luminescent lifetimes of
related5% complexes, where population of this state was
observed to occur from around 240 K. This upper state, which
contains more singlet character, is not coupled to the pyrazine,
and therefore a single emission primarily based on the fourth
3MLCT is observed. Further investigations are at present in
progress to further develop this picture.
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Table I. Summary of Data Collection, Structure Solution and Refinement Details

(@ Crystal Data

1, [(bipy):Ru(pyrtrz)]+[H]+o s [PF6], s *0.37H20

empirical formula 726721.24"9700 37P1s Fo
fw 784.2
color, habit red, plate
crystal size, mm 0.08 x0.28 x 0.45
cryst syst Orthorhombic
a, A 7.4944(13)
b, A 17.5143(15)
c, A 19.5605(20)
«, 0 90
0, ° 90
7. ° 920
V, As 5993.4(9)
space group B2ch
Z 8
molecular symmetry /
F(000) 3126
4aic, g cms 1731
fx, mm ! 0.697
(b) Data acquisition3
temp, °C 21
unit-cell reflcns (20-range0)
max. 26 (°) for reflcns 27.1
hkl range of reflcns 25 (21 - 35)
variation in 3 standard reflcns < 1 %
reflcns measured 3430
unique reflcns 3170

0.052
reflcns with / > 2a(l), 2 2185
absorption correction type DIFABS
min. max. abs. corr. 0.47, 1.00

(c) Structure Solution and Refinementa

solution method Direct methods

H-atom treatment riding (SHELXL93 defaults)

no. of variables in LS 524, [73 restraints, PF6~disorder]

k inw = |/ttr'Fo + k\;02 0.0008 (NRCVAX) 0.0274 (SHELXL-93)
ft. R,, gof 0.035, 0.056, [0.073, 0.062]

density range in

final A-map, e A1l +0.29, -0.37(5).

final shift/error ratio 0.002

sec. extnct correction none

1 Data collection on an Enraf Nonius CAD4 diffractometer with graphite monochromatised Mo-Ka
radiation (\ 0.7093 A). b All calculations were done on a Pentium 100 computer with the NRCVAX
system of programs (E.J. Gabe, Y. Le Page, J-P. Charland, F.L. Lee and P.S. White, J. Appi. Cryst.
(1989), 22, 384-389) and refined using the SHELXL. 93 program (G. Sheldrick, University ot Goettingen,
Program for the refinement of crystal structures).
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Table 2. Atomic coordinates ( x 104} and equivalent 1isotropic
displacement parameters (A x 103) for 1. U(eq) 1is defined as one
third of the trace of the orthogonalized Uij tensor.

Atom X y z u(Ceq)
Ru(l) 4750 1) 7983 1) 8019 1) 46 1
N Q) 4388 3) 8389 3) 8932 2) 50 1
N @ 3992 3) 8107 3) 9479 2) 61 1
N(3) 4244 3) 9334 3) 9666 2) 61 1
N (4 5069 2) 9120 2) 7961 2) 48 1
N (11) 5061 3) 7727 2) 7027 2) 55 1
N (21) 3764 3) 8255 2) 7503 3) 54 1
N (31) 5721 3) 7630 2) 8509 2) 51 1
N (41) 4461 3) 6873 2) 8268 2) 54 1
c (I 3929 4) 8694 4) 9907 3) 67 2
C(2) 4527 3) 9125 3) 9055 3) 51 2
C (3) 4905 4) 9552 3) 8523 3) 53 2
C (4) 5117 4) 10316 3) 8528 4) 73 2
N(5) 5464 4) 10655 3) 8026 4) 81 2
Cc(6) 5616 4) 10218 4) 7493 4) 71 2
c@ 5420 4) 9464 3) 7443 3) 61 2
C(12) 5719 4) 7453 3) 6815 3) 65 2
C (13) 5876 5) 7310 4) 6132 4) 83 2
C(14) 5337 6) 7451 5) 5667 3) 92 3
C (15) 4631 7) 7753 4) 5866 3) 92 3
C (16) 4503 4) 7896 3) 6552 3) 64 2
C (22) 3137 4) 8531 4) 7795 4) 77 2
C (23) 2513 5) 8772 5) 7419 5) 98 3
C (2% 2573 7) 8743 5) 6715 6) 101 3
C (25) 3198 5) 8448 5) 6411 4) 85 2
C (26) 3790 4) 8209 4) 6818 3) 65 2
C (32) 6366 3) 8024 4) 8608 3) 66 2
C (33) 6969 4) 7777 5) 8995 4) 82 2
C (34) 6918 5) 7097 5) 9308 4) 90 2
C (35) 6270 5) 6658 4) 9224 3) 83 2
C (36) 5677 3) 6934 3) 8827 3) 56 1
C (42) 3812 4) 6523 3) 8092 4) 73 2
C (43) 3605 5) 5823 4) 8382 5) 98 3
C (44) 4076 6) 5495 5) 8845 5) 106 3
C (45) 4764 7) 5846 3) 9021 3) 89 2
C (46) 4949 4) 6536 3) 8708 3) 58 2



Table 3.

Ru(1)-N(l)
Ru(1)-N(21)
Ru(1)-N(41)
N(1)-C(2)

N(2) -C(I)

N@B)-C(@2)

N(4) -C (3)

N (11)-C(16)
N(21)-C (26)
N(31)-C (36)
N (41) -C (46)
C(3)-C(4)

N (5)-C(6)

c(@2)-c(@3)
C(14)-C (15)
C(16)-C (26)
C (23)-C (24)
C (25)-C (26)
C(33)-C (34)
C(35)-C (36)
C(42)-C (43)
C (44 )-C (45)

Selected

P R P P F P PP PP P PP PP PP PP P P P DNMDMNDNDDN

bond

.023 (4)
.054 (5)
067 (4)
.334 (7)
331 (7)
.346 (6)
.365 (6)
.380 (7)
343 (7)
. 371 (7)
.348 (7)
.388(7)
.321 (8)
.386 (8)
.398 (12)
.458 (9)
.383 (14)
.371 (10)
.342 (9)
.383(9)
.398 (9)
.395 (14)

lengths

[A] and

Ru (1) -N(31)
Ru (1)-N(CID)
Ru () -N (@)
NCD) =N ()

N (3) -C(l)
N(4) -C (7)

N (11)-C (12)
N (21)-C(22)
N (31)-C (32)
N (41) -C (42)
C (2)-C

C (4) -N(5)

C (6)-C (7

C (13)-C(14)
C (15)-C (16)
C (22)-C(23)
C (24)-C (25)
C (32)-C (33)
C (34)-C (35)
C [36)-C (46)
C (43)-C (44)
C (45)-C (46)

angles

[F(] for

.047 (5)
.065 (5)
.071 (@
368 (6)
.335 (D" "

330 (7)
.314(7)

.329(8)

.336(7)
334 (D)
.440 (7)
.299 (8)
368 (8)
.334 (10)
385 (8)
381 (10)
.347 (13)
.369 (9)
.379(10)
_471 (8)
.352 (11)

.394 (8)
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11)
13)
11)
15)
22)
24)
21)
31)
33)
31)
35)
44)
46)
41)

Ru(1)-N (31)
-Ru (1) -N (21)
-Ru(1)-N (1)
RuU(1)-N (41)
“Ru(1)-N(41)
RuU(1)-N(4)
“Ru(1)-N(4)
“Ru(1)-N(4)
N (1) -Ru(1)
N(2)-N (1)
N(4) -C (3)

-N(4)-Ru(1)

-N(11)-Ru (1)
-N(21)-C (26)
“N(21)-Ru(1)
-N(31)-Ru(1)
-N (41) -C (46)
“N(41)-Ru(1)

-C(2)-N(3)
-C(2)-C(3)
-C(3) -G (2)
-C(4)-C(3)
-C(6) -C(7)

-C(12) -C (13)
-C(14)-C(15)
-C(16)-C (15)
-C (16) -C (26)
-C (23) -C (24)
-C(25)-C (26)
-C(26) C(16)
-C(32) -C(33)
-C (34)-C(35)
-C(36)-C (35)
-C(36)-C(46)
-C(43)-C(42)
-C(45) C(44)
-C(46)-C(36)

87.
175 .
98 .
92 .
97 .
78 .
88 .
169.
116 .
104 .
117.
115.
127.
118 .
116 .
127 .
120 .
114 .
110 .
132 .
113 .
124 .
124 .
122 .
120 .
120 .
123 .
117.
118 .
114 .
124 .
119 .
121 .
125 .
119 .
118 .
116.
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7)
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7)
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9)
8)
6)
6)
7)
6)
6)
8)
8)
5)

N(1)-Ru(1) -N(21)
N(1)-Ru(1)-N(11)
N (21) -Ru (1) -N (11)
N(31)-Ru(l) -N (41)
N(11)-Ru(l) -N (41)
N(31)-Ru(l) -N (4)
N(11)-Ru(l) -N (4)
C(2) -N (1) -N (2)

N(2)-N(1)-Ru(l)

C(1)-N(3)-C(2)

C(7)-N(4) -Ru (1)

C(12)-N(11) -C (16)
C(16)-N(11) -Ru(1)
C(22)-N(21) -Ru (1)
C(32)-N(31) -C (36)
C(36) -N (31) -Ru (1)
C(42)-N (41) -Ru(1)
N(2) -C (1) -N(3)

N (1) -C (2) -C (3)

N(4) -C (3) -C (4)

C(4)-C(3)-C(2)

C(4)-N(5) -C(6)

N(4) -C(7)-C(6)

C(14)-C(13) -C (12)
C(16)-C(15) -C (14)
N(11)-C(16) -C (26)
N(21)-C(22) -C (23)
C(25) -C (24) -C (23)
N (21) -C (26) -C (25)
C(25)-C(26) ®C(16)
C(34)-C(33)-C (32)
C(34) -C (35) -C(36)
N (31) -C (36) - C (46)
N (41)-C(42) -C (43)
C(43)-C (44) -C (45)
N (41) -C (46) -C (45)
C(45) -C(46)-C(36)

95.
171.
79.
79 .
94 .
95 .
94 .
107 .
136 .
103 .
127 .
119 .
113 .
124 .
116 .
115.
125 .
113 .
117 -
118 .
128 .
115 .
120 .
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118 .
116.
122 .
120 .
122.
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118 .
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122.
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Table 5. Anisotropic displacement parameters (A2 x 103) for 1.

W 0 U 0w w oo dNADdWOaOo ab>MNwooO o DMNDODAOWWWWDNDNDNDNMDNDDNDN®W®®DNPR

ull uz2 2 u33 uz23 ui3 Uiz
Ru (1) 46 1) 45 1) 46 1) -6 1) 0 1) -1
N (1) 46 3) 54 3) 50 3) -3 2) -1 2) 2
N(2) 59 3) 70 3) 53 3) -7 3) 8 3) -7
N(3) 64 3) 66 3) 52 3) -19 2) -2 3) -4
N(4) 44 2) 54 2) 46 2) -1 2) -4 2) -3
N (11) 66 3) 46 2) 51 3) -10 2) 8 3) -2
N (21) 50 3) 47 2) 66 3) 0 2) 6 3) -4
N (31) 47 3) 56 3) 51 3) -1 2) 1 2) 5
N (41) 56 3) 50 3) 57 3) -11 2) 6 2) -4
c(l 63 4) 85 5) 52 4) -12  3) 8 3) -1
C(2) 48 4) 57 3) 47 3) -10 2) -9 2) 8
C(3) 53 ) 50 3) 56 3) -9 2) -8 3) 2
C(4) 82 b5) 52 3) 85 5) -15 3) 0 4) -9
N(5) 97 4) 51 3) 96 4) 6 3) -3 4) -19
C(6) 70 5) 68 4) 75 4) 10 4) 6 4) -14
C(7) 66 4) 54 3) 63 4) 1 3) 4 4) -6
C(12) 75 5) 58 3) 62 4) -8 3) 14 3) -2
C(13) 91 6) 82 5) 77 5) -7 4) 26 5) -10
C(14) 104 7) 124 6) 49 4) -11 5) 19 4) -20
C(15) 107 9) 117 6) 52 4) -5 3) -16 5) -25
C(16) 84 6) 57 3) 52 3) -6 3) -11  3) -17
C(22) 56 5) 69 4) 107 6) 13 4) 14 4) 9
C(23) 62 6) 90 6) 143 9) -6 6) -27 @) 20
C(24) 84 7) 87 6) 132 9) 30 6) -60 7) 0
C(25) 73 6) 91 6) 91 5) 11 5) -27 5) -9
Cc(26) 73 5) 56 4) 64 4) -3 3) -15 4) -7
C(32) 51 4) 76 4) 72 4) 7 4) -5 3) -11
C(33) 46 4) 106 6) 95 5) 2 4) -11 4) 1
C(34) 62 5) 121 6) 85 5) 20 b5) -18 4) L7
C (35) 81 6) 84 5) 83 5) 21 4) -6 4) 21
C(36) 62 4) 55 3) 52 3) 1 3) 11 3) 2
C(42) 64 4) 61 4) 92 5) -10 4) -10 4) -17
0(43) 85 6) 76 5) 134 7) -3 5) 0 6) -22
C.(44) 117 8) 71 5) 130 8) 20 5) 8 6) -26
C (45) 98 5) 77 4) 91 4) 19 3) 1 8) -18
C (46) 66 6) 51 3) 56 3) 0 3) 9 3) 5



Table 6. Hydrogen coordinates {x 10*4) and isotropic displacement parameters

(A x 103) for 1.

X y z U(eq)
H (3) 4261 (3) 9776 (3) 9857(2) 73
H(1) 3690(4) 8661(4) 10331 (3) 80
H(4) 5003 (4) 10602 (3) 8915(4) 88
H{6) 5874 (4) 10438(4) 7126(4) 85
H(7) 5533 (4) 9192 (3) 7047(3) 73
H(12) 6096 (4) 7349(3) 7137(3) 78
H(13) 6349(5) 7119 (4) 6001 (4) 100
H(14) 5431(6) 7348(5) 5208 (3) 111
H(15) 4255(7) 7857 (4) 5543 (3) 111
H(22) 3117 (4) 8564 (4) 8270 (4) 93
H(23) 2071(5) 8946 (5) 7631(5) 118
H(24) 2177 (7) 8931 (5) 6446 (6) 121
U (25) 3227 (5) 8406(5) 5938(4) 102
H(32) 6407 (3) 8500 (4) 8400 (3) 79
H(33) 7406 (4) 8075 (5) 9040(4) 99
H(34) 7318(5) 6923(5) 9580 (4) 108
H(35) 6233(5) 6182 (4) 9431(3) 99
H(42) 3493 (4) 6749(3) 7771 (4) 87
H(43) 3150(5) 5587 (4) 8258(5) 110
ti (44) 3940 (6) 5034 (5) 9046(5) 127
H (4 5) 5091 (7) 5624(3) 9340 (3) 107






