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Abstract

The design and synthesis of economically viable homogeneous and heterogeneous transition
metal complexes for photocatalytic hydrogen generation using visible light irradiation and as
OLED’s are under intense investigation. Transition  metal complexes are drawing great interest
as they offer highly efficient room temperature phosphorescence. In particular iridium (III)
complexes are considered to be the most promising since they exhibit: (1) good photo and
thermal stabilities, (2) high phosphorescence quantum efficiency, (3) very large values for
excited state lifetimes, (4) facile colour tuning through ligand structure control and (5) large
cross section for exciton formation. Such characterstic features are attributed to the efficient
spin-orbit coupling provided by the Ir metal as well as the strong structural or electronic
interactions between the Ir metal and ligands.

Chapter 1 starts up with the general introduction to various technologies used at present for H2

production followed by its storage, distribution and utilisation. Basic mechanism for natural
photosynthesis is described along with different artificial photosynthetic systems giving special
attention to intermolecular and intramolecular photocatalyts. Effort has been taken to include
most of the recent publications in these catagories. This is followed by a complete insight into
the iridium chemistry starting with the iridium complexes using (N^N) co-ordinating ligands and
multimetal complexes derived from it followed by Ir complexes with the cyclometallating
ligands which then moves along the synthetic aspects and photophysics of the tris complexes and
then to the importance of iridium terpyridine complexes. A brief history on the basic excited
state properties of iridium metal complexes is described after that. The chapter ends up with the
application of the iridium complexes mainly concentrating on the OLED’s.

Chapter 2 details the basic synthetic procedures and instruments employed in the studies
presented in later chapters. Various techniques used for the characterisation of the complexes
including 1D and 2D Nuclear Magnetic Resonance Spectroscopy (NMR), Mass Spectroscopy,
Elemental Analysis (CHN), High Performance Liquid Chromatography (HPLC), Absorption and
Emission spectroscopy, Time Corelated Single Photon Counting (TCSPC), Laser Flash
Photolysis and Gas Chromatography (GC) are briefly described in this chapter.

Chapter 3 deals with the synthesis of iridium polypyridyl complexes with various
cyclometallating ligands used for intermolecular and intramolecular photocatalytic H2 generation
from H2O. A series of heteroleptic iridium monomers and hetrodinuclear Ir-Pt/Pd dimers, which
are potential candidates for photocatalytic H2 generation, are described along with preliminary
photophysics measurements and photocatalytic H2 production results as Turn Over Numbers
(TON’s) measured using gas chromatography.
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Chapter 4 describes the detailed excited state photophysics of novel iridium complexes.
Absorption and emission spectra of these novel complexes are taken in different solvents in order
to examine any solvatochromic effects. Deaeration was done using freeze pump thaw method in
order to remove any oxygen present in the samples that can cause quenching. Temperature
dependent emission measurements were carried out in temperature range 77 K to 298 K in every
10 K temperature interval. Temperature dependent lifetime measurements were also carried out
in temperature range 77 K to 298 K in every 10 K temperature interval using TCSPC and a
cryostat.

Chapter 5 gives an account on the novel high yield synthesis, characterisation, reaction
mechanism and excited state photophysics of Ir(polypyridyl)2Cl2 complexes and their deuteriated
analogous. Taking [Ir(bpy)2Cl2]PF6 as the standard complex significant effort has been made to
figure out the synthetic mechanism of the reaction with the aid of NMR and HPLC done in a
concomitant way. This section also explains the novel synthetic method for removing the inner
sphere chlorides as triflate complexes and binding the triflate intermediates to other polypyridyl
ligands. Detailed study has been carried out on probing the excited state photophysics of these
complexes. Excited state lifetimes measured using both TCSPC and laser flash photolysis which
provided promising evidence on the effect of deuteriation on lifetimes and the role these
complexes can play in OLED applications. Effort has taken in order to study intermolecular
photocatalysis with these complexes.

Chapter 6 gives an overview of all the work that has been carried out up to date and a future
research plan is also included.
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Chapter I

Introduction

In this chapter areas relevent to the studies done in the remaining chapters will be

introduced. Firstly various approaches for H2 production are discussed along with natural

and artifical photosynthesis and various photocatalytic complexes reported in the literature

for intramolecular and intermolecular photocatalysis. Secondly discussion focuses on the

developments with respect to the synthesis and characterisation of Ir (III) polypyridyl

complexes with particular emphasis on photophysics. Other areas, which have specific

relevance to individual chapters, will be introduced in those chapters.
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1.1 Introduction

Energy affects all aspects of modern life. Energy is an essential commodity for increasing

productivity in both agriculture and industry. The world’s energy requirements have been

increasing due to a growing world population, technological development, and higher living

standards. Due to world population growth and the advance of technologies that depend on fossil

fuels, reserves of fossil fuel eventually will not be able to meet the energy demand. The most

important property of any energy source is its environmental compatibility. Our current energy

infrastructure is dominated by fossil fuel use, which leads to greenhouse gas emissions. One of

the major challenges facing humanity is to develop a renewable source of energy to replace our

dependence on fossil fuels. Ideally, this new source should be abundant, inexpensive,

environmentally clean, and widely distributed geographically. Different renewable alternatives

have been considered which may provide potential solutions to the current environmental issues.

Renewable energy should be a clean or inexhaustible energy like hydrogen energy, solar energy,

wind energy, biomass energy, hydropower energy, geothermal energy and tidal energy. The most

important benefit of renewable energy systems is the decrease of environmental pollution.1,2

Of the few potential energy sources that might meet these criteria, sunlight is the most attractive.

The sun delivers energy to the earth’s surface at an average rate which is about four orders of

magnitude larger than the current rate of worldwide technological energy use. Although practical

methods for conversion of sunlight to electricity exist, solar generated electricity currently does

not compete successfully with that from fossil fuels. The diurnal nature of solar radiation, the

fluctuation of sunlight intensity at the earth’s surface as a function of the season and weather

conditions, and the diffuse nature of solar energy, makes it impractical for powering land

vehicles. This in turn will necessitate either great advances in batteries or other devices for

storing electricity, or generation of fuels from sunlight. For example, generation of hydrogen

from water using sunlight and using it as a fuel.3

Hydrogen is potentially an ideal energy carrier, as it is nonpolluting and gives up both its

electrons upon oxidation to form only water. Although it is the most abundant element in the

universe, elemental hydrogen is not present in great quantities on earth; most of the hydrogen

present in earth is bonded to oxygen in the form of water. A number of challenges must be
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overcome for hydrogen to be used widely as a sustainable energy source. In order to achieve the

full environmental benefit of hydrogen as an energy carrier, low carbon intensive, low polluting,

and lower cost processes for producing hydrogen from renewable energy sources need to be

developed. Scientific advances are needed to develop more energy-efficient and cost-effective

methods for purification and delivery, and storage of hydrogen systems, especially for vehicular

on board storage, and to enable more durable fuel cells for converting hydrogen into electrical

energy. The development of heterogeneous catalytic systems for hydrogen production from

water under irradiation has been investigated during last three decades. Intramolecular

photocatalysts, however, are very attractive in the sense that their chemical and photochemical

properties can be understood and tuned at the molecular level. Moreover, intramolecular catalytic

system may be covalently bound to photosensitiser, which leads to more efficient electron

transfer. Molecular devices for water splitting based on such systems are of great interest.4

1.2 Solar hydrogen - fuel for the future

Hydrogen can be obtained from diverse resources, both renewable (hydro, wind, wave, solar,

biomass and geothermal) and non-renewable (coal, natural gas and nuclear). It can be stored as a

fuel and used in transportation and distributed heat and power generation systems using fuel

cells, internal combustion engines or turbines, with the only by-product at the point of use being

water. Hydrogen can also be used as a storage medium for electricity generated from

intermittent, renewable resources, such as solar, wind, wave and tidal power; it thereby provides

the solution to one of the major issues of sustainable energy, namely the problem of

intermittency of supply. The ability of hydrogen to replace fossil fuels in the transportation

sector could address one of the world’s major environmental problems.5 The importance of

hydrogen as a potential energy carrier has increased significantly over the last decade, owing to

rapid advances in fuel cell technology. Fuel cells, operating using hydrogen or hydrogen-rich

fuels, have the potential to become major factors in catalysing the transition to a future

sustainable energy system with low carbon dioxide emissions. Figure 1.1 illustrates the central

role of hydrogen as an energy carrier linking multiple hydrogen production methods and various

end-user applications. One of the principal attractions of hydrogen as an energy carrier is

obviously the diversity of production methods from a variety of resources. Hydrogen can be

produced from coal, natural gas and other hydrocarbons by a variety of techniques, from water
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by electrolysis, photolytic splitting or high-temperature thermochemical cycles, from biomass

and even municipal waste. Such a diversity of production sources contributes significantly to the

security of energy supply.

Figure 1.1 Hydrogen as an energy carrier linking multiple hydrogen production methods,
through storage to various end-users.14

The conversion of solar energy into electricity or other forms of energy is a very promising way

to solve the energy crisis problem. Since the total solar energy that reaches the earth surface

exceeds our total energy consumption by a factor of thousands, an attractive solution would be

large scale conversion of solar energy to electricity and fuel. Many attempts were made to

convert solar energy into electricity, especially after the discovery of new devices capable of

utilising sunlight, i.e. dye-sensitised solar cells. Another way to utilise solar energy is water

splitting with production of molecular hydrogen and oxygen. Molecular hydrogen is an ideal fuel

because the only product of combustion is water, when combustion is made in pure oxygen. 6,7

Many studies on visible light-driven water splitting, into hydrogen with either heterogeneous or

homogeneous systems have been reported since late 1970s.8,9,10 The key components of these

photochemical H2 evolving systems are usually a light-harvesting photosensitiser, a sacrificial

electron donor, and a proton-reduction catalyst. With the aim of developing light driven H2
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evolving devices, several photoinduced molecular devices for homogeneous hydrogen generation

were constructed in recent years.11,12 Solar energy stored in hydrogen is available at any time and

at any place on Earth, regardless of when or where the solar irradiance (or the hydropower,

biomass, ocean energy or wind energy) was converted. The fundamental discrepancies in the

times and places of solar energy supply and human energy demands can be overcome using

hydrogen. Solar hydrogen combines the advantages of hydrocarbons with the advantages of solar

energy (ecological acceptability, renewability and low risk).

A typical energy chain for hydrogen will comprise hydrogen production, distribution and

delivery through hydrogen storage and ultimately its utilisation. The energy chain for sustainable

hydrogen energy will involve the harvesting of sunlight or other energy sources to yield

hydrogen as the energy carrier, and the storage and distribution of this energy carrier to its

utilisation at an end device centered on either fuel cells or combustion where it is converted to

power. The ultimate realization of a hydrogen-based economy could potentially confer enormous

environmental and economic benefits, together with enhanced security of energy supply.

Perhaps, the most telling argument for a sustainable hydrogen economy is the potential (globally)

to drastically reduce carbon emissions. However, the transition from a carbon-based (fossil fuel)

energy system to a hydrogen-based economy involves significant scientific, technological and

socioeconomic barriers to the implementation of hydrogen as the clean energy source of the

future.13

1.3 Main Approaches for Hydrogen production

Hydrogen is the third most abundant chemical element in the Earth’s crust, but it is invariably

bound in chemical compounds with other elements. It must, therefore, be produced from other

hydrogen-containing sources using energy, such as electricity or heat. At present, hydrogen is

produced in large quantities from fossil fuels by steam reforming of natural gas and partial

oxidation of coal or heavy hydrocarbons.14 These methods can take advantage of economies of

scale and are currently the cheapest and most established techniques for the large-scale

production of hydrogen. They can be used in the short to middle term to meet hydrogen fuel

demand and enable the production and testing of technologies related to hydrogen production,

storage, distribution, safety and use. However, in the long term, it is clearly unsustainable that
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the hydrogen economy is driven by hydrogen derived from hydrocarbons. However, to achieve

the benefits of a truly sustainable hydrogen energy economy, hydrogen has to be produced from

non-fossil resources, such as water.15,16,17 Hydrogen can be produced by splitting water through

various processes, including electrolysis, photo-electrolysis, high temperature decomposition and

photo-biological water splitting. The commercial production of hydrogen by electrolysis of water

achieves an efficiency of 75 % but the cost is currently several times higher than that produced

from fossil fuels. Electricity derived from renewable energy resources (e.g. wind, wave, tidal)

might provide local hydrogen needs, but it will not meet the volumes of hydrogen required

globally for its widespread use as the new energy source.18

Among the different approaches, photocatalysis has received much attention as a possible

method for photochemical conversion and storage of solar energy. Photosynthetic bacteria

represent a method with appreciable efficiency for hydrogen evolution using solar energy. The

various renewable pathways for H2 production from solar energy are shown in figure 1.2 below.

Figure 1.2 Renewable pathways for hydrogen production.47
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Achieving low-cost and efficient solar energy production of hydrogen requires the development

of innovative materials, emerging physical phenomena, novel synthetic techniques and new

design concepts. Some of the main technologies used for hydrogen production and their status of

development are summarised below.

1.3.1 Electrochemical processes

Water electrolysis is one of the most important industrial processes for hydrogen production

today, and is expected to become even more important in the future. The three major

technologies currently under consideration for electrolytic hydrogen production are classified as

alkaline, polymer membrane and ceramic oxide electrolyte. Developments of solid electrolytes

for water electrolysis at intermediate temperatures are also important.19 A principal focus of

modern research in hydrogen production by electrolysis is to discover electrode materials that

exhibit good electrochemical stability and show interesting activity for the typical

electrochemical reactions. It is also desirable that these materials be inexpensive, abundantly

available, easy to manipulate and nonpolluting.

1.3.2 Concentrating solar power Technologies (CSP)

Concentrating solar power (CSP) systems use large mirrors to focus direct solar radiation onto a

small absorber area, in order to generate heat at temperatures ranging from 200 0C to 1000 0C.

CSP plants offer possibilities to convert solar radiation on a large scale into a solar chemical fuel

such as hydrogen (figure 1.3). Chemical fuels have the advantages of being storable and

transportable. Various new concepts were recently developed for solar thermal hydrogen

production.20 The majority of those are solar thermochemical cycles, solar steam reforming of

natural gas and methane cracking. Moreover, the high temperature electrolysis can also produce

hydrogen by using electricity and heat from solar thermal power plants.
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Figure 1.3 Principle of solar fuel production.149

1.3.3 Photochemical processes

Hydrogen production by solar energy is direct photochemical reduction of water. Of the various

possible methods, nature provides a blueprint for converting solar energy in the form of chemical

fuels.21 A leaf is a synergy of elaborated structures and functional components in order to

produce the highly complex machinery for photosynthesis in which light harvesting,

photoinduced charge separation, and catalysis modules combine to capture solar energy and split

water into oxygen and ‘‘hydrogen’’ efficiently. In artificial photocatalytic systems the

photosensitiser is excited by visible light and can thereafter effect redox reactions, yielding

electrons for the water reduction. One of the benefits of this system is that several sensitisers

with different absorption characteristics can be used simultaneously, leading to higher quantum

yields per unit area. Thus, the design of efficient, cost-effective artificial systems by the coupling

of leaf like hierarchical structures and analogous functional modules under the guidance of the

key steps of natural photosynthesis would be a major advance in the development of materials

for energy conversion. Further details are given in section 1.7 and section 1.8.

1.3.4 Photocatalytic H2 Production

Photocatalytic water splitting employs light and semiconductors to split water. The

photocatalytic water splitting will be advantageous for the large-scale application of solar
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hydrogen production because of its simplicity. Water splitting using light energy has been

studied for a long time using powder and electrode systems since the Honda–Fujishima effect

was reported.22,23 There is no doubt that photocatalytic water splitting will contribute to green

sustainable chemistry. The final target of this research field is to achieve artificial photosynthesis

and solar hydrogen production from water. Figure 1.4 shows the main processes in a

photocatalytic reaction. The first step (i) is absorption of photons to form electron–hole pairs.

The second step (ii) in Figure 1.4 consists of charge separation and migration of photogenerated

carriers and the final step (iii) in Figure 1.4 involves the surface chemical reactions.

Figure 1.4 Main processes in photocatalytic water splitting.150

Water splitting proceeds on heterogeneous photocatalysts with semiconductor properties as

schematically shown in Figure 1.5. Semiconductors have the band structure in which the

conduction band (CB) is separated from the valence band (VB) by a suitable band gap.

Irradiation results in generation of electrons and holes in the CBs and VBs, respectively. The

photogenerated electrons and holes cause redox reactions similarly to electrolysis. Water

molecules are reduced by the electrons to form hydrogen and are oxidised by the holes to form

oxygen (for overall water splitting). Important points in the semiconductor photocatalyst

materials are the width of the band gap and energy levels of the CBs and VBs. The bottom level

of the CB has to be more negative than the redox potential of H+/H2 (0 V vs. NHE), while the top

level of the VB has to be more positive than the redox potential of O2/H2O (1.23 V). Therefore,

the band gap should be wider than 1.23 eV.
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Figure 1.5 Principle of water splitting on semiconductor photocatalysts.150

1.3.5 Photobiological H2 Production

Photosynthetic green algae and cyanobacteria provide a promising pathway for generating

hydrogen on a large scale. Green algae and cyanobacteria can use solar energy to convert water

into hydrogen gas, an energy carrier whose use does not emit greenhouse gases.24 Hydrogen

production by these microorganisms depends on the availability of plentiful resources, namely

water as a substrate and solar energy as the energy source. Moreover, the oxygen and hydrogen

that such cells produce could be used in a fuel cell to generate electricity (Figure 1.6).

Figure 1.6 Photobiological H2 production and its utilisation in a H2 fuel cell taken from
Ref : http://www.microbemagazine.org/309-photobiological hydrogen production



Chapter 1 - Introduction

11

Green algae and cyanobacteria absorb light through pigments that are associated with two

photosystems, photosystem I (PSI) and photosystem II (PSII). The absorbed light energy is

transferred from the antenna pigments to chlorophyll reaction center molecules where charge

separation occurs, yielding oxidants and reductants. PSI generates a reductant that eventually

reduces the iron-sulfur protein ferredoxin, which plays several roles. Its main function is to

provide electrons to generate NADPH via ferredoxin-NADP oxidoreductase. NADPH, along

with ATP, is needed for fixing carbon dioxide and for producing carbohydrates. However, in the

absence of carbon dioxide and under anaerobic conditions, reduced ferredoxin or NADPH

reduces protons to yield hydrogen gas, a reaction catalysed by hydrogenase. Ferredoxin links

photosynthetic electron transport directly to hydrogen production in green algae, whereas

NADPH is the likely electron donor to hydrogenease in cyanobacteria.

1.4 Technologies for hydrogen storage, distribution and utilisation

1.4.1 Hydrogen Storage

Viable hydrogen storage is considered by many as one of the crucial and the most technically

challenging barriers to the widespread use of hydrogen as an effective energy carrier.25 Hydrogen

contains more energy on a weight-for-weight basis than any other substance. Unfortunately,

since it is the lightest chemical element of the periodic table, it also has a very low energy

density per unit volume. The hydrogen economy will require two types of hydrogen storage

systems; one for transportation and another for stationary applications. Both have different

requirements and constraints. The transportation sector is believed to be the first high-volume

user of hydrogen in the future hydrogen economy. The hydrogen storage requirements for

transportation applications are far more stringent than those for stationary applications. There are

four technologies available today to store hydrogen aboard vehicles

 Liquefied hydrogen used by NASA and considered for airliners.

 Metal hydrides used for example by Mazda and by Daimler-Benz in passenger cars.

 Compressed hydrogen gas used on urban transport buses built by Ballard.

 Carbon sorption yet to be used on vehicles.

A serious downside of these methods is the significant energy penalty, up to 20 % of the energy

content of hydrogen is required to compress the gas and up to 30 % to liquefy it. Another crucial
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issue that confronts the use of high-pressure and cryogenic storage centers, is public perception

and acceptability associated with the use of pressurised gas and liquid hydrogen containment.

This clearly represents a particularly challenging set of credentials for designing the ideal storage

material.

The most promising stationary hydrogen storage materials are a class of ionic–covalent hydrides

formed by light elements, such as lithium, boron, sodium, magnesium and aluminium. Hydrogen

absorption/desorption in these materials usually involves high-temperature solid-phase

transitions. However, much more fundamental research is required to understand the physical

and chemical processes governing the hydrogen storage and release and to improve the hydrogen

absorption/desorption characteristics in this class of materials to meet hydrogen storage

requirements.

1.4.2 Hydrogen Distribution

The current transportation system for delivering conventional fuels to consumers cannot be

easily transformed for use with hydrogen. The present options for transporting hydrogen include

compressed gas (200 bar) in steel tube cylinders, liquid hydrogen tanks and a few examples of

local networks of hydrogen pipelines. 26 All these options are expensive and contribute

significantly to the cost of hydrogen for end-users. New concepts will be needed to reduce

delivery costs while retaining high safety standards from the point of production through to

refueling end-users. The basic components of a hydrogen delivery infrastructure therefore need

to be developed. The construction of a new hydrogen network would require significant

investment accompanied by research and development of new materials, low-cost compressor

technology, seals, sensors and controls, as well as new refilling stations. In those areas where

natural gas is not available, hydrogen could be best produced on-site from water, methanol or

ammonia, via electricity ideally from renewable energy sources, e.g. wind or solar, or from

biofuels. Localised hydrogen production might fit better with accessible fuel distribution. When

high penetration rates of hydrogen in energy sector are reached, the ideal long-term option for

hydrogen distribution will be a grid of hydrogen pipelines connecting centralised hydrogen

production facilities with stationary users and mobile filling stations.
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1.4.3 Hydrogen Utilisation

The widespread use of hydrogen as an energy carrier will depend significantly on the availability

of efficient, clean and economic techniques for its utilisation and conversion to electricity/heat.

The synergistic complementarity of hydrogen and electricity represents one of the most

appealing routes to a sustainable energy future, and fuel cells provide, arguably, the most

efficient conversion device for converting hydrogen and other hydrogen-bearing fuels into

electricity.27 A fuel cell is a device similar to a continuously recharging battery; a fuel cell

generates electricity by the electrochemical reaction of hydrogen and oxygen from the air. An

important difference is that batteries store energy, while fuel cells can produce electricity

continuously as long as fuel and air are supplied. Several types of fuel cells operating on a

variety of fuels and suitable for different energy applications have been developed, but all share

the basic design of two electrodes (anode and cathode) separated by a solid or liquid electrolyte

or membrane (Figure 1.7). Hydrogen (or a hydrogen-containing fuel) and oxygen are fed into the

anode and cathode of the fuel cell and the electrochemical reactions assisted by catalysts take

place at the electrodes. The electrolyte or membrane enables the transport of ions between the

electrodes while the excess electrons flow through an external circuit to provide electrical

current.

Figure 1.7 Schematic of a fuel cell.147
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Because fuel cells are not subject to the intrinsic limitations of the Carnot cycle, they convert

fuel into electricity at more than double the efficiency of internal combustion engines. In

transportation, hydrogen fuel cell engines operate at an efficiency of up to 65%, compared to

25% for present-day petrol driven car engines. When heat generated in fuel cells is also used in

combined heat and power (CHP) systems, an overall efficiency in excess of 85% can be

achieved. Unlike internal combustion engines or turbines, fuel cells demonstrate high efficiency

across most of their output power range. This scalability makes fuel cells ideal for a variety of

applications from mobile phone batteries through vehicle applications to large-scale centralised

or decentralised stationary power generation. Hydrogen fuel cells emit only water and have

virtually no pollutant emissions, even nitrogen oxides, because they operate in the temperature

range of 60 0C – 120 0C, which is much lower than the normal operating temperature of internal

combustion engines. Hydrogen-powered fuel cell vehicles provide a route, in theory, to real (i.e.

complete life cycle) zero emissions if the hydrogen fuel could be sourced from renewable

routes.28

1.5 Natural Photosynthesis

Nature has created a process which is capable of harvesting the solar energy that reaches our

planet and to use it to sustain life. This process is called photosynthesis and the chemical

reactions within it are probably the most important reactions taking place on earth.29 It is the

photosynthesis in cyanobacteria, certain algae and higher plants that produce the oxygen we

breathe, most of our food and much of our raw materials. If mankind could understand and

mimic the basic principles of photosynthesis, an endless and non-polluting energy source would

become accessible.

Photosynthetic organisms capture sunlight very efficiently and convert it into organic molecules.

These molecules are the building blocks of all living organisms and without photosynthesis life

on our planet would not have evolved in the way that we know. At the heart of the

photosynthetic process, is the splitting of water by sunlight into oxygen and ‘hydrogen’. The

oxygen is released into the atmosphere where it is available for us to breathe and to use for

burning fuels to drive our technologies. The ‘hydrogen’ is not normally released into the

atmosphere but instead is combined with carbon dioxide to make sugars and other organic
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molecules of various types. When fuels are burnt (fossil, biomass and other biofuels) to release

energy, the ‘hydrogen’ stored in these organic molecules are combined with atmospheric oxygen,

so completing a cycle that started millions of years ago. Similarly, energy is also released from

the organic molecules which constitute our food, when they are metabolised within our bodies by

the process of respiration. Thus in the biological world, photosynthesis brings about the splitting

of water into oxygen and ‘hydrogen’ while respiration is the reverse, combining oxygen and

hydrogen in a carefully controlled and highly efficient way so as to create metabolic energy.

Therefore, from an energetic view, the synthesis of organic molecules represents a way of storing

hydrogen and therefore storing solar energy in the form of chemical bonds (Figure 1.8).

Figure 1.8 A diagrammatic representation of energy flow in biology. The light reactions of
photosynthesis (light absorption, charge separation, water splitting, electron/proton transfer)
provides the reducing equivalents in the form of energised electrons (e) and protons (H+) to
convert carbon dioxide (CO2) to sugars and other organic molecules which make up living
organisms.(taken from the review of James Barber)151

1.5.1 Basic Mechanism of Natural Photosynthesis

The protein complexes of the photosynthetic machinery are located in the thylakoid membrane

of the chloroplasts. This machinery includes light harvesting proteins, reaction centers, electron

transport chains and ATP synthase (ATP = adenosine triphosphate). The initial step in

photosynthesis is the absorption of light by the light harvesting complex II (LHC II). LHC II

consists of an antenna system that absorbs light and transfers the energy to the reaction centre

(P680) of photosystem II (PS II). The excited P680 reduces a nearby pheophytin (pheo) to form a

primary charge separation (eq 1.1).
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P680 pheo                   P680+ pheo- (1.1)

The negative charge is transferred through an ingenious chain of electron acceptors via the

cytochrome bf complex to photosystem I (PS I). In PS I another reaction centre (P700) is

responsible for providing the reducing power for the conversion of NADP+ to NADPH. In

plants, light-dependent reactions occur in the thylakoid membranes of the chloroplasts and use

light energy to synthesise ATP and NADPH. The light-dependent reaction has two forms: cyclic

and non-cyclic. In the non-cyclic reaction, the photons are captured in the light

harvesting antenna complexes of photosystem II by chlorophyll and other accessory pigments.

When a chlorophyll molecule at the core of the photosystem II reaction center obtains sufficient

excitation energy from the adjacent antenna pigments, an electron is transferred to the primary

electron-acceptor molecule, pheophytin, through a process called photoinduced charge

separation. These electrons are shuttled through an electron transport chain, the so called Z

scheme shown in figure 1.9 that initially functions to generate a chemiosmotic potential across

the membrane.30

Figure 1.9 A simplified Z-scheme of the light reactions of photosynthesis (taken from
http://en.wikipedia.org/wiki/Photosynthesis)

An ATP synthase enzyme uses the chemiosmotic potential to make ATP during

photophosphorylation, whereas NADPH is a product of the terminal redox reaction in the Z

scheme. The electron enters a chlorophyll molecule in Photosystem I. The electron is excited due

to the light absorbed by the photosystem. A second electron carrier accepts the electron, which

hʋ
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again is passed down lowering energies of electron acceptors. The energy created by the electron

acceptors is used to move hydrogen ions across the thylakoid membrane into the lumen. The

electron is used to reduce the co-enzyme NADP, which has functions in the light-independent

reaction. The cyclic reaction is similar to that of the non-cyclic, but differs in the form that it

generates only ATP, and no reduced NADP (NADPH) is created. The cyclic reaction takes place

only at photosystem I. Once the electron is displaced from the photosystem, the electron is

passed down the electron acceptor molecules and returns to photosystem I, from where it was

emitted, hence the name cyclic reaction.

1.6 Artificial Photosynthesis

1.6.1 Introduction

The conversion of solar energy into fuel by artificial photosynthetic systems is certainly one of

the most challenging goals in chemistry.31,32,33,34 For solar fuel production to be economically

and environmentally attractive, the fuels must be formed from abundant, inexpensive raw

materials such as water and carbon dioxide. Water should be split into molecular hydrogen and

molecular oxygen, and carbon dioxide in aqueous solution should be reduced to ethanol with the

concomitant generation of dioxygen.6 From many points of view, the most attractive fuel-

generating reaction is the cleavage of water into hydrogen and oxygen as given in eqn 1.2.

2H2O + 4hʋ 2H2 + O2 (1.2)

Such a process, of course, has to be sensitised as water cannot be electronically excited by

sunlight.35 Combustion of molecular hydrogen, H2, with oxygen produces heat and water, and

combination of molecular hydrogen and oxygen in a fuel cell generates electricity, heat, and

water. Once obtained, hydrogen can also be used to obtain methanol, a liquid fuel. Clearly, if

hydrogen could promptly replace oil, both the energy and the environmental problems of our

planet would be solved. Clearly, clean hydrogen can only be obtained by exploiting renewable

energies, and this can be done, in principle, by photochemical water splitting or through the

intermediate production of electricity (e.g. by wind or photovoltaic cells) followed by water

electrolysis.
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1.6.2 Components of an Artificial Photosynthetic System

A possible way to construct artificial photosynthetic systems for practical solar fuels production

is that of mimicking the molecular and supramolecular organization of the natural photosynthetic

process: light harvesting should lead to charge separation, that must be followed by charge

transport to deliver the oxidizing and reducing equivalents to catalytic sites, where evolution of

oxygen and hydrogen should separately occur. Therefore, a plausible artificial photosynthetic

system should include the following basic features (Figure 1.10)7 1) an antenna for light

harvesting, 2) a reaction center for charge separation, 3) catalysts and 4) a membrane to provide

physical separation of the products.

Figure 1.10 Schematic representation of photochemical water splitting (artificial
photosynthesis). Five fundamental components can be recognised - an antenna for light
harvesting, a charge-separation triad D-P-A, a catalyst for hydrogen evolution, a catalyst for
oxygen evolution, and a membrane separating the reductive and the oxidative processes.7

The achievement of efficient conversion of light into chemical energy requires the involvement

of supramolecular structures with very precise organization in the dimensions of space (relative

location of the components), energy (excited states energies and redox potentials), and time

(rates of competing processes). Such an organization, which in natural systems comes as a result
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of evolution and is dictated by intricate intermolecular interactions, can be imposed in artificial

systems by molecular engineering exploiting covalent or non-covalent bonding.36

Molecular photocatalytic systems can be either intermolecular or intramolecular. The former one

relies on the collision induced electron transfer between the different species involved which has

low catalytic efficiencies due to the presence of various reaction intermediates. The

intramolecular system consisting of a light harvesting unit and a catalytic centre which are bound

together using a proper bridging ligand is based on the fundamental biological construction

principles and allows more efficient light driven reactions such as oxidation and reduction of

water.

1.7 Intermolecular Photocatalytic Systems

1.7.1 Systems based on light-induced hydride transfer

In organic photochemistry, benzophenone is a widely used photosensitiser which, in its excited

state and in the presence of a platinum catalyst, is capable of oxidizing secondary alcohols to

give ketones and hydrogen.37,38,39 The addition of methyl viologen (MVZ+; 1,1'-dimethyl-4,4'-

bipyridinium dication), acting as an electron relay compound, increases the quantum yield of

light-induced hydrogen formation.

However, one great disadvantage of these systems is that benzophenone does not absorb in the

visible light region and therefore its practical application for conversion of solar energy is

limited. Several other dyes of the benzophenone type (fluorenone and its derivatives,

pyrrolizinone, etc.) have been investigated with respect to a bathochromic shift of the absorption

(maximum) and to light-induced H2 formation.40 It was shown that suitable modifications of the

structure of polycyclic aromatic ketones give stronger absorbances and a bathochromic shift of

the lowest energy absorption band. However, although compounds possess higher absorption

coefficients in the visible light region, (efficient) visible light-induced hydrogen formation could

not be achieved.
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1.7.2 Systems based on light-induced electron transfer

Classical intermolecular systems commonly employ [Ru(bpy)3]2+ as a light-harvesting complex.

[Ru(bpy)3]2+ and its derivatives therefore have a long and rich history in inorganic chemistry and

photochemistry. The parent compound, first prepared in 1936,40 was later obtained by a more

practical synthesis,41 thus opening the way for Adamson’s first use of the [Ru(bpy)3]2+ excited

state as a photochemical reductant in 1972.42 The potential of this excited state for water splitting

was quickly noted by other authors,43,44 and the numerous attempts to realise this reactivity

directly grew into the field of three component catalysis. The first reports using [Ru(bpy)3]2+ for

“water splitting” focused on the hydrogen half-reaction, using a modified photosensitiser that can

be cast into films.45,46 Though the H2 generating properties of the systems were ill defined, this

work was the predecessor of three component systems composed of a [Ru(bpy)3]2+ as sensitiser,

colloidal Pt as a H2 production catalyst, and methylviologen (MV2+) as a mediator.47 Brown et.

al. 48 described the mechanism of the formation of dihydrogen from the photoinduced reactions

of [Ru(bpy)3]2+ and [Rh(bpy)3]3+. They found that visible irradiation of aqueous solutions of

[Ru(bpy)3]2+ and [Rh(bpy)3]3+ containing TEOA/TEOAH+ (pH 8.1) and K2PtCl4 yielded

dihydrogen as the end product of a series of electron transfer reactions. Irradiation with visible

light gives rise to *[Ru(bpy)3]2+ which in turn is oxidised by [Rh(bpy)3]3+ to produce

[Ru(bpy)3]3+ and [Rh(bpy)3]2+.  TEOA reduces [Ru(bpy)3]3+, and Rh(II) in the presence of

platinum can either disproportionate or yield dihydrogen or in the absence of platinum

disproportionates to give Rh (III) and Rh (I).49

Figure 1.11 Outline of reaction pathways leading to the production of H2.49
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After excitation of a photosensitiser S, charge separation takes place: D is the electron donor and

R is the electron relay

S + hʋ → S* (1.3)

S* + D → S- + D+ (1.4)

S* + R → S+ + R– (1.5)

The photosensitiser in its excited state, is both a stronger oxidant and reductant than in its ground

state because of its higher energy content. The light-induced charge separation can result either

in a reduced S- or in an oxidised photosensitiser S+.50 Whether oxidative quenching Eq. 1.4 or

reductive quenching Eq. 1.5 takes place, depends on the redox potentials of the species involved.

In both cases the light-induced electron transfer reaction results in a pair of products (S+ + R- or S
- + D+) which possess higher energy content and can undergo further reactions (Figure 1.12).

Figure 1.12 Energy diagram for light-induced charge separation: S, photosensitiser; R,
electron relay (electron acceptor) ; kq, rate constant for quenching reaction; kb, rate constant for
back electron transfer reaction; kf, rate constant for forward reaction (proton reduction ).152

When the "molecular electronegativity" ΔME of a compound is maximum then that compound

acts as an electron acceptor. ΔME is defined as the sum of the oxidation and reduction potentials,

i.e. ΔME = E°(M/M+) + E°(M-/M).51 Light induced intermolecular electron transfer reactions are

usually fast ( eg: for [Ru(bpy)3]2+* (S) quenched by viologens (R), kq = 109Lmol-1s-l) and thus in

solutions they are limited by diffusion processes.57 Fast electron transfer (quenching) reactions
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are necessary, since the photosensitiser’s excited state lifetime is usually short (eg: for

[3Ru(bpy)3]2+*, τ = 0.64 μs). By thermal back reaction (kb in Fig. 2) the initial state (S + R) is

reached, producing heat. During the lifetime of the charge separated state (S+ + R-) (usually less

than 1μs), other reactions (e.g. proton reduction and hydrogen formation; kf in Figure 1.13) can

occur.52

(a) (b)

Figure 1.13 Reaction schemes for (a) light-driven cyclic water splitting and (b) light-induced
"sacrificial" hydrogen formation: S, photosensitiser; R, electron relay (electron acceptor; e.g.
MV2+); D, "sacrificial" electron donor (e.g. EDTA, TEA); Pt, colloidal platinum catalyst; RuO2,
colloidal ruthenium oxide catalyst.152

In the case of cyclic water splitting (Fig. 1.13(a)) the reduced electron acceptor R- (or

photosensitiser S+ in the case of oxidative quenching according to Eq. (1.6)) should reduce

protons to hydrogen (in the presence of a suitable catalyst, e.g. Pt, RuO2, Pd or Ni)53 and the

oxidised sensitiser S+ (or electron donor D+) should oxidise water to oxygen, Eq. 1.7.

R-/S- + H+ → R/S + 1/2H2 (1.6)

2D+/S+ + H2O → 2D/S + 2H+ + 1/2O2 (1.7)

This also requires a suitable catalyst (e.g. RuO2 or IrO2) and still has to overcome additional

drawbacks, e.g. RuO2 is subject to corrosion (oxidation to the inactive RuO4).54 Moreover, cyclic

water splitting requires catalysts which are selective for the forward reaction (i.e. H2 and O2

formation) and which do not increase the rate constants of back reactions. The overall reaction
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would be cyclic light-induced water splitting with oxygen and hydrogen as desired products. In

order to study the hydrogen evolution, a "sacrificial" electron donor was introduced several years

ago,55 mimicking the oxygen evolution process and reducing the oxidised sensitiser (see Fig.

1.13(b)) and thus diminishing the back electron transfer. EDTA (ethylenediaminetetraacetic acid)

and TEA (triethanolamine) were the mostly used "sacrificial" electron donor substances. With

such "sacrificial systems", quantum yields (ϕH2) up to 18% can be achieved. The components S

and R are not consumed during this cyclic reaction but may be destroyed as a result of different

competing and consecutive processes. For example, oxidation and degradation of TEA may be

represented as follows (Scheme 1.1). In these processes, different radical and cationic species are

involved, and they, together with products from their decomposition, can potentially influence

the structures and reactivities of photosensitisers and catalysts.

Scheme 1.1 Proposed reactions of TEA as a sacrificial electron donor in hydrogen photo-
production systems.

1.7.3 Iridium and Rhodium based intermolecular water reduction catalysts (WRCs)

It was found that the emission energy of ruthenium(II) tris-diimine complexes cannot be adjusted

through ligand modification due to the presence of a low lying triplet metal centered (3MC)

excited state.56 The detrimental effect of this very short-lived and accessible 3MC state is further

compounded by the fact that its populated anti-bonding, eg* like molecular orbital (MO) weakens

the metal ligand bond, promoting photosensitiser degradation through ligand dissociation. In an

effort to alleviate the constraint of the 3MC state, third row transition metals such as iridium and

platinum have been targeted as more tunable photosensitisers, since their greater ligand field

splitting allows for a broader range of populated/unpopulated MO gap energies. Additionally, the

absolute energies corresponding to the highest populated and lowest unpopulated MOs of
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heteroleptic iridium complexes incorporating 2-phenylpyridine (ppy) and bpy can be adjusted

independently of each other through chemical substitution on the peripheries of the ppy and bpy

ligands, respectively.57 This ability to selectively tune the critical MOs may prove indispensable

in reuniting the PS with a pair of optimised catalysts. A reductive quenching mechanism is

exclusively available to the iridium complexes which was substantiated through DFT

calculations (Figure 1.14) resulting in higher photocatalytic efficiency compared to the

ruthenium analogues. The lowest singly occupied molecular orbital (LSOMO) is exclusively

metal centered in [Ru(bpy)3]2+ (95 percentile), while the analogous orbital of the Ir(III) complex

exhibits mixed metal-based 5d and ppy-based π character. The highest singly occupied molecular

orbitals (HSOMO) of both complexes are exclusively localised on the bpy ligands.

Figure 1.14 Frontier orbitals of [Ru(bpy)3]2+ (left) and [Ir(ppy)2(bpy)]+ (right) in the triplet
excited state obtained through DFT calculations.153

To advance the discipline of water splitting, the Bernhard group has synthesised a variety of

heteroleptic iridium (III) complexes of the general structure [Ir(C^N)2(N^N)]+ that exhibit a

broad range of photocatalytic properties with [Co(bpy)3]2+ as shown in Figure 1.15 below (C^N

= cyclometalating ligand and N^N = neutral diimine ligand).58,59
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Figure 1.15 Heteroleptic iridium photosensitisers used by Bernhard’s group.58,59

These heteroleptic iridium complexes were found to be superior to ruthenium polypyridine

derivatives. On comparing the TON results, the turnovers are up to 920 based on the iridium

photosensitiser [Ir(F-mppy)2(bpy)]+ (F-mppy = 5-methyl-2-(4-fluoro)phenylpyridine) and 18

based on [Co(bpy)3]2+, while it is 580 turnovers based on [Ru(dmphen)3]2+ and 12 turnovers

based on [Co(bpy)3]2+.11 The relative quantum yields of hydrogen determined in this work are 3

to 7 times as high as the results obtained with [Ru(dmphen)3]2+ as photosensitiser.65 With

introduction of the CF3 group to the difluorophenylpyridine ligand and the t-butyl groups to the

bipyridine ligand, both the lifetime and the reducing power of the excited iridium photosensitiser

(A, Figure 1.15) are apparently enhanced, resulting in an increase in hydrogen production

efficiency. The quantum yield of hydrogen at 465 nm with the modified iridium complex as

photosensitiser is 14 times as high as that obtained with [Ru(dmphen)3]2+ as a light-harvesting

unit.12

Tris-(2,2′-bipyridine)Rh(III), [Rh(bpy)3]3+, is an ideal candidate for the WRC (water reduction

catalyst) component in homogeneous systems because it accumulates two electrons at a suitable

potential for water reduction and is known to form hydrides.60 Additionally, the one-electron

reduction product, [Rh(bpy)3]2+, is kinetically unstable and rapidly disproportionates to form the
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doubly reduced species, eliminating the need for a concerted two-electron reduction by the

photosensitiser.61 Sutin and co-workers reported the use of the rhodium complex [Rh(bpy)3]3+ for

photoinduced hydrogen formation in 1981.60 This complex, in combination with [Ru(bpy)3]2+

and TEOA, can be reduced under irradiation with 450 ± 20 nm light to give rhodium(I) and

hydrogen. The quantum yields of hydrogen evolution (up to 0.11) were found to be dependent on

pH and concentrations of Rh and Ru complexes. It was recently found by Bernhard and co

workers that the systems composed of cyclometallated iridium (III) complexes as

photosensitisers and tris-2,2’-bipyridyl rhodium (III) complexes as catalysts are efficient in

production of hydrogen from water.62 The effectiveness of these systems is impressive: turnovers

greater than 5000 with quantum yields up to 34 % can be achieved. Authors noted that the

photoreaction conditions, such as solvents and sacrificial reductants, dramatically influence the

performance of the catalytic systems. Triethylamine was found to be the most efficient sacrificial

reductant, and a water/THF (80 %) mixture is optimal as a reaction medium.

The photocatalytic water reduction process reported above involves three critical components:

the PS, the SR, and WRC. In the catalytic light cycle, the PS is responsible for the absorption of

visible light to provide the energy necessary for the endothermic water reduction process to

occur. In the catalytic dark cycle, the WRC collects the high-energy electrons from the light

cycle and protons from water to produce hydrogen. The SR provides the electrons necessary for

water reduction by replenishing the lowest singly occupied molecular orbital of the PS* or PS+,

depending on the mechanism of quenching. In the case of cyclometallated iridium complexes the

reaction is operating predominately through a reductive quenching mechanism, where the highly

reactive [Ir(N^C)2(N^N)]0 species reduces the WRC components as outlined in scheme below.

Figure 1.16 General reaction scheme for photocatalytic hydrogen production by TEA-Ir-Rh
system.62
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1.7.4 Bio-inspired iron based intermolecular photocatalytic systems

Recently, Moore and co-workers reported photoinduced hydrogen production catalysed by

[FeFe]-hydrogenase ([FeFe]H2ase) in a photoelectrochemical bio-fuel cell. 63 Although

hydrogenases are more active and selective compared to reported hetero and homogeneous

catalysts, they are not ideally suited for large-scale and long-term use because the reaction

conditions are limited.64 Among the several kinds of hydrogenases ([FeFe], [NiFe], and [Fe]-

hydrogenases), [FeFe]H2ases, depicted in figure 1.17,65 seem to be more involved in the proton

reduction to molecular hydrogen than other two kinds of hydrogenases. The catalytic activity of

[FeFe]H2ases can reach 6000–9000 molecules H2 s-1 per site under optimal conditions.66

Figure 1.17 The structure of the active site (H-cluster) in [FeFe]H2 ases.65

Hydrogen was generated from the three-component system of [Ru(bpy)3]2+, ascorbic acid, and an

all CO diiron complex 1 (figure 1.18) in action of light with λ > 400 nm, in which ascorbic acid

acts as a proton source and its ascorbate anion functions as a reductive quencher for

*[Ru(bpy)3]2+ to generate [Ru(bpy)3]3+.67

Figure 1.18 The Fe-based homogeneous catalytic systems with ruthenium-polypyridine as
photosensitiser for hydrogen generation.67
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The total amount of hydrogen evolved was 0.8 turnovers based on complex 1.67 One of the

reason for relatively low activity is that the all CO diiron complex 1 (Figure 1.18) was gradually

decomposed under irradiation. A special phosphine ligand, tris(N-pyrrolyl)phosphine (P(Pyr)3),

was introduced to the diiron complexes to improve the photo-stability of diiron complexes. The

reduction potentials of complexes 2 and 3 for the FeIFeI/Fe0FeI process match the

thermodynamic requirement for intermolecular electron transfer from [Ru(bpy)3]2+ to the diiron

complex.68 With 2 and 3 as catalysts in a 1 : 1 CH3CN–H2O solution, the total turnovers for

hydrogen evolution are 4.3 based on 2 and 86 based on [Ru(bpy)3]2+ in a 3 h photolysis, and for

the system with P(Pyr)3 disubstituted complex 3, the turnovers are 1.7 based on 3 and 34 based

on [Ru(bpy)3]2+. The photostabilities and catalytic activities of 2 and 3 are higher than that of the

all-CO analogue 1. These results indicate that CO-displacement of the all-CO diiron complex by

P(Pyr)3 ligand(s) improves the photostability and the catalytic activity of [2Fe2S] model

complexes to a certain extent in the photocatalysis reaction.

1.7.5 Cobalt based intermolecular photocatalyst systems

Some cobaloxime complexes have been found to be very efficient for hydrogen evolution.69

Cobaloximes are considered as good catalytic candidates for photochemical hydrogen

production. Lehn and co-workers pioneered the studies on homogeneous photogeneration of

hydrogen using [Co(dmgH)2(OH2)2] (1, dmgH = dimethylglyoximate, figure 1.19) as catalyst

with [Ru(bpy)3]2+ as photosensitiser and TEOA as sacrificial electron donor in the DMF

solution.154 The turnover based on the cobaloxime is 16 after 1 h irradiation. Addition of 6 to 15

equivalents of the dmgH2 (dimethylglyoxime) ligand was found to be necessary to prevent

complex 1 (figure 1.19) from dissociation and to replace the hydrogenated ligand formed by side

reactions. Dissolution of CO2 in the reaction solution resulted in an increase of the hydrogen

production efficiency to about twice that observed in the absence of CO2. It was proposed that

this increase may be mainly a pH effect since CO2 dissolution was expected to decrease the

apparent “pH” of the medium.154
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Figure 1.19 Structure of the cobaloxime complex [Co(dmgH)2(OH2)2](1)

Recently, Eisenberg and co-workers developed an efficient three-component system with the

cobaloxime [Co(dmgH)2(py)Cl] 2 (Figure 1.20) as catalyst, platinum terpyridylphenylacetylide

complex 3 (Figure 1.20) as photosensitiser, and TEOA as electron donor.70 On increasing the

concentration of electron donor (TEOA) to 2.4 (104-fold to that of the platinum-based

photosensitiser) turnovers of 1000 based on platinum and 28 based on the cobalt catalyst were

achieved after a 10 h irradiation (λ > 410 nm) in CH3CN–H2O solution.

Figure 1.20 The cobaloxime catalyst and the platinum photosensitiser used by Eisenberg’s
group.70

The cobaloxime complex [Co(dmgBF2)2(OH2)2] 4 (figure 1.21) containing two BF2-bridges was

found to be highly efficient for photo-generation of hydrogen with a rhenium complex

[Re(CO)3Br(phen)] 5 (figure 1.21) (phen = phenanthroline) as photosensitiser in the presence of

excess amounts of Et3N and Et3NH+BF4
- in acetone under irradiation (λ = 380 nm).71 The

maximum turnover is 273 based on both photosensitiser and catalyst using 600 equiv. of both

Et3N and Et3NH+BF4- after 15 h irradiation. The quantum yield of hydrogen was 0.16 at 412 nm.

The catalytic activity and stability of this multicomponent catalyst system can compete with
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some previously reported platinum based systems.72 Similar systems, based on the cobalt catalyst

[Co(dmgH)2] and rhenium photosensitiser [Re(CO)3Br(bipy)], are recently described. 73 The

quantum yield of hydrogen is 26 ± 2 %. The rate of hydrogen evolution was found to be

dependent on the photon flux (a linear dependence) and the concentration of cobalt catalyst (a

quadratic dependence).

Figure 1.21 The cobaloxime catalyst and the rhenium photosensitiser used by Fontecave’s
group.71

1.8 Intramolecular Photocatalysis

Since the photolysis of water requires the transfer of redox equivalents, and typically light

absorption is separated from the actual catalysis centre, there has been a considerable amount of

recent work invested in linking a photosensitizing unit to a water reduction catalyst. Such

bridged systems allow for increased electron transfer rates, while the adjustment of orbital

energies and overlap allows for a long-lived charge-separated state. Connecting the

photosensitiser to a water reducing catalyst may prove to be advantageous, but knowing for

certain the nature of the active catalyst can be difficult. Since several recent examples of bridged

systems use Pt2+ or Pd2+ based catalysts for proton reduction, the formation of a metallic colloid

by reduction of the catalytic site is plausible.74 While the catalytic activity of the molecular

species cannot be ruled out, the formation of a potentially more efficient colloidal catalyst must

be considered. In addition, the active state of such bridged catalysts could actually be a

dissociated form of the precatalyst, thus functioning as a bimolecular system. Therefore, such

systems must be studied in detail with carefully selected comparisons to determine the nature of

the catalytic species.
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1.8.1 Platinum and palladium based intramolecular photocatalytic systems

Sakai and co-workers reported the synthesis of heterobinuclear Ru–Pt complex 1 (Figure 1.22).75

Under irradiation (λ ≥ 390 nm) a water solution of this complex, in combination with EDTA as

sacrificial electron donor, led to the evolution of hydrogen with a TON of 4.8.

Figure 1.22 A platinum (II) complex covalently bound to a ruthenium photosensitizer.75

At the same time, Rau and co-workers reported the synthesis and catalytic properties of Ru–Pd

complexes 2 and 3 (Figure 1.23). 76 A bridging ligand between the metals was

tetrapyridophenazine. A turnover number of 56 was achieved when a water solution of the

complex containing triethylamine was irradiated with 470 nm light. The formation of zero-

valent metals in the reduction is probably one of the reasons for low stability of platinum and

palladium-based catalysts. It was also found that binuclear Ru–Pd complexes of this type can

catalyse the selective reduction of tolane to cis-stilbene under the same conditions.

Figure 1.23 Palladium(II) complex covalently bound to the ruthenium photosensitiser.76
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Another binuclear Ru–Pd complex 4 (Figure 1.24), active as a photocatalyst for hydrogen

production, was reported by Hammarstrom’s group.77 Hydrogen evolution was monitored upon

irradiation (λ ≥ 475 nm) of the complex in ACN–TEA. No hydrogen was detected in the dark;

maximal turnover number was 30. Authors investigated the potential formation of colloidal

palladium in this system by using transmission electron microscopy and X-ray photoelectron

spectroscopy. On the basis of these measurements, the formation of colloidal palladium was

confirmed. The appearance of the colloid correlates in time with hydrogen evolution. In

conclusion, authors do not rule out that binuclear complex can function as homogeneous catalyst,

but metallic palladium plays a major role. These important results indicate that great care should

be taken when interpreting the mechanism of hydrogen production catalysed by supramolecular

systems.

Figure 1.24 A binuclear Ru–Pd complex reported by Hammarstroms group.77

1.8.2 Iron based based intramolecular photocatalytic systems

Several ruthenium diiron dyads (5–8) were reported (figure 1.25), where the [2Fe2S] model

complexes of the [FeFe]H2ase active site are attached to [Ru(bpy)3]2+ by different linkers.78 The

initial motif is to build photoactive catalysts for hydrogen production, however, the diiron

catalytic centers in these ruthenium diiron dyads cannot be directly reduced by the excited

photosensitiser, which was quenched either by energy transfer or by unwanted reductive

quenching from the diiron moiety. It is mainly because the reduction potentials of the diiron

complexes are more negative than the oxidation potential of the excited state of the ruthenium

complex, making the direct electron transfer from the excited photosensitiser to the catalyst

thermodynamically unfavourable.
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Figure 1.25 Diiron complexes covalently linked to the ruthenium-polypyridine photosensitiser.78

In addition to ruthenium-polypyridine complexes, a phenylsubstituted porphyrin and zinc-

porphyrin complexes were also used as photosensitisers in the photoinduced electron transfer and

hydrogen generation studies. Song and co-workers successfully prepared and well-characterised

two light-driven dyad models (9 and 10, Figure 1.26), in which the photosensitiser, either a

tetraphenyl porphyrin (TPP) or a zinc-porphyrin complex (ZnTPP), is coordinately bonded to a

diiron complex.79 Although it is possible that the marked quenching of the fluorescence bands of

9 and 10 in the steady-state emission spectra relative to those of their reference compounds TPP

and ZnTPP is mainly due to the intramolecular electron transfer from the photoexcited porphyrin

or metalloporphyrin-type moiety to the coordinately bonded diiron complex, the proposed

electron transfer processes are not experimentally verified by time-resolved spectroscopy.

Recently, a non-covalent assembly 11 (Figure 1.26) of a pyridyl functionalised hydrogenase

active site model and a zinc tetraphenylporphyrin was obtained and characterised. 80 The

photoinduced intramolecular electron transfer from the excited singlet state of the porphyrin to

the diiron center was well verified by the fluorescence spectra and the laser flash photolysis

technique. Because the two units, the zinc-porphyrin and the diiron complex, in the coordinately

self-assembled dyad are able to separate from each other after the intramolecular electron

transfer reaction, this dyad can effectively reduce the charge recombination and energy transfer

5 6 7 8
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as compared to covalently linked ruthenium diiron molecular dyads. Visible light-driven

dihydrogen generation was observed from the zinc-porphyrin diiron dyad 11.

Figure 1.26 Diiron complexes covalently or coordinately linked to the porphyrin
photosensitiser.79, 80

Although the turnover number (TON) is relatively low (0.2), the zinc porphyrin diiron catalytic

system is attractive because (i) no noble metal is involved in the catalytic system; (ii) both

catalyst and photosensitiser are based on bio-inspired mimics; and (iii) it is the first photoactive

hydrogenase model for successful light driven dihydrogen generation using a self assembling

principle.

1.8.3 Cobalt based catalyst systems

By replacing one of the axial H2O ligands of the cobaloxime with pyridine-functionalised

ruthenium-polypyridine complexes, Fontecave and Artero et al. built a series of Ru–Co and

Ir–Co heterobinuclear photocatalysts (12–16, Figure 1.27) for photochemical hydrogen

generation from Et3NH+BF4
-.69,81 The Ru–Co dyads are more efficient in hydrogen production

than their corresponding multicomponent systems under the same condition. Complex 13

containing the BF2-bridged Co(II) center is superior to 12 with the H-bridged Co(III) center

because the Co(II) state in 13 is more easily reducible and more resistant towards the side

9 10 11



Chapter 1 - Introduction

35

reactions, such as acidic hydrolysis and hydrogenation. The supramolecular photocatalyst 13

with the [Ru(bpy)2(L-pyr)]2+ (L-pyr =(4-pyridine)oxazolo[4,5-f]phenanthroline) unit as

photosensitiser performs up to 103 turnovers in the presence of 100 equiv. of both Et3N and

Et3NH+BF4
- in acetone during a 15 h irradiation (λ >350 nm).81 The systems based on 12–14 are

almost inactive under visible light irradiation. Substitution of dmphen ligands for bpy in the

ruthenium unit makes the Ru–Co supramolecular catalyst (15) active using visible light (λ > 380

nm), but the turnover remains low. A significant enhancement in catalytic activity was observed

when the ruthenium-based photoactive moiety was replaced by the heteroleptic iridium unit.

Turnover number reaches 210 based on 16 in the presence of 600 equiv. of both Et3N and

Et3NH+BF4
- following 15 h irradiation, which is higher than those reported for the other noble

metal-based supramolecular systems such as the Ru–Pt, Ru–Pd, and Ru–Rh photocatalysts. In

comparison, the maximum turnover for the corresponding Ir–Co multicomponent system is 165

under the same conditions and the quantum yield of hydrogen is 0.12. In common with the Ru–

Co system reported by Lehn and co-workers,82 the photocatalytic activity of the dyads decreased

by a third upon addition of water to the reaction medium.

Figure 1.27 Photosensitiser-cobaloxime supramolecular catalysts reported by Fontecave’s
group.81

12 1613.R=Me
14.R=Ph

15
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A promising approach to the hydrogen photo-evolution was developed by Nocera’s group.83 This

approach is based on the use of two-electron mixed-valence coordination complexes of the

general formula Mn–Mn+2. Dirhodium 17 (Figure 1.28) and diiridium complexes with different

bridging ligands are capable of generating hydrogen from HCl or HBr under irradiation. It was

found that dirhodium compounds can also function as a photocatalysts.84 Thus, the photocatalytic

production of hydrogen from THF–HCl solution was observed upon irradiation with UV-vis

light (λ ≥ 338 nm). Activation of the Rh–Cl bond and photochemical instability of Rh0–RhII

intermediates involved in the catalytic cycle play crucial roles in this system.

Figure 1.28 A dirhodium mixed-valence cluster reported by Nocera’s group.83

1.9 History and Occurrence of Iridium Complexes

Iridium was discovered and named by a British scientist, Smithson Tennant. This metal had for

some time been known to dissolve almost completely in aqua regia, but a small black residue

always remained and was for a time thought to be graphite. In 1803 Tennant began a study of

this material which ultimately resulted in the identification of both osmium and iridium. Iridium

is a precious metal. Iridium is hard, fragile and can be easily worked between 1200 0C and

1500 0C. Tennant chose the name iridium, from the Greek iris, rainbow, "from the striking

variety of colors which it gives while dissolving in marine acid". Iridium always occurs

associated with other metals from the platinum group. The major source are the nickel-

copper ores of Canada. Generally, iridium is regarded as a “catalytic” metal or as a useful metal

centre for reactivity and model studies related to homogeneous catalysis. Effort has been made to

portrait through the literature review section that iridium is more than that. In particular, some of

17
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its complexes display promising photophysical and photochemical properties. This section aims

to provide an overview of iridium (III) polyamine complexes.

1.10 Families of Ir (III) polyamine complexes

As a third-row transition metal, iridium (III) is characterised by the great inertness of its

coordination sphere, requiring harsh reaction conditions to substitute the classical chlorine

ligands of the starting iridium salts. It is noteworthy that iridium (III) is capable of forming a

large range of complexes, including mono-, bis- and tris-cyclometallated complexes (the last is a

unique feature among all polyamine complexes of transition metals),85 and that many more

complexes are known with bidentate ligands than with terdentate ligands.

Two classes of complexes can be distinguished, depending on the extent to which the ligands

contribute to the electron density at the metal centre. When some ligands are anionic (chloride,

cyclometallating ligand), the emitting excited states have metal-to-ligand charge transfer

(MLCT) character and there is sufficient charge compensation for the metal-centered oxidation

to proceed. In contrast, when the ligands are neutral and donate less charge density to the metal,

emission is ligand centered (LC) and no metal-based oxidation is observed. For both classes of

complexes for which reduction processes have been investigated, these are exclusively ligand

centered.

1.10.1 [IrL2Cl2]n+ complexes [L = bidentate ligand, (N^N) species]

In 1969 DeSimone et al. reported the preparation of [Ir(bpy)2Cl2]Cl by fusing K3IrCl6·3H2O and

bpy in the absence of any solvents at 270 0C for 15 min,86and unambiguously demonstrated the

cis-configuration of the complex using NMR spectroscopy. From the literature it is clear that

phenanthroline has been used much more often than bipyridine. This is due to the greater

difficulty of obtaining pure samples of complexes with bpy ligands. cis-[Ir(phen)2Cl2]Cl was first

described in 1964 by Chiswell et al.,87 prepared in 27 % yield by heating K3IrCl6 with 1,10-

phenanthroline at 220 0C for 14 h. In 1971 Broomhead et al. reported a different synthesis.88 In a

first step [Ir(phen)Cl4]-[phenH]+ was prepared in 90 % yield from (NH4)3IrCl6·2H2O and phen by

reflux in acidic water for 2 h. The second step consisted of heating the phenanthrolinium salt in

refluxing glycerol for 1 min, and gave cis-[Ir(phen)2Cl2]Cl as a yellow solid. These early
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examples reflect the synthetic difficulties usually encountered when preparing simple iridium

(III) complexes.

In 1990 Brewer et al. reported the preparation of various complexes of the type cis-[IrL2Cl2]+ (L

= bidentate chelate, figure 1.29) following a slightly modified procedure.89

Figure 1.29 Representation of [IrL2Cl2]+ complexes [L = bidentate (N^N) chelate].89

In contrast to related RhIII complexes, in which the first reduction is metal centered, in these

[IrL2Cl2]+ complexes the first two reduction steps are ligand based. The ligands bpm, dpp, dpq,

and dpb (figure 1.28) are all easier to reduce than bpy, and the first reduction potential for these

[IrL2Cl2]+ complexes is clearly related to the extent of electronic delocalisation over the ligand.

After uptake of two electrons by the ligand system, a subsequent two-electron metal centered

reduction takes place which leads to expulsion of the chloride ligands, generating a four-

coordinate IrI complex [eqns. (1.8)–(1.11)].89,90

[IrIIIL2Cl2]+ + e- [IrIIILL-Cl2] (1.8)

[IrIIILL-Cl2] + e- [IrIIIL- L-Cl2]
- (1.9)

[IrIIIL- L-Cl2] + 2e- [IrIL- L-Cl2]3- (1.10)

[IrIL- L-Cl2]3- [IrIL- L-]- + 2Cl- (1.11)
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A noteworthy feature of the above reduction pattern is that the reduced two-electron [IrL- L-Cl2]-

species are stable. This is one reason why multielectron reduction schemes are feasible based

either on the monometallic complexes of the series in figure 1.29 or on multimetallic complexes.

The mononuclear complexes described above have been extended to polynuclear mixed-metal

systems with the ability to undergo intercomponent electron-transfer processes on irradiation.

[IrL2Cl2]+ (where L is the dpb ligand) was reacted with two equivalents of [Ru(bpy)2Cl2] to give

a diastereomeric mixture of the corresponding trinuclear complexes in 85–90 % yield after

heating at reflux in EtOH–H2O for 3 days.90 The trinuclear complexes prepared by Brewer and

coworkers (figure 1.30(a)) demonstrate rich electrochemistry. The two ruthenium (II) centres are

oxidised simultaneously and there is also a series of one-electron reductions leading to the

storage of four electrons in the bridging ligands before the peripheral bpy ligands are

reduced.91,92

Figure 1.30 (a) [Ru(bpy)2(dpb)IrCl2(dpb)Ru(bpy)2]5+ and (b) Photoinduced two-electron
uptake by the bridging ligands.104

For [(bpy)2RuII(dpb)IrIIICl2(dpb)RuII(bpy)2]5+, sequential reductions of the bridging ligands

(BLs) occur at -0.12, -0.26, -0.90 and -1.22 V (vs Ag/AgCl).91,92 The first two reduction

processes in this trinuclear complex are easier than the analogous processes in the mononuclear

precursor [Ir(dpq)2Cl2]+. This can be ascribed to the stabilising effect of the Ru (II) centres

towards reduced states involving iridium containing fragments. As a consequence of this

remarkable electrochemical behaviour, an extension to systems driven by light was proposed.91
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Figure 1.30(b) provides an illustration of a trinuclear complex containing the dpb ligand which

can store multiple electrons. Irradiation of the peripheral Ru (II) centres leads to the transfer of

two electrons to the BLs, following which the Ru (III) donors are re-reduced by the sacrificial

electron donor (dimethylaniline). This basic photochemical device has potential future

applications in one-step two-electron delivery to a substrate. Two years later, a similar trinuclear

system was prepared using a different bridging ligand, bpm, which now can take up two

electrons (four electrons are collected before the first bpy-localised reduction),92 according to a

reduction pattern of the type seen above (figure 1.30b). This reaction proceeded with a 60%

isolated yield by heating the starting materials [Ru(bpy)2Cl2] and [Ir(bpm)2Cl2]+ to reflux in

EtOH–H2O for 5 days. Further detailed photophysics on complexes of the type [IrL2Cl2]n+ is

considered in detail in chapter 5.

1.10.2 [IrL3]n+ complexes (L = bidentate (N,N) ligand)

In 1958 [Ir(bpy)3]3+ was first described by Martin et al., as an orange solid, obtained by fusing

K3IrCl6 and bpy for 20 min.93 The lack of precise characterization available at that time led

Chiswell et al. to attempt the preparation of [Ir(phen)3]3+ in 1964 under similar conditions.87 Pale

yellow complexes were obtained, although some uncertainty remains regarding their purity. In

1974, the procedure described by Demas et al. was much more precise.94 K3IrCl6.3H2O was first

converted into a halide free sulfate upon treatment with K2S2O8 and KHSO4 in boiling water,

evaporation to dryness, and fusion in air above 250 0C for 30 min. After cooling, it was mixed

with bpy and fused under CO2 at 230 0C for 6 h. A laborious work-up led to [Ir(bpy)3]3+ in a

good 50 % yield (figure 1.31).

Figure 1.31 Representation of (a) [Ir(bpy)3]3+ (b) [Ir(phen)3]3+ and (c) [Ir(dmbpy)3]3+.



Chapter 1 - Introduction

41

The metal-centered oxidation of [Ir(bpy)3]3+ occurs at a rather high potential, +2.17 V, while

reduction (ligand centered) occurs at -0.76 V (vs NHE).85,95 Its low temperature luminescence

(77 K), which has a lifetime of 80 μs, has LC characteristics. At room temperature it exhibits a

lifetime, τ = 2.4 μs, suggesting emission has some MLCT character (less than 20–30%).85,96

From the onset of the emission spectrum, the energy level of the lowest-lying excited state,

[Ir(bpy)3]3+, is estimated to be 2.81 eV. According to these electrochemical and spectroscopic

data, [Ir(bpy)3]3+ is a good oxidizing agent.

From the reaction between IrCl3 and bpy in glycerol at 180 0C for 2 h, performed in 1977 by

Watts et al., a complex was isolated, which was identified at that time as [Ir(bpy-N^N)2(bpy-

N)(H2O)]3+, a complex with one monodentate bpy in which the sixth coordination site is

occupied by a water molecule.97 Four years later using X-ray crystallography, Serpone et al.

demonstrated that it was in fact [Ir(N^N-bpy)2(NH,C3-bpy)]3+, the monocyclometallated and N-

protonated analogue of [Ir(bpy)3]3+. 98 Further published work confirmed this conclusion in

subsequent years. Treatment of cis-[Ir(bpy)2Cl2]+ with trifluoromethanesulfonic acid in o-

dichlorobenzene led to cis-[Ir(bpy)2(OSO2CF3)2]+ in 95 % yield, as reported by Meyer et al. in

1984. 99 This trifluoromethanesulfonato complex proved to be an excellent precursor to

[Ir(bpy)3]3+, the substitution proceeding in 80 % yield by heating with bpy in ethylene glycol for

5 h.

1.10.3 [IrL2Cl]2 complexes [L = cyclometalating ligand, (N^C) species]

In 1984, Watts et al. prepared dichloro-bridged IrIII dimers in 72 % yield using Hppy or

benzo[h]quinoline as N^C cyclometallating ligands, by refluxing iridium trichloride hydrate with

the ligand in 2-ethoxyethanol:water for one day (figure 1.32a).100 Nonoyama and coworkers had

developed another synthetic strategy in which the cyclometallating ligand (e.g. phenylpyridine,

benzoquinoline, 2-phenylbenzothiazole, etc.) is reacted with IrCl3.nH2O in 2-ethoxyethanol

under an inert atmosphere giving the corresponding air-stable μ-chloro bridged precursor

material. 101 Although this procedure is used widely, alternative protocols performing the

cyclometallation reaction in trimethyl phosphate at significantly lower temperatures have been

reported. 102 Six years later, by reacting potassium hexachloroiridium (IV) and potassium

hexachloroiridium (III) with bpy in EtOH–H2O, the Watts group obtained a dichloro-bridged
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dimer in which each iridium centre is surrounded by one N,N-coordinated bpy and one N,C-

coordinated bpy (figure 1.32b).103

Figure 1.32 Representation of cyclometallated dichloro-bridged dimers.

1.10.4 [IrL3]n+ complexes (L = (N,C), (N,Si) and (N, S) ligands), homoleptic and heteroleptic

The interest in iridium compounds (iridium (I) and iridium (III) species) has especially been

boosted by the different fields of application ranging from very efficient catalysts to important

emitter materials in OLEDs. Although the catalytic activity of iridium complexes has been well-

known for a significant period of time,104 a new era of utilisation has commenced its rapid

development with the first reports on electrophosphorescent devices.105 In particular, the very

desirable material properties such as reversible electrochemistry, appropriate triplet lifetimes,

synthetic versatility, colour tuning of the emission wavelengths by ligand modifications and the

robust nature of many iridium (III) complexes render these compounds ideal candidates for the

fabrication of highly efficient phosphorescent OLEDs.106,107,108 Neutral electrophosphorescent

iridium (III) compounds are definitely the most common phosphorescent dopants in OLEDs

distinguishing two classes, namely homoleptic compounds containing three cyclometalating

ligands and heteroleptic iridium complexes with two cyclometalating ligands and an ancillary

ligand. Despite intense studies on neutral iridium complexes being a topic of worldwide

scientific efforts, charged derivatives also receive more and more attention due to possible

applications in light-emitting electrochemical cells (LECs). 109 The general synthetic methods

followed at present for the synthesis of homoleptic iridium complexes is summarised in

Scheme 1.2.
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Scheme 1.2 General synthetic pathways followed for homoleptic tris iridium complexes.

1.10.4.1 Homoleptic Complexes

The first report on homoleptic tris-cyclometallated iridium (III) compounds was published in the

early 1980’s being observed as a byproduct of the synthesis of di-μ-chlorotetrakis(κ2(C2,N)-2-

phenylpyridine) diiridium (III). Since that time and enforced by the excellent electroluminescent

properties of e.g. Ir(ppy)3 (ppy = phenylpyridine) as well as the possibility of efficient colour-

tuning by simple changes or modifications of the cyclometallating ligand, numerous optimised

protocols have been presented giving tris-cyclometallated complexes in acceptable yields.

Among them, ligand exchange reactions starting from Ir(acac)3, solvent-free procedures or

approaches conducted at high temperatures of 170 - 195 0C in the presence of silver triflates have

been proposed.108 However, the harsh reaction conditions, comparably low yields and the

number of byproducts110 are considered to be significant drawbacks of homoleptic iridium

complexes.

Additionally, the rate of formation of the facial and meridional isomer was found to be

influenced by the reaction conditions. fac-[Ir(ppy)3] was reported as a side-product in the

preparation of [Ir(ppy)2Cl]2 by Watts et al. in 1985, which was isolated soon afterwards in low

yield from washing filtrates.111 Subsequently, other complexes containing substituted ppy were

prepared in good yields (40-75%) by reaction of [Ir(acac)3] with Hppy in refluxing glycerol for

10 h.112 The facial arrangement of the ligands can be explained by the strong trans-effect of Ir–C

bonds: after coordination of a first ppy, the oxygen atom (from acac) located trans to the Ir–C

bond is labilised and this vacant coordination site is filled by the nitrogen atom of another ppy. In
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this way a series of tris-cyclometallated complexes was obtained by Watts et al., which proved to

be strong photoreductants.111,112

The first tris (N^Si) ligated metal complex was reported the following year, by Watts et al.113 It

was obtained in 60 % yield by reaction of [Ir(PPh3)3(CO)(H)] with (8-quinolyl)dimethylsilane in

refluxing toluene for 24 h (figure 1.33). A different procedure was later used by Güdel et al. for

the preparation of fac-[Ir(thpy)3].114 In this case, [Ir(thpy)2Cl]2, excess Hthpy and silver triflate

were heated at 110 0C for one day to give the desired orange complex in 58 % isolated yield

(figure 1.33).

Figure 1.33 Representation of tris-cyclometallated complexes with (N,C), (N,Si) and (N,S)
ligands.

1.10.4.2 Heteroleptic Iridium Complexes

The difficulties in preparing tris-cyclometallated iridium complexes is overcome by

incorporating ancillary ligands such as acetylacetonates, picolinates, triazolates, tetrazolates or

quinolinolates.115,116,117 Although the preparation of heteroleptic iridium (III) compounds starts,

again, from the corresponding μ-chloro bridged precursor materials, the subsequent bridge-

splitting step is clearly facilitated giving the products in better or even quantitative yields. Colour

tuning is usually achieved by changing the nature of the cyclometallating ligand but, on the other

hand, requires the synthesis of different precursors.108,118 Despite this being considered to be a

significant drawback of this approach, many heteroleptic iridium complexes bearing ancillary

ligands exhibit very desirable material properties such as high quantum yields even at room

temperature or good thermal stabilities providing the possibility of vacuum deposition processes.
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As a consequence, they are frequently used as phosphorescent dopants in OLEDs.119,120 Some

frequently used cyclometalating and ancillary ligands are shown in figure 1.34.

Figure 1.34 Commonly used a) cyclometallating and b) ancillary ligands for homo and
heteroleptic iridium(III) complexes.

1.10.5 [IrL2]n+ complexes (L = terdentate ligand)

1.10.5.1 IrLCl3 species

In 1937, working on the coordination chemistry of terpy and various metals, Morgan and

Burstall reported in a historic paper the preparation of [Ir(terpy)Cl3] by reaction of Na3IrCl6 and

terpy in water.121 Fifty five years later, Brewer et al. prepared [Ir(tpp)Cl3] in 45 % yield by

reacting IrCl3 : 13H2O and tpp in refluxing ethylene glycol for 25 min.122 A dinuclear complex

was also synthesised, using tpp as bridging ligand: [(terpy)Ru-(tpp)IrCl3]2+ was obtained in 62 %

yield from [Ir(tpp)Cl3] and [Ru(terpy)Cl3] after heating at reflux in DMF–EtOH for 4 h (figure

1.35). For this complex, the emission is of Ru→ tpp CT nature, irrespective of the excitation

wavelength.113

Figure 1.35 Representation of the Ir-Ru dimer with ligand tpp, [(terpy)Ru(tpp)IrCl3].
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1.10.5.2 [IrL2]3+ complexes ((N^N^N) species)

In 1990, Demas and co-workers reported the first synthesis of Ir(terpy)2
3+ following the initial

stage of the procedure they had used in 1974 for the synthesis of Ir(bpy)3
3+.123 The iridium

sulfate (prepared in situ from K3IrCl6) was reacted with terpy in refluxing ethylene glycol for a

few minutes, and at 150 0C for 6 h. Tedious workup and purification were necessary to isolate

the desired complex (figure 1.36).

Figure 1.36 Representation of bis-terpyridine complexes.

In 1999 a different method was reported,124 based on the stepwise coordination of two terpy

ligands under milder conditions. Depending on the solubility of the ligand, the first coordination

required refluxing EtOH or heating at 160 0C in ethylene glycol. After isolation of the

[Ir(terpy)Cl3] intermediate, the second chelation was achieved in ethylene glycol, at temperatures

between 140 0C and reflux (196 0C). Purification proceeded either by crystallisation or by

column chromatography on silica gel. Isolated yields were 10 - 25 % with respect to IrCl3.

Iridium bis-terpyridine complexes are luminescent at room temperature, with λem= 458 nm for

unsubstituted terpy and 506 nm for 4'-arylterpys. The emission is a ligand phosphorescence,122

possibly with some MLCT character for 4-arylterpys.123 This gives highly energetic excited

states with a lifetime on the microsecond timescale, in striking contrast to the ruthenium (II)

analogues. With a reduction potential of +1.6 V/SCE, the excited state is also a powerful

oxidant. More recently, Williams et al. used the same synthetic pathway to prepare bis-terpy



Chapter 1 - Introduction

47

complexes bearing pH-sensitive groups (phenol and pyridine, figure 1.36).125 [(tterpy)Ir(terpy-

py)]3+ is luminescent at pH > 6, but its luminescence intensity drops by about one order of

magnitude for pH < 4. This complex constitutes a potentially useful pH sensor. The authors

ascribe the pH-dependence of the luminescence to a change from predominantly LC emission at

higher pH to predominantly MLCT emission at lower pH values, as a consequence of

protonation of the appended pyridine site.125

1.11 Multinuclear iridium complexes

Reaction of [Ir(ppy)2Cl]2 with HAT in refluxing CH2Cl2–MeOH gave the orange complex

[Ir(ppy)2(HAT)]+ in 80 % yield (figure 1.37a).126 Irradiation of this complex with visible light

leads to luminescent states. At room temperature, [Ir(ppy)2(HAT)]+ emits at λ > 770 nm (τ < 10

ns) while at 77 K it has dual-emission properties. The two states responsible for the low-

temperature behavior, which are not thermally equilibrated at 77 K, are identified as MLCT and

sigma-bond-to-ligand CT (SBLCT) states (figure 1.37c), with lifetimes of 1.5μs and 3μs.126

Figure 1.37 (a) Representation of Ir(ppy)2(HAT)+, (b) Energy transfer in [Ru(bpy)2(HAT)
Ir(ppy)2]3+ and (c) Ground and excited states.

The synthesis of a dinuclear complex incorporating Ru (II) and Ir (III) centers linked via the

bridging ligand HAT was reported by Kirsch-De Mesmaecker et al. [(bpy)2Ru(HAT)Ir(ppy)2]3+
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(figure 1.37b) was obtained by reacting [Ru(bpy)2(HAT)]+ with [Ir(ppy)2Cl]2 in refluxing

CH2Cl2–MeOH for 6 h.127 In this dinuclear complex, the emission is identified as Ir-centred,

SBLCT in nature (λmax = 760 nm, τ < 10 ns), consistent with Ru → Ir energy transfer.128

A different dinuclear complex, [(bpy)2Ru(bpt)Ir(ppy)2]2+, was synthesised by Reedijk et al. by

reacting [Ru(bpy)2(bpt)]+ and [Ir(ppy)2Cl]2 in refluxing 2-methoxyethanol for 2 days.129 In this

complex (figure 1.38), the two metal centres are linked via a bridging ligand containing a

monoanionic triazole unit. Because of this electronic feature, the MLCT states localised on the

two moieties involve the peripheral ligands and not the bridging ligand (as is usual for most

dinuclear complexes). In [(bpy)2Ru(bpt)Ir(ppy)2]2+, emission is only observed from the Ru based

unit and the direction of intercomponent energy transfer is Ir → Ru, i.e. in the opposite direction

from that observed for [(bpy)2Ru(HAT)Ir(ppy)2]3+.

Figure 1.38 Energy transfer in [Ru(bpy)2(bpt)Ir(ppy)2]2+.

Continuing the series from mono and dinuclear complexes to multinuclear compounds led

Serroni, Campagna et al. to investigate tetranuclear heterometallic complexes.130 These were

obtained as a mixture of diastereoisomers by the reaction of [Ir(ppy)2Cl]2 with M(dpp)3
2+ (M =

Ru (II), Os (II)) in refluxing CH2Cl2 for 2.5 h, in 73 % and 70 % yields respectively (figure

1.39). Using similar reaction conditions (CH2Cl2–MeOH, 2 h reflux) Neve, in collaboration with

the same group, prepared [Ir(ppy)2L]+ complexes where L is a substituted 6'-phenylbipyridine.131

The emission is ascribed to MLCT states with partial SBLCT character.
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Figure 1.39 Representation of {M[(dpp)Ir(ppy)2]3}5+ (M = Ru (II), Os (II)).

The coordination chemistry of iridium (III) was originally carried out under harsh reaction

conditions. The more recent use of milder conditions has opened the way to the use of ligands

bearing chemically sensitive groups.124 This synthetic approach has led to the preparation of

porphyrinic arrays built around an Ir(terpy)2
3+ core, with appended electron donors and acceptor

units (figure 1.40).124,155,156 In this triad, excitation of the free-base porphyrins with visible light

yields, with 50% efficiency, a charge separated state which has a lifetime of 3.5 ns at room

temperature.156

Figure 1.40 A porphyrinic molecular triad which undergoes photoinduced charge separation.156
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1.12 Photophysical properties of iridium (III) complexes

Most of the experiments were carried out on iridium polypyridyl complexes. These are

octahedral complexes of Ir (III) possessing a center of symmetry. The symmetry selection rule

states that it is a necessary condition for a transition to be "allowed" and that the electron moves

from an orbital that is even with respect to inversion through the center of symmetry, to an

orbital that is uneven with respect to inversion. Since all d orbitals in an octahedral complex are

even with respect to inversion, d-d transitions are "forbidden". Under visible irradiation these

complexes undergo strong intra ligand charge transfer transitions (ILCT). What is called a

charge transfer is nothing but a transition with a very large transition dipole moment. In the case

of transition metal complexes in addition to ligand-based transitions, electron density can be

transferred from d or n orbitals localised on the metal ion to a π* orbital on the ligand. If the

lowest unoccupied molecular orbital (LUMO) is located on the metal ion, the opposite charge

transfer (LMCT) is observed.145,157,158

Figure 1.41 Charge transfers in a transition metal complex

Tuning of the photophysical properties of iridium (III) complexes has received considerable

attention because of a series of practical applications such as flat-panel displays. Even though

numerous organo iridium compounds have been reported to give efficient electroluminescence in

the red, green and blue spectral region,132,133 further scientific efforts are necessary to provide a

general toolbox for synthesizing iridium compounds with absorption and emission characteristics

tailored towards particular needs.134 In this context, not only numerous reports on the synthesis

and photophysical characterization of novel iridium (III) complexes have been published, but

also quantum mechanical calculations are becoming more and more important in the design of
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phosphorescent emitter materials. 135 , 136 , 137 The absorption and emission spectra of these

phosphorescent metal complexes are in general influenced by various parameters such as the

valence electron configuration at the metal, the type of the electronic transitions or the

correlation among lower lying electronic excited states. Similar to fluorescent small molecules

also the photophysical behavior of transition metal complexes can be properly described with

molecular orbitals, however, the performance of accurate quantum mechanical calculations is far

more complicated. Nevertheless, it has been shown that frontier molecular orbitals are not

equally delocalised in heavy metal complexes resulting in different electronically excited

states.159

Among them, metal centered (MC) excited states are typically present in metal complexes with

partially filled d shells at the metal center. The corresponding d-d transitions are Laporte-

forbidden and, consequently, exhibit very low transition probabilities. Metal-to-ligand charge-

transfer (MLCT) states involve electronic transitions from metal based d orbitals to a ligand

centered π* antibonding orbital. Emissive MLCT states are particularly observed in d6 and d8

transition metal complexes and play, therefore, a major role in the photophysics of iridium (III)

compounds. Intraligand (IL) π-π* excited states originate from electronic transitions of the

ligand. If the metal perturbation upon coordination is minimised, their spectral properties often

closely resemble the free ligand states. Finally, ligand-to-metal charge transfer (LMCT) excited

states are occasionally observed in complexes with metal atoms in high oxidation states or in d10

complexes. All these transitions determine the photophysical properties of transition metal

complexes and can be used for the interpretation of experimentally observed spectra or

prediction of absorption and emission characteristics of novel compounds.157,158,159 Hence, this

elementary knowledge of the described processes is necessary to rationalise the impact of ligand

modifications on the photophysical properties of phosphorescent dyes or to design highly

efficient materials for photocatalysis and OLED applications. Along these lines, the absorption

spectra of classical phosphorescent iridium (III) complexes typically display absorption bands

with extinction coefficients between approximately 50000 and 6000 L mol-1 cm-1. The weak

absorption features between 400 and 500 nm can be attributed to spin-allowed and spin-

forbidden metal-to-ligand charge-transfer (MLCT) transitions, while the strong absorption bands

peaking in the UV-region usually originate from intraligand (IL) π-π* transitions.
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After excitation of the iridium complex, the strong spin-orbit coupling induced by the metal

center gives the formally forbidden triplet to singlet ground state transition a significant

allowedness.138 In this context, the energies of the lowest excited states play a major role as they

can be tuned by adjusting the metal and ligand orbitals through substituent effects or via

changing the ligand structures. In other words, chemical modifications or complete alterations of

the cyclometallating or ancillary ligands pave the way to very efficient emission color tuning but

also provide the possibility of tuning the corresponding absorption characteristics towards

particular needs.158,159

Tremendous emission colour-versatility has been achieved with iridium (III) luminophores

applying the above described tuning procedures giving materials with a broad range of excited

state lifetimes (from nanoseconds to microseconds; here it should be noted that a long lifetime

will increase the probability of excited state quenching processes and increases diffusion of the

excited state, which will in turn call for efficient concepts to confine the excitation in the

emissive layer) and quantum yields approaching 100%.105,118,135 As a consequence,

phosphorescent iridium complexes have emerged as the most promising class for practical

OLED applications and the number of new phosphorescent dyes with emission wavelengths

covering the entire visible spectrum is still growing.139,141 Some selected examples of

organoiridium complexes emitting in the blue, green and red spectral region are depicted in

figure 1.42. Detailed photophysics of cyclometallated iridium complexes are also discussed in

chapter 4.

Figure 1.42 Selected examples of phosphorescent iridium complexes with emission maxima in
the blue, green and red spectral region.118,119
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1.13 Iridium complexes as OLED’s

Research on organic light-emitting diodes (OLEDs), has been focused on devices composed of

thin films containing organic/organometallic molecules that directly convert electricity into light

(figure 1.43). 139 Heavy metal organometallic complexes have recently gained tremendous

research interest for fabricating highly efficient phosphorescent OLEDs by taking advantage of

the 1:3 exciton singlet/triplet ratio predicted by simple spin statistics.135 These phosphorescent

emitters are mainly derived from the family of the third-row transition metal (ReI, OsII, IrIII and

PtII) complexes,140 although examples with some second-row transition metals such as RuII are

also known. The three key electronic processes are, (i) charge injection, (ii) charge transport, and

(iii) electron-hole recombination (i.e. exciton formation). Efficiency must be separately

optimised in order to improve the overall OLED performance. The basic Organic Light-Emitting

Diode (OLED) structure typically consists of an organic, light emitting layer between a

transparent anode and a metallic cathode. In the more advanced structure the organic layers

comprise a hole-injection layer, a hole-transport layer, an emissive layer, and an electron-

transport layer to optimise the light output. When an appropriate voltage is applied to the cell, the

injected positive and negative charges recombine in the emissive layer to produce

electroluminescent light. When used to produce displays, the OLED technology produces self-

luminous displays that do not require backlighting. These thin compact displays have a wide

viewing angle of up to 160 degrees and require very low voltage, only 2-10 volts.

Figure 1.43 A simple OLED structure (ref: http://www. hwsands.com).
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The pioneering work by Forrest and Thompson based on the utilisation of triplet emitters rather

than of singlet emitters was a breakthrough in tackling the recombination efficiency issue,141 and

has since triggered a substantial amount of research activities on phosphorescent molecules with

much success. This strategy enhances light emission efficiency by efficient

electrophosphorescence. The advantage of triplet emitters over the singlet emitting counterparts

is that they can capture energy from both singlet and triplet excited states, lifting the upper limit

of the internal quantum efficiency of the usual fluorescent dopant based devices from 25 % to

nearly 100 %. Phosphorescent emitters with heavy metal ions allow for circumvention of this

limitation if the excitons generated by hole-electron recombination reside at a site where efficient

spin orbit coupling leads to efficient singlet triplet state mixing which eliminates the spin

forbidden nature of the radiative relaxation of the triplet state. Of all the systems investigated to

date, [Ir(ppy)3] and [Ir(ppy)2(acac)] (Hppy = 2-phenylpyridine, Hacac = acetylacetone) are the

most well-studied compounds in this area.119 Neutral iridium (III) cyclometallated complexes

have been widely employed as phosphorescent dyes in high-efficiency OLEDs with external

quantum efficiency of up to 19 % using the multilayered device structure. 142 The

phosphorescence colour tuning capability of these metallophosphors proceeded via relevant

modifications of the ligand structures and has been well documented for important applications

in full-colour displays.115,143

Cyclometallated iridium (III) complexes with various peripheral chelating ligands are of major

interest due to their high quantum yields, short lifetimes, or color-tunability. Chelating ligands

play an important role in organic light-emitting diodes (OLEDs)144 and other electroluminescent

technologies.105,106 For the purpose of design and synthesis of luminescent complexes,

cyclometallated aromatics have been commonly used,145 the success of which is attributed to the

following factors. Firstly compared with other organic ligands, aromatic cyclometallates tend to

form the strongest bonding interaction with transition metal elements. Secondly the stronger

metal ligand bonding should increase the d–d energy gap and afford less radiationless quenching

due to the suppressed population to the higher lying, repulsive d–d excited state. This is

particularly true for the third row transition metal elements. Finally the occurrence of close lying,

ligand centered π–π* electronic transitions allows facile tuning of emission wavelength.
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OLEDs may revolutionise display technologies in the scientific community. The key advantages

of OLEDs for flat-panel display applications are their self-emitting property, high luminous

efficiency, full color capability, wide viewing angle, high contrast, low power consumption, low

weight, potentially large area color displays and flexibility.105,135,160 Unlike liquid crystal displays

(LCDs), OLEDs display can be printed on to a surface using an inkjet or even screen printing

technology. They are also more energy efficient and are generally lower in cost than LCDs. In

view of this, the rapidly growing market for OLED technology is driving both the academic and

industrial communities towards the development of new functional materials for advanced

manufacturing technologies.
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Chapter 2

General introduction to synthesis, purification,
physical techniques and measurements

The following chapter describes in detail the basic synthetic procedures that were

followed throughout the course of this thesis. The instrumentation that was used in the

characterisation of the complexes has been detailed. Also included are the methods by

which data were analysed and conventions which were followed in the presentation of

data throughout this thesis. For selected techniques a bief summary of theoretical basis

is included.
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2.1 General synthetic procedures and considerations

The reagents employed during the course of all experiments were purchased from Sigma-Aldrich

and used without further purification. All solvents used for HPLC analysis are of HPLC grade

and spectroscopic grade solvents were used for photophysical measurements. Deuteriated

bipyridine (d8bpy), phenanthroline (d8phen), 4,4'-dimethyl-2,2'-bipyridyl (d12dmbpy) and 4,4'-

ditertiarybutyl-2,2'-bipyridyl (d24dtbpy) were synthesised according to the procedure reported

before.1 The bridging ligands employed 2,2':6',2''-terpyridine (tpy) and 2,2'-bipyrimidine (bpm)

were purchased from sigma aldrich and was used directly. The ligands 2,2'-bipyridyl (bpy), 1,

10-phenanthroline (phen), 4,4'-dimethyl-2,2'-bipyridyl (dmbpy), 4,4'-ditertiarybutyl-2,2'-

bipyridyl (dtbpy), 4,4'-diphenyl-2,2'-bipyridyl (dpbpy) and 4,4'-diphenyl-1,10-phenanthroline

(dpphen) were purchased from Sigma-Aldrich and used directly.

2.1.1 Deuteriation of ligands

The deuteriation of ligands was carried out in general purpose dissolution Bomb P/N 4744 from

Scientific Medical Products, which included a Teflon cup and cover and was done in basic D2O

(1M NaOD/D2O solution were prepared in situ by addition of 460 mg of sodium to 20 cm3 of

D2O). After 3 days in the bomb, it was found that approximately 90 % atom deuteriation had

been achieved. This percentage improved only slightly with increased reaction times. However,

following a repeat of the procedure, i.e. another 3 days in the bomb with fresh reagents it was

found that atom deuteriation of >99 % was achieved. The percentage of deuteriation was

calculated by 1H NMR spectroscopy. A known mass (and hence number of moles) of the non

deuteriated ligand was dissolved in a known volume of solvent (d6-dmso). The ratio of the peak

integration of the ligand to the peak integration of the solvent was found. After obtaining a

spectrum of the same amount of the deuteriated ligand in the same volume of solvent, a second

ratio was obtained. Comparison of the ratios led to a measurement of the percentage of the atoms

which have been successfully exchanged. The 1H NMR spectra of the deuteriated 2,2’-bipyridyl

ligand is shown in figure 2.1. The size of the solvent peak relative to the size of the 2,2’-

bipyridyl ligand peaks should be noted. It is the ratio of the peak integration of these peaks that

allow the second ratio to be calculated.
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Figure 2.1 1H NMR of d8bpy in d6-dmso.

2.1.1.1 Deuteriation of bpy, phen, dmbpy, dtbpy

Deuteriation of the ligands were done using basic D2O (20 ml of 1M NaOD/D2O) and carried out

in a sealed steel container with a teflon liner at 200 0C for 6 days.1,2 The percentage of H/D

exchange and the percentage yield are summarised below.

[d8]-2,2'-bipyridine (% H/D exchange = 99 %, % Yield = 90 %)

[d8]-1,10-phenanthroline (% H/D exchange = 98 %, % Yield = 92 %)

[d12]-4,4'-dimethyl-2,2'-bipyridyl (% H/D exchange = 98 %, % Yield = 96 %)

[d24]-4,4'-ditertiarybutyl-2,2'-bipyridyl (% H/D exchange = 97 %, % Yield = 93 %)

2.1.2 Synthesis of ester substituted phenyl pyridine ligands

2.1.2.1 Synthesis of (ppy-COOH), 4-(pyridin-2-yl)benzoic acid

AgNO3 (0.974 g, 5.7311 mmol) was taken in a 100 ml round bottom flask and stirred with 5 ml

water at room temperature to which NaOH (0.447 g, 11.189 mmol) was added dissolved in 5 ml

water. A brown semi-solid residue was formed. The reaction mixture was then placed in an ice

bath to which 4-(pyridine-2-yl)benzaldehyde (0.500 g, 2.729 mmol) was weighed, powdered and

added slowly part by part and kept for stirring at room temperature for 30 min. The black silver
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suspension was removed by suction filtration and was washed with several portions of hot water.

The cold combined filtrate and washings were acidified with concentrated hydrochloric acid, the

precipitate began to form at pH 7 and maximum precipitate was obtained at pH 4 which was

vacuum filtrated and dried. (Yeild: 0.468 g, 94 %). 1H NMR (400 MHz, DMSO),  (ppm): 7.43

(t, 1H), 7.92 (t, 1H), 8.07-8.04 (m, 2H), 8.2 (d, 2H), 8.72 (d, 1H), 13.19 (s, 1H).

2.1.2.2 Synthesis of ppy-COOCH2CH3

4-(pyridin-2-yl)benzoic acid (0.114 g, 0.5722 mmol) was weighed in an R.B to which 2 ml of

conc. H2SO4 and 30 ml Ethanol was added and refluxed at 90 0C overnight. The reaction mixture

was poured into ice water and stirred to which 25 % NaOH (25 g in 100 ml) was added drop

wise and the ester precipitated after the neutralisation was complete, filtered, washed with

deionised water and dried. (Yield 0.103 g, 90.34 %). 1H NMR (400 MHz, DMSO),  (ppm): 1.35

(t, 3H), 4.35 (q, 2H), 7.43 (m, 1H), 7.94 (m, 1H), 8.08 (d, 1H), 8.25 (d, 1H), 8.72 (d, 1H).

2.1.2.3 Synthesis of ppy-COOCH3

4-(pyridin-2-yl)benzoic acid (0.300 g, 0.0014 mmol) was weighed in an R.B to which 4 ml of

conc. H2SO4 and 30 ml Methanol was added and refluxed at 90 0C overnight. The reaction

mixture was poured into ice water and stirred to which 25 % NaOH (25 g in 100 ml) was added

drop wise until the neutralisation was complete, which was then extracted with DCM and the

solvents were removed to get the ester pure. Yield (0.245 g, 82 %). 1H NMR (400 MHz,

DMSO),  (ppm): 3.89 (s, 3H), 7.44 (m, 1H), 7.95 (m, 1H), 8.08 (d, 1H), 8.25 (d, 1H), 8.727 (d,

1H).

2.1.3 Synthesis of Bridging Ligands

2.1.3.1 BPP (2-(6-(pyridin-2-yl)pyridin-3-yl)pyridine)

In a dried two neck round bottom flask 0.299 g (0.258 mmol) of Pd(PPh3)4 and 2 g (8.44 mmol)

of 2,5-dibromopyridine was taken under nitrogen atmosphere. During the addition of 38.7 ml

(16.8 mmol) of 2-pyridylzinc bromide to the reaction mixture, the temperature was kept at 0 0C.

The reaction mixture was then stirred overnight at room temperature under nitrogen atmosphere.

A white precipitate was formed. The reaction mixture was poured in a saturated aqueous solution

of EDTA/Na2CO3 until the precipitate dissolves and yellow flakes come. The aqueous solution



Chapter 2 - Synthetic procedures and physical measurements

67

was then extracted with dichloromethane and dried over MgSO4. The dichloromethane was dried

in air and crude product was purified by alumina column using hexane/ethyl acetate (9:1). The

second spot in TLC is the desired product. Yield (1.57 g, 6.75 mmol, 80 %). 1H NMR (400 MHz,

DMSO),  (ppm): 7.2 (t, 1H), 7.3 (t, 1H), 7.78 (m, 2H), 7.8 (t, 1H), 8.44-8.37 (m, 2H), 8.5 (d,

1H), 8.7-8.65 (m, 2H), 9.3 (s, 1H). Elemental analysis for ligand BPP, C15H11N3; (calculated) : C

: 77.23, H : 4.75, N : 18.01;  (found) : C : 77.25, H : 4.71, N : 17.98.

2.1.3.2 dpp (2,5-di(pyridin-2-yl)pyrazine)

Step 1. Synthesis of oxime

10 g acetylpyridine (82.54 mmol, M=121, 14 g/mol), 5.73 g hydroxylamine hydrochloride

(82.54 mmol, M=69.49 g/mol) and 8 g potassium acetate (81.9 mmol, M=98.3 g/mol) were

dissolved in 100 ml water and stirred for 30 minutes at 40 °C yielding white precipitate. After

that the mixture was stirred for another 30 minutes at room temperature. The precipitate was

filtered off, washed with water and recrystalised from an ethanol-water mixture (3:1) to give

white crystals. Yield (9.1 g, 66.8 mmol, M=136.15 g/mol, 80 %), 1H NMR (400 MHz, CDCl3), 

(ppm): 2.43 (s, 3H), 7.29 (m, 1H), 7.71 (m, 1H), 7.84 (d, 1H), 8.65 (d, 1H), 9.91 (1H, s).

Step 2. Synthesis of Tosyl ester

10.798 g toluenesulphonylchloride (1.1 eq., 56.639 mmol, M=190.65 g/mol) was dissolved in 15

ml pyridine. After that 7.011 g acetylpyridine-oxime (51.49 mmol) was added slowly, forming a

brownish gel. After stirring overnight at room temperature, the mixture was poured into ice water

forming a white precipitate, which was filtered off, washed with water and recrystalised from an

ethanol-water mixture (3:1). Yield (7.804 g, 26.91 mmol, M=290 g/mol, 52 %), 1H NMR (400

MHz, CDCl3),  (ppm): 2.46 (s, 6H), 7.35 (m, 3H), 7.7 (m, 1H), 7.81 (d, 1H), 7.95 (d, 2H), 8.61

(d, 1H).

Step 3

The tosylester 7.804 g (26.91 mmol, M=290 g/mol) was dissolved in ethanol and reacted with

freshly developed potassium ethanolate (1.58 g, 1.5 eq, 40.363 mmol solved in 150 ml ethanol).

Potassium tosylate was filtered of and diethylether was added to the filtrate to get more tosylate,

which was filtered off again. The filtrate was extracted with 2M HCl thrice. The aqueous phase
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was intermixed with NH4OH in excess and stirred for 36 hours. The orange precipitate was

filtered off and recrystalised from an ethanol-water mixture (3:1). Yield (449 mg, 1.917 mmol,

M=234.26 g/mol, 17 %), 1H NMR (400 MHz, CDCl3),  (ppm): 7.45 (t, 2H), 7.94 (t, 2H), 8.50

(d, 2H), 8.79 (d, 2H), 9.75 (s, 1H). Elemental analysis for ligand dpp, C14H10N4; (calculated) : C :

71.78, H : 4.30, N : 23.92;  (found) : C : 71.82, H : 4.29, N : 23.95.

2.1.4 Synthesis of cyclometallated iridium precursors

2.1.4.1 Synthesis of [Ir(ppy)2Cl]2

Iridium trichloride hydrate (1 g, 2.8 mmol) was combined with 2-phenylpyridine (1.76 g, 11.3

mmol), dissolved in a mixture of 2- methoxyethanol (75 ml) and water (25 ml), and refluxed for

24 h. The solution was cooled to room temperature, and the yellow precipitate was collected on a

glass filter frit. The precipitate was washed with ethanol (60 ml) and acetone (60 ml) and then

dissolved in dichloromethane (75 ml) and filtered. Toluene (25 ml) and hexane (10 ml) were

added to the filtrate which was then reduced in volume, and cooled to give crystals of

[Ir(ppy)2Cl]2 . (Yield 1.12 g, 74 %). 1H NMR (400 MHz, DMSO),  (ppm): 5.64 (d, 1H), 6.23 (d,

1H), 6.67 (t, 1H), 6.74 (t, 1H), 6.82 (t, 1H), 6.88 (t, 1H), 7.43 (t, 1H), 7.55 (t, 1H), 7.71 (d, 1H),

7.77 (d, 1H), 7.99 (t, 1H), 8.07 (t, 1H), 8.16 (d, 1H), 8.24 (d, 1H), 9.51 (d, 1H), 9.78 (d, 1H). 1H

NMR (400 MHz, CDCl3),  (ppm): 5.89 (d, 1H), 6.53 (t, 1H), 6.74 (m, 2H), 7.45 (d, 1H), 7.70 (t,

1H), 7.84 (d, 1H), 9.20 (d, 1H). Elemental analysis for complex [Ir(ppy)2Cl]2, C44H32Cl2Ir2N4;

(calculated) : C : 49.29, H : 3.01, N : 5.23;  (found) : C : 49.38, H : 3.00, N : 5.22.

2.1.4.2 Synthesis of [Ir(thpy)2Cl]2

Iridium trichloride hydrate (0.5 g, 1.4 mmol) was combined with thienylpyridine (0.9186 g, 5.6

mmol), dissolved in a mixture of 2- methoxyethanol (35 ml) and water (15 ml), and refluxed for

24 h. The solution was cooled to room temperature, and the brown precipitate was collected on a

glass filter frit. The precipitate was washed with ethanol (60 ml) and acetone (60 ml) and then

dissolved in dichloromethane (75 ml) and filtered. Toluene (25 ml) and hexane (10 ml) were

added to the filtrate which was then reduced in volume, and cooled to give crystals of

[Ir(thpy)2Cl]2 . (Yield 0.59 g, 78 %). 1H NMR (400 MHz, DMSO),  (ppm): 5.64 (d, 1H), 6.11 (d,

1H), 7.22 (t, 1H), 7.32 (d, 1H), 7.35 (t, 1H), 7.51 (d, 1H), 7.63 (d, 1H), 7.74 (d, 1H), 7.88 (t, 1H),

7.94 (t, 1H), 9.30 (d, 1H), 9.63 (d, 1H). Elemental analysis for complex [Ir(thpy)2Cl]2,
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C36H27Cl2Ir2N4S4; (calculated) : C : 39.34, H : 2.48, N : 5.10;  (found) : C : 39.35, H : 2.12, N :

5.11.

2.1.4.3 Synthesis of [Ir(ppy-CHO)2Cl]2

Iridium trichloride hydrate (0.5 g, 1.4 mmol) was combined with 4-(pyridin-2-yl)benzaldehyde

(0.9186 g, 5.6 mmol), dissolved in a mixture of 2-ethoxyethanol (35 ml) and water (15 ml), and

refluxed for 24 h. The solution was cooled to room temperature, and the brown precipitate was

collected on a glass filter frit. The precipitate was washed with ethanol (60 ml) and acetone (60

ml) and then dissolved in dichloromethane (75 ml) and filtered. Toluene (25 ml) and hexane (10

ml) were added to the filtrate which was then reduced in volume, and cooled to give crystals of

[Ir(ppy-CHO)2Cl]2. (Yield 0.52 g, 72 %). 1H NMR (400 MHz, DMSO),  (ppm): 6.12 (d, 1H),

6.73 (d, 1H), 7.40 (d, 1H), 7.44 (d, 1H), 7.64 (t, 1H), 7.73 (t, 1H), 8.01 (d, 1H), 8.05 (d, 1H),

8.15 (t, 1H), 8.24 (t, 1H), 8.38 (d, 1H), 8.47 (d, 1H), 9.58 (d, 2H), 9.64 (s, 1H), 9.87 (d, 1H).

Elemental analysis for complex [Ir(ppy-CHO)2Cl]2, C48H32Cl2Ir2N4O4; (calculated) : C : 48.69, H

: 2.72, N : 4.73;  (found) : C : 48.78, H : 2.41, N : 4.65.

2.1.4.4 Synthesis of [Ir(ppy-COOH)2Cl]2

Iridium trichloride hydrate (0.05 g, 0.14 mmol) was combined with 4-(pyridin-2-yl)benzoic acid

(0.09186 g, 0.56 mmol), dissolved in a mixture of 2-ethoxyethanol (3.5 ml) and water (1.5 ml),

and refluxed for 24 h. The solution was cooled to room temperature, and the brown precipitate

was collected on a glass filter frit. The precipitate was washed with ethanol (30 ml) and acetone

(30 ml) and then dissolved in dichloromethane (45 ml) and filtered. Toluene (15 ml) and hexane

(5 ml) were added to the filtrate which was then reduced in volume, and cooled to give crystals

of [Ir(ppy-COOH)2Cl]2. (Yield 0.112 g, 75 %). 1H NMR (400 MHz, DMSO),  (ppm): 6.28 (d,

1H), 6.84 (d, 1H), 7.40 (d, 1H), 7.44 (d, 1H), 7.58 (t, 1H), 7.66 (t, 1H), 7.85 (d, 1H), 7.92 (d,

1H), 8.08 (t, 1H), 8.18 (t, 1H), 8.30 (d, 1H), 8.30 (d, 1H), 9.54 (d, 1H), 9.83 (d, 1H), 12.52 (b,

2H). Elemental analysis for complex [Ir(ppy-COOH)2Cl]2, C48H32Cl2Ir2N4O8; (calculated) : C :

46.19, H : 2.58, N : 4.49;  (found) : C : 46.35, H : 2.44, N : 4.53.
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2.1.4.5 Synthesis of [Ir(ppy-COOCH3)2Cl]2

Iridium trichloride hydrate (0.05 g, 0.14 mmol) was combined with methyl 4-(pyridin-2-

yl)benzoate (0.09186 g, 0.56 mmol), dissolved in a mixture of 2-ethoxyethanol (3.5 ml) and

water (1.5 ml), and refluxed for 24 h. The solution was cooled to room temperature, and the

brown precipitate was collected on a glass filter frit. The precipitate was washed with ethanol (30

ml) and acetone (30 ml) and then dissolved in dichloromethane (45 ml) and filtered. Toluene (15

ml) and hexane (5 ml) were added to the filtrate which was then reduced in volume, and cooled

to give crystals of [Ir(ppy-COOCH3)2Cl]2. (Yield 0.112 g, 74 %). 1H NMR (400 MHz, DMSO), 

(ppm): 3.63 (3H, s), 3.65 (3H, s), 6.28 (d, 1H), 6.86 (d, 1H), 7.42 (d, 1H), 7.45 (d, 1H), 7.61 (t,

1H), 7.71 (t, 1H), 7.89 (d, 1H), 7.95 (d, 1H), 8.13 (t, 1H), 8.22 (t, 1H), 8.33 (d, 1H), 8.42 (d, 1H),

9.56 (d, 1H), 9.85 (d, 1H). Elemental analysis for complex [Ir(ppy-COOCH3)2Cl]2,

C52H40Cl2Ir2N4O8; (calculated) : C : 47.89, H : 3.09, N : 4.30;  (found) : C : 47.48, H : 3.11, N :

4.28.

2.1.4.6 Synthesis of [Ir(ppy)2(CH3CN)2]CF3SO3

[Ir(ppy)2Cl]2 (0.0566 g, 0.05289 mmol) and CF3SO3Ag (0.0299 g, 0.11637 mmol were added to

a 50ml RB to which 15ml ACN was added and stirred at ambient conditions (room temp) for 1

hour after which was filtered through a celite bed made in ACN, washed several times with

ACN. The filtrate and washings were reduced to volume of 1ml to which diethyl ether was added

resulting in the precipitation of the product which was vacuum filtered, washed with diethyl

ether and pentane and dried to yield the desired product. (Yield: 0.048 g, 84 %). 1H NMR (400

MHz, DMSO),  (ppm): 6.12 (d, 1H), 6.75 (t, 1H), 6.90 (t, 1H), 7.41 (t, 1H), 7.62 (d, 1H), 7.93

(m, 2H), 9.15 (d, 1H). Elemental analysis for complex [Ir(ppy-COOCH3)2Cl]2, C26H22IrN4;

(calculated) : C : 53.59, H : 3.81, N : 9.62;  (found) : C : 53.72, H : 3.49, N : 9.85.

2.2 Results and Discussion

2.2.1 Ligand Preparation

Considering the synthesis of the ligand bpp (2-(6-(pyridin-2-yl)pyridin-3-yl)pyridine), the

reaction was done between pyridyl zinc bromide and 2,5-dibromopyridine in a 2:1 molar ratio.

The product was supposed to form by two catalytic cycle in the same reaction flask, in first

catalytic cycle it forms 5-bromo bipyridine as the two position of 2,5-dibromo is more



Chapter 2 - Synthetic procedures and physical measurements

71

favourable to couple and in second catalytic cycle 5-bromo bipyridine acted as an aryl halide and

it reacted with the excess pyridyl zinc bromide to form the final product. The synthetic reaction

pathway is shown in figure 2.2. The 1H NMR spectrum of the ligand bpp (2-(6-(pyridin-2-

yl)pyridin-3-yl)pyridine) in d6 DMSO is given in figure 2.4 (a)

Figure 2.2 General reaction pathway for the synthesis of BPP.

Considering the synthesis of the ligand dpp (2,5-di(pyridin-2-yl)pyrazine) the published

procedure consists of a three step reaction process,3 starting with the preparation of the oxime,

later on converting that to the tosyl ester and to the bridging ligand. The first two steps gave very

high yields, but when coming on to the final step the yield was much reduced to less than 10 %

which is similar to the ones reported. The procedure was modified by making changes in the

final step, ie instead of stirring with NH4OH, the ethanol solution after adding 2M HCl was left

for two weeks which resulted in the precipitation of ligand as pure orange-red crystals with an

increased yield of 17 %. The synthetic reaction scheme leading to the preparation of the ligand is

shown in figure 2.3. The 1H NMR spectrum of the ligand dpp (2,5-di(pyridin-2-yl)pyrazine) in d6

DMSO is given in figure 2.4 (b)

Figure 2.3 General reaction pathway for the synthesis of dpp.
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Figure 2.4 1H NMR Spectrum of bpp (a) and dpp (b) taken in d6 DMSO.

2.2.2 Cyclometallated iridium precursor synthesis

Iridium metal precursors with the cyclometallated ligands are all chloro bridged homo bimetallic

dimers with general formulae [Ir(L)2Cl]2 where L is the cyclometallating ligand (eg: phenyl

pyridine (ppy), thienyl pyridine (thpy), ppy-CHO, ppy-COOH, ppy-COOCH3). The syntheses of

these complexes were done following the reported procedure developed by Watts and co

workers4 as shown in figure 2.5, but necessary modifications have been done on the type of

solvents, reaction temperature, reaction time and work up, based on different cyclometallated

ligands. With phenyl pyridine the reaction was quite straight forward in ethoxyethanol and in

methoxyethanol refluxed between 120 0C - 130 0C for 24 hours. The yellow precipitate formed at

the end of the reaction is filtered and washed with diethyl ether and water many times, the nmr

looks fine but the CHN was not fully correct, so the traditional Watts procedure of collecting the

precipitate in a glass filter frit and washing it with ethanol and acetone first then dissolving the

yellow precipitate left behind in DCM and precipitated by adding toluene and hexane was

followed.5 The reaction can also be successfully done in ethanol at normal reflux temperature.
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Effort has been done to separate the tris iridium phenyl pyridine, [Ir(ppy)3] in between the

reaction, but was only partially successful.

Figure 2.5 Reaction scheme for the synthesis of cyclometallated iridium precursors taking the
example of 2- phenylpyridine.

These complexes were completely characterised using 1H NMR, 13C, COSY, HMQC, HMBC,

mass spectrometry and elemental analysis. The 1D and 2D NMR data are given in appendix B. It

was quite interesting to see the behaviour of this chloro bridged dimer complexes when their

NMR was taken in different solvents. In CDCl3 they give a neat spectrum of 8 proton signals

coming from one phenyl pyridine, the same complex when taken nmr in DMSO gave 16 proton

spectrum which suggests that the chloride bridge got ruptured and DMSO is coordinated in

between resulting in the loss of symmetry of the entire complex, ie the two phenyl pyridine

ligands are in two different planes and are different from one another. Similar behaviour is

observed with other ligands. The NMR spectrums were shown in figure 2.6. In all these

complexes, a doublet at about δ 5.9 and a triplet at δ 6.7 are assigned to the two protons of the

phenyl ring ortho and meta to the metalated carbon atom, respectively. These assignments are

consistent with previous assignments of high-field resonances in ortho-metalated bpy

complexes.5 Protons ortho and meta to the metalated C atom experience the largest shielding of

any of the ligand protons.The nmr spectrum of complexes [Ir(thpy)2Cl]2 and [Ir(ppy-CHO)2Cl]2

in d6 DMSO are given in appendix B.
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Figure 2.6 (a) 1H NMR Spectrum of [Ir(ppy)2Cl]2 in d6 DMSO. (b) 1H NMR Spectrum of

[Ir(ppy)2Cl]2 in CDCl3 and (c) 1H NMR Spectrum of [Ir(ppy)2(ACN)2] in d6 DMSO.

The actual aim consists of binding the entire photocatalytic system to the surface of a

semiconductor and thereby replacing the sacrificial electron donor completely. For these type of

systems to work properly the electron has to move from the semiconductor to the photocatalytic

metal center for this the light absorbing unit (here the iridium center with the cyclometallated

ligand) has to be attached to the surface of the semiconductor. For this some acid or ester

functionality is required on the cyclometallated ligand by which the photo center can be easily

binded to the surface. The phenyl pyridine ligand with carboxylic acid functionality was

synthesised succesfully and protected by esterification into both ethyl and methyl esters. The 1H
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NMR and COSY data for these ligands are given in appendix B. The schematic representation of

the synthetic scheme is given in figure 2.7 below.

Figure 2.7 General reaction pathways for the synthesis of ester phenyl pyridines.

Also the reaction with the cyclometallating ligand ppy-COOH and its ethyl and methyl ester

were not going satisfactionary in methoxyethanol but went fine in both ethanol and

ethoxyethanol. In these cases the reaction went completely successful in pure ethanol itself since

the acid and ester groups can be destroyed and a lot of side products are obtained when done in

conventional solvents for this reactions. The NMR spectra for these complexes are shown in

figure 2.12 and are discussed in chapter 3.

Figure 2.8 (a) 1H NMR Spectrum of [Ir(COOH-ppy)2Cl]2 in d6 DMSO. (b) 1H NMR Spectrum of
[Ir(COOCH3-ppy)2Cl]2 in d6 DMSO.

6.57.07.58.08.59.09.510.010.511.011.512.012.5 ppm

7.
44
1

7.
54
0

7.
54
3

7.
55
9

7.
57
4

7.
57
7

7.
59
2

7.
63
8

7.
64
2

7.
65
7

7.
66
0

7.
67
2

7.
67
5

7.
69
3

7.
82
9

7.
84
9

7.
85
7

7.
87
9

7.
88
7

7.
90
8

7.
93
5

8.
05
7

8.
06
1

8.
07
8

8.
09
6

8.
09
9

8.
14
6

8.
15
0

8.
16
6

8.
16
9

8.
18
5

8.
18
9

8.
27
5

8.
29
4

8.
30
5

8.
36
2

8.
38
2

9.
52
0

9.
53
2

9.
80
9

9.
82
2

12
.5
23

1.
00

1.
01

2.
12

1.
08

1.
06

2.
12

1.
10

1.
09

1.
09

1.
09

1.
06

1.
07

1.
74

6.06.57.07.58.08.59.09.510.0 ppm

6.
27
6

6.
28
0

6.
85
9

6.
86
3

7.
41
4

7.
41
8

7.
43
4

7.
43
8

7.
46
5

7.
46
9

7.
48
5

7.
48
9

7.
59
9

7.
60
2

7.
61
7

7.
63
2

7.
63
5

7.
69
9

7.
71
5

7.
73
0

7.
88
4

7.
90
4

7.
94
5

7.
96
5

8.
11
7

8.
13
5

8.
15
3

8.
20
1

8.
20
5

8.
22
1

8.
24
0

8.
25
8

8.
32
5

8.
34
5

8.
41
2

8.
43
2

9.
56
2

9.
57
4

9.
85
1

9.
86
5

0
.96

0
.97

1
.10

1
.04

1
.04

1
.04

1
.06

1
.01

0
.91

1
.03

1
.00

0
.98

1
.03

1
.00

3.7 ppm

3.
6
36

3.
6
59

6.
10
0

(a)

(b)



Chapter 2 - Synthetic procedures and physical measurements

76

2.3 Chromatographic techniques

2.3.1 HPLC Measurements

High-Performance Liquid Chromatography (HPLC) was carried out using a Varian ProStar

(model 335.71) photodiode array Detector, HPLC conjunction with Varian Star software, a

Varian (model 210) pump, a 20 μl injector loop and a strong cation exchange Luna SCX 100A

column (25 cm X 4.6 mm) provided by phenomenex . The column is packed with 5 μm particles

and the operating pH range is between 2 and 8. The mobile phase for this work was 80:20

CH3CN: H2O: containing 0.1 M KNO3. Filtered and degassed prior using the flow rate ranged

1.5 and 2 cm3/min-1. The monitoring wavelength used was 280 nm. The HPLC measurements

were done with the help of Dr.Hamid M. Y Ahmed

2.3.2 Column Chromatography

Column chromatography was carried out on activated alumina (Al2O3, 150mesh) using

acetonitrile or methanol as eluent or on silica gel (80/20, (v/v %) CH3CN/H2O). For the

purification of [Ir(bpy-N^N')2(bpy-C^N')]2+, sephadex LH20 resin was used with methanol as

solvent. Alumina and silica TLC plates used during the purification processes were purchased

from Aldrich and used as received.

2.4 Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is an invaluable tool not only in the identification of compounds but also in

the monitoring of reactions and the determination of purity. It is used extensively throughout this

thesis and where practical full assignment of 1H and 13C NMR spectra have been made using a

combination of two dimensional techniques.6

2.4.1 1H, 13C and 1H COSY Spectroscopy

All 1H NMR (400 MHz & 600 MHz), 13C (100 MHz), COSY, HMQC, HMBC and DEPT-135

spectra were recorded on a Bruker AC400 (400 MHz) NMR spectrometer and Bruker Avance:3

(600 MHz) instrument. The chemical shifts were recorded relative to TMS and spectra were

converted from their free induction decay (FID) profiles using XWIN-NMR software. All

measurements were carried out in (CD3)2SO, CDCl3 or (CD3)2CO for ligands and CD3CN or

(CD3)2CO for complexes. Peak positions are relative to residual solvent peaks. For 1H COSY
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Ha

H6

H5
H4

Hc

H3

Hb

experiments 256 FID’s, each of 8 scans, consisting of 1K data points were accumulated. After

digital filtering using a sine bell squared function, the FID’s were zero filed in the F1 dimension.

Acquisition parameters were F1 = 500 Hz, F2 = 1000 Hz, t1/2 = 0.001 s and the recycle delay was

1.5 s.

As an example of the potential of both 1D and 2D experiments in the elucidation of 1H and 13C

NMR spectra, the following example is described in some detail. The compound 2-thiophen-2-

yl-pyridine (thpy) contains a pyridyl and a thienyl moiety. The higher electron density of the

pyridyl ring, and hence the larger ring current, results in a greater downfield shift of its

resonances when compared with the thienyl proton resonances. The H6 resonance of the pyridyl

ring is shifted downfield, with respect to the H4 and H5 protons, due to the proximity of the H6

with the electron withdrawing nitrogen atom of the pyridyl ring. 1H COSY NMR spectroscopy

(figure 2.12) shows as to the correlation between resonances using the “box” relationship. This

allows for assignment of all peaks.

Figure 2.9 Structure of pyth (2-Thiophen-2-yl-pyridine). δ in ppm

Figure 2.10 1H NMR spectra (400 MHz) of pyth in (CD3)2SO

7.07.17.27.37.47.57.67.77.87.98.08.18.28.38.48.58.68.7 ppm
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