I. Renewable energy I.1. Environmental and energetic crisis

Humanity will face a combination of struggles in the coming decades. The most important problems can be described comprehensively as "climate change". The study from the Intergovernmental Panel on Climate Change (IPCC) in 2013 reported that human activity is the main cause of the observed temperature increase during the last 50 years. 1 The main reason for increasing temperatures is the emission of greenhouse gases like methane, carbon monoxide, and nitrous oxide. However, the greenhouse gas that affects increasing world temperatures most significantly is carbon dioxide, which comes from industries, vehicles, etc. Therefore, due to human activities and the rise of energy consumption depending on fossil fuels, CO2 concentration in the atmosphere increased from 278 parts per million (ppm) to 391 ppm between the beginning of the industrial era and 2011. 2 The massive emission of these gases disrupts the natural equilibrium and forms a layer in the atmosphere around the earth. This layer traps most of the thermal heat from the earth, preventing its reflection into outer space. That is why the global earth temperature rises, as a result from the emission of these greenhouse gases.

Fuel combustion leads to massive emissions of carbon dioxide. At the same time, humanity is facing a crucial issue that is illustrated by the depletion of fossil fuel resources in the near future, which impacts most of the energy sources in the world. 3 Energy is necessary for human life; it is vital for food production, for transportation, and for other electrical or industrial purposes, etc. Moreover, it is trivial that the number of people in the world continues to rise. Thus, logically according to the UNDP report (World Energy Assessment), energy consumption will double by 2035 relative to 1998, and triple or even more by 2050. Therefore, the necessity for a new source of energy that is renewable and environmental friendly is clear. 4 In order to provide sufficient energy for human needs, there are three main energy sources that can potentially satisfy our demands. Theoretically, the geothermal energy from the interior of the earth can provide humanity with the thermal and electrical energy we need.

However, technologically it is difficult to utilize this energy source. Nuclear energy supply from fission reactions is another choice. However, the fear of spreading nuclear waste generated from fission reactions of uranium is an issue that needs to be resolved before, and thus makes the nuclear power as a source of unclean energy. The third choice is solar energy, in which case, the sun is an unlimited source of clean energy powerful enough to meet our colossal necessities. 5

I.2. Solar energy

In general, the energy provided to the entire earth in the form of solar radiation each hour is more than the energy consumed by people on the earth during one year. For example, in 2001 the total human consumption of energy was 13.5 TW, and the sunlight provides 1.7 x 10 5 TW of power per day. During the daytime, this power is provided in the range of 0.3 to 1 KW per square meter depending on the latitudinal position. 4,5 Furthermore, due to economic evolution and population rising 2.3 percent per year, the energy consumption rate is estimated to increase to approximately 40.8 TW in 2050. 5 Therefore, even if we do not have enough advanced technology to get efficient conversion of solar energy to usable energy, theoretically, all our energy needs could be provided by the sun. Therefore, solar energy is the largest source of renewable and clean energy available and should be our target source. 5

I.3. Inspiration from nature

Much effort in research is aimed toward more efficient solar energy conversion processes, where inspiration from nature itself is one approach. One of the most efficient examples for the photochemical conversion of solar energy is nature's photosynthetic mechanism carried out by green plants and bacteria. 6 Even though all the detailed steps of the photosynthetic process are not known, the major features are objectively well understood. 7 Thus, the question is how green plants fabricate their own fuel by photosynthesis?

Natural photosynthesis in green plants can be summarized by the following photochemical equation (1).

H2O + CO2 C6H12O+ O2 (1) hν

This chemical reaction process seems simple reaction done by green plants. In reality, this mechanism requires many different and complex reaction steps. This synthetic photochemical mechanism can be classified into two types of reactions, one depends on light and is called a "light-driven reaction", and the second is independent of light and called a "dark reaction". The light-driven reaction is our interest since it works using the solar energy of the sun to produce the plant's fuel (Figure 1.1).

Figure 1.1.

A representation of main steps in photosynthesis, showing the electron and proton flow through the thylakoids protein membrane of complexes PS II, Cyt bf, and PS I, and production of ATP fuel by an electron and proton gradient across the protein membrane. 8 This process takes place in two membrane-bound protein complexes, specifically, at the multi-subunit complexes, photosystem I (PS I) and photosystem II (PS II), which are implanted in the thylakoid membrane of green plants. 7 In PS II, there is a photoreceptor consisting of several chlorophylls and pigment molecules that can absorb the sunlight and channel the energy to the reaction center (RC) which is composed of two types of proteins (D1 and D2).

These RC proteins bind all the redox active cofactors responsible for the energy conversion process. Then, an excitation trap chlorophyll called P680 absorbs the energy and is converted to a strong reducing agent (P680*). 7 It then triggers an electron transfer process to a neighboring electron acceptor (pheophytin) within a few picoseconds. This is called the first charge separated state (CSS), from which a sequence of successive electron transfer reactions occur from PS II to PS I. Additionally, hydro-nicotinamide adenine dinucleotide (NADPH) is formed by reducing nicotinamide adenine dinucleotide (NADP + ) via this gradient of electrons from PS II. In a parallel process, ATP synthase fuels the production of adenosine triphosphate (ATP), which is the major energy storage molecule used by living things, from adenosine diphosphate (ADP) and inorganic phosphate. 9 These reactions in their most efficient form and all the related processes are illustrated in Figure 1. 1. 8 In each single electron transfer step, there is a slight decrease in energy. This delays the backelectron transfer reaction, which would result in a loss of absorbed energy. The photooxidized P680 + is a very strong biological oxidizing agent, which renders it able to oxidize water during oxygenic photosynthesis. Thereby, it is reduced by an electron originating from water via the oxygen evolving complex (OEC) of PS II. Oxidation of water is carried out at a metal ion cluster composed of one calcium ion and four manganese ions connected mainly by µ-oxo bridges and amino acids with carboxylic acid side chains. Electron transfer from the OEC to P680 + is favored via tyrosine residue (Figure 1.2). 7,9,10 Figure 1.2. Proposed mechanism during water oxidation for oxygen generation at the OEC and regeneration of P680 by reductive electron flow via a conserved tyrosine residue. 7 At the manganese cluster, the oxidation of water takes place in four steps, where the oxidation potential is built up at increasingly higher oxidation states of Mn ions. Lastly, two molecules of water are oxidized as this process continues, according to equation (2).
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If this photochemical process could be exploited to make a usable fuel such as hydrogen, instead of NADPH and ATP, it could be possible to produce fuel directly from solar energy and water to meet our energy needs.

In addition to photosynthesis and production of ATP fuel, some types of green plants, especially algaes such as Chlamydomonas reinhardii, can produce hydrogen fuel by lightinduced proton reduction. 11 This process is initiated by a photosynthetic reaction where the liberated electrons are transported to enzymes called hydrogenases. The hydrogenase acts as a catalyst with two roles, where it can either oxidize dihydrogen (H2) to protons (H + ), or the reverse reaction process of proton reduction to hydrogen. However, iron-containing hydrogenase shows a higher rate for hydrogen formation than for hydrogen consumption.

Thus, synthetic iron complexes can be interesting models to study as they are inspired by how nature is able to fabricate its own fuel. If the mechanistic details of the photo-induced reduction process can be understood and controlled, these concepts can be used to convert the protons released by water oxidation into hydrogen fuel. 12 

II. Artificial photosynthesis -Mimicking natural photosynthesis

The goal of artificial photosynthesis is functional and not structural mimicking of PS II in green plants. Specifically, this requires elucidating the key reactions, mechanisms, and structures needed to be able to perform water splitting and hydrogen production induced by sunlight. 6,13,14,15 One strategy employed in order to convert solar energy into chemical energy at the molecular level uses three different molecular units that are required for building an artificial photosynthetic system. This requires the preparation of molecular systems that are able to absorb light and transfer electron(s) from its excited state, thereby mimicking the function of P680 in nature, and this unit is known as a photosensitizer (P). In addition to that, we need an electron acceptor (A) that can take the transferred electron from (P). Then, the reduced species (A -) of the acceptor can be used as reducing agent for some substrates. Finally, we need an electron donor (D) which donates an electron to the vacancy on (P), and the oxidized species (D + ) of the donor can be used in oxidation reactions for specific substrates. Thereby the whole system will return to its original ground state, and the catalytic cycle can start again, see Figure 1.3. 14 3. Schematic picture of the three building blocks of an artificial photosynthetic triad of electron transfer processes, where D is the electron donor, P is the photosensitizer, and A is the electron acceptor. 14 In the chlorophyll thylakoid membrane, the three active sites are placed in close proximity without any strong coupling interaction, as they are directed by hydrogen bonding and protein interaction. With regard to molecular arrangement, it is important to connect these three parts strongly. Therefore, whenever this triad chain (D-P-A) is exposed to solar light, it will generate the charge separated state (CSS) of the formula, D + -P-A -.

II.1. Donor moiety

Many ruthenium complexes had been synthesized to mimic the donor side of PS II, 15,16 and some attempts with limited success have also been carried out using ruthenium. For example, in 2005 the group of L. Hammarström and B. Akermark constructed the first binuclear ruthenium complex that could be used as an electron donor for the covalently linked photooxidized [Ru(bpy)3] 3+ photosensitizer (Figure 1.4, a), exemplifying a new approach in mimicking the donor side of photosystem II. However, due to the very short excited state lifetime of the tri-nuclear ruthenium complex, in the range of picoseconds (100 ps) to a few nanoseconds, it was difficult to perform a photo-oxidation of the excited [Ru(bpy)3] 2+

photosensitizer by an external electron acceptor, and for that reason, no electron transfer from the binuclear complex to the [Ru(bpy)3] 2+ photosensitizer was detected. 17 On the other hand, with manganese complexes, it has been proven that the photo-oxidized ruthenium(III) can oxidize manganese(II) via a covalent linkage (Figure 1.4, b). 16 The linked photosensitizer tris-bipyridyl ruthenium(II) complex and manganese(II) complex shows reduction of the photo-oxidized Ru(III) by intramolecular electron transfer from this attached Mn(II) with a rate constant of 1.8 x 10 5 s -1 , thereby mimicking the electron transfer step from the manganese cluster to P680 + in photosystem II. Moreover, some reports on binuclear manganese complexes with ruthenium photosensitizers exhibit catalytic oxidation of water with the aid of external oxidants. 18,19 Figure 1.4. (a) Ruthenium tri-nuclear complex, (b) Ruthenium-manganese binuclear complex with its electron-transfer processes.

II.2. Acceptor moiety

Additional experiments were carried out using different electron acceptors to prove the possibility of an electron transfer reaction from the photosensitizer to an electron acceptor branch. For example, in 2003, L. Hammarström and coworkers validated the electron transfer from a [Ru(bpy)3] 2+ photosensitizer to a benzoquinone acceptor with a rate constant of 5 x 10 9 s -1 . 20 In addition to this work, another example was since described by the same team, by connecting a naphthalenediimide acceptor to a polypyridyl Ru(II) photosensitizer complex, and detect an electron-transfer reaction from the photoexcited Ru(II) complex to the naphthalenediimide triplet state. 21 In artificial photosynthesis, the hydrogen evolving side has been thoroughly explored. Again, the goal is a functional mimic of the catalytic site of iron hydrogenase, and much effort in this research area is invested towards model studies as well as functional and mechanistic studies of this iron enzyme. 22 So far, electrochemical catalytic hydrogen evolution has been accomplished. 23 For example, in 2006 S. Ott's team prepared the first ruthenium-diiron complex in which the light harvesting photoactive ruthenium complex is used as a photosensitizer, and it was linked by a phosphorous ligand directly to one of the iron centers, which is used as a model of the iron hydrogenase active site for hydrogen production (Figure 1.5). However, no electron transfer from the ruthenium chromophore to the di-iron site was detected. Instead, and due to the mild redox potentials required for the reduction of the acetylenic bipyridine ligand as well as the easy oxidation of di-iron portion, the ruthenium excited state of this tri-nuclear system was reductively quenched by the di-iron site.

Moreover, this transient oxidation of the di-iron portion explains why this system was highly air-sensitive and unstable upon irradiation with light. 24 

II.3. Photosensitizer

For a functional artificial photosynthetic system, light harvesting is very important and therefore the photosensitizer is considered to be of prime importance. Aromatic organic molecules can be used, but their short excited state lifetimes, and not easy to tune their redox properties make them less convenient. However, unlike other aromatic molecules, chlorophyll-like-porphyrin compounds are good enough to be used as photosensitizers in many artificial photosynthetic applications. As an applicable example of using porphyrin, in 2006 F. Odobel and L. Hammarström had studied the electronic interactions and energy transfer between two porphyrins linked by an oligothiophene bridge, in which this photosensitizer can be used successfully in the construction of electron and energy donoracceptor systems. 25 The same authors also prepared a new photo-electrochemical device based on a phosphorus porphyrin, by which a nanocrystalline NiO electrode coated with a phosphorus porphyrin gives a cathodic photocurrent due to the flow of electrons from the NiO electrode into the solution. This work opened the door to new photovoltaic devices based on hole photoinjection. [START_REF] Borgström | Sensitized Hole Injection of Phosphorus Porphyrin into NiO: Toward New Photovoltaic Devices[END_REF] The second common class of photosensitizers used were transition metal complexes based on Iridium(III), Rhodium(III), Osmium(II), or most commonly, Ruthenium(II). [START_REF] Sauvage | Ruthenium(II) and Osmium(II) Bis(Terpyridine) Complexes in Covalently-Linked Multicomponent Systems: Synthesis, Electrochemical Chapter 1 64 | P a g e Behavior, Absorption Spectra, and Photochemical and Photophysical Properties[END_REF][START_REF] Baranoff | From Ruthenium(II) to Iridium(III): 15 Years of Triads Based on Bis-Terpyridine Complexes[END_REF][START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Electrochemistry, and Chemiluminescence[END_REF] Even though processes such as accumulative electron transfer are very important for artificial photosynthesis, the photosensitizer itself is of great importance. Ruthenium(II) complexes, which are the main theme of the thesis, are not only used as photosensitizers in solar energy conversion, but they are also useful for applications such as molecular electronics, [START_REF] Barigelletti | Photoactive Molecular Wires Based on Metal Complexes[END_REF] light emitting devices (red light emitting device), [START_REF] Jia | Linear and Star-Shaped Polynuclear Ru(II) Complexes of 2-(2′-Pyridyl)Benzimidazolyl Derivatives: Syntheses, Photophysical Properties and Red Light-Emitting Devices[END_REF] molecular sensors, switches (depending on fluorescence emission property), [START_REF] De Silva | Signaling Recognition Events with Fluorescent Sensors and Switches[END_REF] molecular machines, [START_REF] Ashton | Simple Mechanical Molecular and Supramolecular Machines: Photochemical and Electrochemical Control of Switching Processes[END_REF] and finally, for therapeutic applications depending on the transition metal affinity for reversible binding to DNA. [START_REF] Metcalfea | Kinetically Inert Transition Metal Complexes That Reversibly Bind to DNA[END_REF] Ruthenium(II) complexes additionally have the advantages of relatively good stability and absorption properties in the visible region, with a fairly long-lived excited state. [START_REF] De Silva | Signaling Recognition Events with Fluorescent Sensors and Switches[END_REF] Nevertheless, appropriate steric, photophysical, and chemical properties that are rarely present in the same complex at the same time, are required to have a perfect photosensitizer candidate.

II.4. Photosensitizer requirements

Many general and important requirements must be fulfilled in order to have a good photosensitizer, regardless of the application for which it is designed. Therefore, a large extent of compromises between wanted and unwanted properties will be considered to apply desirable properties of the photosensitizers used for different applications. Hence, some requirements for the photosensitizer will be discussed for absorption of solar energy to drive further electron transfer reactions, as in artificial photosynthesis.

II.4.1. Stability

A good photosensitizer candidate must be stable at the excited, ground, and different redox states. In addition, in order to work properly, it should also be inert to any side reactions, thus, it can be used many times in a catalytic cycle to support the desired electron transfer reactions. Absolutely, it must be stable towards light-induced decomposition.

II.4.2. Absorption properties

For a good photosensitizer, it is essential to absorb strongly in a suitable spectral region (high molecular absorption coefficient), where it can capture photons effectively, especially in the Chapter 1 20 | P a g e region where sun emits radiation. Most natural pigments absorb in the range of 300-600 nm, which is also the region where complexes based on ruthenium(II), osmium(II), and other transition metals absorb, and this range normally refers to metal-to-ligand-charge-transfer transition states (MLCT transition). [START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Electrochemistry, and Chemiluminescence[END_REF] 

II.4.3. Redox properties

A fundamental requirement is that the oxidation and reduction reactions must be reversible, and at the same time, the oxidized and reduced photosensitizer should be stable in the ground and excited states. [START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Electrochemistry, and Chemiluminescence[END_REF] Moreover, the oxidation and reduction potentials of the photosensitizer will determine the thermodynamic parameters for the electron transfer reactions.

II.4.4. Excited state properties

Since the redox reactions and charge transfer processes occur from the excited state, then the excited state properties are considered to be the main property when designing a functional photosensitizer. The excited state energy, and its lifetime and quantum yield are of the utmost importance. Thus, to allow for the desired electron transfer reactions to take place before relaxation of the excited photosensitizer to its ground state, the excited state lifetime should be long enough to facilitate this transfer. Moreover, having an energetic excited state is important since it is the driving force for further electron transfer reactions.

The structure of the complex is essential, since it influences the photophysical and redox properties of the sensitive excited state, therefore, the choice of ligands and their substituents is of great importance in tuning the excited state. 35

II.5. Solar Fuel Generation

In artificial photosynthesis, the goal is to mimic a green plant's ability to make chemical energy in which chemical bonds are broken and formed to generate their photosynthetic fuel using Chapter 1

21 | P a g e sunlight. 5 Many different approaches have been tested to achieve conversion and storage of solar energy in recent years. 13 The preparation of a solar fuel cell, which has activity complementary to a classic fuel cell based on oxygen and hydrogen gases, is shown in Figure 1.6. 5

Figure 1.6. Water splitting process into hydrogen and oxygen in a solar fuel cell (bottom), to be used in a classic fuel cell (top) for generating a flow of electrons and protons across a membrane to produce electricity. 5 Catalytic water splitting and hydrogen formation using electron donors and electron acceptors in order to mimic the photosynthetic machinery has been a great challenge. Some examples will be described here to outline various attempts to achieve water splitting which have been developed by scientists using ruthenium tris-bipyridine derivatives as photosensitizers adsorbed on a hybrid mesoporous nano metal oxide photoanode (TiO2).

The first approach for using a photoanode (platinized semiconductors) to transfer electrons in a closed circuit was described by Bard in 1980. He worked on the wide-band-gap titanium oxide (TiO2, SrTiO3) semiconductors doped with platinum on its surface. He showed its efficiency for electron transfer from the excited species to a suitable acceptor species using UV band-gap excitation. Thus, the solar energy is stored as redox chemical energy, and if the electron is pumped through a wire, the liberated energy will be converted into an electric current. 36 This approach established the basic principles of photochemical processes occurring on semiconductor materials to be used and developed later in photosynthetic machinery applications, especially for photochemical water splitting.

Further efforts have been made to find devices with a greater operative antenna effect based on a donor-photosensitizer-acceptor approach and targeted for a photo-induced long-lived charge-separation state (CSS).

In 2009, Mallouk and coworkers prepared a new binuclear complex based on a ruthenium tris-bipyridine derivative photosensitizer, connected to an iridium oxide particle IrO2 . nH2O

(stable catalyst with efficient activity for water oxidation) by means of a carboxylic acid group (bidentate malonate substitution) at the 4-position of one of the bipyridine ligands of ruthenium. [START_REF] Youngblood | Visible Light Water Splitting Using Dye-Sensitized Oxide Semiconductors[END_REF] Another one of the bipyridine ligands of the ruthenium dye was di-substituted with two phosphonate groups, also at 4-4'-positions, allowing the binuclear system to be adsorbed onto the porous nanocrystalline titanium oxide (TiO2) semiconductor. Then, this semiconductor was connected to a cathode platinum wire electrode, which can be used to reduce the protons produced from water splitting into hydrogen fuel (Figure 1.7).

The measurements for this system were performed in a photochemical cell, with the binuclear system (Ru(bpy)3-IrO2 . nH2O) adsorbed on titanium oxide constituting the working electrode, a silver reference electrode, and a platinum counter electrode. The system was immersed and studied in an aqueous buffer solution of pH = 5.75. Water splitting and hydrogen production schematic representation. [START_REF] Youngblood | Visible Light Water Splitting Using Dye-Sensitized Oxide Semiconductors[END_REF] First, upon irradiation at 450 nm, an electron transfer from the photo-excited ruthenium complex to the TiO2 semiconductor occurs, then the photo-oxidized Ru(III) which is generated returns to its initial redox state, Ru(II), via another electron donation from the iridium(III) particle, and finally the oxidized iridium(IV) completes the catalytic cycle by returning to its initial redox state after the water oxidation reaction is complete. The measurement of the produced photocurrent at 7.8 mW.cm -2 intensity was 12.7 µA.cm -2 , which corresponds to approximately 1% steady-state quantum efficiency of this cell. Gas chromatography allowed for the detection of the evolution of oxygen gas, and the current efficiency for the photoanodic O2 generation was calculated to be 20%. The low quantum yield efficiency originates from two sources. The first problem comes from the structural design, in which each iridium particle was capped with 10 to 20 ruthenium photosensitizers, thus relatively few were linked to the semiconductor surface (for greater efficiency, each sensitizer should bind one iridium catalyst and also adsorb to the semiconductor from the second side). The second problem was due to slow electron transfer from the iridium catalyst to the photooxidized ruthenium photosensitizer, which was considered to be 6 times slower than the back donation from titanium oxide semiconductor to the oxidized dye (a faster electron transfer from Ir(IV) to Ru(III) would result in a more efficient quantum yield). Therefore, the photo-induced water splitting quantum yield in this dye-sensitized binuclear system is very low, due to the fact that the charge recombination process is faster than the catalytic four electron oxidation to accomplish water splitting.

In 2012, successive work from Mallouk and coworkers improved upon the quantum yield efficiency of their previous work, more than doubling it from 1% to 2.3%. This quantum yield enhancement is achieved by inserting benzimidazole-phenol (BIP) as an electron transfer mediator between the slow electron donating iridium catalyst and the fast photo-oxidizing ruthenium dye acceptor, mimicking the role of tyrosine found in photosystem II in nature (Figure 1.8). 38 ) and Ru-dye. [START_REF] Zhao | Improving the Efficiency of Water Splitting in Dye-Sensitized Solar Cells by Using a Biomimetic Electron Transfer Mediator[END_REF] The system was built in a way to allow for co-adsorption of both the iridium oxide catalyst and the ruthenium photosensitizer onto the titanium oxide semiconductor (opposite to their previous work in 2009). To achieve the structure for this system, iridium particles were bound to the BIP electron transfer mediator from one side, and then it was linked to the TiO2 semiconductor from the opposite side by means of the 2-carboxyethyl phosphonic acid (CEPA). Upon irradiation, successive electron transfer reactions occurred between the binuclear complex and TiO2 semiconductor, in which the intensity of photoelectric current density was recorded up to 80 µA . cm -2 (three times more than what was observed before without BIP mediator), with a stability over 100 s (also three times more stable than when there is no BIP). Therefore, this result demonstrates the faster electron transfer process between iridium nanoparticles and Ru(III) in the presence of BIP electron mediator. However, one disadvantage was clear in this system, which is illustrated by the limited control of electron transfer between iridium catalyst and ruthenium dye sensitizer, due to the separate adsorbtions of each molecule on the TiO2 semiconductor surface.

In contrast to these two attempts, Schanze and coworkers developed a recent binuclear system adsorbed on TiO2 for solar fuel generation, composed of ruthenium tris-bipyridine complex used as the photosensitizer and another ruthenium(II) complex used for the water splitting reaction, in which both were assembled together by a polystyrene polymer (Figure 1.9). [START_REF] Jiang | Polymer Chromophore-Catalyst Assembly for Solar Fuel Generation[END_REF] This light-driven water splitting system was prepared by a special arrangement and relative stoichiometry of the first ruthenium dye and the second ruthenium catalyst responsible for the water oxidation reaction. Both complexes were assembled onto a polystyrene chain and adsorbed on a mesoporous titanium oxide semiconductor surface.

After that, the whole system was supported on a planar fluorine-doped tin oxide (FTO) conductive surface. This new system depends on the polymer chain to hold both the dye sensitizer and the oxidation catalytic parts, therefore the chain length was of significant importance. In the case of long polymer chains, the tendency towards aggregation becomes higher, and that leads to a lower surface coverage of the polymer on the TiO2 semiconductor surface. In that way, the authors used polystyrene polymers of a relatively low degree of polymerization, and both ruthenium complexes were attached to the polymer via an azidealkyne Huisgen cycloaddition reaction in a ratio of 1 : 4 of Ru(catalyst) to Ru(dye sensitizer) respectively.

FTO TiO 2

Figure 1.9. Schematic representation of a polystyrene chain possessing chromophore-catalyst complexes coated on a FTO//TiO2 mesoporous substrate. [START_REF] Jiang | Polymer Chromophore-Catalyst Assembly for Solar Fuel Generation[END_REF] Upon irradiation of [Ru(bpy)3] 2+ , the excited state was quenched by electron transfer to the photo-anode electron acceptor surface. This photo-oxidized complex returned to its initial redox state following another electron donation from the second tri-dentate ruthenium complex, giving rise to a photoelectric current of 18.5 µA.cm -2 , which is attributed to the catalytic light driven water oxidation reaction.

III. Ruthenium(II) polypyridyl complexes

Many transition metals like ruthenium(II), osmium(II), and iridium(III) have been used in many different applications like photocatalysis, and as a central metal of different triads to mimic photosynthetic reactions due to their beneficial photophysical and redox properties. [START_REF] Baranoff | From Ruthenium(II) to Iridium(III): 15 Years of Triads Based on Bis-Terpyridine Complexes[END_REF][START_REF] Thompson | Ruthenium Tris-Bipyridine Complex and Other Remarkable Metal-to-Ligand Charge Transfer (MLCT) Excited States[END_REF] In this thesis, I will focus on ruthenium(II) complexes, and how their properties can be tuned in order to achieve better function. The main issue to be discussed is the remarkable difference between tris-bidentate and bis-tridentate ruthenium complexes, for example, the two archetypical complexes [Ru(bpy)3] 2+ and [Ru(tpy)2] 2+ respectively.

III.1. Tris-bidentate ligand ruthenium complex [Ru(bpy) 3 ] 2+

The prototype ruthenium complex [Ru(bpy)3] 2+ (bpy = 2,2'-bipyridine) shown in Figure 1.10, is one of the most studied ruthenium complexes and broadly used in research during the last forty years. [START_REF] Campagna | Photochemistry and Photophysics of Coordination Compounds: Ruthenium[END_REF] It has attracted many researchers due to its appropriate photophysical and electrochemical properties: To understand the origin of these properties, we need to understand closely the electronic structure of this complex. The ruthenium transition metal possesses five degenerate dorbitals when it is uncoordinated to any ligand, but this degeneracy is split upon coordination with the polypyridine ligands, here the 2,2'-bipyridine ligand that is a strong σ donor through the nitrogen atoms with a π donor, and π* acceptor character found on the two pyridine rings.


The resulting energy levels of the created [Ru(bpy)3] 2+ octahedral geometry complex, as well as some electronic transitions are presented in Figure 1.11.

Metal-to-ligand charge transfer (MLCT) excited state which normally gives the emission properties of the photosensitizer and is important for its function, is produced by electron promotion from the metal centered t2g orbital (HOMO) to the ligand centered π* acceptor orbital (LUMO). [START_REF] Thompson | Ruthenium Tris-Bipyridine Complex and Other Remarkable Metal-to-Ligand Charge Transfer (MLCT) Excited States[END_REF] The symmetry forbidden metal-centered (MC) excited state (d-d transition) is obtained by electron promotion from metal centered t2g to eg* orbitals of ruthenium metal, lastly the promotion from ligand centered π(L) donor orbital to its π*(L) acceptor orbital will give rise to ligand-centered (LC) transition.

The multiplicity of these excited states could be singlet or triplet. Moreover, an important singlet-triplet multiplicity mixing is obtained especially for MLCT and MC excited states due to spin orbit coupling (SOC). Upon absorption a photon of energy (hν) matching the energy gap between the HOMO and LUMO, a singlet metal-to-ligand charge transfer ( 1 MLCT) excited state is formed first. Then due to spin orbit coupling and the effect of ruthenium heavy metal, the spin state changes by a fast intersystem crossing (ISC) in less than 50 fs. [START_REF] Mccusker | Femtosecond Absorption Spectroscopy of Transition Metal Charge-Transfer Complexes[END_REF] ISC is followed after that by a rapid relaxation to the lowest triplet excited state, to give the triplet metal-to-ligand charge transfer excited state ( 3 MLCT) in around 1 ps depending on the solvent. [START_REF] Bhasikuttan | Ultrafast Fluorescence Detection in Tris(2,2'-Bipyridine)Ruthenium(II) Complex in Solution: Relaxation Dynamics Involving Higher Excited States[END_REF] This new excited state Moreover, ligand loss can be controlled or reduced by "chelate ring closing process" that is known by self-annealing, to re-form [Ru(bpy)3] 2+ complex and avoid dissociation by stabilizing the cationic [Ru(bpy)3] 2+ species in aqueous solution. On the other hand, in low polarity solvents, it is more favored to lose one ligand and form the neutral [Ru(bpy)2X2] complex.

Triplet metal-to-ligand charge transfer state ( 3 MLCT) is the most important excited state that specifies the photoactivity of any ruthenium photosensitizer. The main two properties at this point that describe the excited state, are the excited state lifetime and emission quantum yield, that are directly dependent on the energy difference between 3 MLCT and 3 MC. These two properties can be expressed by equations 3 and 4 respectively.

 Lifetime: ꚍ = 1 𝑘 𝑟 +𝑘 𝑛𝑟 (3)  Quantum yield: Φ = 𝑘 𝑟 𝑘 𝑟 +𝑘 𝑛𝑟 (4) 
The two rate constants kr and knr represent the radiative and non-radiative relaxation rate constants respectively. Short lifetime excited state of ruthenium(II) complexes is due to small 3 MLCT-3 MC energy difference, that makes the excited state deactivate faster by thermally populating of triplet metal centered ( 3 MC) excited state (figure 1.14, a). [START_REF] Österman | Influence of Triplet State Multidimensionality on Excited State Lifetimes of Bis-Tridentate Ru(II) Complexes: A Computational Study[END_REF] However, the activation barrier to populate this 3 MC excited state can be higher in case it is significantly destabilized. [START_REF] Abrahamsson | Steric Influence on the Excited-State Lifetimes of Ruthenium Complexes with Bipyridyl-Alkanylene-Pyridyl Ligands[END_REF] Consequently, destabilizing 3 MC will raise the energy difference between this non-emitting excited state and the 3 MLCT emitting state of the complex. Therefore, the emission quantum yield of the complex becomes higher and its lifetime longer (Figure 1.14, b). The three transition types that were seen in Figure 1.11, are present on this absorption spectrum. The absorption band at 285 nm is assigned to the spin allowed ligand centered transition (LC) from π(L) to π*(L). The two small absorption bands at 322 nm and 344 nm might be assigned to the metal centered (MC) d-d transition, while the moderately intense absorption band at 450 nm refers to the spin and symmetry allowed singlet metal-to-ligand charge transfer ( 1 MLCT) transition from d(M) to π*(L). The [Ru(bpy)3] 2+ complex at the MLCT excited state has a formally reduced bpy ligand with oxidized ruthenium metal from Ru(II) to Ru(III), to give this formula [Ru III (bpy)2(bpy) -]*. [START_REF] Thompson | Ruthenium Tris-Bipyridine Complex and Other Remarkable Metal-to-Ligand Charge Transfer (MLCT) Excited States[END_REF][START_REF] Campagna | Photochemistry and Photophysics of Coordination Compounds: Ruthenium[END_REF] Thus, 1 MLCT is sensitive to solvent polarity due to the formation of this dipolar excited state [Ru III (bpy)2(bpy) -]*.

According to Kasha's rule, excitation of [Ru(bpy)3] 2+ at any of these absorption bands will lead to the emission from the lowest 3 MLCT, and its energy is of 2.1 eV. In addition to that, 3 MLCT excited state lifetime (solvent and temperature dependent) is around 1 µs in deaerated acetonitrile at room temperature (of around 6% emission quantum yield), and is around 5 µs in rigid matrix glass at 77 K. 41

III.2. [Ru(bpy) 3 ] 2+ excited state reactivity

[Ru(bpy)3] 2+ is considered to be a weak electron donor or acceptor at the ground state. On the other hand, this ruthenium complex at the excited state is a strong oxidizing and reducing agent. As it is seen in Figure 1.16, after excitation of ruthenium tris-bipyridine complex, the promoted electron on the π* orbital can be donated easily, when the photoexcited complex works as reducing agent. Moreover, putting an electron in the vacant t2g orbital at excited state is easier and needs less energy than putting it at the LUMO of the complex when it is at the ground state. As a consequence, photoexcited ruthenium complex is a stronger oxidizing and reducing agent than when it is at the ground state. The photoexcited species is more oxidant and reductant than the ground species, with a reduction potential for the photooxidized complex of +0.77 V versus saturated calomel electrode (SCE) in acetonitrile at room temperature, while it is -1.33 V vs SCE at ground state under the same condition in acetonitrile. Moreover, the oxidation potential at excited state in acetonitrile is of -0.81 V vs SCE at room temperature, while it is +1.29 V vs SCE at ground state under the same conditions in acetonitrile. [START_REF] Takasu | Toward Green and Efficient Reaction[END_REF] These potentials at excited state can be calculated following the Rehm-Weller equation (5). [START_REF] Rehm | Kinetics of Fluorescence Quenching By Electron and H-Atom Transfer[END_REF] E * ½ red = E 1/2 red + E 00 and E * 1/2 ox = E 1/2 ox -E 00 (5) E* represents the oxidation and reduction potentials at photoexcited states, (E) is for potentials at ground state that can be determined experimentally by cyclic voltammetry, and (E00) corresponds to the energy of the excited state and can be approximated to the emission energy of the complex at 77 K.

As a consequence, such redox potential properties make the photoexcited [Ru(bpy)3] 2+ complex a good candidate in many bimolecular light-induced single-electron-transfer or energy transfer applications. [START_REF] Thompson | Ruthenium Tris-Bipyridine Complex and Other Remarkable Metal-to-Ligand Charge Transfer (MLCT) Excited States[END_REF] For instance, this complex and its analogs were applied in photoredox catalysis in the reduction of carbon dioxide, [START_REF] Takeda | Development of Efficient Photocatalytic Systems for Carbondioxide Reduction Using Mononuclear and Multinuclear Metal Complexes Based on Mechanistic Studies[END_REF] and the splitting of water into hydrogen and oxygen [START_REF] Li | A Photoelectrochemical Device for Visible Light Driven Water Splitting by a Molecular Ruthenium Catalyst Assembled on Dye-Sensitized Nanostructured TiO2[END_REF] as artificial photosynthetic device mimicking the role of photosystem II (PS II) in green plants. In addition, other broad applications using [Ru(bpy)3] 2+ complex were in molecular photosynthesis, 6 in some medical therapies, [START_REF] Gill | Ruthenium(II) Polypyridyl Complexes and DNA -From Structural Probes to Cellular Imaging and Therapeutics[END_REF] in sensor devices, [START_REF] Ma | Recent Advances in Luminescent Heavy Metal Complexes for Sensing[END_REF] and it has been used broadly in the area of organic synthesis. [START_REF] Prier | Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications in Organic Synthesis[END_REF] The quenching reaction pathway of the ruthenium(II) complexes 3 MLCT excited state is directly depending on:

 Redox potentials of both donor complex and acceptor quencher.

 Quencher absorption spectrum.

 Emission spectrum and emission energy of ruthenium donor complex.

The photoexcited complex can undergo energy transfer process (equation 6), or an electron transfer process to be used as reducing or oxidizing agent for specific substrates (equation 7 and 8 respectively). [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF] (A) is an electron acceptor, (D) an electron donor, and (Q) is any quencher that undergoes excitation by energy transfer from the excited ruthenium complex.

III.2.1. Energy transfer mechanisms

Equation ( 6) illustrates the energy transfer reaction pathway, by which the energy of the excited ruthenium complex center is transferred to energy acceptor (Q). Energy transfer reaction could be radiative if the emitted photon from the excited complex is re-absorbed by the energy acceptor quencher (Q). However, energy transfer can also be achieved through a non-radiative process. There are two different mechanisms to describe non-radiative energy transfer known by Förster mechanism (energy transfer by resonance) and Dexter mechanism (energy transfer by exchange) as it is shown in Figure 1.17 below. [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF] Moreover, the condition for these processes to occur, the orbital energy of the energy donor (ruthenium) should be higher than the orbital energy of the acceptor (Q). Förster mechanism, also called coulombic mechanism or long-range mechanism, is a dipolar interaction mechanism that can take place through space. Thus, there is no need for a physical contact between the ruthenium donor center and the energy acceptor (Q), there is no orbital overlapping or electron mixing between them. This remote energy transfer operates experimentally over a distance ranging from 10 to 100 Å. [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF] In this energy transfer mechanism, the two excited states of the energy acceptor and donor should hold the same spin multiplicity for the allowed transition. The rate constant for Förster energy transfer can be expressed theoretically in equation (9).

k EnT = 1.25 𝑥 10 17 𝛷 𝐷 𝐼 (ɳ 4 )(𝜏 𝐷 )(𝑅 6 ) (9) 
ΦD and ꚍD are the emission quantum yield and luminescence lifetime of the excited ruthenium donor complex respectively, and R is the distance between the energy donor and the energy acceptor (Q), I is the normalized overlap integral between the emission spectrum of ruthenium energy donor center and the absorbance spectrum of energy acceptor (Q), lastly ɳ is the refractive index of the solvent.

Dexter mechanism on the other side, known as the exchange mechanism, requires the formation of a collision intermediate complex between Ru* excited complex and the acceptor quencher to make energy transfer reaction. Thus, in this mechanism, both excited complex and quencher should require physical contact and orbital overlapping to occur, in a distance that is less than 10 Å. It is called double exchange mechanism, since when an electron goes from the LUMO of the ruthenium donor to the LUMO of the energy acceptor, another exchange directly occurs by giving an electron from the HOMO of the acceptor to the HOMO of ruthenium complex center. Dexter's mechanism is limited by diffusion and directly dependent on the nature of the bridge between both acceptor and donor. In the mechanism of Dexter, the reactions are done with spin conservation (from triplet Ru complex excited state to triplet quencher excited state, the same if it was at singlet state). The rate constant that is distance dependent had been developed theoretically by Dexter in equation (10).

k EnT = J.e -2R/L (10

)
Where J is the normalized spectral overlap integral, R is the distance between both acceptor and donor, and L is the sum of Van der Waals radii of both acceptor and donor.

The three mechanisms can coexist, but the Dexter one dominates at very short distances, whereas the Förster mechanism can function over longer distances.

Many systems based on the metal complex [Ru(bpy)3] 2+ were explored and showed evidence of energy transfer, in which the ruthenium complex can have a double role acting either as a donor or as an acceptor depending on the surrounding system.

A recent example was described by T. Yui in 2017 showing that [Ru(bpy)3] 2+ complex can work as an energy acceptor, and the light energy accumulator pyrene derivative acts as energy donor (Figure 1.18). [START_REF] Morimoto | Light Energy Accumulation from Pyrene Derivative to Tris(Bipyridine)Ruthenium on Clay Surface[END_REF] A stoichiometric amount of the cationic pyrene derivative (five molecules) absorbs strongly photons, followed by energy transfer to one molecule of ruthenium(II) complex on a clay surface. Energy transfer efficiency was 85% with a rate constant (kq) of 10 17 L.mol -1 .s -1 approximately. This rate constant is of 10 7 -10 

III.2.2. Electron transfer mechanism

Equations (7 & 8) illustrate the electron transfer reactions pathway. The excited ruthenium(II) complex center can either go through oxidative quenching pathway by donating a single electron to a specific electron acceptor (A), or through reductive quenching pathway by taking a single electron from an electron donor (D).

In order to have such an electron transfer between the donor and the acceptor, the electron transfer quenching pathway should be thermodynamically allowed. The reactivity of the excited state is usually improved with a higher energy difference between the relaxed excited state and the ground state (E00), as it is seen in the equation of Gibbs free energy of photoinduced electron transfer (equation 11). 

In this equation ΔG 0 represents the free energy of the reaction. Eox.(D) and Ered.(A) corresponds to the oxidation and reduction potentials of the electron donor and electron acceptor half-reactions respectively, the correction value of the ion-pair solvation difference in which these redox potentials were measured is illustrated by the last term. The third term represents the Coulombic interaction between both positively and negatively charged donor and acceptor moieties respectively. Ԑs is the dielectric constant of the solvent, Rc is the distance of separation between the centers of both electron acceptor and donor, and finally r is the average ionic radius.

In photoredox catalysis it is important to have reversible redox reactions for both electron donor and electron acceptor. [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF] In 1956 Marcus gave the first proposition of electron transfer theory. [START_REF] Marcus | On the Theory of Oxidation-Reduction Reactions Involving Electron Transfer[END_REF] This theory described the kinetics of electron transfer process between the weakly coupled electron acceptor and donor, where the outer sphere electron transfer rate constant (kET) could be illustrated in the following equation (12). [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF][START_REF] Marcus | Electron Transfer Reactions in Chemistry : Theory and Experiment[END_REF] Generally, the photo-induced electron transfer reaction liberates energy (exothermic), and according to Marcus theory in the inverted region, if the transfer reaction becomes more thermodynamically favored (the driving force becomes increasingly negative) then the rate of electron transfer will slow down (depending on the nature of each system).

k ET = 2𝜋 ℎ |𝐻 𝐴𝐷 | 2 1 √4𝜋𝜆𝐾 𝐵 𝑇 𝑒𝑥𝑝 [ (-∆𝐺 0 +𝜆) 2 4𝜆𝐾 𝐵 𝑇 ] (12) 
In this expression, ΔG 0 is dependent on the redox potentials of both electron donor and acceptor, this free enthalpy energy is considered to be the driving force of electron transfer decay. |H AD | is the electronic coupling between the electron donor and acceptor states, and the magnitude of this electronic coupling is dependent on the distance and orientation of both donor and acceptor states, and that makes it difficult to be specified in solution for bimolecular reactions. λ represents the reorganization energy, upon the electron transfer reaction in progress the charge distribution changes in the molecule, as well as the solvent molecules reorganization due to charge redistribution that goes along with electron transfer step. [START_REF] Arias-Rotondo | The Photophysics of Photoredox Catalysis: A Roadmap for Catalyst Design[END_REF] In the literature, many bimetallic systems were reported that are composed of ruthenium(II)

tris-bipyridine complex and other transition metals (used to quench the photoexcited ruthenium complex by electron transfer). [START_REF] Hankache | Photoinduced Electron Transfer in Covalent Ruthenium-Anthraquinone Dyads: Relative Importance of Driving-Force, Solvent Polarity, and Donor-Bridge Energy Gap[END_REF][START_REF] Nitadori | Enhanced Photocatalytic Activity of α-Methylstyrene Oligomerization through Effective Metal-to-Ligand Charge-Transfer Localization on the Bridging Ligand[END_REF][START_REF] Murata | Photophysical Properties, and Reactivities of Novel Bichromophoric Pd Complexes Composed of Ru(II)-Polypyridyl and Naphthyl Moieties[END_REF] However, if we are planning to mimic natural photosynthesis, it is important to have the ruthenium complex center connected with an electron donor and/or electron acceptor moieties (forming the favorable triads or dyads), and by that it is possible to reach the charge separated state (CSS) as found in nature, as well as it can be used in photocatalytic applications (splitting water into oxygen and hydrogen molecules) by the aid of electron transfer between the three components of the triad or dyad systems.

At the beginning, the first prepared triads based on ruthenium tris-bipyridine complex were lacking symmetry and linearity, by having two electron acceptor or two donor units on the ruthenium center that gives the two different isomers (fac and mer). Thus, it leads to a short lifetime and inefficient charge separated state (CSS). As it is seen in the following example (Figure 1.21), the triad which was built around ruthenium tris-bipyridine complex was formed by connecting to this center two phenothiazine (PTZ) which act as electron donor moieties, and one N,N'-di-quaternary-2,2'-bipyridinium (diquat, DQ 2+ ) which acts as an electron acceptor. This unsymmetrical triad with a flexible connecting neighbor acceptor-donor moiety, leads to a fast recombination of the created ions of the triad. As a result, the lifetime of CSS in such triad becomes shorter (150 ns). [START_REF] Danielson | Photochemically Induced Charge Chapter 1 68 | P a g e Separation at the Molecular Level. A Chromophore Quencher Complex Containing Both an Electron Donor and an Acceptor[END_REF][START_REF] Klumpp | Spin Chemical Control of Photoinduced Electron-Transfer Processes in Ruthenium(II)-Trisbipyridine-Based Supramolecular Triads[END_REF] Figure 1.21. Ruthenium tris-bipyridyl complex with diquat and phenothiazine moieties.

As a consequence, different approaches come to minimize the charge recombination between the oxidized electron donor and reduced acceptor to have efficient CSS (longer lifetime), by making the distance between the electron donor and electron acceptor as long as possible. An elegant example was done by Wenger, by attaching both electron donor (triarylamine, TAA) and the electron acceptor (9,10-anthraquinone, AQ) on the same bipyridine ligand at positions 5 and 5' to avoid isomerization first, and by using p-xylene linker in order to have a non-conjugated and much rigid triad system (Figure 1.22). [START_REF] Hankache | Hydrogen-Bonding Effects on the Formation and Lifetimes of Charge-Separated States in Molecular Triads[END_REF][START_REF] Hankache | Microsecond Charge Recombination in a Linear Triarylamine-Ruthenium Tris-Bipyridine-anthraquinone Triad[END_REF] Therefore, upon this good separation between the electron donor and acceptor moieties and breaking the electron conjugation in the triad (22 Å distance of electron separation), the formed CSS (TAA + -Ru II -AQ -) after successive electron transfer process was of quantum yield greater than 64% with a long lifetime (1.3 µs in acetonitrile). The attempt of Gopidas and Rakhi, by which they introduced recently a new system based on the supramolecular triad, exhibits a very long-lived CSS (reaching 100 µs) between the oxidized ruthenium(II) complex and a methyl viologen electron acceptor. To the best of our knowledge, this lifetime is the highest value of CSS lifetime for [Ru(bpy)3] 2+ -MV 2+ systems. [START_REF] Rakhi | Generation of Long-Lived Methyl Viologen Radical Cation in the Triplet-State Mediated Electron Transfer in a β-Cyclodextrin Based Supramolecular Triad[END_REF] This system is divided into two parts, one is the electron donor part that consists of the covalently linked ruthenium tris-bipyridine complex-pyrene-adamantane molecule (Ru(II)-Py-Ad), and the second part is the acceptor moiety which consists of β-cyclodextrin linked to Viologen (CD-MV 2+ ). The β-cyclodextrin of the CD-MV 2+ part and the adamantane of Ru(II)-Py-Ad part are then engaged in an inclusion complex when the two parts are dissolved in water.

Therefore, a supramolecular donor-acceptor assembly is formed as shown in Figure 1.23. Irradiation of the supramolecular assembly by 532 nm laser leads to the formation of a Then another electron transfer process occurs from ruthenium(II) to the oxidized pyrene, to have at the end this charge separated state Ru(III)-Py-MV + , which lasts for 100 µs before the system goes back to its ground state by back electron transfer process (BET) (Figure 1.24).

This long-lived CSS is due to the large separation distance between Ru(III) and MV + moieties in the supramolecular assembly. This Ru(II)-Py-Ad@CD-MV 2+ supramolecular assembly is suggested to be a good candidate for photocatalytic applications and for solar water splitting reactions at its charge separated state, due to the strong oxidation potential of the photo-oxidized [Ru(bpy)3] 3+ complex, that is capable to oxidize water.

Moreover, the redox potential of MV 2+ / MV + couple is -0.45 V vs standard hydrogen electrode (SHE), that is considered enough for platinum catalyzed hydrogen production.

III.3. Stability and induced isomerization of [Ru(bpy) 3 ] 2+

It has been discussed before that the advantages of [Ru(bpy)3] 2+ complex makes it a widely used photosensitizer in many different applications (due to its appropriate photophysical and redox potential properties). However, some limitations can arise in using this complex. Its stability upon irradiation is considered to be one of the main problems, and the formation of (stereo) isomers upon substitution of the bpy ligand with functional groups is the second problem that will be discussed.

One of the important properties of a photosensitizer is stability in the ground and excited states. Even though [Ru(bpy)3] 2+ complex is photo-stable in general, nevertheless, this bidentate ruthenium(II) complex faces a ligand dissociation over a long period of light exposure in catalysis conditions. [START_REF] Nippe | Catalytic Proton Reduction with Transition Metal Complexes of the Redox-Active Ligand Bpy2PYMe[END_REF][START_REF] Laemmel | Efficient and Selective Photochemical Labilization of a Given Bidentate Ligand in Mixed Ruthenium(II) Complexes of the Ru(Phen)2(L)2+ and Ru(Bipy)2(L)2+ Family (L = Sterically Hindering Chelate)[END_REF][START_REF] Collin | Light-Driven Expulsion of the Sterically Hindering Ligand L in Tris-Diimine Ruthenium(II) Complexes of the Ru(Phen)2(L)2+ Family: A Pronounced Ring Effect[END_REF] As it was explained in details before, once 3 MC state is formed, the ruthenium-nitrogen bond can undergo cleavage leading to the degradation of this trisbidentate complex. Thus, to overcome this stability problem, shifting from bidentate to tridentate ligands would be a suitable solution. In general, bis-terdentate ruthenium(II) complexes are more resistant to photo-dissociation reactions (having three coordinating bonds instead of two).

On the other hand, tris-bidentate metal complexes can lead to Ʌ and Δ enantiomers.

Furthermore, the substitution of this bpy ligand with functional groups in [Ru(bpy)3] 2+ complex or by using unsymmetrical bidentate ligands like 8-(pyrid-2'-yl) quinoline (8-Qpy) leads to the formation of meridional (mer) and facial (fac) isomers. [START_REF] Dinda | Electronic and Geometrical Manipulation of the Excited State of Bis-Terdentate Homo-and Heteroleptic Ruthenium Complexes[END_REF][START_REF] Fang | A Strategy for Improving the Room-Temperature Luminescence Properties of Ru(II) Complexes with Tridentate Ligands[END_REF][START_REF] Abrahamsson | Six-Membered Ring Chelate Complexes of Ru(II): Structural and Photophysical Effects[END_REF] This isomer formation of ruthenium(II) complex based on bidentate ligands will give rise to a clear problem in vectorial charge separation devices.

Therefore, the appropriate solution for all of that is to use bis-terdentate equivalent of [Ru(bpy)3] 2+ namely [Ru(tpy)2] 2+ (tpy = 2,2':6',2''-terpyridine) in order to avoid isomerism, to gain stability and to have linearity with maximal separation between electron donor and electron acceptor moieties in donor-photosensitizer-acceptor triads at their CSS.

III.4. Bis-terdentate ligand ruthenium complex [Ru(tpy) 2 ] 2+

The tridentate 2,2':6',2''-terpyridine ligand that is consisting of three imine atoms (Figure 1.25, a), is considered to be an interesting N-heterocyclic ligand. This ligand possesses a remarkable high binding affinity toward transition metal ions (our interest toward ruthenium ion), that comes from its chelation property, in addition to d(metal)-π*(ligand) back donation of the metal ion to the pyridine rings. Consequently, tpy ligand can coordinate in a ratio of 2 to 1 with ruthenium metal ion respectively, to form a stable octahedral metal complex, with a linear assembly when it is functionalized at 4'-position (Figure 1.25, b). 76 Many new organic-inorganic hybrid materials were developed and synthesized based on [Ru(tpy)2] 2+ complex over the last few decades due to the symmetrical geometry it affords, in addition to the easy functionalization at its 4'-position. [Ru(tpy)2] 2+ complex has been used in many fields. For example, recently different kinds of polymers like poly-ethylene glycol, polystyrene, bio-macromolecules, micelles were synthesized and doped with [Ru(tpy)2] 2+ complex into their polymeric structure. As well as this ruthenium(II) complex was incorporated in the manufacturing of electro-catalytic surfaces [START_REF] Andres | Supramolecular Assemblies and Materials Based on 2,2[END_REF] , also it has been used in biological applications as it can have a good antibacterial and antifungal activity. [START_REF] Ezhilarasu | Characterization, Photophysical and Electrochemical Studies of Ruthenium(II) Complexes with 4′-Substituted Terpyridine Ligands and Their Biological Applications[END_REF] However, unlike [Ru(bpy)3] 2+ complex, there is a big obstacle using [Ru(tpy)2] 2+ complex in the photophysical processes like the conversion of solar light into usable energy, due to its week photophysical properties. [Ru(tpy)2] 2+ is a quasi-non-emitting complex with a 3 MLCT excited state lifetime of 250 ps in degassed acetonitrile at room temperature, compared to the long excited state lifetime about 1 µs of [Ru(bpy)3] 2+ . [START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Electrochemistry, and Chemiluminescence[END_REF][START_REF] Medlycott | Designing Tridentate Ligands for Ruthenium(II) Complexes with Prolonged Room Temperature Luminescence Lifetimes[END_REF][START_REF] Campagna | Photochemistry and Photophysics of Coordination Compounds: Ruthenium[END_REF] The reason for such mediocre photophysical properties at room temperature comes from the distorted octahedral geometry of this ruthenium(II) complex that was built with rigid tridentate polypyridine ligands. Thus, such distorted geometry gives rise to a weaker ligand field strength (Δo), that results in reducing the energy gap between 3 MC state and 3 MLCT state, by reducing the energy of 3 MC. Therefore, 3 complex exhibits a long luminescence excited state lifetime by suppressing the thermal internal conversion process. The direct contribution from the 3 MLCT state to ground state (GS) through thermal population of 3 MC state is one of the pathways for non-radiative deactivation.

IV. Strategies for enhancing the excited state lifetime of

Ru(II) complexes with tridentate ligands

Much effort has been dedicated to designing bis-tridentate polypyridine ruthenium(II) complexes with improved photophysical properties, mainly extending the excited state lifetime to have better photosensitization functionality in electron and energy transfer processes. Different strategies have been developed to minimize the thermal population of the 3 MC excited state from the emissive 3 MLCT excited state, either by destabilizing 3 MC and/or stabilizing 3 MLCT thereby increasing the energy gap separation between them.

Extending excited state lifetime at room temperature can be realized using any of the following techniques:

 Incorporation of electron withdrawing and electron donating functional groups at the 4'-position of tpy ligand in a [Ru(tpy)2] 2+ complex.

 Extending the π-conjugation of the system.

 Using π-accepting ligands.

 Enhancing the ligand field (Δo), as a result of optimizing the octahedral coordination geometry.

In addition to these, there are other strategies that were done like (we will not develop):

 Using bichromophoric systems.

 Using strong σ-donor ligands (cyclometallation)

In my thesis, the target is to prepare new ruthenium(II) complexes based on tridentate ligands possessing an extended π-conjugated system, and coordinating with a 6-member metallacycle fashion to enhance the complex geometry.

IV.1. Electron withdrawing and electron donating groups

The substitution of polypyridine ruthenium(II) complexes with electron withdrawing groups (EWGs) and/or electron donating groups (EDGs) leads to a change in the energy of molecular orbitals. [START_REF] Ashford | Controlling Ground and Excited State Properties through Ligand Changes in Ruthenium Polypyridyl Complexes[END_REF] In this context, direct attachment of these EDGs and EWGs on the central pyridine ring of the tpy ligand on [Ru(tpy)2] 2+ complexes is one method employed to tune its photophysical properties. In general, EWGs withdrawing electron density from the ruthenium center via the π*-system of the ligand leads to a stabilization of the LUMO, and thus gives rise to a stabilized 3 MLCT excited state. This stabilization increases the 3 MLCT-3 MC energy gap and therefore lowers the thermal population of the non-emissive 3 MC excited state. As a result, an increase in the luminescence lifetime of these complexes can be observed. On the contrary, EDGs destabilize the HOMO without significantly affecting the LUMO.

[Ru(tpy-x)(tpy-y)] 2+ type complexes (where x and y are wide ranges of EWGs and EDGs), with all possibilities of x and y, absorb with a red-shift of both 1 MLCT and the emissive 3 MLCT transitions as compared to the parent [Ru(tpy)2] 2+ complex which has a maximum at 475 nm for 1 MLCT and emission from its 3 MLCT at 629 nm. [START_REF] Pal | Synthesis and Excited-State Properties of Mononuclear Ru(II) Complexes of Tridentate Heterocyclic Ligands[END_REF] In addition to the observed spectroscopic effect, we can see the effect of these groups electrochemically as a change in the oxidation potential of Ru(II) in the presence of EWGs (difficult to oxidize), or EDGs (easier to oxidize). Moreover, the reduction potential of the tpy ligand can also be affected in the presence of these functional groups. Therefore, the complexes can be either functionalized at one or both tpy ligands, to give the heteroleptic or homoleptic complexes, respectively. In heteroleptic complexes, i.e., with one CN group, the LUMO is stabilized to give a low lying 3 MLCT with absorption maximum at 701 nm, and therefore a longer excited state lifetime of 75 ns is obtained with 2% quantum yield at room temperature in deaerated solvent. In contrast, in the homoleptic complex with two strong electron withdrawing CN groups, the ruthenium(II) center is relatively electron poor and difficult to oxidize, thus the 3 MLCT energy increases to emit with a blue shift at 680 nm as compared to that of the heteroleptic complex. By slightly decreasing the energy gap between both excited states, this homoleptic complex has a lower excited state lifetime of 50 ns under the same conditions as the heteroleptic one. [START_REF] Wang | Synthesis and Properties of the Elusive Ruthenium(II) Complexes of 4′-Cyano-2,2′:6′,2″-Terpyridine[END_REF] All of these data with the enhanced excited state lifetimes of the homoleptic and heteroleptic complexes using MeSO2 another strong EWGs, [START_REF] Maestri | Complexes of the Ruthenium(II)-2,2':6',2''-Terpyridine Family. Effect of Electron-Accepting and -Donating Substituents on the Photophysical and Electrochemical Properties[END_REF] are summarized in Table 1.1 below. Furthermore, an improvement was observed for the complex with both a strong MeSO2 EWG and a hydroxyl EDG at the same time, resulting in a 50 ns excited state lifetime with a red shifted emission maximum at 706 nm and 0.5% quantum yield. This result was explained by the effect of the OH group which destabilized the HOMO in addition to the effect of the MeSO2 group, which stabilized the LUMO at the same time, resulting in a very low energy 3 MLCT, and thus having a longer excited state lifetime as compared to both homoleptic and heteroleptic complexes with MeSO2 EWGs at the same conditions.

Triarylpyridinium (TP + ) shown in Figure 1.27, is another EWG substituent that can be functionalized at its phenyl ring and connected to an electron acceptor moiety forming the triad molecule with the ruthenium(II) chromophore. A simple incorporation of one TP + into the non-luminescent [Ru(tpy)2] 2+ complex extends the excited state lifetime from 0.25 ns to 55 ns at room temperature. However, as explained above, in the case of di-substitution in a homoleptic complex, the excited state lifetime was decreased to 27 ns compared to the heteroleptic complex under the same conditions. 83 However, an 8 ns decrease of the excited state lifetime at room temperature was observed when a phenyl spacer was introduced between the tpy ligand and the TP + moiety (Figure 1.28). This photophysical property is attributed to the diminishing electron withdrawing effect of pyridinium on ruthenium center caused by the phenyl spacer. 84 

IV.2. Extending the π-conjugated system

Increasing the extent of π-conjugation in the system, by aromatic substituents introduced on the backbone of the tpy ligand, is the second way to tune the photophysical properties of bistridentate ruthenium complexes. A charge delocalization over a larger surface area can occur with an extended π-system that leads to a stabilized emitting 3 MLCT excited state relative to the non-emissive 3 MC state. [START_REF] Medlycott | Synthesis and Properties of Mono-and Oligo-Nuclear Ru(II) Complexes of Tridentate Ligands: The Quest for Long-Lived Excited States at Room Temperature[END_REF] Aromatic ring substituted at the 4'-position of the tpy ligand can lead to a prolongation of the excited state lifetime, as in [Ru(ttpy)2] 2+ (ttpy = 4'-toluyl-2,2':6':2''-terpyridine) where the lifetime reaches 0.95 ns in deaerated acetonitrile at room temperature. However, this excited state lifetime does not vary that much from the [Ru(tpy)2] 2+ complex. This result was explained by the phenyl ring twisting from the central pyridine ring on the tpy ligand that was induced by the steric interaction between the ortho hydrogens at the inter-annular bond between the two rings. Thus, it leads to a break in the planarity of the π-conjugated system and no significant enhancement of the lifetime was observed.

An approach for extending the π-system of [Ru(ttpy)2] 2+ complexes with a lifetime enhancement (more than 0.95 ns), is to introduce imidazole substituents connected to the phenyl rings at the para positions. A blue shifted excited state at 660 nm maximum with an extended lifetime of 8.5 ns was detected, by increasing the 3 MLCT-3 MC energy gap after stabilizing 3 MLCT state by extensive delocalization over the imidazole group. Moreover, the excited state lifetime can be extended, up to 15.8 ns, by stabilizing the 3 MLCT excited state even more when the imidazole ring is more conjugated (Figure 1.29). 86 More elegant work extending the π-conjugated system is accomplished by incorporating an acetylene electron-withdrawing group on a tpy ligand which was introduced first by Ziessel and coworkers. [START_REF] Harriman | Synthesis and Photophysical Properties of Ruthenium(II) Bis(2,2′:6′,2″-Terpyridine) Complexes Constructed from a Diethynylated-Thiophene Residue[END_REF][START_REF] Benniston | Electron Delocalization in a Ruthenium(II) Bis(2,2':6',2' '-Terpyridyl) Complex[END_REF] The direct substitution of such sp-hybridized acetylene groups at the 4'positions of tpy ligands, aligns the π-orbitals to form a coplanar system, which can lead to enhanced electronic delocalization between the tpy ligand unit and an aryl group connected on the second side of the alkynyl spacer. Therefore, an extra stabilization of the LUMO of the polypyridine ruthenium(II) complex occurs. Consequently, this LUMO stabilization leads to a decrease in the energy of the 3 MLCT excited state, thus increasing the energy gap between 3 MLCT and 3 MC states. The resulting effect increases the excited state lifetime with a red shift of the absorption and emission maxima. Moreover, the excited state lifetime increases and the emission energy drops when there are two acetylene molecules as compared to only one acetylene spacer. [START_REF] Pal | Synthesis and Excited-State Properties of Mononuclear Ru(II) Complexes of Tridentate Heterocyclic Ligands[END_REF] The longest excited state lifetime at room temperature for a [Ru(tpy)2] 2+ complex attached to an acetylene unit corresponds to the acetylene-pyrene unit (Figure 1.30). [START_REF] Hissler | Intramolecular Triplet Energy Transfer in Pyrene-Metal Polypyridine Dyads : A Strategy for Extending the Triplet Lifetime of the Metal Complex[END_REF] This complex has an excited state lifetime of 580 ns at room temperature in deaerated solvent. This long-lived excited state is attributed to the π-π* orbital mixing between the higher triplet state of ethynyl-pyrene ( 3 Py) moiety and the 3 MLCT of the ruthenium complex.

Thus, due to the thermal population of 3 Py from 3 MLCT, the lifetime is longer as a result of delaying the emission by a "reservoir effect". [START_REF] Hissler | Intramolecular Triplet Energy Transfer in Pyrene-Metal Polypyridine Dyads : A Strategy for Extending the Triplet Lifetime of the Metal Complex[END_REF] A terthiophene based acetylene complex attached to [Ru(tpy)2] 2+ was also synthesized and gave a similar effect of extending the excited state lifetime at room temperature (435 ns). 90 A fruitful approach for extending the π-system of [Ru(Ph-tpy)2] 2+ complex with a longer excited state lifetime (more than 0.95 ns) was applied by introducing a pyrimidinyl spacer instead of the phenyl unit (Figure 1.31). [START_REF] Fang | A Strategy for Improving the Room-Temperature Luminescence Properties of Ru(II) Complexes with Tridentate Ligands[END_REF][START_REF] Polson | Bridging Ligand Planarity as a Route to Long-Lived , near Infrared Emitting Dinuclear Ruthenium(II) Complexes[END_REF][START_REF] Fang | Ruthenium(II) Complexes with Improved Photophysical Properties Based on Planar 4′-(2-Pyrimidinyl)-2,2′:6′,2′′-Terpyridine Ligands[END_REF] The intermolecular interaction between the nitrogen atoms of the 2-pyrimidyl and the hydrogen atoms of the central pyridine ring of the Chapter 1

53 | P a g e tpy ligand, allowed both the pyrimidyl ring and the tpy ligand to lie in a co-planar fashion. Therefore, the system has better π-conjugation, which gives rise to a stabilized LUMO, and a larger 3 MLCT-3 MC energy gap, resulting in a much improved excited state lifetime at room temperature. Moreover, a combination of both electron withdrawing effects (using strong EWGs such as a cyano group at the 5-pyrimidyl position) and efficient electron delocalization over a co-planar system, contribute to further stabilization of the LUMO. These attributes enhance the excited state lifetime more and more.

Examples of homoleptic and heteroleptic complexes using pyrimidyl spacers are summarized in Table 1.2 below. 

IV.3. π-accepting ligands

Decreasing the energy level of the 1 MLCT state and consequently the energy of the emitting 3 MLCT excited state can be achieved by using strong π electron accepting ligands, thereby increasing the luminescent excited state lifetime of the non-emitting [Ru(tpy)2] 2+ complex.

Tridentate triazine based ligands (trz) are well-known π electron accepting ligands. These types of ligands can be synthesized by replacing the central pyridine ring of a tpy ligand by a triazine hetero-aromatic ring, maintaining the (NNN) chelation mode. [START_REF] Polson | Facile Syntheses of Tridentate Ligands for Room-Temperature Luminescence in Ruthenium Complexes[END_REF] The heteroleptic ruthenium(II) complex, [Ru(trz)(tpy)] 2+ , with an aromatic phenyl ring at the pendant position (Figure 1.32) emits with a red shift at 740 nm, and a longer excited state lifetime of 9 ns at room temperature as compared to the [Ru(tpy)2] 2+ complex. [START_REF] Polson | Ruthenium Complexes of Easily Accessible Tridentate Ligands Based on the 2-Aryl-4,6-Bis(2-Pyridyl)-s-Triazine Motif: Absorption Spectra, Luminescence Properties, and Redox Behavior[END_REF] This enhanced excited state lifetime attributed to a stabilized 3 MLCT state, comes from the π electron accepting nature of the trz ligand. Furthermore, the 3 MLCT stabilization was achieved by the enhanced coplanarity arising from the intermolecular hydrogen bonding between the nitrogen atoms of the trz ring and the hydrogen atoms of the pendant phenyl ring. 

IV.4. Optimizing the octahedral coordination geometry (chelate ring expansion)

As it has been discussed above with all the strategies, increasing the excited state lifetime of polypyridine ruthenium(II) complexes based on tridentate ligands is not an impossible task to achieve. A different approach has been developed by the team of Hammarström that does not stabilize 3 MLCT excited state like the previous work, but rather, it destabilizes the nonemissive 3 MC state. This new approach was established based on ligand field theory, in which a greater splitting between the t2g and eg metal orbitals can be reached by optimizing the octahedral coordination geometry. Consequently, the 3 MLCT-3 MC energy gap would increase by destabilization of the 3 MC state, which leads to less interaction between the arising electronic states ( 3 MLCT and 3 MC) and thus decreases the thermal population of 3 MC from the emissive 3 MLCT excited state. Therefore, the excited state lifetime becomes longer at room temperature. In contrast, in this new strategy it is not necessary to stabilize the excited state energy as in the previously described strategies, and it is better to keep the 3 MLCT excited state high, to maintain a high driving force for eventual successive electron transfer processes. Designing tridentate ligands with larger trans-bite-angles than those obtained for the [Ru(tpy)2] 2+ complex by extending the chelation angle when going from five to sixmembered chelate rings is one way to achieve this goal.

This approach of Hammarström and his team was developed through three steps, or rather, through three examples starting in 2004. The first example was generated by opening the chelate angle of the tpy ligand through addition of one methylene linker between the two pyridine rings in a normal tpy ligand (Figure 1.33). [START_REF] Wolpher | A Tridentate Ligand for Preparation of Bisterpyridine-like Ruthenium(II) Complexes with an Increased Excited State Lifetime[END_REF][START_REF] Abrahamsson | A New Strategy for the Improvement of Photophysical Properties in Ruthenium(II) Polypyridyl Complexes. Synthesis and Photophysical and Electrochemical Characterization of Six Mononuclear Ruthenium(II) Bisterpyridine-Type Complexes[END_REF][START_REF] Abrahamsson | Steric Influence on the Excited-State Lifetimes of Ruthenium Complexes with Bipyridyl-Alkanylene-Pyridyl Ligands[END_REF] In this example, the excited state energy is not significantly lowered (emits at 655 nm), and at the same time, the luminescent excited state lifetime is increased by 50-fold (to 15 ns) with a remarkable enhancement in emission quantum yield (2%) with respect to the parent [Ru(tpy)2] 2+ complex. Moreover, in the X-ray crystallography of the complex illustrated in Figure 1.33, shows a bite angle (170 o ) closer to a perfect octahedral coordination than that of the [Ru(tpy)2] 2+ complex. However, the crystal structure also shows a twisting between the pyridine ring and the bipyridine of the ligand due to the presence of the additional carbon between them. Thus, the bite angle was reduced. In the second example, the chelate angle was increased to a greater extent compared to the first one. However this time, by using more rigid ligands such as phenanthroline and quinoline motifs, greater planarity of the ligands was maintained, thus increasing the bite angle even more. [START_REF] Abrahamsson | Six-Membered Ring Chelate Complexes of Ru(II): Structural and Photophysical Effects[END_REF] In this second example, the ligand was built with the same design as the first example by mixing five and six membered chelate rings. The extended π-conjugated system in this generation, achieved by having such rigid and planar ligands, leads to a stabilized LUMO, and thus the emission spectrum is more red shifted compared to the first example, with an emission at 712 nm for the complex shown in Figure 1.34. Moreover, the excited state lifetime of this complex increased dramatically to be similar to that of [Ru(bpy)3] 2+ , with 810 ns and 5% emission quantum yield. Such enhanced lifetime is due to the extended π-conjugated system effect, which decreases the 3 MLCT state, as well as having a more octahedral geometry that gives a destabilized 3 MC state. These effects together result in an even bigger energy gap and a decrease in the thermal population of the 3 MC state. This ligand gives a perfect octahedral bis-tridentate ruthenium(II) complex with a trans quinoline angles of 179.6 o as confirmed by X-ray crystallography, and it is based only on six membered chelate rings. Moreover, this symmetrical complex structure can be functionalized at the 4-positions of the central pyridine rings, to incorporate electron donor and acceptor moieties. Therefore, it can be a building block for further construction of linear donorphotosensitizer-acceptor triad assemblies for vectorial electron transfer process. 98,99 A lower 3 MLCT excited state energy is detected for such complex with an emission at 700 nm, due to a large π-conjugated system that stabilizes the LUMO. On the other hand, due to the strong ligand field originating from the optimized octahedral geometry, the 3 MC is destabilized and has a high energy. Therefore, the energy gap between the two excited states becomes big enough to decrease the thermal population of 3 based on N-Heterocyclic Carbene ligand (NHC ligand). [START_REF] Dinda | Electronic and Geometrical Manipulation of the Excited State of Bis-Terdentate Homo-and Heteroleptic Ruthenium Complexes[END_REF] In the complex shown in Figure 1.36, the presence of a methylene linker between the pyridine and the imidazole rings interrupts the π-conjugated system for the whole ligand. Therefore, the LUMO energy level increases, and consequently, the energy level of the emissive 3 MLCT excited state increases. As a result, the 3 MLCT-3 MC energy gap is reduced, even in the presence of a high 3 MC state due to the perfect octahedral geometry, and therefore the complex is not emitting at room temperature by thermal deactivation of the 3 MLCT to 3 MC excited state. 

V. Scope of the thesis

Mimicking the natural photosynthesis process, by converting the absorbed solar energy into chemical energy, aiming to produce clean and renewable fuel from the sun is targeted strongly by scientists nowadays. In this general field, the thesis is focused more specifically on designing and characterizing new photosensitizers ruthenium(II) complexes. The geometry of the ruthenium(II) complexes is of pronounced importance especially in specifying their photophysical, photochemical, and electrochemical properties. We aim of preparing new stable bis-tridentate ruthenium(II) complexes that could be used in many different applications such as: catalysis, biological applications or treatment.

The main theme of the thesis is studying and exploring the coordination properties of new acridine-based tridentate ligands on ruthenium transition metal, mainly by changing the energy of the functionally active excited states ( 3 MC and 3 MLCT) and tuning their energy levels by playing on the complex ligand field and ligand π-system.

In particular, enhancing the ligand field of such complexes can be reached by having a perfect octahedral geometry, which consequently increases the energy of the 3 MC excited state.

Decreasing the energy level of the 3 MLCT state is directly affected by the degree of electron conjugation on the coordinated ligands. Moreover, separating as much as possible these two states helps to avoid the thermal contribution from 3 MC to 3 MLCT by internal conversion.

In this context, we prepared and explored new ligands based on acridine N-heterocycle platform, that can fit with our demands, by having low lying π* energy orbital and thus could stabilize 3 MLCT. Moreover, coordinating via six-membered metallacycles with Ru(II) metal by a tridentate fashion leads to destabilize 3 MC and gain stability respectively. The structurefunction relationships between electrochemical, photophysical and photochemical behaviors of the newly obtained Ru(II) complexes have been studied.

The second chapter illustrates in details the synthetic ways that were followed and optimized to prepare a functionalized acridine backbone, and the explorations of the coordination properties of our first new (NNN) triimine ligand, named dtdpa, on ruthenium(II) metal.

The third chapter illustrates the preparation of the second (NNN) triimine acridine-based ligand, named dtdpza, of bigger coordination cavity by functionalization of the acridine platform with smaller pyrazole rings and see its coordination properties on the ruthenium(II) metal.

The forth chapter will discuss in details the preparation of new Ru(II) complexes based on (SNS) tridentate acridine-based thioether ligand, named dtdsa, and explore the effect of sulfur coordinating atoms on complexes structure and photophysical properties.

The fifth chapter will discuss the preparation of flexible (SNS) thioanisole tridentate ligand, and explore its ruthenium(II) complexes properties, mainly their photoactivity and Chapter 2: Di-pyridyl acridine-based ligand and its Ru(II) complexes emitting in the NIR region

photosensitivity

I. Introduction

The acridine platform participates in a wide range of biological activities. It is used in antitumor chemotherapies 1 , serves as an anti-viral agent 2 , and its high binding affinity for DNA and RNA makes it a key component in chemical biology. 3,4 As a consequence, this acridine scaffold is included in many biological therapeutic agents, 5 for example, just in 2018, more than 200 articles were published in this field using acridine.

Despite this wide utility of such a motif in biological applications, the acridine platform was not broadly used as a coordinating ligand (other than as a monodentate ligand) 6,7 in the field of transition metal complexes and coordination photochemistry. However, due to the extended π-conjugated system of the compound, this nitrogenated anthracene analogue could be an interesting building block precursor to prepare many ligands used efficiently, for energy storage, in coordination chemistry, and that was the first proposition of our work to start exploring the acridine platform.

Simply, when the acridine backbone is functionalized with other chelating moieties at its 4 and 5 positions ( Great progress has been made in the catalytic C-H bond functionalization of hetero-aromatic rings that has allowed many applications of the traditionally used pyridine rings. 8 However, such methods cannot be used with the acridine heterocycle, due to the deficiency of activated C-H bonds adjacent to the nitrogen atom. Indeed, acridine substitutions have been described. 5 However, despite some recent C-H bond functionalization chemistry of the fused phenylenes, specifically at positions 4 and 5, 9 the C-H functionalization of these sites on acridine are not widely studied and have been met with limited examples.

Taking everything into account, our work was first directed toward optimizing and exploring different synthetic strategies in order to get this simple tri-imine ligand built around the acridine backbone. After that, it is important to find the optimal conditions to coordinate such a rigid structural compound to ruthenium(II). After preparation, the electrochemical and photophysical properties of the new compounds will be studied and compared to the results obtained by TD-DFT calculations. Thus, there could be two ways of preparation which we can follow to reach the target compound. The first way could be through synthesizing a functionalized acridine which is greatly dependent from the beginning upon ring construction from functionalized acyclic substrates such as diphenylamine or condensation from functionalized anilines to give the desired scaffold. The second way is through trying to start from cyclic compounds like acridone and then get a functionalized acridine at 4 and 5 positions.

II. Synthesis

II.1.1. Acyclic starting compound

Toward this goal, we tried first to start from acyclic compounds followed by some synthetic steps to construct the estimated ligand. An idea came for such preparation of the acridine target ligand by starting from di-para-tolylamine (1), which is commercially available, instead of using the acridine heterocycle directly. Recent fruitful work described an easy bromination at the ortho-positions of this compound 1. 11 Indeed, to avoid the ortho-para competition in the electrophilic substitution reaction, this commercially compound was already blocked by two methyl groups at the para-positions. A bromination step at the ortho positions with 77% yield was completed by mixing NBS (N-bromosuccinimide) reagent with the compound 1 in DCM (dichloromethane) solvent at room temperature. The obtained bis(2-bromo-4methylphenyl)amine compound (2) could be then used as a key intermediate which could be substituted with many different groups to give a wide range of ligands. In the present work, our goal was targeted toward NNN chelating ligands specially with pyridine moieties. Then, the dipyridyl substituted compound, bis(4-methyl-2-(pyridin-2-yl)phenyl)amine (3), was successfully obtained by Stille coupling with 2-(tributylstannyl)pyridine in the presence of palladium(0) under inert conditions. 12 After this success, the last synthetic step to obtain the dipyridylacridine target ligand is to close the center ring with a methine group between the two phenyl rings (Scheme 2.2). We tried to follow the protocol used by Bratulescu, who succeeded in synthesizing 9-alkylacridine compounds from dimethoxypropane and diphenylamine using microwaves. 13 However, for reactivity reasons, possibly due to the presence of the two electron withdrawing pyridyl rings that make the system weaker in nucleophilic reaction, we failed in this last step to close between the two tolylamine rings and obtain the acridine platform.

Scheme 2.2. Synthesis starting from acyclic di-tolylamine compound.

II.1.2. Cyclic starting compound

After the failure in adding a single carbon (C-9) and affording the acridine backbone, the next step was to find another commercially available compound, but cyclic one, that could undergo a similar synthetic pathway to end with an acridine substituted with two pyridines at 4 and 5 positions. A new idea was inspired from a recent article, with some adaptations in order to improve the reaction yield, describing a direct bromination of positions 4 and 5 on an acridone precursor (4). 14 The synthetic pathway started by blocking the highly reactive para (2 and 7) positions of the electron donating amine group with a Friedel-Crafts alkylation. This alkylation process was done using 2-chloro-2-methylpropane in the presence of aluminium chloride which serves as a Lewis acid, to graft a tertio-butyl group at these two positions to give compound (5). A bromination reaction by regioselective electrophilic substitution at the ortho (4 and 5) positions of the directing amine group took place as a second step in the presence of cesium carbonate in chloroform at room temperature. As a result, the 2,7-di-tert-butyl-4,5dibromo-9(10H)-acridone compound (6) was obtained with 85% yield over two steps. This dihalogenated acridone 6 undergoes Stille coupling with the same protocols as what did with compound 2. Finally, 2,7-di-tert-butyl-4,5-di(pyridin-2-yl)-acridone (7) was obtained with 90% yield after purification on silica gel column chromatography (Scheme 2.3), and this new compound was fully characterized by 1 H and 13 C NMR spectra, in addition to ESI mass spectrometry.

Scheme 2.3. Target ligand synthesis with tolyl substituent at C-9.

At this point, we were one step away from reaching the target ligand. Simply, a functionalized acridine platform with a bromine at the C-9 position was obtained with a quantitative yield, after treating compound 7 with phosphoryl bromide (POBr3) reagent and sealed in a pressure tube at 80 o C overnight. 15 This new compound 9-bromo-2,7-di-tert-butyl-4,5-di(pyridin-2-yl)acridine (8) was also fully characterized by 1 H, 13 C, and 2D NMR, and ESI-MS.

The next idea was to carry out the lithium halogen exchange reaction with the bromine atom at position C-9. Therefore, compound 8 found in dry THF solution was treated with nbutylithium (n-BuLi), which was then quenched with dry methanol. In this reaction, a hydrogen atom replaces the bromine, affording the acridine backbone of our target ligand.

However, the highly electrophilic site (position 9) undergoes an SN2 substitution by the butyl anion faster than and instead of a Li-Br exchange reaction, to have a di-substituted acridane compound rather than the conjugated acridine scaffold (Scheme 2.4).

Scheme 2.4. Proposed mechanism for acridine substitution by nucleophilic anion.

Following this result, another idea was raised to rather benefit from this bromine group at position 9 of acridine, the center of symmetry, and use this reactive site for further functionalization in higher order molecular structures. Thus, the target ligand with a tolyl linker at C-9 was obtained (9) by Suzuki coupling between compound 8 and p-tolylboronic acid in the presence of palladium(0). Therefore, the final ligand was efficiently obtained in a 54% overall yield over five steps (Scheme 2.3).

On the other hand, a second, faster and cheaper synthetic pathway was optimized (4 steps)

for synthesizing the target ligand, deriving from the prepared intermediate 6 precursor and follows with some modifications the same protocols found in the literature. 16 Refluxing compound 6 with one molar solution of borane tetrahydrofuran complex (BH3-THF) in dry tetrahydrofuran (THF) was enough to reduce in one hour the ketone group and gives the acridane derivative. Afterwards, an oxidation reaction of acridane into acridine was successfully done using iron(III) chloride hexahydrate (FeCl3 . 6H2O) in a mixture of ethanol and water for an hour. At this point, a second key intermediate compound (10) is obtained, which can react with many different substrates and incorporate the second two coordinating moieties at position 4 and 5 of the acridine base.

The dipyridylacridine compound (11; dtdpa = 2,7-di-tert-butyl-4,5-di(pyridin-2-yl)acridine) was lastly obtained by Stille coupling. As a result, the target ligand was efficiently obtained with a 73% overall yield (Scheme 2.5), which is higher than the yield obtained in the case of the pathway described in Scheme 2.3.

Scheme 2.5. dtdpa target ligand synthetic pathway.

The prepared dtdpa N-heterocycle ligand which suits all the desired characteristics was fully characterized by 500 MHz NMR spectrometer, in a deuterated acetone. All the protons on this ligand could be assigned on its 1 H-NMR spectrum as seen in Figure 2.2. 

II.2. Ru(II) complexes synthesis

The dtdpa ligand follows the clear geometrical and electronic specifications. This fully conjugated architecture of high rigidity, due to the presence of acridine backbone, was then coordinated to a ruthenium(II) center to form the desired Ru(II) complexes. A homoleptic Ru(II) complex ( 12) consisting of two dtdpa ligands and a heteroleptic complex (13) composed of one terpyridine ligand and one dtdpa ligand could be prepared (Figure 2.3). 

II.2.1. Homoleptic Ru(II) complex synthesis

Different attempts performed, under hard conditions, failed to give the desired complex. A softer condition in ethanol solution was enough to proceed with the complexation reaction.

The desired homoleptic complex 12 was synthesized by refluxing two equivalents of dtdpa with [Ru(dmso)4Cl2] precursor in ethanol overnight. As a result, a green colored compound was obtained. This complex was isolated in 41% yield with a molecular formula [Ru(dtdpa)2](PF6)2 after a chromatographic purification on a silica gel column followed by anion exchange with a saturated aqueous solution of potassium hexafluorophosphate (KPF6), as shown in Scheme 2.6.

Scheme 2.6. Homoleptic complex 12 synthesis.

The molecular formula [Ru(dtdpa)2] 2+ of complex 12 was verified by ESI-mass spectrometry.

In the spectrum, a mass peak at 496.2 with 2+ charge was detected, which matches with [Ru(dtdpa)2] 2+ (m/z calculated to be 496.2), in addition to the observation of a peak at m/z = 1137.3 with 1+ charge, which matches with [Ru(dtdpa)2](PF6) + (m/z calculated to be 1137.4).

However, the 1 H-NMR spectrum of this complex shows a signal splitting of each proton peak on the dtdpa ligand into two sets of peaks, as seen in Figure 2.5. This means that the two ligands are positioned in an unsymmetrical fashion.

Indeed, the expected meridional configuration should have symmetrical ligands (Figure 2.4), and accordingly this suggests that the complex is obtained with a distorted facial-gauche geometry (C2-fac). 

II.2.2. Heteroleptic Ru(II) complex synthesis

The geometric design, as explained in the introduction of this manuscript, is of a great importance to give a functional photosensitizer. Therefore, a second complex was synthetized using a ruthenium(III) chloride precursor coordinated already with one terpyridine ligand. The presence of this terpyridine ligand forces the second tridentate dtdpa ligand to coordinate exclusively in a meridional fashion.

A deep blue heteroleptic complex (13) was obtained after refluxing the dtdpa ligand in oneto-one molar equivalent ratio with a [Ru(tpy)Cl3] precursor in ethanol/water (70%/30%) for 4 hours in the presence of lithium chloride. The pure compound was isolated in 42% yield as a hexafluorophosphate salt after silica gel chromatography followed by anion exchange using a saturated aqueous solution of KPF6, as shown in Scheme 2.7 below.

The molecular formula [Ru(dtdpa)(tpy)](PF6)2 of the heteroleptic complex 13 was verified and characterized by ESI-mass spectrometry. In the spectrum, a mass peak at m/z = 390.10 with 2+ charge was detected, which matches with [Ru(dtdpa)(tpy)] 2+ (m/z calculated to be 390.15), in addition to the observation of a peak at m/z = 925.20 with 1+ charge, which matches with [Ru(dtdpa)(tpy)](PF6) + (m/z calculated to be 925.20).

Scheme 2.7. Heteroleptic complex 13 synthesis.

The symmetric coordination of complex 13 was confirmed by 1 A careful analytical comparison between the 1 H-NMR spectra for both complexes 12 and 13, shows a dramatic upfield shifting of the isochronous protons 6 and 6' of the pyridine rings by more than 2 ppm, from 9.2 and 9.85 ppm, respectively, for complex 12, to 7.43 ppm for complex 13. This shielding effect on these two protons is explained by the effect of the shielding cone created by the adjacent terpyridine ligand.

II.2.3. X-ray diffraction of complex 13

A slow diffusion of diethylether into an acetone solution of the heteroleptic complex 13 was suitable to grow single crystals. As a result, the symmetrical mer geometry of complex 13 was also validated by X-ray diffraction crystallography. The complex structure is shown from different perspectives in Figure 2.9. All selected bond angles and bond lengths for complex 13 as well as for [Ru(tpy)2](PF6)2 17 (for comparison) are listed in The first goal of preparing this new ligand (dtdpa), for optimizing the octahedral coordination geometry, is achieved. It is clear from the X-ray diffraction results that complex 13 is decorated in a geometry close to a regular octahedron, with a 178.8 o N1-Ru-N3 trans chelation angle, in addition to the formation of 89.3 o and 90.0 o angles between the acridine platform and the pyridine rings respectively with the ruthenium center.

Moreover, in this complex it seems that the terpyridine ligand is coordinated closed to the central metal, by having a shorter bond length between the central pyridine ring of tpy ligand and Ru(II) metal (Ru-N5 was reduced by 0.035 Å). Thus, the N4-Ru-N6 tpy trans angle was enhanced slightly and opened by 1.0 o with respect to its parent complex. However, this was not enough and the tpy ligand is still coordinating to the Ru(II) central metal with the usual distortion, like what used to be observed with the parent [Ru(tpy)2] 2+ complex.

Moreover, based on the analysis of the X-ray crystal shown in Figure 2.9, we can see clearly an important twisting on the usually planar acridine platform. In fact, due to the high rigidity of this ligand, it was obligatory for the planar acridine heterocycle to twist with a dihedral angle of 36 o in order to chelate the ruthenium metal cation, in which this twisting also was established in good agreement with DFT calculations (i.e. having less than 2 o difference (37.96 o ) as compared to the experimental data).

Lastly, from DFT calculations we can understand the high rigidity of such ligand. By calculating the energy needed for the twisting step, we see that it accounts for double that of the energy needed for the whole complexation reaction. Computational optimization revealed a 23.3 kcal.mol -1 energy needed for acridine twisting, while only a 13 kcal.mol -1 energy are needed for the complexation reaction to proceed.

III. Electrochemistry

The redox potentials of dtdpa ligand as well as its corresponding homoleptic and heteroleptic Ru(II) complexes 12 and 13 were recorded using cyclic voltammetry (Figure 2.10).

All reversible monoelectronic potentials that were recorded in the positive region are attributed to the anodic oxidation from the HOMO which is mainly centered on the metal center (Ru 3+ /Ru 2+ ) in the localized orbitals approximation. 18 In contrast, all potentials that were recorded in the negative region correspond to the cathodic reduction on the orbitals which are localized on the different ligands (tpy or dtdpa). All the obtained redox potentials from the cyclic voltammograms are gathered in Table 2.2, in which the results of the homoleptic (12) and heteroleptic (13) Ru(II) complexes were analyzed in comparison to those of the parent [Ru(tpy)2] 2+ complex as a reference. The redox potentials of [Ru(tpy)2] 2+ complex have already been reported in the literature, 19 where it was shown to exhibit a reversible monoelectronic oxidation wave at E1/2 = 0.97 V (ΔEp = 80 mV)

vs. AgNO3 (0.01 M)/Ag reference electrode, and two successive reversible reductions at -1.57

V (ΔEp = 60 mV), and -1.83 V (ΔEp = 70 mV) centered on both ligands respectively. 

III.1. Oxidation redox processes

To see the influence of the newly prepared dtdpa ligand on the oxidation potential of the ruthenium(II) metal, a comparison was made with respect to [Ru(tpy)2] 2+ complex. This comparison starts by replacing tpy ligands one by one with a dtdpa ligand 11 to go from the parent complex, to the heteroleptic complex 13, and finally to the homoleptic one 12. The oxidation potential of the central metal on the heteroleptic complex which is at E1/2 = 0.81 V (ΔEp = 69 mV), was lowered by 160 mV as one tpy ligand was replaced by one dtdpa ligand.

A further 160 mV potential drop was also observed for the oxidation on the homoleptic complex, of E1/2 = 0.65 V (ΔEp = 65 mV), when two dtdpa ligands are coordinated to the metal.

Therefore, we can clearly see the effect of dtdpa ligands on decreasing the potential needed to oxidize the central Ru(II) metal.

This unusual oxidation potential drop for Ru(II) complexes based on triimine ligands can be explained by the different geometrical distortion of both complexes upon complexation.

Indeed, as it was expected for the homoleptic complex, due to its facial-gauche geometry, the acridine backbone was coordinated in a distorted way. Thereby, such a coordination mode prevents appropriate π back-bonding from the dxz orbital of the metal to the π-system on the ligand. Furthermore, despite the meridional symmetrical geometry of the heteroleptic complex, the same retrodonation hindrance was also observed. A careful analysis of the Xray diffraction structure of complex 13 shows a torsion angle around 50 o between the acridine scaffold and the central pyridine ring of tpy ligand, which is lower than the 90 o value obtained in the reference complex [Ru(tpy)2] 2+ . Indeed, these two heterocycles were expected to be perpendicular to each other in order to have an appropriate overlapping between the acridine and pyridine π-systems from one side and the dxz and dyz hybrid orbitals of Ru(II) metal from the second side. Thus, this results in an efficient π back-bonding.

Therefore, complexes 12 and 13, even with their different geometries, both acquired a lower oxidation potential due to the same retrodonation hindrance effect, which leads to more electron density on the metal center and thereby leads to an easy oxidation.

Not-surprisingly, two irreversible oxidation potentials at 1.14 V and 1.52 V were observed for the highly conjugated dtdpa ligand. 21 Globally these two oxidations occurred at the most conjugated part of the ligand which is the acridine scaffold. Moreover, this proposition is validated by DFT calculations which predict the localization of the HOMO on the acridine part in the dtdpa ligand (Figure 2.11). Oxidation process occurs from the nitrogen electrons lone pair of the acridine to give acridinium, in which these processes are irreversible due to the high reactivity of the formed acridinium with another acridine to form the dimer. 22 Moreover, two partially overlapped irreversible reduction peaks at -2.28 V and -2.38 V were observed, which are globally attributed to a reduction process on both ligands.

Furthermore, the shifting in reduction of the dtdpa ligand and even for the tpy ligand to less negative potentials, is simply due to the electron lone pair donation from the imine to the Ru(II) metal center after the coordination reaction. Thus, the electron density at the ligands decrease, leading consequently to their easier reduction on their complexes.

III.3. DFT-calculations

The theoretical calculations were in great agreement with the results obtained from the electrochemical studies. The electrochemical analysis for the heteroleptic complex 13, indicates that the LUMO is mainly localized on the dtdpa ligand, and the HOMO is globally localized on the ruthenium metal (Ru 3+ /Ru 2+ ).

DFT calculations optimized the frontier orbitals of complex 13, indicating that the HOMO is localized at the d-orbitals of the ruthenium center and the LUMO is localized mainly on the dtdpa ligand (Figure 2.12). 

IV. Photophysics

The absorption and emission properties of the dtdpa ligand (11) as well as its corresponding homoleptic and heteroleptic Ru(II) complexes (12 and 13) were studied in deaerated acetonitrile solution at room temperature and in a butyronitrile rigid matrix at 77 K. The photophysical behavior of both ruthenium complexes were analyzed in comparison to the reference [Ru(tpy)2] 2+ complex.

IV.1. Ligand spectroscopic properties

IV.1.1.

Absorption spectroscopy

The typical absorption and emission spectra of dtdpa ligand are shown in Figure 2.14. This dtdpa ligand displays the expected typical absorbance of the aromatic organic molecules in the UV region which expands from 240 to 300 nm with a maximum centered at 262 nm, and a molar absorption coefficient 9.67 x 10 4 M -1 cm -1 . This band is attributed to the π-π* ligand centered (LC) transition (Figure 14,a).

Moreover, a broad structured absorption near the visible region which expands from 320 to 470 nm was also observed, with a maximum centered at 365 nm of a molar absorption coefficient 7.50 x 10 3 M -1 cm -1 (Figure 14,a). This moderately intense absorption, could be attributed to the n-π* transition on the acridine platform. 23 Furthermore, the proposition of having a localized transition and not charge transfer process between the different rings, is verified by the absorption spectrum of compound 10 which exhibits both intense absorption peak at 261 nm and the broad-moderate intensity peak at 362 nm. 

IV.1.2. Fluorescence spectroscopy

The dtdpa ligand emits at low temperature (77 K) and room temperature, after excitation at 365 nm. The maximum wavelength of the fluorescence emission of the ligand at room temperature in acetonitrile is 463 nm (Figure 14, b), with a short detected excited state lifetime of 0.2 ns and with a 2.2% emission quantum yield. Moreover, in a frozen rigid matrix using butyronitrile solvent, the emission excited state wavelength was blue shifted to be centered at 442 nm, with an excited state lifetime of 1.4 ns (Figure 14,b). The blue shifting of the mission wavelength at 77 K is justified due to removing the solvent re-organization, which is usually stabilizes the excited state and lowers its energy. The maximum emission wavelength in a frozen solvent is considered as a measurement of the excited state energy. In this section, I will present the photophysical properties of the homoleptic and heteroleptic Ru(II) complexes (12 and 13) and their structure-function relationship. The absorption spectra of these two complexes, in addition to that of the parent complex [Ru(tpy)2] 2+ for comparison, were recorded in deaerated acetonitrile (C = 10 -5 M) as shown in Figure 2.15.

IV.2. Ru(II) complexes spectroscopic properties IV.2.1. Absorption spectroscopy

Both ruthenium complexes display a strong spin allowed, π-π* ligand centered transition (LC) in the UV region. However, relative to each other, the homoleptic complex 12 shows a stronger absorption (higher Ԑ) in this region. Complex 12 (dotted line) exhibits a single intense band, which is attributed to the π-π* transition on the coordinated dtdpa ligand, with a maximum wavelength centered at 261 nm. The molar absorption coefficient of this band at the maximum wavelength reaches 7.12 x 10 4 M -1 cm -1 . On the second hand, complex 13

(dashed line) displays three absorption bands with maximum wavelengths centered at 231 nm, 266 nm, and 309 nm. The molar absorption coefficient at the maximum wavelengths were Ԑ = 4.05 x 10 4 M -1 cm -1 , 5.12 x 10 4 M -1 cm -1 , and 4.02 x 10 4 M -1 cm -1 respectively. The energetic bands at 231 nm and 266 nm could be attributed to the transitions on the dtdpa ligand, whereas the band at 309 nm which is in the same range of Ԑ as the [Ru(tpy)2] 2+ complex, is attributed to the transition on the coordinated terpyridine ligand.

More importantly, the bands which are observed in the visible region for both complex 12

and 13, are attributed to the d(M)-π* transitions (MLCT). Both MLCT bands are significantly red shifted with respect to the reference [Ru(tpy)2] 2+ complex, as we see in Figure 2.14. The moderately intense MLCT transition in complex 12 expands from 520 nm up to the end of the visible region at 800 nm, with a maximum wavelength centered at 706 nm and a molar absorption coefficient of 3.90 x 10 3 M -1 cm -1 . On the other hand, the structured MLCT transition in complex 13 which was more energetic than in complex 12, is expanding from 450 nm to 700 nm, with maximum wavelengths centered at 553 nm (Ԑ = 6.40 x 10 3 M -1 cm -1 ), 602 nm (Ԑ = 6.30 x 10 3 M -1 cm -1 ), and 655 nm (Ԑ = 5.00 x 10 3 M -1 cm -1 ).

All the spectroscopic properties of all the prepared chromophoric dtdpa ligand and complexes The unpredicted red shifting of the 1 MLCT bands can be justified, as shown in Figure 2.16, based on the electrochemical analysis which was illustrated before. This movement towards lower energies is in assessable agreement with the electrochemical data which displayed lower oxidation potentials of both ruthenium(II) complexes, due to the high electron density on the metal as explained earlier as a result of the weak π-retrodonation to the ligands in the geometrically distorted complexes. As a result, the HOMO (t2g) rises in energy as we go from twisted mer complex 13 (less distortion) to the remarkable fac distorted complex 12, as seen in Figure 2 The second remarkable observation from this spectroscopic data is related to the structured MLCT band transition observed in the visible region of the heteroleptic complex 13. This observed band can be rationalized by the octahedral coordination geometry upon complexation of the dtdpa ligand with the Ru(II) central metal. The highly rigid dtdpa ligand, as explained before, should undergo an important twisting to coordinate with the metal and adopt the constrained mer geometry. Thus, such locked chelation will allow the vibronic progression of the transition to be apparent.

IV.2.2. DFT-calculations

TD-DFT calculations were performed and were in agreement with the spectroscopic behavior for both the homoleptic and heteroleptic complexes. Figure 2.17 shows the absorption spectra for both complexes after attempts of deconvolution of the experimental spectra into lorentzian functions, in which the oscillator strength was normalized to largest transition (LC). In general, there was good agreement between the experimental data and that obtained by TD-DFT calculations. However, all the transitions seem to be more energetic than those obtained by experiment (on average, more energetic by 0.23 eV). The least energetic MLCT transition (HOMO-LUMO transition) was expanded in the visible region with maximum wavelengths at 583 nm, and 706 nm experimentally for complex 12 and at 553 nm, 602 nm, and 655 nm for complex 13, respectively (Figure 2.15), whereas it was calculated to be at 566 nm, and 670 nm for complex 12 and at 536 nm, 581 nm, and 597 nm for complex 13 respectively, by DFT (Figure 2.17).

The important separation between the π*-orbitals of tpy and dtdpa ligands in the heteroleptic complex is observed clearly from DFT calculations. As we see in Table App.2 (appendix part), the lowest three MLCT transitions are observed from the HOMO, HOMO-1 and HOMO-2 located on the ruthenium metal to the LUMO localized on the dtdpa ligand of lower π*orbital. Moreover, the transition at 518 nm seems to be a junction between the two ligands, in which the MLCT occurs from the HOMO on the metal to the LUMO+1 that is localized on both ligands. Furthermore, all the more energetic transitions after 518 nm, towards the UV region, are considered to be generated from the HOMO to the orbitals localized on the tpy ligand which possesses the higher π*-orbital.

IV.2.3. Phosphorescent spectroscopy

The phosphorescent properties of complexes 12 and 13 were studied experimentally at room temperature in acetonitrile solution and also in a butyronitrile rigid matrix at 77 K, following excitation in the least energetic 1 MLCT, in the visible region, relative to the absorbance for each complex. The results were compared to those obtained by TD-DFT calculations.

The homoleptic complex 12 did not show any emission under either set of conditions. This result can be rationalized by this highly geometrically distorted complex which possesses the facial octahedral geometry. It seems from DFT calculations that this complex with a very low 1 MLCT state, which absorbs in the red region of the visible light extending to the near-infrared region, could theoretically emit at 1431 nm, however this could not be detected.

The heteroleptic complex 13 shows a weak emission experimentally from its 3 MLCT excited state in the near-infrared region of wavelength around 1030 nm in acetonitrile at room temperature. This result is in good agreement with DFT calculations, which computed a phosphorescence of this complex at 1130 nm, with a 0.1 eV difference from the experimental data. Indeed, such red shifting of the 3 MLCT energy is not a surprising result by taking into consideration the Stoke's shift between the lowest 1 MLCT and 3 MLCT excited states. The Stoke's shift in our system is in the same range as what had been obtained in the bistridentate polypyridyl ruthenium(II) complexes. For example, the reference [Ru(tpy)2] 2+ complex, with 1 MLCT and 3 MLCT maxima at 475 nm and 629 nm, respectively, 24 has a Stoke's shift of about 0.64 eV, which is comparable to the result we obtained for complex 13, which possesses a Stoke's shift of about 0.69 eV.

Furthermore, one of the propositions for having a weak emission from the heteroleptic complex and lack of luminescence from the homoleptic complex, could be due to some further non-radiative decay pathways of the excited state. It can be hypothesized that a direct intersystem crossing from the 1 MLCT excited state to the low lying organic triplet of dtdpa ligand could be one of these non-radiative pathways.

V. Conclusion

The first goal of preparing this new dtdpa ligand, which is separating as much as possible the emitting and non-emitting excited states, was generally achieved. By imparting a low lying π* energy orbital to stabilize 3 MLCT. In addition, through chelating Ru(II) in a six-membered metallacycles to destabilize 3 MC, thereby avoiding the thermal population of 3 MC from 3 MLCT by IC. However, the main goal of having new Ru(II) complexes with improved excited state properties, mainly having a long lived excited state lifetime with a good quantum yield, was not accomplished. This un-optimized photophysical property results mainly from the rigid structure of the dtdpa ligand, which requires a very tight coordination cavity. This rigidity was the direct cause of obtaining the thermodynamic facial geometry of the homoleptic complex.

Starting with ruthenium precursor having one tpy ligand was of great importance to drive the chelation of the dtdpa ligand in the meridional geometry. However, forcing the dtdpa ligand to adopt such a constrained coordination leads to a significant twisting of the acridine scaffold. Consequently, this suppresses the π-back donation from Ru metal to the ligand.

Thus, the t2g metal orbital was destabilized, resulting in a small HOMO-LUMO energy gap.

Therefore, a much stabilized, low lying 3 MLCT excited state was created, to produce unexpected spectroscopic properties for the heteroleptic complex 13, by emitting in the NIR region. This compound could be interesting, it may be useful in biological applications as luminescent sensors in cell-imaging systems. 25 Therefore, enlarging the coordinating cavity and have a less strained coordination geometry could be a suitable solution, by coupling a smaller heterocycle rings at positions 4 and 5 of the acridine scaffold, like pyrazole rings, starting from the key intermediate compound 10.

Chapter 3: Going to a bigger NNNcoordination cavity: di-pyrazolyl acridine-based ligand

I. Introduction

As mentioned in the previous chapter, the very tight coordination pocket of the structurally rigid dtdpa (11) ligand was the main reason for obtaining the kinetic and thermodynamic facial homoleptic and twisted meridional heteroleptic ruthenium(II) complexes. Thus, one of the solutions was to enlarge the coordinating cavity and have a less strained coordination geometry. A straightforward approach to achieve that, was to replace the two pyridine rings 

II. Synthesis

The new proposed dtdpza (14) ligand and its corresponding homoleptic ruthenium(II) complex (15), as well as the heteroleptic complex (16) which has one dtdpza ligand and one tpy ligand were prepared (Figure 3.3). Both of these complexes were fully characterized by 1 H-NMR, 13 C-NMR, 2D-NMR, mass spectrometry, and X-ray crystallography. 

II.1. Ligand synthesis

The preparation of the new target ligand presented in Scheme 3.1 was fast and simple, in which one synthetic step was enough to have the new ligand starting from the previously prepared key intermediate 10. 4,5 The di-brominated compound undergoes Ullman-type amination with 1H-pyrazole heterocycle in the presence of copper(I) iodide and anhydrous potassium carbonate in dry dimethylformamide at 120 o C under argon atmosphere during an Chapter 3
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Scheme 3.1. dtdpza target ligand synthesis.

All the protons of dtdpza ligand 14 were assigned on the 1 H-NMR spectrum registered in deuterated acetone at 500 MHz NMR spectrometer, as shown in Figure 3.4 below. Lastly, after 1 H-NMR spectrum characterization, the obtained triimine ligand 14 was verified by ESI-mass spectrometry. In the spectrum, a mass peak at 424.2 with 1+ charge was detected, which matches with [M+H] + (m/z calculated to be 424.3), in addition to the observation of a peak at m/z = 446.2 with 1+ charge, which matches with [M+Na] + (m/z calculated to be 446.2).

II.2. Ru(II) complexes synthesis II.2.1 Homoleptic Ru(II) complex

The Ru(II) homoleptic complex (15) composed of two dtdpza ligands was prepared. Refluxing a ratio of two to one of the di-pyrazole ligand to Ru(II) cation metal precursor in ethanol overnight lead to complexation (Scheme 3.2).

A light blue colored homoleptic complex was isolated in 35% yield after silica gel chromatography, followed by anion exchange using a saturated aqueous solution of KPF6, as shown in Scheme 3.2. Scheme 3.2. Homoleptic complex 15 synthesis. The molecular formula [Ru(dtdpza)2](PF6)2 of the obtained complex 15 was verified by ESImass spectrometry. In the spectrum, a mass peak at 474.2 with 2+ charge was detected, which matches with [Ru(dtdpza)2] 2+ (m/z calculated to be 474.2), in addition to the observation of a peak at m/z = 1093.3 with 1+ charge, which matches with [Ru(dtdpza)2](PF6) + (m/z calculated to be 1093.4).

Complex 15 is the kinetic isomer, which still adopts the non-symmetrical fac geometry. The C2-fac geometry could be evidenced directly from the 1 H-NMR spectrum, as we see clearly in The result obtained from 2D-NOESY NMR, indicates the presence of both rings in a cis position relative to each other and confirms the facial-gauche (C2-fac) geometry of complex 15.

In addition to the conclusions obtained from 1 H-NMR and 2D-NOESY NMR spectra analysis, some single crystals of this complex were obtained by slow solvent evaporation of an acetone solution of complex 15, and the proposed geometry was verified by X-ray diffraction crystallography (Figure 3 

II.2.2. Heteroleptic Ru(II) complex

As indicated by the characterization of the homoleptic Ru(II) complex 15 based on dtdpza ligand in the fac geometry (analogous to our findings with the homoleptic [Ru(dtdpa)2] 2+ complex 12 described in the previous chapter), the preparation of the heteroleptic complex 16 is mandatory to force dtdpza to coordinate in a meridional octahedral geometry.

The heteroleptic complex 16 which is composed of one dtdpza (14) (m/z calculated to be 379.12).

The symmetrical nature of the heteroleptic complex (mer octahedral geometry) was clearly deduced from its 1 H-NMR spectrum, as shown in Figure 3.8, and then was verified by X-ray diffraction crystallography. Moreover, the NOE correlated 3pz and 3'pz protons with 9.0 and 8.27 ppm chemical shifts, respectively in the homoleptic complex 15, were isochronous with a clear upfield shift in the NMR spectrum of the heteroleptic complex 16 at 6.94 ppm. This upfield shift is due to the shielding effect of the tpy ligand which is facing the corresponding dtdpza ligand.

Slow diethylether vapor diffusion into an acetonitrile solution of the heteroleptic complex 16 allowed to grow suitable single crystals of crystallographic quality. Afterwards, an X-ray diffraction was carried out and verified the mer octahedral geometry of this complex.

Different complex structure orientations in space with coordinating atoms labeled are illustrated in Figure 3.9. The selected bond angles and bond lengths (as well as for [Ru(tpy)2](PF6)2 7 for comparison as a reference complex) are noted in Table 3.2. Lastly, as an unexpected result, even with a bigger coordinating cavity using smaller pyrazole rings, an important twisting of the planar acridine backbone was also observed in the crystal structure of complex 16. The rigid dtdpza ligand, was forced to twist with an angle around 35 o in order to coordinate with the Ru(II) cation (which is similar to that observed previously at the level of dtdpa ligand in complex 13).

III. Electrochemistry

The electrochemical redox properties of the dtdpza ligand and its corresponding Ru(II) complexes, 15 and 16 respectively, were investigated by cyclic voltammetry in a deaerated acetonitrile solution in the presence of 0.1 M tetrabutylammonium hexafluorophosphate as a supporting electrolyte (Figure 3.10 and 3.11).

All the obtained redox peak potentials of these different compounds (in addition to the redox potentials of the previously reported dtdpa ligand with its complexes (12 and 13), in gray) are collected in Table 3.3 below, and were analyzed based on comparison to the reported parent [Ru(tpy)2] 2+ complex as a reference. 8 All the anodic potentials are assigned to the oxidation processes from the HOMO which is mainly localized on the central ruthenium metal (Ru 3+ /Ru 2+ ) for both complexes at the localized orbitals approximation. 10 Whereas, for the ligand it may refer to the oxidation process on the highly π-conjugated acridine scaffold. 11 The peak potentials in the negative region correspond to the reduction processes on the orbitals which are localized on the different ligands (dtdpza and tpy ligands).
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III.1. Redox properties of dtdpza ligand

The cyclic voltammogram of dtdpza ligand ( 14) is presented in Figure 3.10 below. From Figure 3.10, we can see that the dtdpza free ligand 14 has two successive irreversible oxidation peaks in the same range as the dtdpa free ligand 11, at 1.12 V and 1.62 V. These could occur at the most conjugated acridine part, as has been discussed in the previous chapter. 11 Oxidation process occurs from the nitrogen electrons lone pair of the acridine to give acridinium, in which these processes are irreversible due to the high reactivity of the formed acridinium with another acridine and form the dimer. 12 Moreover, successive reversible and irreversible reduction peaks were observed in the cathodic part of dtdpza ligand cyclic voltammogram, at -1.8 V and -2.47 V respectively, to likely give the acridane compound (similar to what was proposed with dtdpa ligand 11). The first reduction process of the ligand 14 relative to ligand 11 indicates the greater degree of electron withdrawing effect of pyrazole rings in such dtdpza ligand (14). Therefore, ligand 14 is reduced at higher potential and consequently, it has a lowest π*-orbital. Moreover, these reduction potentials are less negative than those obtained for tpy ligand and therefore, ligand 14 has a more stabilized LUMO with respect to that of tpy ligand.

III.2. Redox properties of the Ru(II) complexes

The cyclic voltammograms of dtdpza Ru(II) complexes (15 and 16) are presented in Figure 3.11 below.

As expected, we can see from Figure 3.11, the Ru(II) complexes (15, 16) show the same behavior in cyclic voltammetry as what was observed before with the Ru(II) complexes (12, 13) with dtdpa (due to these complexes having the same geometrical coordination environment and especially the same acridine backbone twisting angle for their heteroleptic complexes). Thus, the distorted facial-gauche geometry of the homoleptic complex (15) [Ru(dtdpza)2] 2+ , as well as the acridine twisted meridional geometry of the heteroleptic complex (16) [Ru(dtdpza)(tpy)] 2+ (with a 60 o torsion angle between acridine backbone and the central pyridine ring of tpy ligand) may result in non-efficient π-back bonding between the hybrid orbitals of the central ruthenium metal (dxz and dyz) and their corresponding π-system.

As a result, an important hindrance of the retrodonation from the metal center to the ligands is present, and consequently, an easy oxidation from the electron rich central metal and easy reduction on the electron poor ligands are obtained. 

III.2.1. Oxidation process

The influence of dtdpza ligand 14 on the oxidation potential of Ru(II) metal was analyzed, based on comparison to the [Ru(tpy)2] 2+ reference complex and the Ru(II) complexes (12, 13) with the dtdpa ligand. The heteroleptic Ru(II) complex [Ru(dtdpza)(tpy)] 2+ 16 shows a monoelectronic reversible oxidation potential at E1/2 = 0.82 V with a 60 mV ΔEp (same as complex 13), thus dtdpza ligand lowers the oxidation potential of the central metal on complex 16 by 150 mV when one tpy ligand was replaced by one dtdpza ligand. Furthermore, when the second tpy was also substituted by another dtdpza to create the homoleptic complex (15) [Ru(dtdpza)2] 2+ the oxidation potential dropped furthermore by 180 mV, to have a monoelectronic reversible process at E1/2 = 0.64 V (same as complex 12), with a ΔEp = 60 mV. Therefore, the dtdpza ligand has the same redox effect as dtdpa ligand by increasing the electron density on the Ru(II) central metal to have lower oxidation potentials.

III.2.2. Reduction redox process

In the cathodic region of both complexes' cyclic voltammograms, several reduction peaks were obtained which are mainly localized on the π*-orbital of the different ligands. The homoleptic complex [Ru(dtdpza)2] 2+ shows two irreversible peaks at -1.06 V and -1.51 V that are attributed to the successive monoelectronic reduction of each ligand. Thus, this shows the electronic communication between the ligands via the Ru(II) central metal. However, in the back wave, complex deposition on the working electrode was observed.

In an analogous way, the heteroleptic complex [Ru(dtdpza)(tpy)] 2+ shows an irreversible reduction peaks at -1.22 V which took place on the low lying π*-orbital of dtdpza ligand, and a second monoelectronic reversible reduction peak potential was obtained at E1/2 = -1.74 V with a ΔEp = 80 mV, which is attributed to the reduction process occurring on the tpy ligand.

Lastly, two partially overlapped reduction peaks at -2.30 V and -2.40 V were observed and attributed to the reduction process that occurs on both ligands.

IV. Photophysics

The photophysical properties of the dtdpza ligand as well as the corresponding heteroleptic and homoleptic Ru(II) complexes (15 and 16) were measured, and all the values are collected in Table 3.4.

The absorption and emission spectra of the free dtdpza ligand were recorded in acetonitrile (C = 10 -5 M) at room temperature and in a butyronitrile rigid matrix at 77 K, as shown in Figure 3.12, whereas Figure 3.13 displays the UV-visible absorption spectra of both homoleptic and heteroleptic complexes (C = 10 -5 M) in comparison to the reference [Ru(tpy)2] 2+ complex. The dtdpza ligand displays a strong absorption in the UV region with a maximum centered at 266 nm, corresponding to a π-π* transition, with a molar absorption coefficient of 8.4 x 10 4

IV.1. Ligand spectroscopic properties

M -1 cm -1 . Moreover, another broad absorption feature ranging from 328 nm to 450 nm was Chapter 3

128 | P a g e observed, with a maximum centered at 364 nm of a molar absorption coefficient 9.3 x 10 3 M - 1 cm -1 (Figure 3.12, a). As explained in the previous chapter with ligand 11, this moderately intense absorption could be attributed to the n-π* transition localized on the acridine platform, 13 and not a charge transfer process between the acridine and pyrazole rings of the ligand.

A strong fluorescence emission with a maximum centered at 472 nm was detected for dtdpza ligand in deaerated acetonitrile solution at room temperature (after excitation at 364 nm), with a 5.1 ns excited state lifetime and 49% emission quantum yield. Furthermore, in a frozen rigid matrix of butyronitrile at 77 K with no solvent re-organization, the fluorescence emission (excited state energy) was blue shifted to 454 nm, with a longer excited state lifetime of 12.8 ns in comparison to the result obtained at room temperature (Figure 3.12, b). The spin-allowed ligand centered transition (LC) for both homoleptic and heteroleptic complexes (15, 16), in addition to the parent [Ru(tpy)2] 2+ complex, were displayed in the UV region. The homoleptic [Ru(dtdpza)2] 2+ complex (dotted line) displays two intense π-π* transition bands in this range with maximum wavelengths centered at 228 nm and 265 nm, of a molar absorption coefficient 5.0 x 10 4 M -1 cm -1 and 5.3 x 10 4 M -1 cm -1 respectively, in addition to a moderately intense band at 307 nm of 1.3 x 10 4 M -1 cm -1 . These π-π* transitions are localized on the coordinated dtdpza ligand. The heteroleptic [Ru(tpy)(dtdpza)] 2+ complex (dashed line) displays three intense π-π* transition bands in the same region, centered at 229 nm, 272 nm, and 316nm, with Ԑ = 4.5 x 10 4 M -1 cm -1 , 5.3 x 10 4 M -1 cm -1 , and 2.8 x 10 4 M -1 cm - 1 respectively. The first two energetic bands could be attributed to the π-π* transition on the dtdpza ligand, whereas the third band at 315 nm is globally attributed to the transition on the terpyridine ligand (in the same range of Ԑ as [Ru(tpy)2] 2+ ).

IV.2. Ru(II) complexes spectroscopic properties

The metal to ligand charge transfer (MLCT) transition which is observed in the visible region is usually the transition responsible for ruthenium complexes emission, therefore it is of great importance. This d(M)-π*(L) transition is clearly red shifted in both complexes as compared to the reference [Ru(tpy)2] 2+ complex. This red shifting is rationalized by the small HOMO-LUMO energy gap in both complexes relative to the reference complex, in agreement with the obtained electrochemical data (lower metal oxidation potentials and higher ligand reduction potentials). The moderately intense MLCT absorption of the homoleptic complex 15 ranges from 500 nm till 820 nm, with two peak maxima at 540 nm (may refer to transition from Ru to pyrazole ring on the ligand) and 747 nm (may refer to transition from Ru to the lowest acridine π*-orbital on the ligand). The molar absorption coefficient of these two maxima at MLCT band are 1.6 x 10 3 M -1 cm -1 and 2.0 x 10 3 M -1 cm -1 respectively. On the other hand, the heteroleptic complex 16 displays a blue shifted MLCT band in comparison to complex 15 and it is expanded from 450 nm to 750 nm, with two peak maxima at 514 nm and 580 nm and a molar absorption coefficient of 6.9 x 10 3 M -1 cm -1 and 6.0 x 10 3 M -1 cm -1 respectively. The higher energetic transition (514 nm) refers to the transition from the metal to the terpyridine ligand, and the second one (580 nm) refers to the transition from the metal to the lower π* orbital energy localized on the dtdpza ligand.

Excitation of both [Ru(dtdpza)2](PF6)2 and [Ru(tpy)(dtdpza)](PF6)2 complexes at their 1 MLCT wavelengths, in the visible region, did not show any emission neither at room temperature in Chapter 3
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Consequently, the excited state is deactivated in non-radiative pathways according to energy gap law.

All the measured and collected spectroscopic data are illustrated in Table 3.4. 

V. Conclusion

Even with a larger coordination cavity due to the use of smaller pyrazole heterocycles, the pocket in the homoleptic and heteroleptic complexes 15 and 16 is still constrained, and not big enough to avoid ligand twisting of the acridine backbone in the heteroleptic complex.

Also, the homoleptic complex with the dtdpza ligand still prefers the fac geometry. With such persistence of distorted octahedral geometries, the HOMO-LUMO gap energy is still small, resulting in a low lying 1 MLCT excited state, which consequently leads to non-emissive Ru(II) complexes according to energy gap law.

Therefore, maybe forming a 6-membered metallacycles with Ru(II) metal is closing the coordination cavity. Thus, another acridine-based ligand forming 5-membered metallacycles with a bigger coordination cavity (not like the tpy ones) could be a solution, by grafting simpler and smaller coordinating moieties on compound 10.

Chapter 4: SNS-thioether acridinebased ligand and its Ru(II) complexes

I. Introduction

Following the results from the first two chapters, replacing the 6-membered pyridine rings by 5-membered pyrazole rings, at the 4 and 5 positions on the acridine platform, was not enough to enlarge the very tight metal coordination pocket. Thus, the facial octahedral geometry for the homoleptic Ru(II) complexes, in addition to the acridine backbone twisting for the heteroleptic Ru(II) complexes, with the 6-membered metallacycles, using the structurally rigid dtdpa (11) and dtdpza (14) ligands still required geometrical optimizations.

Therefore, the goal was to find other simpler and smaller coordinating moieties to be attached at the 4 and 5 positions of acridine in order to have a real flexible and large coordination cavity to avoid obtaining such geometrically distorted Ru(II) complexes. With this in mind, using the 5-membered metallacycles with Ru(II) metal to reduce the constraints on the coordination cavity, could be a suitable solution.

Among the polydentate ligands which coordinate to ruthenium metal, the most studied and known ligands do so through their nitrogen atoms 1 , however, other ligands such as thioether coordinating moieties have been less studied, especially in photophysics. This new thioether ligand will form 5-membered metallacycles with Ru(II) instead of the favorable 6-membered metallacycles. However, the presence of longer C-S bonds, which are 

II. Synthesis

The new proposed (SNS) thioether ligand dtdsa (17) was prepared successfully. Consequently, the corresponding homoleptic Ru(II) complex (18) which is composed of two dtdsa ligands, as well as the heteroleptic Ru(II) complex (19) which is built from one dtdsa ligand and one terpyridine ligand were also prepared, as shown in Figure 4.2.

Both complexes, in addition to the isolated dtdsa ligand were fully characterized by 1 H-NMR and 13 C-NMR, as well as by mass spectrometry. 

II.1. Ligand synthesis

Following the same protocols found in the literature, describing the preparation of different polydentate thioether ligands through a substitution reaction of different thiol reagents on different aromatic compounds, 2,3 with some synthetic modifications, our new tridentate (SNS) thioether ligand dtdsa (17) was obtained directly through one synthetic step starting from the previously prepared key intermediate 10, 4,5 as it is shown in Scheme 4.1. A strong nucleophilic 1-propanethiolate reagent was generated after heating a mixture of potassium hydroxide as a dry fine powder and 1-propanethiol in dry DMSO at 80 o C, under inert atmosphere. Then the di-brominated compound 10 undergoes a nucleophilic substitution at the bromine atoms by two molar equivalents of the obtained thiolate reagent.

The final red-yellowish thioether ligand 17 was obtained with a 24% yield after silica gel column chromatography purification (a large fraction, 68%, of mono-substituted acridine side-product was obtained, even with excess use of thiol reagent, which explains the low reaction yield of ligand 17). All the protons of the thioether ligand 17 were assigned on its 1 

II.2. Ru(II) complexes synthesis II.2.1. Homoleptic Ru(II) complex

The homoleptic Ru(II) complex 18, which is composed of two dtdsa (17) ligands was prepared by refluxing a ratio of two to one of the thioether ligand 17 to [Ru(dmso)4Cl2] precursor in dry ethanol, for 2 hours (Scheme 4.2). Scheme 4.2. The homoleptic Ru(II) complex 18 synthesis.

A bright orange powder corresponding to complex 18 with a molecular formula [Ru(dtdsa)2](PF6)2 was obtained in 24% yield after a silica gel chromatography purification followed by anion exchange with a saturated aqueous solution of potassium hexafluorophosphate (KPF6).

ESI mass spectrometry confirmed the molecular formula of the homoleptic complex 18. In the spectrum, a mass peak at m/z = 490.20 with 2+ charge was detected, which matches with [Ru(dtdsa)2] 2+ (m/z calculated to be 490. 19), in addition a peak of m/z = 1125.30 with 1+ charge was detected, which matches with [Ru(dtdsa)2](PF6) + (m/z calculated to be 1125.34).

Unlike the distorted octahedral geometry of the previously prepared homoleptic complexes 12 and 15, the newly prepared homoleptic complex 18 adopts a meridional octahedral geometry. In this complex, the rigid thioether ligand 17, with long C-S bonds and a large coordination cavity, coordinates the Ru(II) cation in a symmetrical fashion. This symmetrical coordination was confirmed by 1 H-NMR spectrum, as shown in Moreover, no nuclear overhauser effect (NOE) correlation was observed between the propyl groups in the aliphatic region of the complex 18 (unlike the correlation observed before between the cis-positioned pyridine rings and pyrazole rings, shown in the previous two chapters respectively). Therefore, from the NMR analysis, it is clear that the complex does not adopt a fac geometry, so all of these analyses indicate the meridional octahedral geometry of the homoleptic complex 18.

II.2.2. Heteroleptic Ru(II) complex

In addition to the fact that this new (SNS) thioether ligand coordinates to give the mer homoleptic complex 18 (unlike the first two (NNN) triimine ligands 11 and 14, which formed fac homoleptic isomers), the heteroleptic complex 19, which is composed of one dtdsa ligand and one terpyridine ligand, was prepared as a matter of comparison and not to force the mer coordination as for the previously prepared ligands.

Refluxing a one-to-one molar equivalent ratio of the thioether ligand 17 and the ruthenium precursor [Ru(tpy)Cl3] for 4 hours in the presence of excess lithium chloride salt in an ethanol/water (70%/30%) solution lead to the desired heteroleptic complex. The obtained dark blue colored heteroleptic complex 19 was isolated in 36% yield as a pure (m/z calculated to be 387.12).

The symmetric coordination of this heteroleptic complex 19 was clearly deduced from its 1 H-NMR spectrum, as shown in 

II.2.3. X-ray diffraction of complex 19

In addition to the 1 H-NMR spectrum analysis, the symmetrical nature of the heteroleptic complex 19 was also verified by X-ray diffraction crystallography. Single crystals used in the X-ray diffraction crystallographic experiment were grown following slow diethylether vapor diffusion into an acetone solution of complex 19. The structure is shown with its atom labeling from two different perspectives in Figure 4.6, below. As explained previously, even with the 5-member metallacycles formation between the thioether ligand 17 and the Ru(II) central metal, but unlike the tpy ligand, the Ru-S bonds are Chapter 4 144 | P a g e approximately 0.25-0.30 Å longer than Ru-N bonds (around 2.33 Å, in agreement with the bond lengths reported in the literature for similar chelates) 6 , which consequently lead to a larger coordination cavity. This indicates the great improvement of the coordination cavity by replacing the bulky heterocycles (pyridine and pyrazole rings) with single sulfur atoms on the acridine backbone. As a result, unlike the previously synthesized heteroleptic complexes (13 and 16), the acridine in this complex 19 remained planar and no twisting angle was observed (Figure 4.6).

The selected bond angles and bond lengths for the heteroleptic complex 19, as well as for the reference complex [Ru(tpy)2](PF6)2 7 are listed in Table 4.1.

Table 4.4.

Selected bond angles and bond lengths for the corresponding heteroleptic complex (19) with molecular formula, [Ru(dtdsa)(tpy)](PF6)2, as well as for the reference complex, [Ru(tpy)2](PF6)2.

Complex

[Ru(dtdsa)( Moreover, from the X-ray crystal structure data, the tpy ligand in complex 19 coordinates closer to the central Ru(II) metal in comparison to its parent complex [Ru(tpy)2] 2+ . In this case, the bond length between the Ru(II) metal and the central pyridine ring of tpy ligand (Ru-N3) was reduced by 0.011 Å (1.970 Å for complex 19 vs 1.981 Å for complex [Ru(tpy)2] 2+ ).

However, the N2-Ru-N4 tpy ligand trans angle did not change significantly and remained around 158 o , and displayed the usual distortion at the level of tpy ligand.

III. Electrochemistry

The electrochemical potentials of the thioether ligand 17, as well as its corresponding Ru(II) complexes, 18 and 19 respectively, were recorded using cyclic voltammetry in a deaerated electrolyte solution of 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile (Figure 4.7 and Figure 4.8), and all obtained potentials were collected and listed in Table 4.2 and analyzed in comparison with the reference complex [Ru(tpy)2] 2+ found in the literature. 8 From the cyclic voltammogram shown in Figure 4.7 and collected data in Table 4.2, the free thioether ligand 17 has two successive irreversible oxidation peaks at Epa = 0.86 V and Epa = 1.18 V. These two oxidation processes are believed to occur at the acridine platform, 10 in which both are irreversible processes due to the formation of acridinium-acridine dimer, 11 as it has been analyzed in the previous chapters with ligands 11 and 14.

Interestingly, these two oxidation potentials were clearly negatively shifted in comparison to what was obtained with ligands 11 (1.14 V and 1.52 V) and 14 (1.12 V and 1.62 V). This result can be rationalized by the σ-donor character of the two sulfur atoms at the 4 and 5 positions of the acridine, by that they increase the electron density at the acridine platform, and as a result, more accessible oxidation potentials are observed.

Furthermore, to avoid the doubt about the localization of both oxidations on the free thioether ligand, either on acridine or on the sulfur atoms, cyclic voltammograms were recorded after addition of water, going from 0.1 till 20 molar equivalents. All the obtained cyclic voltammograms were overlapped and no change neither in the intensity nor in the potential values was observed. This results, indicates that no sulfoxide or sulfone was formed by sulfur atom oxidation in the presence of water and both oxidation processes have exclusively occurred on the acridine platform.

A monoelectronic reversible reduction peak at E1/2 = -1.99 V and another irreversible reduction peak at Epc = -2.67 V were observed in the cathodic region of the voltammogram.

From these reduction potentials, it is clear that the electron rich thioether ligand 17 is difficult to reduce in comparison to the previously described triimine ligands, 11 (-1.90 V and -2.43 V) and 14 (-1.80 V and -2.47 V), in which both have less negative reduction potentials. Thus, the thioether ligand 17 would have a higher π*-orbital energy in comparison to that of ligands 11 and 14.

Indeed, these reduction potentials are still less negative than those obtained for the tpy ligand, and therefore, the thioether ligand 17 still has a stabilized LUMO with respect to that of tpy ligand.

In this chapter, we will describe the opposite redox behavior of the Ru 3+ /Ru 2+ couple for both homoleptic and heteroleptic Ru(II) complexes with the thioether ligand (18 and 19), with respect to the previously discussed complexes (12, 13, 15 and 16).

The presence of a constrained coordination cavity for both ligands 11 and 14, resulted in twisted acridine-based heteroleptic complexes and facial homoleptic ones. This results in non-efficient π-back bonding and thus leads to the presence of high electron density at the Ru(II) metal, which therefore renders it easier to oxidize. However, since ligand 17 has a larger coordination cavity, thus, no twisting of the acridine was observed for the heteroleptic Ru(II) complex, as shown in the crystallographic structure (Figure 4.6). Therefore, an efficient electron retrodonation would occur and thus, leads to a lower electron density on Ru(II).

Furthermore, in addition to this efficient electron retrodonation from the ruthenium central metal to the ligand, the electron density on the metal is further decreased by the π-accepting property of the sulfur coordinating atoms.

As we interpreted the influence of both triimine ligands 11 and 14 on the oxidation potential of Ru(II) metal by analyzing their redox properties in comparison to the [Ru(tpy)2] 2+ reference complex, the effect of the planar acridine-based thioether ligand 17 on the Ru 3+ /Ru 2+ couple oxidation potential is investigated with the same interpretation.

The heteroleptic complex 19 exhibits a reversible monoelectronic oxidation potential at E1/2 = 1.01 V of ΔEp = 61 mV. This Ru 3+ /Ru 2+ couple oxidation potential of complex 19 of molecular formula [Ru(dtdsa)(tpy)] 2+ was increased by 40 mV as one tpy ligand was replaced by one dtdsa ligand. However, as a second dtdsa ligand took the place of the other tpy ligand, to form the homoleptic complex 18, the Ru 3+ /Ru 2+ oxidation potential was dramatically shifted to more positive potential by furthermore 210 mV to have a quasi-reversible potential at E1/2 = 1.22 V with a ΔEp = 170 mV. Indeed, the quasi-reversible oxidation potential for Ru(II) metal complexes, as it is obtained with the homoleptic complex 18, is rare in the literature, however, such quasi-reversible oxidation has been observed in some thioether Ru(II) complexes. 12 In the present case it could be due to adsorption phenomena on the electrode.

Therefore, we can clearly see the effect of the thioether ligand on increasing the Ru 3+ /Ru 2+ oxidation potential. Such ligand influence on Ru(II) metal is attributed to its π-accepting property, as we described above. Moreover, the Ru(II) metal becomes more electron deficient as the number of sulfur atoms increases, resulting in greater energy needed to initiate an oxidation process compared to bis-triimine complexes (12, 13, 15 and 16).

Several reduction peaks were observed in the cathodic region of the cyclic voltammograms of both complexes 18 and 19, which are mainly localized on the different ligands. The homoleptic complex shows two successive irreversible reduction peaks at -1.16 V and -1.35

V, which are attributed to the reduction processes of each dtdsa thioether ligand, thus,

showing the electronic communication between both ligands via the central metal.

In the same pattern, the heteroleptic complex shows an irreversible reduction peak at -1.19

V, which takes place on the LUMO which is globally localized on the thioether ligand. A further monoelectronic reversible reduction peak was observed at E1/2 = -1.74 V with ΔEp = 64 mV, which is attributed to the reduction process occurring on the tpy ligand in complex 19.

Furthermore, an irreversible reduction peak was observed at -2.39 V, which can be attributed to a second reduction process again on the thioether ligand.

Lastly, the dramatic shifts of the reduction potentials for both tpy and dtdsa thioether ligands towards less negative values are explained by imine and sulfur lone pair donation to the Ru(II) metal upon complexation. Therefore, complexed ligands have less electron density and can be reduced more easily.

IV. Photophysics

The photophysical properties of the thioether ligand 17, along with its corresponding homoleptic and heteroleptic Ru(II) complexes (18 and 19 respectively) were studied in deaerated acetonitrile solution at room temperature, and in a butyronitrile rigid matrix at 77 K.

All the recorded photophysical data were collected and analyzed, and they are shown later in this chapter in Table 4.3.

In agreement with the observed redox potentials, the thioether ligand 17 displays lower oxidation potentials in comparison to ligands 11 and 14, thus, this ligand 17 has a higher HOMO relative to the triimine ligands. As a result, a red shift of the absorption band of ligand 17 with respect to ligands 11 and 14 is observed.

A fluorescence emission was observed for ligand 17 at room temperature and low temperature (77 K), after excitation at 402 nm. An emission maximum centered at 496 nm was observed in deaerated acetonitrile at room temperature, with an emissive excited state lifetime of 12.7 ns and 3.9% emission quantum yield. In a frozen butyronitrile matrix at 77 K, the fluorescence emission was blue shifted to 466 nm, as shown in Figure 4.9-(b), with an excited state lifetime of 19.2 ns. Moreover, as a red shift in the absorption band of ligand 17

was observed with respect to ligands 11 and 14, consequently, the emission at room temperature and at 77 K was also red shifted. (metal to thioether ligand) band of complex 18 was centered at 497 nm, with a molar absorption coefficient of 1.13 x 10 4 M -1 cm -1 . On the second hand, the MLCT band of complex 19 is red shifted relative to complex 18, showing two maxima at 522 nm (Ԑ = 7.20 x 10 3 M -1 cm -1 ), which refers to the transition from the metal to the terpyridine ligand, and at 555 nm (Ԑ = 6.70 x 10 3 M -1 cm -1 ), which refers to the transition from the metal to the thioether ligand of lower π*-orbital.

IV.2. Ru(II) complexes spectroscopic properties

Furthermore, both homoleptic and heteroleptic thioether complexes display blue shifted MLCT absorption bands (energetic transitions) in comparison to what was obtained before with both acridine-based triimine ligands (11 and 14). This result was justified, as seen in Ru(II) complexes with thioether ligands are non-emissive, especially for complexes having ligands with higher numbers of sulfur atoms. 12,14 In these types of complexes, it is considered that the non-radiative deactivation pathway of the 3 MLCT excited state is more favorable and highly induced with thioether ligand Ru(II) complexes compared with typical polypyridine complexes.

All the measured and collected spectroscopic data are illustrated in Table 4.3 below. 

V. Photochemistry

Although both the homoleptic (18) and heteroleptic ( 19) Ru(II) thioether complexes did not show any luminescence properties from their highly energetic 3 MLCT excited state (in the same range of [Ru(tpy)2] 2+ ), these photoactive complexes may show some photochemical reactions through their non-emissive low lying 3 MC excited state.

Therefore, photochemical substitution reaction attempts were conducted for both complexes, 18 and 19, to expel one thioether ligand (17) from each complex by trying to replace these coordination sites with three acetonitrile solvent molecules upon irradiation.

However, contrary to our proposition, no detectable ligand dissociation was observed with either the homoleptic or heteroleptic complexes after 2 hours of irradiation with a strong white light source in a deuterated acetonitrile solution. Hence, such acridine-based thioether ligand Ru(II) complexes, with relatively long Ru-S bonds (around 2.33 Å), were photochemically very stable.

A logical justification of such stability could be rationalized due to the high rigidity of ligand 17 (acridine-based ligand). In this case, even if the long Ru-S bond was cleaved, indeed, the rigidity of the acridine backbone would deprive the ligand of the freedom to turn around. As a result, Ru-S bond re-coordination would be faster than a solvent molecule in reaching the central Ru(II) metal.

VI. Conclusion

Grafting simple coordinating sulfur atoms at the 4 and 5 positions of the ligand acridine backbone was a successful method to open the coordination cavity of the acridine-based thioether ligand (relative to the previously described acridine-based ligands, 11 and 14). Using this new ligand, meridional homoleptic and heteroleptic Ru(II) complexes (18 and 19) were obtained.

Moreover, the acridine platform twisting within the mer octahedral geometries were also resolved. Therefore, more energetic 1 MLCT absorption bands were obtained for both complexes, as a result of their larger HOMO-LUMO energy gaps.

However, even with the long C4-S and C5-S bonds, the trans chelation angle S-Ru-S was still not linear and gave some distortion, although these changes still represent an important geometrical improvement on the parent terpyridine ligand and other NNN ligands described in this thesis so far.

As an unexpected result, complexes 18 and 19 were not luminescent either at room temperature nor at 77 K, and this result could be due to the sulfur coordinating atoms with the central Ru(II) metal, which may quench the emission properties of the complex (as is known to be a result of some thioether Ru(II) complexes found in the literature).

Moreover, these complexes were photochemically very stable, and all attempts towards a photosubstitution reaction with solvent molecules did not succeed. This result was justified based on the high rigidity of the acridine-based ligand, 17.

Therefore, preparing another thioether ligand having a good flexibility would be important to allow its Ru(II) complexes to be photochemically active upon light irradiation.

Chapter 5: SNS-thioanisole ligand and its photochemically active Ru(II) complexes

I. Introduction

It was demonstrated (in chapter 4) that having coordinating sulfur atoms on the structurally rigid acridine backbone was a successful methodology to enlarge the very tight coordination cavity of the desired ligand on the Ru(II) metal sphere. 

II.2. Ru(II) complexes synthesis

The corresponding homoleptic Ru(II) complex ( 21) composed of two thioanisole ligands, as well as the heteroleptic complex ( 22) composed of one thioanisole ligand and one terpyridine ligand, were isolated as hexafluorophosphate salts (Figure 5.3) and then fully characterized by NMR spectroscopy and mass spectrometry. 

II.2.1. Homoleptic Ru(II) complex

A light yellowish powder of the homoleptic Ru(II) complex 21 was obtained after refluxing a 1:2 mixture of the Ru(II) precursor with compound 20 in dry ethanol solution for two hours.

Complex 21 was purified on silica gel and then isolated in 29% yield as a hexafluorophosphate salt after anion exchange with a saturated aqueous solution of KPF6, to have the following molecular formula [Ru (20) It is clear from the X-ray crystal structure shown in Figure 5.5 and the data collected in Table 5.1, that both sulfur atoms of each thioanisole ligand are in cis position, with approximate S-Ru-S bond angles around 88 o . Moreover, we can see that the pyridine rings of both thioanisole ligands are positioned in cis manner relative to each other with an N1-Ru-N2 angle of 97.9 o . This observation verifies, in addition to the 1 H-NMR spectral analysis, the non-symmetrical fac geometry of complex 21.

Furthermore, all the selected Ru-S bond lengths are in agreement with the bond lengths reported in the literature for similar chelates. 

II.2.1. Heteroleptic Ru(II) complex

In order to force the thioanisole ligand 20 to coordinate in a planar fashion and thus obtain a meridional octahedral geometry around the central ruthenium cation, a heteroleptic complex (22) was prepared using one thioanisole ligand 20 and one terpyridine ligand.

The heteroleptic Ru(II) complex 22 was prepared using the same protocol as for the previously prepared heteroleptic Ru(II) complexes (13, 16 and 19), by refluxing a one-to-one molar equivalents of ligand 20 and [Ru(tpy)Cl3] precursor for 4 hours in the presence of excess lithium chloride in an ethanol-water solution led to complexation. The orange-red colored heteroleptic complex 22 was obtained in 42% yield and isolated as a hexafluorophosphate salt after silica gel column chromatography followed by anion exchange with a saturated aqueous solution of KPF6, as shown in Scheme 5. All the selected bond lengths and selected bond angles measurements are collected in Table 5.2, and analyzed with respect to the reference complex [Ru(tpy)2](PF6)2. 4 From the crystal structure (Figure 5.7) and the measured bond lengths and bond angles (Table 5.2), the heteroleptic complex clearly has a mer geometry, and both sulfur atoms of the SNS Additionally, all the selected Ru-S bonds are longer by approximately 0.23-0.25 Å relative to the Ru-N bonds, which is in agreement with the length of most Ru-S bonds reported in the literature. 3 Furthermore, from the crystal structure we can clearly see the high degree of flexibility of this new ligand, by its dramatic torsion angle of around 68 o between the planes formed by both phenyl rings. This flexibility would be the main factor to have a photochemically active bistridentate Ru(II) complex, to the best of our knowledge. Bis-tridentate Ru(II) complexes are usually more stable and non-photochemically active as it is known and described before with the tris-bidentate Ru(II) complexes.

III. Electrochemistry

The electrochemical behavior of ligand 20, as well as its corresponding Ru(II) metal complexes All the peak potentials obtained from the cyclic voltammograms, shown in Figure 5.8 and Figure 5.9 for ligand 20 and for both Ru(II) complexes respectively, were collected and displayed in Table 5.3, below.

The measured potentials of both ligand 20 and its corresponding Ru(II) metal complexes (in black) were analyzed, respectively, in comparison to the potentials obtained for the thioether ligand 17 and its Ru(II) metal complexes (gray), and to the potentials reported for the terpyridine ligand and its homoleptic complex [Ru(tpy)2] 2+ . 5,6 The HOMO-LUMO energy gap of both homoleptic and heteroleptic Ru(II) complexes with the thioanisole ligand 20 can be measured, 3.04 eV and 2.70 eV respectively, based on the electrochemical data. The energies needed to expel an electron from the HOMO, which is globally localized on Ru(II), were deduced from the first oxidation wave potentials in the anodic region, whereas the energies needed to add an electron to the LUMO, which is globally localized on the different ligands, were deduced from the first reduction wave potentials in the cathodic region both each complex.

III.1. Thioanisole ligand redox properties

The cyclic voltammogram of the flexible thioanisole ligand 20 is presented in Figure 5.8. 

IV. Photophysics

The photophysical properties of the free ligand 20 and its Ru(II) metal complexes were measured and investigated in deaerated acetonitrile solution at room temperature, as well as in a frozen butyronitrile matrix at 77 K.

All the recorded photophysical data for each compound are collected in Table 5.4.

IV.1. Thioanisole ligand spectroscopic properties

The absorption spectrum of ligand 20 recorded in acetonitrile is illustrated in Ligand 20 exhibits a strong absorption in the range between 220 nm and 350 nm, with a maximum wavelength centered at 229 nm having a molar absorption coefficient of 2.33 x 10 4

M -1 cm -1 . This π-π* transition on ligand 20 is highly blue shifted relative to what was obtained with the thioether ligand 17, which absorbs at 275 nm. This higher energetic absorption of ligand 20 is justified by the larger π-π* energy gap for this less conjugated ligand with higher π* orbital energy, in agreement with the obtained redox potentials.

The fluorescence properties of this ligand were investigated and measured at room temperature and 77 K after excitation 317 nm, as shown in Figure 5.11-(b). A fluorescence emission was detected at 404 nm in an acetonitrile solution at room temperature, as the ligand was excited in the UV-region, with an emissive excited state lifetime of 7.6 ns. This fluorescence emission was blue shifted to 382 nm at 77 K in a frozen butyronitrile solution, and has an emissive excited state lifetime of 3.7 ns. The absorbance spectra of both the homoleptic complex 21 and the heteroleptic complex 22

IV.2. Ru(II) complexes spectroscopic properties

were recorded in deaerated acetonitrile solution (C = 10 -5 M) and shown in Figure 5.12.

Both Ru(II) complexes show a strong spin-allowed, ligand centered (LC) transition in the UV region. The homoleptic complex 21 (dotted line) displays two absorption bands with wavelength maxima at 290 nm and 319 nm and molar absorption coefficients of 1.40 x 10 4

M -1 cm -1 and 1.10 x 10 4 M -1 cm -1 , respectively. These bands are attributed to the π-π* transition on the coordinated thioanisole ligand 20. In contrast, the heteroleptic complex 22

(solid line) displays three absorption bands with wavelength maxima at 263 nm, 301 nm, and 335 nm with molar absorption coefficients Ԑ = 1.08 x 10 4 , 1.31 x 10 4 and 0.49 x 10 4 M -1 cm -1 , respectively. The first two energetic bands could be attributed to the π-π* transition on ligand 20 of higher π* orbital energy, while the third one at 335 nm could be attributed to the transition on the tpy ligand (in the same range of Ԑ as [Ru(tpy)2] 2+ ).

The metal to ligand charge transfer (MLCT) transition of both complexes were assigned in the visible region. The moderately intense MLCT band of the homoleptic complex 21 was centered at 390 nm (3.18 eV) with a molar absorption coefficient of 2.00 x 10 3 M -1 cm -1 . The MLCT band of the heteroleptic complex 22 was red shifted relative to the homoleptic complex 21, expanding from 350 nm to 550 nm, with two maxima at 411 nm (Ԑ = 1.80 x 10 3 M -1 cm -1 ) and 451 nm (Ԑ = 2.20 x 10 3 M -1 cm -1 ), in which the higher energy transition (at 411 nm) corresponds to the transition from the metal to the tpy ligand, and the second one at 451 nm (2.75 eV) corresponds to the transition from the metal to the thioanisole ligand (in agreement with the electrochemical data analysis above for the heteroleptic complex 22). Both MLCT transitions from the metal to the thioanisole ligand in both complexes are in agreement with the HOMO-LUMO energy gap calculated depending on the measured electrochemical potentials (3.04 eV and 2.75 eV for complex 21 and complex 22 respectively).

The MLCT bands of these two complexes were blue shifted in comparison to all the MLCT bands observed for all the Ru(II) complexes described earlier in this thesis. This blue shifting is justified by the large HOMO-LUMO energy gap in both complexes 21 and 22 relative to all other complexes, in agreement with the electrochemical data (most negative LUMO reduction potentials and most positive HOMO oxidation potentials). Moreover, the homoleptic complex 21 has the largest HOMO-LUMO energy gap, and accordingly, it has an even more energetic MLCT band relative to the heteroleptic complex 22.

The luminescence properties of complexes 21 and 22 were investigated in deaerated acetonitrile solution at room temperature and in butyronitrile rigid matrix at 77 K, after excitation at their 1 MLCT obtained in the visible region. As expected, the geometrically distorted (fac) homoleptic complex 21 did not display any emission under either set of conditions. However, the heteroleptic mer complex 22 shows a very weak emission at 582 nm with an excited state lifetime of 146 ns at 77 K, with no detected emission at room temperature. The mediocre emissive properties of these complexes based on the thioanisole ligand 20, is similar to the result obtained with the Ru(II) complexes based on the thioether ligand 17, and most of the Ru(II) complexes with sulfur-containing chelates found in the literature, showing the quenching effect of sulfur atoms on the luminesce properties.. 9,10 All the spectroscopic data are collected in the Table 5.4, below. 

V. Photochemistry

As it has been discussed before by V. In the literature, several photoactive Ru(II) complexes based on bis-thioether or bis-imine chelating ligands have been studied photochemically. It has therefore been reported that their longer Ru-S and Ru-N bond lengths, respectively, induced by a decrease in their ligand field, allowing for a photosubstitution reaction of these ligands to take place efficiently upon visible light irradiation. 13,14,15 On the second hand, bis-tridentate Ru(II) complexes are usually more stable and nonphotochemically active, in which no examples have been described before in the literature.

Therefore, the photochemical activity of both Ru(II)-thioanisole complexes 21 and 22, with their long Ru-S bonds, was studied. Interestingly, if they can undergo a ligand loss reaction through their non-emissive 3 MC excited states upon visible light irradiation, thus, we will observe the first photochemically active, bis-tridentate Ru(II) complexes in the literature to the best of our knowledge.

V.1. Heteroleptic complex photoactivity

The bis-tridentate Ru(II) complex 22 with the molecular formula, [Ru(20)(tpy)](PF6)2, displays a ligand loss reaction upon light irradiation in the visible region (400-700 nm), using a monofiber xenon lamp source with 1840 mW intensity.

In an acetonitrile solution of complex 22, the ligand-solvent exchange reaction proceeded quantitatively within 100 minutes under white light exposure, in which, a thioanisole ligand was replaced by three acetonitrile solvent molecules, as shown in Scheme 5.5.

Scheme 5.5. The heteroleptic complex 22 photochemical ejection reaction.

The photoinduced thioanisole ligand ejection reaction from complex 22 was easily followed by UV-Visible spectroscopy, in which both the starting complex 22 and the newly formed The UV-Visible spectra were displayed with a clear isosbestic point at 333 nm, which indicates the single-step nature of the photo-dissociation reaction of the tridentate thioanisole ligand from complex 22.

The short Ru-Npyridine bond length compared to the Ru-S bonds length in the ground state (≈ 2.13 Å for Ru-Npyridine vs ≈ 2.33 Å for both R-S bonds) and in the 3 MC excited state, 12 suggests that the Ru-S bonds are faster and more susceptible to photo-dissociate than the Ru-N bond.

Therefore, the Ru-S bond dissociation would most likely be the initial step of the photochemical ejection reaction, followed by the Ru-Npyridine bond dissociation (after rotation in space) to completely expel the flexible tridentate thioanisole ligand 20 from its Ru(II) complex 22.

This photochemical reaction was also followed by 1 H-NMR spectroscopy as shown in Figure 5.14. (c)) and the [Ru(tpy)(CH3CN)3](PF6)2 complex (denoted by stars), which is already reported in the literature. 16 After 100 minutes' irradiation, nothing was changed either in the UV-Visible spectrum nor in the 1 H-NMR spectrum, indicating the end of the photochemical reaction.

Although the photo-ejection reaction was carried out in acetonitrile solution, the 1 H-NMR spectrum of the complex after irradiation was recorded in D6-acetone for clear comparison and analysis in reference to the previously recorded complex 22 and free thioanisole ligand in D6-acetone.

V.2. Homoleptic complex photoactivity

As the heteroleptic Ru(II) complex 22 undergoes a photochemical reaction, by losing one thioanisole ligand upon visible light irradiation, the same reaction, using the same conditions, was attempted with the bis-thioanisole homoleptic Ru(II) complex 21 which has the facial octahedral geometry.

Our initial goal was to see if this photoactive complex could change its octahedral geometry by changing from the fac to the mer homoleptic complex, as one thioanisole ligand is ejected by irradiation and then re-complexes thermally after the geometrical isomerization of the [Ru(20)(L)3](PF6)2 intermediate complex, as proposed in Scheme 5.6.

Scheme 5.6. Proposed pathway for complex 21 to go from its facial octahedral geometry to the meridional geometry, through photochemical-thermal successive reactions.

In an acetonitrile solution of complex 21, the ligand-solvent exchange reaction between a thioanisole ligand and three acetonitrile solvent molecules was rapidly achieved within 8 minutes of light exposure using the same xenon lamp with 1840 mW intensity, Scheme 5.7, indicating the high degree of photoreactivity for complex 21 which adopts the fac geometry. In the visible region, the 1 MLCT (metal to thioanisole ligand charge transfer) at 390 nm gradually disappeared as the photo-ejection reaction proceeded, followed by the gradual appearance of a new 1 MLCT at 354 nm, which is globally corresponding to the MLCT transition of the created [Ru(20)(CH3CN)3] 2+ intermediate complex.

The blue shift of the new 1 MLCT is attributed to the π-accepting nature of the CN groups from the Ru(II) central metal, resulting in stabilization of the HOMO, and consequently, a larger HOMO-LUMO energy gap is formed, leading to a more energetic transition.

Moreover, as it was described before, the ligand photo-ejection was performed in a multistep photo-dissociation reaction, as evidenced by the absence of isosbestic points around 342 nm and 365 nm (Figure 5.15).

Moreover, this photochemical reaction was followed by 1 H-NMR spectroscopy (Figure 5.16). Moreover, in the re-complexation reaction, it also seems that some free ligand is still present (Figure 5.17 Another attempt of a monodentate ligand exchange reaction with the homoleptic complex 21 was performed, but using electron donating chloride ligands instead of solvent molecules.

Going from acetonitrile electron withdrawing ligands to chloride electron donating ligands could change the reactivity of the intermediate complex, and allow the photo-isomerization reaction to proceed.

Accordingly, a 1,2-dichloroethane solution of complex 21, with excess tetraethylammonium chloride was irradiated, using the same xenon lamp with 1840 mW intensity, for 8 minutes.

As a result, a thioether ligand was ejected and an unidentified [Ru II (20)(X)3] complex was created (Scheme 5.8).

Moreover, it was difficult to follow the photochemical reaction by 1 H-NMR spectrum probably due to the formation of the paramagnetic ruthenium intermediate complex. Thus, in all spectra, only the free ligand was clearly observed.

In the thermal re-complexation reaction, the obtained 1 H-NMR spectrum did not show the reformation of the homoleptic complex 21 again and just the free thioether ligand was observed.

The photochemical reaction was followed by UV-Visible spectroscopy, as shown in Figure 5.17. As the photochemical reaction continues longer than 8 minutes, till 70 minutes of irradiation (this behavior is denoted by the white arrows in Figure 5.17), the 1 MLCT at 522 nm starts to

VI. Conclusion

Preparing a new thioether ligand capable of coordinating the central Ru(II) metal via the favorable 6-membered metallacycles was successful in opening the S-Ru-S trans chelation angle and obtaining a nearly perfect octahedral geometry, as shown clearly in the crystallographic structure of the obtained heteroleptic complex 22. However, the homoleptic complex 21 still prefers the facial, distorted octahedral geometry.

Moreover, despite the fact that both Ru(II) complexes display an energetic metal to ligand charge transfer transition resulting from the large HOMO-LUMO energy gaps in agreement with the electrochemical data, they did not show any luminescence properties at room temperature nor at 77 K. This observation shows the effect of the coordinated sulfur atoms on quenching the emission properties of Ru(II) complexes.

More interestingly, having a high degree of structural flexibility on the ligand was of great importance, allowing its Ru(II) complexes to be photochemically active. Therefore, here we report the first bis-tridentate Ru(II) complexes, to the best of our knowledge, that have undergone photosubstitution reactions by monodentate ligands upon light irradiation.

This pioneering work could be of great importance for many potential applications. It can be a useful building block for promising light-driven molecular machines based on Ru(II) complexes, 13,17 or could be used in photo-active chemotherapy for an anticancer agents. 18 It is well known that the photophysical, photochemical, and electrochemical properties of most ruthenium polypyridine complexes are directly affected by their electronic structural design. This can be clearly described by comparing [Ru(py)6] 2+ , [Ru(bpy)3] 2+ , and [Ru(tpy)2] 2+ , which are each hexa-coordinated by pyridine rings, however, they have different octahedral geometrical structures, leading to different properties and therefore different applications in various fields. Thus, the main interest of this thesis was to explore the coordination properties of new tridentate ligands on ruthenium transition metal.

The goal of separating the emitting 3 MLCT excited state and non-emitting 3 MC excited state in all of the complexes described in this thesis was achieved by imparting a low lying π* orbital to stabilize the 3 MLCT excited state, in addition to destabilizing the 3 MC excited state by increasing the ligand field (Δo) through optimizing the complexes' octahedral geometries.

Generally, all homoleptic complexes decorated with 6-membered metallacycles around the central Ru(II) metal were characterized as having exclusively a facial geometry, whereas all heteroleptic complexes, which include a terpyridine ligand locked in a plane, were obtained with the meridional geometry. This result is of great importance; such a complex could be a useful building block for promising light-driven molecular machines based on Ru(II) complexes. Interestingly, these photochemically active complexes could also be investigated to possibly be used as a new light-activated anticancer agent for photodynamic therapy (PDT), mimicking the activity of the cytotoxin cisplatin molecules that are responsible for DNA damage and cancer cell death.

Moreover, as other future work based on this thesis, it is interesting to prepare other metal complexes decorated with the rigid tri-imine (NNN) acridine based ligands (11 and 14), for instance, with Cu(I) metal which adopts the tetrahedral geometry. The luminescence properties of such complexes could be investigated, especially, by taking into consideration the high rigidity of these ligands of constrained cavities and which is useful in avoiding the complex flattening (distortion) at its excited state.

 Experimental methods

The standard handling techniques under inert atmosphere were used for air and moisture sensitive reagents. Column chromatography was performed on silica gel 60 [Merk, 63-270 mesh]. Thin layer chromatography (TLC) was carried on glass plates coated with silica gel 60 F254 (Merk).

In Nuclear Magnetic Resonance (NMR), the 1 H-NMR and 13 Where ΦS is the quantum yield of the investigated sample, Φref is the quantum yield of the reference compound (usually is for [Ru(bpy)3] 2+ in acetonitrile solution of a value = 0.062), A

represents the absorption at the excitation wavelength and I is the emission intensity (calculated from the spectrum area), ɳ is the refractive index of the used solvents.

The experimental uncertainties were as following: absorption maxima, ±2 nm; molar absorption, 20%; emission maxima, 5 nm; emission lifetime, 10%; emission quantum yield, 20%.

The photochemical reactions were accomplished by continuous irradiation performed under stirring at room temperature with a xenon lamp (Hamamatsu L8253, type LC8-03), equipped with a 400-700 nm large band filter, placed 4 cm from the cuvette sample.

Electrochemical measurements were recorded using a BioLogic SAS potentiostat. Tetra-nbutylammonium hexafluorophosphate (TBAPF6, Aldrich) was used as supporting electrolyte (0.1 M) in dry acetonitrile, under argon atmosphere at room temperature. A standard threeelectrodes electrochemical cell was used, potentials were referenced to an AgNO3 (0.01 M)/Ag reference electrode, the auxiliary electrode was a Pt-wire in acetonitrile + 0.1 M electrolyte solution, and lastly, the working electrode was a 5 mm diameter vitreous carbon disk electrode (Epa: anodic peak potential; Epc: cathodic peak potential; E1/2 = (Epa + Epc)/2; ΔEp = Epa -Epc). The experimental uncertainty of the redox potentials was ± 10 mV.

 X-ray crystallography

A single crystal of each complex was mounted and measured on an Nonius-Bruker 4 circles kappa diffractometer with an APEXII CCD detector and a multilayer mirror monochromatized MoKα radiation (λ = 0.71073 Å) from an Incoatec high brilliance microsource at 200 K. The data were collected with phi and omega scans. Data were integrated and corrected for Lorentz and polarization factors with Eval 14, then corrected for absorption with Sadabs and merged with Xprep. The following steps were run under Olex2: the molecular structure was solved by charge flipping methods implemented by Superflip and refined on F 2 by full matrix least-squares techniques using SHELXL-2013. All non-hydrogen atoms were refined anisotropically. Hydrogen were set geometrically and constrained to ride on their carrier atoms. We used the following twin law: -1 0 0 0 1 0 0 0 -1 with 2 domains and an implicit ratio of 50% each.

 DFT calculations

The calculations, performed for complexes 12 and 13 (in Chapter 2), were done by using the Gaussian 09 package, and using the B3LYP hybrid density functional using a triple-z quality basis set for geometry optimization and TD-DFT calculations. The 6-311+G(d,p) basis set was used for all atoms except ruthenium for which an uncontracted lanl08(f) basis set with an effective core potential was employed. All calculations (geometry optimization, TD-DFT) are done with solvent effects included, using the IEFPCM implicit model as implemented in Gaussian, using standard parameters for acetonitrile. TD-DFT calculations were done using the Linear-Response approach for the 60 least-energetic transitions. In all calculations on these acridine-based complexes (12, 13), the dtdpa ligand was simplified by replacing the two tertio-butyl groups by hydrogen atoms.

 Solvent and chemical compounds

All solvents (acetonitrile, acetone, dichloromethane, chloroform, diethylether, ethyl acetate, pentane, ethylene glycol, ethanol, methanol, dimethylformamide (DMF), dimethyl sulfoxide (DMSO)) were purchased and used as received unless specified (e.g. toluene). All used chemical reagents and commercially available chemical compounds (di-p-tolylamine (1) and 9(10H)acridone ( 4)) were purchased from their commercial selling companies and used directly without any further purification.

 Synthesis procedures

Bis(2-bromo-4-methylphenyl)amine (2), 1 2,7-ditertbutyl-9(10H)acridone (5), 2 4,5-dibromo-2,7-ditertbutyl-9(10H)acridone ( 6), 2 and 2,6-bis(2-(methylthio)phenyl)pyridine (20) 3 were synthesized according to previously described procedures in the literature, with some modifications.

 Bis(2-bromo-4-methylphenyl)amine (2)

To a solution of di-p-tolylamine (1) (7.1 g, 20.0 mmol) in dry dichloromethane (75 mL), was added N-bromosuccinimide (7.1 g, 40.0 mmol) over 2.5 hours in 10 portions. The reaction mixture was vigorously stirred at ambient temperature for 48 hours, under argon atmosphere. All solvents were removed under vacuum and the resulting black solid was then dissolved in pentane (60 mL), and vigorously stirred over silica gel for 30 minutes, and then filtered through a celite pad and washed with cold pentane. All solvents were removed under vacuum, to afford a pure white powder of the desired compound, (9.08 g, 71% yield). (30 mg, 0.026 mmol) in dry toluene (2 mL), was added 2-(tributylstannyl)pyridine (85%) (0.60 mL, 1.585 mmol). The reaction mixture was allowed to reflux for 18 hours, under argon atmosphere. After cooling to room temperature, the reaction mixture was quenched by the addition of 1 mL of distilled water. All solvents were removed under vacuum and the crude mixture was purified by column chromatography (SiO2; diethylether/pentane 30%, Rf = 0.23)

to afford the pure white powder of the desired product, (90 mg, 51% yield). x 100 mL). The combined organic layer was dried over Na2SO4 and filtered through Na2CO3 and then silica gel pad. All solvents were removed under vacuum. The solid was suspended in hot methanol (100 mL) and then cooled to 0 O C. The precipitate was filtered to afford the yellowish solid product (≈ 1.6 g). The filtrate was suspended in hot methanol (120 mL) and distilled water (20 mL) was added. After cooling to 0 O C again, the precipitate was filtered to afford brown-orange solid, that was recrystallized by acetone (50 mL) and pentane (200 mL)

to give the yellowish pure product (≈ 6.2 g). The combined yield was quantitative. To a solution of 9-bromo-2,7-ditertbutyl-4,5-di(pyridin-2-yl)acridine (8) (180 mg, 0.344 mmol)

and [Pd(PPh3)4] (36 mg, 0.031 mmol) in toluene (20 mL), under argon atmosphere, was added dropwise a solution of p-tolylboronic acid (327 mg, 2.408 mmol) in ethanol (12 mL), followed by the addition of aqueous K2CO3 solution (3.5 mL, 1M). The suspension was allowed to reflux at 90 o C for 22 hours. After cooling to room temperature, the reaction mixture was filtered off, and the filtrate was washed with 1 M NaOH (2x12 mL) and then with distilled water (2x12 mL). The combined organic layers were then dried on sodium sulfate and all volatiles were evaporated under reduced pressure. Column chromatography (SiO2; MeOH/CHCl3 1%, Rf = 0.52) afforded the pure yellowish compound of the desired product (118 mg, 65% yield). To a refluxing solution of 4,5-dibromo-2,7-ditertbutyl-9(10H)acridone (6) (10 g, 21.5 mmol) in dry THF (100 mL), under argon, was added dropwise a 1 M borane tetrahydrofuran complex solution (107 mL, 107 mmol). The reaction mixture was allowed to reflux for 1 hour. After cooling to room temperature, aqueous hydrochloric acid solution (3 N, 250 mL) was slowly added. The pH was then raised by addition of Na2CO3(sat) (1 L) and this aqueous phase was extracted with dichloromethane. The organic phases were combined and dried on sodium sulfate and the solvent was evaporated under vacuum. This crude solid was stirred in a mixture of ethanol (180 mL) and water (35 mL), in the presence of iron(III) chloride hexahydrate (8 g) for 2 hours at 50 °C. After cooling to room temperature, Na2CO3(sat) (400 mL) was added, and the mixture was extracted with dichloromethane. The organic phases were combined, dried over sodium sulfate and the solvent was evaporated under vacuum.

Column chromatography (SiO2; EtOAc/Pentane 5%) afforded the title compound as a yellowish solid (9.2 g, 95% yield).  General procedure for the Ru(II) heteroleptic complex preparation:

[RuCl3(tpy)] (66 mg, 0.15 mmol), the desired free ligand (0.15 mmol, 1 molar equivalents), and LiCl (32 mg, 0.75 mmol) were all dissolved in 10 mL of an ethanol/water mixture (7/3 v/v).

Triethylamine (0.2 mL, 1.44 mmol) was then added to the solution and the mixture was allowed to reflux for 4 hours. After cooling to room temperature, a dark precipitate of ruthenium(II) complex (in the form of hexafluorophosphate salt) was obtained by addition of an excess of saturated aqueous solution of KPF6. The resulting solid was purified by column chromatography (SiO2) affording the desired pure heteroleptic Ru(II) complex.

 [Ru(tpy)(dtdpa)](PF6)2 (13)

Prepared according to the general procedure for the Ru(II) heteroleptic complex preparation, from 2,7-ditertbutyl-4,5-di(pyridin-2-yl)acridine (11, dtdpa) (67 mg, 0.15 mmol). The column

Figure 1 .

 1 Figure 1.3. Schematic picture of the three building blocks of an artificial photosynthetic triad of electron transfer processes, where D is the electron donor, P is the photosensitizer, and A is the electron acceptor.14 
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 15 Figure 1.5. The ruthenium II -diiron complex.
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 17 Figure 1.7.Water splitting and hydrogen production schematic representation.[START_REF] Youngblood | Visible Light Water Splitting Using Dye-Sensitized Oxide Semiconductors[END_REF] 
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 18 Figure 1.8. Mallouk et al.'s improved water oxidation system including the BIP mediator between Ir(cat.) and Ru-dye.[START_REF] Zhao | Improving the Efficiency of Water Splitting in Dye-Sensitized Solar Cells by Using a Biomimetic Electron Transfer Mediator[END_REF] 
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 41110 Figure 1.10. [Ru(bpy)3] 2+ complex.
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 111 Figure 1.11. Schematic molecular orbital energy diagram for d 6 ruthenium(II) complex in an octahedral environment, showing by arrows the different types of transition.
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 3 MLCT), can thermally populate the low lying metal centered ( 3 MC) state by internal conversion (IC), or can deactivate to the ground state again by radiative process (phosphorescence), or via non-radiative decay (in the form of thermal energy), (Figure1.12).[START_REF] Dixon | Luminescent Ruthenium-Polypyridine Complexes & Phosphorus Ligands: Anything but a Simple Story[END_REF] 
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 11241113 Figure 1.12. Perrin-Jablonski diagram for the different decay pathways of ruthenium(II) polypyridine complexes.
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 114 Figure 1.14. Small 3 MC-3 MLCT energy splitting (a), resulting in fast k(IC). A significant slower thermal populating of 3 MC with a bigger gap energy (b).
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 115 Figure 1.15. Absorption and emission spectra of [Ru(bpy)3] 2+ in acetonitrile at room temperature.
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 117 Figure 1.17. Förster & Dexter energy transfer quenching mechanisms.
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 120 Figure 1.20. Styrene cycloaddition depending on the decay pathway of the photoexcited catalyst.
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 122 Figure 1.22. TAA(donor)-RuII(photosensitizer)-AQ(acceptor) triad.

Figure 1 . 23 .

 123 Figure 1.23. Supramolecular donor-acceptor assembly.
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 124 Figure 1.24. Energy and electron transfer decay to create the long-lived CSS Ru(III)-Py-MV *+ .
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 125 Figure 1.25. "a" is the non-functionalized 2,2':6',2''-terpyridine with its assignment. "b" is the 4'-functionalized octahedral metal complex.
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 126 Figure 1.26. Perrin-Jablonski diagram for [Ru(bpy)3] 2+ (a) vs [Ru(tpy)2] 2+ (b).

  Ru 3+ /Ru2+ and ligand/ligand .-potentials are directly affected by the withdrawal or addition of electron density from or to the metal center. Some examples of strong EWGs, such as CN and MeSO2 will be illustrated and discussed in terms of how efficiently they improve the luminescence excited state lifetime of [Ru(tpy)2] 2+ complexes when they are connected at the 4'-position of the tpy ligand. [Ru(tpy)2] 2+
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 127 Figure 1.27. Substituted [Ru(tpy)2] 2+ (a), and the triarylpyridinium (Tp + ) EWG (b).
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 128 Figure 1.28. Ruthenium(II) complex substituted with the phenyl-spaced-pyridinium acceptor.
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 129 Figure 1.29. Imidazole substitution at the 4'-position of [Ru(tpy)2] 2+ complex.
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 130 Figure 1.30. Pyrene-acetylene substituted on a [Ru(tpy)2] 2+ complex.
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 131 Figure 1.31. Substituted [Ru(tpy)2] 2+ with a pyrimidyl spacer.
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 132 Figure 1.32. Ruthenium(II) complex with a tridentate triazine-tpy-based ligand.
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 133 Figure 1.33. First example for optimizing the octahedral geometry of bis-tridentate Ru(II) complexes.
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 13497135 Figure 1.34. Second example for optimizing the octahedral geometry of bis-tridentate Ru(II) complexes.
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 136 Figure 1.36. Perrier-Jablonski diagram comparing between [Ru(tpy)2] 2+ complex and Ru(II) complex based on N-Heterocyclic Carbene (NHC) ligands.

  Figure 2.1, a), a new tridentate ligand can be prepared. Our goal can be achieved by going forward to prepare a (NNN) tridentate chelating ligand, when connecting two pyridine N-heterocycles from their ortho position at the 4 and 5 positions of the acridine backbone (Figure 2.1, b). Thus, with such design, we can get a ligand with a low lying π* orbital, which can form 6-membered chelating cycles with the desired cationic transition metal. These properties together should stabilize the 3 MLCT excited state with regular octahedral geometry to have a high energetic 3 MC state.
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 23 Figure 2.3. Structural formula of the proposed Ru(II)-complex.
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 121 Scheme 2.1. Proposed mechanism for amino-acridine electrophilic substitution reaction.
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 22 Figure 2.2. The dtdpa ligand proton assignment on its 1 H-NMR spectrum, recorded in Dacetone at 500 MHz NMR spectrometer.
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 23 Figure 2.3. Homoleptic (12) and heteroleptic (13) complexes structure.
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 44 Figure 4.4. The three different octahedral geometries of bis-tridentate Ru(II) complexes.
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 25 Figure 2.5. 1 H-NMR spectra of dtdpa (top) and the homoleptic complex 12 (bottom), recorded in D-acetone at 500 MHz spectrometer.
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 2612 Figure 2.6. Aromatic region of complex 12, showing the NOE correlation detected in 2D NOESY NMR, recorded in D-acetone at 500 MHz NMR spectrometer.
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 27 Figure 2.7. Complex 12 configurations estimated by TD-DFT calculations.

  H-NMR spectrum, in which both the terpyridine and the dtdpa ligands display signals corresponding to half of the molecule. As shown in Figure 2.8, each proton of the ligand (bottom) is seen distinctively without any peak splitting in the heteroleptic complex spectrum (top), whereas, all the peaks denoted by stars are assigned to the terpyridine ligand.
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 28 Figure 2.8. 1 H-NMR spectra of dtdpa ligand (bottom) and the heteroleptic complex 13 (top), recorded in D-acetone at 500 MHz spectrometer.
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 29 Figure 2.9. Different views of the crystal structure of the heteroleptic complex 13 (40% ellipsoids). Solvent molecules, H atoms, and the PF6 -counter anions are removed for clarity.
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 210 Figure 2.10. Cyclic voltammograms of complexes 12 (top), 13 (middle), and dtdpa ligand (bottom) in a 10 -3 M deaerated acetonitrile solution + 0.1 M [BuN]4PF6 (TBAPF6), at a scan rate of 100 mV.s -1 using vitreous carbon electrode (5 mm diameter), Ep(V) vs AgNO3 (0.01 M)/Ag.
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 2122 Figure 2.12. HOMO and LUMO localization on complex 13, optimized by DFT calculations.
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 213 Figure 2.13. Molecular orbital diagram of complex 13, optimized by DFT calculations.
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 214 Figure 2.14. Absorption and emission spectra of dtdpa ligand.
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 215 Figure 2.15. UV-vis absorption spectra in deaerated acetonitrile of complexes 12 (dotted), 13 (dashed), and [Ru(tpy)2] 2+ (full line).
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 217 Figure 2.17. UV-vis absorption spectra of complexes 12 (dotted line), and 13 (solid line) optimized by TD-DFT calculations.
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 6 membered rings) at positions 4 and 5 of the acridine backbone by smaller N-heterocycle rings, such as pyrazole (5-membered rings) rings. Following this idea, the dtdpza(14) (2,7ditertbutyl-4,5-di(pyrazol-1-yl)acridine) ligand was obtained, as shown in Figure3.1. This new (NNN) tridentate ligand with a larger coordinating cavity can still form the favorable 6membered metallacycles with the cationic ruthenium metal.
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 35 Figure 3.5. Opening the coordination cavity, by changing from dtdpa (11) ligand to dtdpza (14) ligand.
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 36 Figure 3.6. Chemical structures of quinoline ligand derivatives.
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 33 Figure 3.3. The corresponding Ru(II)-complexes of dtdpza ligand (14).
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 74 Figure 7.4. dtdpza ligand proton assignment on its 1 H-NMR spectrum, recorded in D-acetone at 500 MHz NMR spectrometer.

Figure 3 . 5 ,

 35 Figure 3.5, in which all of the proton signals in the spectrum of the symmetrical ligand 14 (bottom) were split into two sets of peaks in the homoleptic complex 15 spectrum (top).
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 3 Figure 3.5. 1 H-NMR spectra of dtdpza ligand (bottom) and its homoleptic Ru(II) complex 15 (top), recorded in D-acetone at 500 MHz NMR spectrometer.
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 36 Figure 3.6. 2D-NOESY NMR spectrum (left) recorded in D-acetone at 500 MHz NMR spectrometer, in addition to a view of the crystal structure (right) of the homoleptic complex 15 (40% ellipsoids).

  .7). Different perspectives where the coordinating atoms of the homoleptic complex 15 are labeled, are presented in Figure 3.7.
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 37 Figure 3.7. Different views of the crystal structure of complex 15 (40% ellipsoids). Solvent molecules, hydrogen atoms, and PF6 -counter anion are omitted for clarity.
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 381 Figure 3.8. 1 H-NMR spectrum of both dtdpza (14) ligand (bottom) and its corresponding heteroleptic Ru(II) complex (16) (top), recorded in D-acetone at 500 MHz NMR spectrometer.
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 399 Figure 3.9. Different views of the crystal structure of complex (16) [Ru(dtdpza)(tpy)](PF6)2 (40% ellipsoids). Solvent molecules, hydrogen atoms, and the PF6 -counter anions are omitted for clarity.
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 310 Figure 3.10. Cyclic voltammogram of dtdpza ligand in a 10 -3 M deaerated acetonitrile solution + 0.1 M [BuN]4PF6 (TBAPF6), at a scan rate of 100 mV s -1 using vitreous carbon electrode (5 mm diameter), Ep(V) vs AgNO3 (0.01 M)/Ag.
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 311 Figure 3.11. Cyclic voltammograms of the homoleptic complex 15 (top), and the heteroleptic complex 16 (bottom) in a 10 -3 M deaerated acetonitrile solution + 0.1 M [BuN]4PF6 (TBAPF6), at a scan rate of 100 mV s -1 using vitreous carbon electrode (5 mm diameter), Ep(V) vs AgNO3 (0.01 M)/Ag.
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 312 Figure 3.12. Absorption (a) and emission (b) spectra of the dtdpza ligand (14).
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 313 Figure 3.13. Absorption spectra of [Ru(dtdpza)2] 2+ 15 (dotted), [Ru(dtdpza)(tpy)] 2+ 16 (dashed), and [Ru(tpy)2] 2+ (full line) complexes in deaerated acetonitrile solution.

  Therefore, in this chapter, I have prepared and studied a set of complexes based on a new (SNS) tridentate thioether ligand with a larger coordination cavity, named dtdsa (17) (2,7ditertbutyl-4,5-di(propylthio)acridine), as shown in Figure 4.1.
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 48 Figure 4.8. Opening the coordination pocket by using (SNS) thioether ligand 17 instead of (NNN) structurally rigid ligands, 11 and 14.

  planar acridine heterocycle, provide a larger coordination cavity in comparison to that obtained for Ru(II)-bis-terpyridine complex.
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 42 Figure 4.2. The dtdsa ligand (17) with its homoleptic (18) and heteroleptic (19) Ru(II)complexes.
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 41 Scheme 4.1. The dtdsa target ligand (17) synthesis.
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 43 Figure 4.3. 1 H-NMR spectrum assignment of dtdsa (17) ligand, recorded in CDCl3 solution at 500 MHz NMR spectrometer.

  Figure 4.4, in which the thioether ligand displays signals corresponding to half of the molecule (no signal splitting appeared, as had been shown in the previous two chapters).
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 44 Figure 4.4. Aromatic region in 1 H-NMR spectrum of the homoleptic Ru(II) complex 18. recorded in D-acetone solution at 500 MHz NMR spectrometer.
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 343 Scheme 4.3. The heteroleptic Ru(II) complex 19 synthesis.
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 4545 Figure 4.5. Aromatic region in 1 H-NMR spectrum of the heteroleptic Ru(II) complex 19 recorded in D-acetone solution at 500 MHz NMR spectrometer.
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 46 Figure 4.6. Different views of the crystal structure of the heteroleptic complex 19 (40% ellipsoids). Solvent molecules, H-atoms, and PF6 -counter anions are omitted for clarity.

III. 1 .

 1 Thioether ligand redox propertiesThe cyclic voltammogram of the (SNS) acridine-based thioether ligand 17 was recorded in deaerated electrolyte solution of 0.1 M TBAPF6 in acetonitrile, as shown in Figure4.7.
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 47 Figure 4.7. Cyclic voltammogram of the dtdsa ligand 17 (10 -3 M) in deaerated acetonitrile containing 0.1 M [BuN]4PF6 (TBAPF6), at a scan rate of 100 mV.s -1 using vitreous carbon working electrode (5 mm diameter), Ep(V) vs AgNO3 (0.01 M)/Ag.

Figure 4 . 10 .

 410 Figure 4.10. Absorption spectra of [Ru(dtdsa)2] 2+ 18 (dotted), [Ru(dtdsa)(tpy)] 2+ 19 (dashed), and [Ru(tpy)2] 2+ (solid line) complexes in deaerated acetonitrile solution.

Figure 4 .

 4 Figure 4.11, based on analysis of the electrochemical data. The geometrically distorted ligand

Figure 4 . 11 .

 411 Figure 4.11. Schematic depicting the molecular orbitals of triimine (NNN) and thioether (SNS) ligand complexes in comparison to the [Ru(tpy)2] 2+ reference complex.

  Thus, both the homoleptic and heteroleptic Ru(II) complexes, 18 and 19, respectively, based on the thioether ligand 17, were obtained with meridional octahedral geometry, without any twisting distortion of the planar acridine. However, another geometrical distortion arose by having an S-Ru-S trans chelation angle smaller than expected (less than 180 o ), due to the formation of the 5-membered metallacycles between the coordinating ligand and Ru(II) metal cation.Therefore, preparing another thioether ligand capable of coordinating Ru(II) with the favorable 6-membered metallacycles, as in chapters 2 and 3, could be a suitable solution to open the S-Ru-S trans chelation angle, and consequently obtain a perfect octahedron.For this reason, a new (SNS) thioether ligand 20, suiting all our demands by having a good flexibility in addition to the ability to form 6-membered metallacycles, was prepared based on inspiration from the known (NNN) tridentate ligand, 2,6-di(quinolin-8-yl)pyridine, which was already prepared and described, 1 as shown in Figure5.1 below.

Figure 5 . 9 .

 59 Figure 5.9. The new flexible (SNS) thioether ligand 20, derived from another (NNN) ligand design.

Figure 5 . 11 .

 511 Figure 5.11. The thioanisole Ru(II) complexes 21 (homoleptic) and 22 (heteroleptic).

Following

  the same reasoning as for the previous homoleptic complexes which adopt the fac geometry, the C2-fac geometry of complex 21 was deduced directly from its 1 H-NMR spectrum, as shown in Figure 5.4. All proton signals of the thioanisole ligand (bottom) were split into two sets of peaks (top) as the complexation reaction proceeded.

Figure 5 .

 5 Figure 5.12. 1 H-NMR spectra of ligand 20 (bottom) and its homoleptic Ru(II) complex 21 (top), recorded in D6-acetone on a 500 MHz NMR spectrometer.

Figure 13 . 5 .

 135 Figure 13.5. Different views of the crystal structure of complex 21 (40% ellipsoids). Solvent molecules, H-atoms and counter anions are omitted for clarity.

3 . 5 . 4 .

 354 Scheme 5.4. The heteroleptic Ru(II) complex 22 synthesis.

Figure 5 .Figure 5 . 6 .

 556 Figure 5.14. 1 H-NMR spectra of ligand 20 (bottom) and its heteroleptic Ru(II) complex 22 (top), recorded in D6-acetone on a 500 MHz NMR spectrometry.

Figure 5 . 15 .

 515 Figure 5.15. Different views of the heteroleptic complex 22 (40% ellipsoids). Solvent molecules, H-bonds, and PF6 -counter anions are omitted for clarity.

  ligand, in addition to the two central pyridine rings of each ligand are in trans positions with approximate trans chelation angles S1-Ru-S2 around 175.83 o and N1-Ru-N3 around 176.23 o , respectively. These trans chelation angles of both sulfur atoms show again how 6-membered metallacycles open the coordination cavity to obtain a geometry close to a perfect octahedron. The S-Ru-S bond angle was expanded by around 9 o in comparison to that obtained for complex 19 with one thioether ligand 17 which coordinates to Ru(II) with 5membered metallacycles. The tpy ligand in this complex (which forms 5-membered metallacycles) has the same distorted trans chelation angle as its parent complex, [Ru(tpy)2](PF6)2, even though in the heteroleptic complex, the tpy ligand coordinates closer to Ru(II) metal with 0.017 Å Ru-N3 bond length reduction.

(21 and 22 )

 22 were investigated by cyclic voltammetry, in a supporting electrolyte solution composed of 0.1 M tetrabutylammonium hexafluorophosphate in deaerated acetonitrile solution.

Figure 5 . 16 .

 516 Figure 5.16. Cyclic voltammogram of the thioanisole ligand 20 (10 -3 M) in deaerated acetonitrile solution containing 0.1 M of TBAPF6, at a scan rate of 100 mV.s -1 using vitreous carbon working electrode (5 mm diameter), Ep(V) vs AgNO3 (0.01 M)/Ag.

Figure 5 .

 5 11-(a), and its emission spectra at both room temperature and 77 K are presented in Figure 5.11-(b).

Figure 5 . 19 .

 519 Figure 5.19. Absorption (a) and emission (b) thioanisole ligand 20 spectra.

Figure 5 . 20 .

 520 Figure 5.20. Absorption spectra of the homoleptic Ru(II) complex 21 (dotted) and the heteroleptic Ru(II) complex 22 (solid line) in deaerated acetonitrile solution.

[

  Ru(tpy)(CH3CN)3](PF6)2 complex have different absorption spectra. More interestingly, in the visible region, we can clearly see the gradual disappearance of the 1 MLCT (metal to thioanisole ligand charge transfer) band centered at 451 nm (Figure 5.13).

Figure 5 . 13 .

 513 Figure 5.13. UV-Visible spectra following the ligand 20 ejection reaction from its heteroleptic complex 22, upon white light irradiation using a xenon lamp in a solvent-ligand acetonitrile solution.

Figure 5 .

 5 Figure 5.14. 1 H-NMR spectra recorded in D6-acetone at 500 MHz spectrometer for complex 22 at t = 0 min. (a), after 100 min. irradiation (b), and for comparison the free ligand 20 (c). *peaks corresponded to [Ru(tpy)(CH3CN)3](PF6)2 intermediate complex.

Scheme 5 . 7 .

 57 Scheme 5.7. The homoleptic complex 21 photochemical ejection and thermal complexation reactions.

Figure 5 . 15 .

 515 Figure 5.15. UV-Visible spectra following the ligand 20 ejection reaction from its homoleptic complex 21, upon white light irradiation using a xenon lamp in a solvent-ligand acetonitrile solution.

Figure 5 .

 5 Figure 5.16. 1 H-NMR spectra recorded in D6-acetone with a 500 MHz spectrometer for complex 21 at t = 0 min. (a), after 8 min. irradiation (b), after thermal re-complexation reaction (c), and for comparison, the free ligand 20 (d).

  -(c)), which suggests the fast degradation of the unstable intermediate[Ru(20)(CH3CN)3](PF6)2 complex. When the reaction mixture was left for one hour under air atmosphere following irradiation, no signals were present in the 1 H-NMR spectrum except for those of the free ligand, verifying also the low stability of the created intermediate complex.

Figure 5 . 17 .

 517 Figure 5.17. UV-Visible spectra following the ligands 20 ejection from its homoleptic complex 21, upon white light irradiation using a xenon lamp in the presence of excess chloride.

  photophysical properties, according to the energy gap law.

1 H 3 )

 13 -NMR (400 MHz; CDCl3): δ 7.38 (s, 2H), 7.09 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H), 6.16 (s, 1H), 2.26 (s, 6H).  bis(4-methyl-2-(pyridin-2-yl)phenyl)amine (To a solution of bis(2-bromo-4-methylphenyl)amine (2) (177 mg, 0.500 mmol) and [Pd(PPh3)4]

 2 , 5 )

 25 7-ditertbutyl-9(10H)acridone (To a suspension of 9(10H)acridone (4) (5.00 g, 25.6 mmol) and AlCl3 (6.83 g, 51.2 mmol) in dry dichloromethane (125 mL) at 0 O C, under argon atmosphere, was added 2-chloro-2methylpropane (22.8 mL, 205.0 mmol). The suspension was stirred at 0 O C for 24 hours. The reaction was quenched by 150 mL distilled water and the mixture was extracted by CH2Cl2 (3

1 H

 1 -NMR (400 MHz; CDCl3): δ 9.33 (s, 1H), 8.49 (d, J = 2.4 Hz, 2H), 7.68 (dd, J = 8.6, 2.4 Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 1.34 (s, 18H).

  13 C-NMR (101 MHz; CDCl3): δ 178.8, 144.6, 138.7, 131.6, 122.4, 120.8, 116.6, 34.6, 31.3.  2,7-ditertbutyl-4,5-di(pyridin-2-yl)-9-(p-tolyl)acridine (9)

1 H

 1 -NMR (500 MHz; CDCl3): δ 8.78 (d, J = 4.69 Hz, 2H), 8.34 (d, J = 1.51 Hz, 2H), 8.11 (d, J = 8.06, 2H), 7.70 (d, J = 1.51 Hz, 2H), 7.43 (m, 6H), 7.25 (ddd, J = 8.06, 6.31, 0.51 Hz, 2H), 2.57 (s, 3H), 1.37 (s, 18H).

  13 C-NMR (125 MHz; CDCl3): δ 157.7, 149.0, 147.6, 146.7, 144.9, 138.1, 137.8, 134.8, 133.6, 130.5, 129.0, 128.0, 125.1, 122.2, 121.6, 35.3, 31.0, 21.5. ESI-MS: m/z = 536.30 ([M+H] + ); calculated for C38H37N3H + = 536.31.  4,5-dibromo-2,7-ditertbutylacridine (10)

  1 H-NMR (400 MHz; CDCl3): δ 8.66 (s, 1H), 8.25 (d, J = 2.0 Hz, 2H), 7.83 (d, J = 2.0 Hz, 2H), 1.43 (s, 18H).

  13 C-NMR (101 MHz; CDCl3): δ 149.6, 144.7, 136.8, 133.5, 127.7, 125.5, 122.1, 35.2, 31.0. ESI-MS: m/z = 448.0 ([M+H] + ); calculated for C21H24Br2NH + = 448.03.  2,7-ditertbutyl-4,5-di(pyridin-2-yl)acridine (11, dtdpa)To a solution of 4,5-dibromo-2,7-ditertbutylacridine (10) (225 mg, 0.500 mmol) and [Pd(PPh3)4] (30 mg, 0.026 mmol) in dry toluene (2 mL), was added 2-(tributylstannyl)pyridine (85%) (0.60 mL, 1.585 mmol). The reaction mixture was allowed to reflux for 18 hours, under argon atmosphere. After cooling to room temperature, the reaction mixture was quenched by the addition of 1 mL of distilled water. All solvents were removed under vacuum and the crude mixture was purified by column chromatography (SiO2; diethylether/pentane 1/1 v/v, Rf = 0.28) to afford the pure beige powder of the desired product, (201 mg, 90% yield). chromatography purification (SiO2; acetonitrile/H2O/KNO3(sat) 100/50/5 v/v/v, Rf = 0.34) afforded the pure Ru(II) complex 21 (34 mg, 24% yield).

1 H

 1 -NMR (500 MHz; (CD3)2CO): δ 8.08 (t, J = 7.91 Hz, 2H; Hp4'), 8.02 (d, J = 7.60 Hz, 2H; Hp6''), 7.96 (td, J = 7.60, 0.88 Hz, 2H; Hp4''), 7.86 (m, 4H; Hp5'', p3''), 7.80 (d, J = 7.91 Hz, 2H; Hp5'), 7.71(d, J = 7.91, Hz, 2H; Hp3), 7.54 (dd, J = 7.91, 1.38 Hz, 2H; Hp3'), 7.45 (t, J = 7.24 Hz, 2H; Hp5), 7.40 (t, J = 7.24 Hz, 2H; Hp4), 6.77 (dd, J = 7.91, 0.88 Hz, 2H; Hp6), 2.82 (s, 6H), 1.73 (s, 6H). ESI-MS: m/z = 374.00 ([Ru(20)2] 2+ ); calculated for C38H34N2RuS4 2+ = 374.03, m/z = 892.90 ([Ru(20)2](PF6) + ); calculated for C38H34F6N2PRuS4 + = 893.03.

  

  

  

  

  

  

  

  

  

  

  

  MC state(d-d) can be easily thermally populated from3 MLCT state by fast internal conversion process for [Ru(tpy)2] 2+ complex, and this leads to a fast deactivation of excited state back to the ground state by non-radiative decay, opposite to the luminescent [Ru(bpy)3] 2+ complex (Figure1.26). However, at 77 K in a rigid matrix, [Ru(tpy)2] 2+

Table 1 . 1 .

 11 Photophysical properties of substituted [Ru(tpy)2] 2+ complexes with different EWGs., recorded in deaerated acetonitrile solution at room temperature.

	X	Y	Emission (λmax., nm)	Excited state lifetime (ꚍ, ns)	Quantum yield (Φ)
	H	H	629	0.25	0.5 x 10 -3 %
	CN	H	701	75	2%
	CN	CN	680	50	2%
	MeSO2	H	679	36	0.4%
	MeSO2	MeSO2	666	25	0.5%
	MeSO2	OH	706	50	0.5%
	Tp +	H	670	55	0.73%
	Tp +	Tp +	644	27	0.39%

Table 1 .

 1 

2. Photophysical properties of substituted [Ru(tpy)2] 2+ complex with different pyrimidyl unit.

X R

Emission (λmax., nm) Excited state lifetime (ꚍ, ns) Quantum yield (Φ)

  

	H	H	675	8	0.2 %
	2-pyrimidyl	H	673	11	0.25 %
	H	2-pyrimidyl	690	43	0.38 %
	H	CN	713	200	0.89 %
	5-cyano-2-	CN	705	231	1.2 %
	pyrimidyl				

  Indeed, increasing the energy level of the non-emissive 3 MC excited state by optimizing the coordination octahedral geometry is not enough to have a long luminescent excited state lifetime with high emission quantum yield. Actually, we need less interaction between the arising electronic states, by having a greater 3 MLCT-3 MC energy gap, i.e., there will be no enhancement by raising both excited state at the same time. Clear work demonstrating this point has been described in 2011, by preparing a new bis-tridentate ruthenium(II) complex

	Chapter 1
	MC, and consequently, a
	microsecond excited state lifetime (3 µs) is obtained with a dramatic improvement of
	emission quantum yield to 20% at room temperature.
	Furthermore, due to this pioneering work, other groups have begun to use this strategy to
	enhance the photophysical properties of ruthenium(II) complexes based on tridentate
	ligands. 100,101,102
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  upon light irradiation, especially by featuring long Ru-S bonds. christian.; Johansson, O.; Hammarström, L. A 3.0 Micro-Second Room Temperature Excited State Lifetime of a Bistridentate Ru(II)-Polypyridine Complex for Rod-like Molecular Arrays. J. Am. Chem. Soc. 2006, 128, 12616-12617.

	(98) Abrahamsson, M.; Jäger, M.; Kumar, R. J.; Österman, T.; Persson, P.; Becker, H. -
	christian.; Johansson, O.; Hammarström, L. Bistridentate Ruthenium(II) Polypyridyl-
	Type Complexes with Microsecond 3 MLCT State Lifetimes: Sensitizers for Rod-Like
	Molecular Arrays. J. Am. Chem. Soc. 2008, 130, 15533-15542.
	(99) Abrahamsson, M.; Becker, H.-C.; Hammarström, L. Microsecond Triplet-MLCT Excited
	State Lifetimes in Bis-Tridentate Ru(II)-Complexes: Significant Reductions of Non-

Radiative Rate Constants. Dalton. Trans. 2017, 46

(39)

, 13314-13321. (100) Ragazzon, G.; Verwilst, P.; Denisov, S. A.; Credi, A.; Jonusauskas, G.; McClenaghan, N. D. Ruthenium(II) Complexes Based on Tridentate Polypyridine Ligands That Feature Long-Lived Room-Temperature Luminescence. Chem. Commun. 2013, 49 (80), 9110-9112. (101) Laramée-Milette, B.; Hanan, G. S. Ruthenium Bistridentate Complexes with Non-Symmetrical Hexahydro-Pyrimidopyrimidine Ligands: A Structural and Theoretical Investigation of Their Optical and Electrochemical Properties. Dalton. Trans. 2016, 45 (31), 12507-12517. (102) Schramm, F.; Meded, V.; Fliegl, H.; Fink, K.; Fuhr, O.; Qu, Z.; Klopper, W.; Finn, S.; Keyes, T. E.; Ruben, M. Expanding the Coordination Cage: A Ruthenium(II)-Polypyridine Complex Exhibiting High Quantum Yields under Ambient Conditions. Inorg. Chem. 2009, 48 (13), 5677-5684.

Table 2

 2 experimental data and the theoretical calculations, with an accuracy of calculated angles and bond lengths of less than 1 o and 0.1 Å of difference respectively.

	Table 2.1. Selected bond angles and bond lengths for the corresponding heteroleptic complex
	(13) [Ru(dtdpa)(tpy)](PF6)2 and the archetype [Ru(tpy)2](PF6)2 complexes.
	Complex	[Ru(dtdpa)(tpy)](PF6)2	[Ru(tpy)2](PF6)2
	Angle (º)		
	N1 Ru1 N2	89.3(2) 89.06	
	N2 Ru1 N3	90.0(2) 89.06	
	N1 Ru1 N3	178.8(2) 180.00	
	N5 Ru1 N4	79.8(2) 79.02	79.5(3)
	N5 Ru1 N6	79.7(3) 79.02	79.0(3)
	N4 Ru1 N6	159.4(3) 158.04	158.4(3)
	N2 Ru1 N5	179.1(2) 180.00	
	Bond length (Å)		
	Ru1 N1	2.068(6) 2.116	
	Ru1 N2	2.076(7) 2.149	
	Ru1 N3	2.058(6) 2.116	
	Ru1 N5	1.946(6) 1.989	1.981(7)
	Ru1 N4	2.107(5) 2.125	2.079(6)
	Ru1 N6	2.078(5) 2.125	2.067(7)

.1. Optimized bond lengths and bond angles as computed by DFT calculations are presented in gray. It is clear that there is a great agreement between the Chapter 2 89 | P a g e X-ray

Table 2 . 2 .

 22 Redox potentials of complexes [Ru(tpy)2] 2+ , [Ru(tpy)(dtdpa)] 2+ , [Ru(dtdpa)2] 2+ , and dtdpa ligand. E1/2 (V) = (Epa + Epc)/2, (ΔEp (mV) = Epc -Epa) vs Ag + (0.01 M)/Ag. *Irreversible process.

	Compounds		E1/2 reduction (ΔEp, mV)	E1/2 oxidation (ΔEp, mV)
	[Ru(tpy)2] 2+	-1.83 (70)	-1.57 (60)		0.97 (80)
	[Ru(tpy)(dtdpa)] 2+	-2.38*	-2.28* -1.78 (70)	-1.22*	0.81 (69)
	(13)				
	[Ru(dtdpa)2] 2+		-1.63*	-1.11*	0.65 (65)
	(12)				
	dtdpa		-2.43*	-1.90 (60)	1.14*	1.52*
	(11)				
	tpy 20	-2.95	-2.36		

Table 2 . 3 .

 23 Spectroscopic data for complexes 12 and 13 in addition to the dtdpa(11) ligand in deaerated acetonitrile solution.

Table 3 . 3 .

 33 The homoleptic complex(15) [Ru(dtdpza)2](PF6)2 selected bond angles and lengths.

	Bond angle (°)		Bond length (Å)	
	N1 Ru1 N2	85.2(17)	Ru1 N1	2.044(4)
	N2 Ru1 N3	85.9(2)	Ru1 N2	2.047(5)
	N1 Ru1 N3	93.9(19)	Ru1 N3	2.047(5)
	N5 Ru1 N4	85.9(19)	Ru1 N4	2.036(5)
	N5 Ru1 N6	85.0(18)	Ru1 N5	2.054(4)
	N4 Ru1 N6	93.5(2)	Ru1 N6	2.047(5)
	N2 Ru1 N5	92.9(18)		

Table 3 .
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	Complex	[Ru(dtdpza)(tpy)](PF6)2	[Ru(tpy)2](PF6)2
	Angle (º)		
	N1 Ru1 N2	88.9(18)	
	N2 Ru1 N3	90.5(18)	
	N1 Ru1 N3	178.9(19)	
	N5 Ru1 N4	79.9(2)	79.5(3)
	N5 Ru1 N6	79.9(2)	79.0(3)
	N4 Ru1 N6	159.8(2)	158.4(3)
	N2 Ru1 N5	179.8(2)	
	Bond length (Å)		
	Ru1 N1	2.034(5)	
	Ru1 N2	2.101(5)	
	Ru1 N3	2.041(5)	
	Ru1 N5	1.953(5)	1.981(7)
	Ru1 N4	2.074(5)	2.079(6)
	Ru1 N6	2.076(5)	2.067(7)

2. Illustration of the main bond angles and bond lengths of the heteroleptic complex

(16) 

[Ru(dtdpza)(tpy)](PF6)2, as well as for the reference [Ru(tpy)2](PF6)2 complex.

Table 3 . 3 .

 33 Redox potentials of dtdpza ligand (in black) and dtdpa ligand (in gray), in addition to their corresponding homoleptic (12, 15) and heteroleptic (13, 16) complexes with the parent [Ru(tpy)2] 2+ complex. E1/2 (V) = (Epa + Epc)/2, (ΔEp (mV) = Epc -Epa) vs Ag + (0.01 M)/Ag. *Irreversible process.

	Compounds		E1/2 Reduction (ΔEp, mV)		E1/2 Oxidation (ΔEp, mV)
	[Ru(tpy)2] 2+	-1.83 (70)		-1.57 (60)		0.97 (80)
	[Ru(tpy)(dtdpa)] 2+	-2.38*	-2.28*	-1.78 (70)	-1.22*	0.81 (69)
	(13)					
	[Ru(tpy)(dtdpza)] 2+	-2.40*	-2.30*	-1.74 (80)	-1.22*	0.82 (60)
	(16)					
	[Ru(dtdpa)2] 2+		-1.63*		-1.11*	0.65 (65)
	(12)					
	[Ru(dtdpza)2] 2+		-1.51*		-1.06*	0.64 (65)
	(15)					
	dtdpa		-2.43*	-1.90 (60)	1.14*	1.52*
	(11)					
	dtdpza		-2.47*	-1.80 (70)	1.12*	1.62*
	(14)					
	tpy 9	-2.95		-2.36		

Table 3 . 4 .

 34 Photophysical data of the dtdpza ligand in addition to the corresponding homoleptic and heteroleptic Ru(II) complexes (15 and 16) in acetonitrile solution.

							
	Compounds	abs, nm (, M -1 cm -1 )	Room temperature		77 K
			em, nm		, ns	em, nm , ns
	[Ru(dtdpza)2] 2+	228 (50,000), 265 (53,100),					
	(15)	307 (13,300), 404 (2,500),					
		448 (2,100), 540 (1,600),					
		747 (2,000)					
	[Ru(tpy)(dtdpza)] 2+	229 (45,000), 272 (53,000),					
	(16)	316 (28,500), 405 (3,300),					
		427 (3,500), 514 (6,900),					
		580 (6,000)					
	dtdpza	266 (84,000), 347 (5,700),	472	0.49	5.1	454	12.8
	(14)	364 (9,300), 389 (6,800)					

Table 4 . 5

 45 

	Compounds	E1/2

. Redox potentials of dtdsa thioether ligand, in addition to its corresponding complexes [Ru(dtdsa)2] 2+ and [Ru(dtdsa)(tpy)] 2+ , in comparison to the redox properties of the reference tpy ligand and its complex [Ru(tpy)2] 2+ . E1/2 (V) = (Epa + Epc)/2, (ΔEp (mV) = Epc -Epa) vs Ag + (0.01 M)/Ag. *Irreversible redox process.

reduction (ΔEp, mV) E1/2 oxidation (ΔEp, mV)

  

	[Ru(tpy)2] 2+	-1.83 (70)	-1.57 (60)		0.97 (80)
	[Ru(tpy)(dtdsa)] 2+	-2.39* -1.74 (64)	-1.19*	1.01 (61)
	(19)				
	[Ru(dtdsa)2] 2+	-1.35*		-1.16*	1.22 (170)
	(18)				
	dtdsa	-2.67*		-1.99 (90)	0.86*	1.18*
	(17)				
	tpy 9	-2.95	-2.36		

Table 4 . 6 .

 46 The spectroscopic data of the thioether ligand 17, in addition to its corresponding homoleptic and heteroleptic Ru(II) complexes(18 and 19) in deaerated acetonitrile solution.

							
	Compounds	abs, nm (, M -1 cm -1 )	Room temperature		77 K
			em, nm		, ns	em, nm , ns
	[Ru(dtdsa)2] 2+	257 (75,300), 289 (47,200),					
	(18)	375 (9,800), 497 (11,300)					
	[Ru(tpy)(dtdsa)] 2+	258 (70,000), 304 (45,900),					
	(19)	380 (7,200), 522 (7,200),					
		555 (6,700)					
	dtdsa	275 (124,000), 380 (5,300),	496	0.039	12.7	466	19.2
	(17)	402 (6,300), 420 (5,700)					

  2](PF6)2, as shown in Scheme 5.2.

	ESI mass spectrometry was performed for the complex 21 and verifies its proposed molecular
	formula [Ru(20)2](PF6)2. In the spectrum, a mass peak at m/z = 374.0 with 2+ charge was
	detected, which matches with [Ru(20)2] 2+ (m/z calculated to be 374.1), in addition to the
	observation of a peak at m/z = 892.9 with 1+ charge, which matches with [Ru(20)2](PF6) + (m/z
	calculated to be 893.0).
	Compound 20 coordinates with the Ru(II) cation through a remarkable distortion of its
	octahedral geometry, by giving the unexpected, non-symmetrical facial geometry. This result
	is common with the previously prepared homoleptic complexes that formed the 6-membered
	metallacycles with the Ru(II) metal (complexes 12 and 15).
	Scheme 5.3. The homoleptic Ru(II) complex 21 synthesis.

Table 5 . 7 .

 57 Selected bond angles and bond lengths of the homoleptic complex 21.

	Bond angle (°)		Bond length (Å)	
	N1 Ru1 S1	77.1(3)	Ru1 N1	2.181(12)
	N1 Ru1 S2	87.7(4)	Ru1 S1	2.377(4)
	S1 Ru1 S2	88.65(16)	Ru1 S2	2.338(4)
	N2 Ru1 S3	85.3(4)	Ru1 N2	2.178(13)
	N2 Ru1 S4	82.4(4)	Ru1 S3	2.374(4)
	S3 Ru1 S4	87.82(15)	Ru1 S4	2.335(5)
	N1 Ru1 N2	97.9(5)		

  3 However, this thioanisole ligand 20 coordinates with ruthenium metal with slightly longer Ru-S bond lengths in comparison to the previously studied acridine-based thioether ligand 17, by 0.006 to 0.026 Å. These longer bond lengths can be justified by the 6-membered metallacycles that ligand 20 can form with Ru(II). In contrast, ligand 17, which makes 5-membered metallacycles, coordinates closer to the central metal, thus, it contains shorter Ru-S bond lengths.
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 58 Selected bond angles and bond lengths of the complexes 22 of molecular formula [Ru(20)(tpy)](PF6)2, and [Ru(tpy)2](PF6)2.

	Complex	[Ru(20)(tpy)](PF6)2	[Ru(tpy)2](PF6)2
	Angle (º)		
	N1 Ru1 S1	90.80(13)	
	N1 Ru1 S2	85.11(10)	
	S1 Ru1 S2	175.83(9)	
	N3 Ru1 N2	79.32(14)	79.5(3)
	N3 Ru1 N4	78.79(13)	79.0(3)
	N2 Ru1 N4	157.94(14)	158.4(3)
	N1 Ru1 N3	176.23(14)	
	Bond length (Å)		
	Ru1 N1	2.134(3)	
	Ru1 S1	2.3317(17)	
	Ru1 S2	2.3375(11)	
	Ru1 N3	1.964(3)	1.981(7)
	Ru1 N2	2.106(3)	2.079(6)
	Ru1 N4	2.082(3)	2.067(7)
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 59 The obtained redox potentials of ligand 20 and its corresponding Ru(II) complexes(21 and 22), in black, in comparison to that obtained of the thioether ligand 17 and its Ru(II) complexes(18 and 19), in gray. E1/2 (V) = (Epa + Epc)/2, (ΔEp (mV) = Epc -Epa) vs Ag + (0.01 M)/Ag. *Irreversible redox process.

	Compounds		E1/2 Reduction (ΔEp, mV)		E1/2 Oxidation (ΔEp, mV)
	[Ru(tpy)2] 2+	-1.83 (70)		-1.57 (60)		0.97 (80)
	19		-2.39*	-1.74 (64)	-1.19*	1.01 (61)
	22	-2.24*	-2.16*	-1.82 (60)	-1.56*	1.14 (60)
	18		-1.35*		-1.16*	1.22 (170)
	21	-2.72*	-2.49*		-1.65*	1.39 (70)
	17		-2.67*		-1.99 (90)	0.86*	1.18*
	20		-2.85*		-2.71*	0.83*	1.40*
	tpy	-2.95 (221)		-2.36 (151)		
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 510 Spectroscopic data of the free ligand 20 and its Ru(II) complexes 21 and 22 in a deaerated acetonitrile solution.

		
	Compounds	abs, nm

(, M -1 cm -1 ) Room temperature 77 K

  

			em, nm  , ns	em, nm	, ns
	[Ru(20)2] 2+	290 (14,000), 319 (11,000),			
	(21)	390 (2,000)			
	[Ru(tpy)(20)] 2+	263 (10,800), 301 (13,100),			582	146
	(22)	335 (4,900), 411 (1,800),			
		451 (2,200)			
	20	229 (23,300), 265 (9,900),			
		317 (3,300)	404	7.6	382	3.7

  Balzani and others, most of the tris-bidentate Ru(II) complexes (i.e. [Ru(bpy)3] 2+ ) which have low photostability, possess longer bonds in the ground state 11 and 3 MC excited state,12 and undergo a photoinduced ligand dissociation upon white light irradiation (Scheme 5.4).

	Scheme 5.4. Proposed mechanistic pathway of the photoinduced bpy ligand dissociation from
	the tris-bidentate [Ru(bpy)3] 2+ complex. IC is internal conversion. 11

  C-NMR spectra were recorded on Bruker 500 ( 1 H: 500 MHz,13 C: 125 MHz), 400 ( 1 H: 400 MHz,13 C: 101 MHz), or 300 ( 1 H: 300 MHz,13 C: 75 MHz) spectrometers.1 H and13 C chemical shifts, given in ppm, are referenced to residual solvent peaks, and the J-coupling constants values are given in Hz.1 H-NMR spectra are reported as the following sequence: chemical shift (ppm), multiplicity (s: singlet; d: doublet; dd: doublet of doublet; ddd: doublet of doublet of doublet; dt: doublet of triplet; t:The electrospray ionization mass spectrometry (ESI-MS) analysis was performed on an amazon speed (Bruker Daltonics) -Ion Trap Spectrometer.UV-Visible absorption spectra were recorded on a Varian Cary 300 Scan UV-Visible spectrophotometer. For luminescence properties, the steady state emission spectra were recorded on a Horiba Scientific Fluoromax-4 spectrofluorimeter. Samples in acetonitrile solutions were placed in 1 cm path length quartz cuvettes for room temperature measurements, and in butyronitrile rigid matrix for 77 K measurements. The compounds' excited state lifetime measurements were performed after irradiation at λ = 400 nm obtained by the second harmonic of a titanium: Sapphire laser (picosecond Tsunami laser spectra physics 3950-M1BB + 39868-03 plus picker doubler) at an 8 MHz repetition rate. For the decay acquisition, FluoTime 200 (AMS technologies) time-resolved spectrometer was utilized, consisting of a GaAs microchannel plate photomultiplier tube (Hamamatsu model R3809U-50) followed by a time-correlated single photon counting system from Picoquant (PicoHarp300). The ultimate time resolution of the system is close to 30 ps. Luminescence decays were analyzed with FLUOFIT software available from Picoquant. Emission quantum yields were determined in acetonitrile solution at room temperature, and calculated using the following equation:

	𝜙 𝑆 = 𝜙 𝑟𝑒𝑓 ×	𝐴 𝑟𝑒𝑓 𝐴 𝑆	×	𝐼 𝑆 𝐼 𝑟𝑒𝑓	× (	ɳ 𝑟𝑒𝑓 ɳ 𝑆	) 2

triplet; td: triplet of doublet; sex: sextet; m: multiplet), J-coupling constants (Hz), and proton integration.

  H-NMR (300 MHz; CDCl3): δ 10.60 (s, 1H), 8.59 (dd, J = 4.4, 2.0 Hz, 2H), 7.69 (m, 4H), 7.34 (m, 4H), 7.17 (ddd, J = 7.6, 6.1, 1.3 Hz, 2H), 7.05 (dd, J = 8.5, 1.7 Hz, 2H), 2.32 (s, 6H). 13 C-NMR (75 MHz, CDCl3): δ 149.2, 148.2, 136.9, 136.5, 130.7, 129.9, 129.2, 123.7, 123.2, 121.1, 118.5, 20.6. ESI-MS: m/z = 352.20 ([M+H] + ); calculated for C24H21N3H + = 352.18, m/z = 374.20 ([M+Na] + ); calculated for C24H21N3Na + = 374.16.

1 

General Conclusion

Experimental Section

H-NMR (400 MHz; CDCl3): δ 13.97 (s, 1H), 8.64 (d, J =

2.3 Hz, 2H), 8.53 (dd, J = 4.6, 0.8 Hz,

H-NMR (400 MHz; CD3CN): δ 8.99 (s, 1H; H9a), 8.70 (d, J = 4.4 Hz,

2H; H6), 8.35 (d, J = 2.4 Hz,

H-NMR (500 MHz; (CD3)2CO): δ 9.85 (d, J = 6.0 Hz,

2H; H6'), 9.20 (d, J = 6.0 Hz, 2H; H6), 8.90 (s, 2H; H9a), 8.30 (t, J = 7.8 Hz, 2H; H4'), 8.25 (d, J = 1.9 Hz, 2H; H6a), 8.18 (d, J = 7.0 Hz, 2H; H3'),

III.2. Reduction redox processes

The dtdpa ligand undergoes a monoelectronic reversible reduction at E1/2 = -1.90 V in addition to an irreversible one at -2.34 V. The second irreversible reduction process may be due to the formation of the acridane derivative after two successive electron reductions. In a comparison of the dtdpa ligand reduction potentials to that of a tpy ligand (reduces at -2.36 V and -2.95 V), we can clearly see an easier reduction of the dtdpa ligand relative to tpy. Thus, that indicates the more π-conjugated character of dtdpa ligand as compared to the reference one. This proves that dtdpa ligand should possess a lower lying π* orbital compared to that of the tpy ligand.

Similarly, several reduction potentials that are localized on the ligands were observed in the cathodic region for both Ru(II) complexes. The homoleptic complex 12 exhibits two irreversible reduction peaks at -1.11 V and -1.63 V attributed to each dtdpa ligand respectively. Thus, this shows the electronic communication between both ligands through the central Ru(II) metal.

However, in the back wave two oxidation peaks were appeared at -1.02 V and -1.54 V for each reduction peak respectively, with a complex deposition on the working electrode after the second reduction process.

In the same pattern, the heteroleptic complex 13 exhibits an irreversible reduction potential at -1.22 V that took place on the lower π*-orbital of the dtdpa ligand, whereas the second reversible reduction potential at E1/2 = -1. 78 V was assigned to be on the facing tpy ligand.

III.2. Redox properties of the Ru(II) complexes

The cyclic voltammograms of the Ru(II) complexes 18 and 19 are presented in 

IV.1. Ligand spectroscopic properties

The absorption spectrum of the free thioether ligand 17 which was recorded in acetonitrile (10 -5 M) at room temperature is presented in Figure 4.9-(a), and the emission spectra recorded at both room temperature and 77 K are illustrated in Figure 4.9-(b). This acridine-based thioether ligand 17 displays the expected, typical absorbance of both previously described (NNN) acridine-based triimine ligands, 11 and 14, in the UV and in the visible region. As shown in Figure 4.9-(a), the thioether ligand exhibits a strong absorption in UV region from 250 nm to 290 nm with a maximum centered at 275 nm and a molar absorption coefficient of 1.24 x 10 5 M -1 cm -1 . This band results from a π-π* transition of the ligand. Another broad absorption was observed in the high frequency area of the visible region ranging from 330 nm to 460 nm, with a maximum centered at 402 nm and a molar absorption coefficient of 6.30 x 10 3 M -1 cm -1 . This moderately intense absorption could be attributed to the n-π* transition localized on the acridine platform, 13 and not a charge transfer process between the different parts of the ligand, as it has been explained previously in details with ligand 11 and 14.

II. Synthesis

II.1. Ligand synthesis

The newly proposed thioether ligand 20, named 2,6-bis(2-(methylthio)phenyl)pyridine, presented in Figure 5.1 was prepared previously by the J. E. Bercaw lab and published in 2012. 2 The desired ligand 20, referred to as the 'thioanisole ligand' herein to differentiate it from the previously prepared thioether ligand 17, was prepared following the same synthetic procedure described by Bercaw with some modifications. Ligand 20 was quantitatively prepared (99% yield) in one synthetic step via Suzuki coupling between two molar equivalents of (2-(methylthio)phenyl)boronic acid and one molar equivalent of 2,6-dibromopyridine in the presence of palladium(0) and a weak base (already dissolved in water), all in 1,2- 

III.2. Redox properties of the Ru(II) complexes

The cyclic voltammograms of the Ru(II) complexes 21 and 22 are presented in Figure 5.9. For that reason, the Ru(II) metal in complex 22 is more electron deficient than in complex 19, and consequently, more energy is needed to oxidize the Ru(II) central metal in complex 22. All the reduction processes, which mainly take place on the π*-orbitals of the different ligands in both Ru(II) complexes 21 and 22, could be assigned in the cathodic regions of both complexes' cyclic voltammograms.

The homoleptic complex 21 shows three successive irreversible reduction waves at Epc = -1.65 V, -2.49 V, and -2.72 V. These reduction potentials are attributed to the thioanisole reduction processes occurring on each ligand. As expected, all of these reduction potentials on complex 21 are more negatively shifted in comparison to those obtained with complex 18 due to the π*-orbitals energy differences between both free ligands, as explained before.

The heteroleptic complex 22 shows one monoelectronic irreversible reduction potential at Epc = -1.56 V and one monoelectronic reversible reduction potential at E1/2 = -1.82 V with ΔEp = 60 mV. The first irreversible reduction peak can be attributed to the thioanisole ligand 20 reduction process, whereas, the reversible one is attributed to the terpyridine ligand reduction process. This result is deduced based on the free ligands' redox potentials, in which the thioanisole ligand is more electron rich than tpy ligand. Thus, in the heteroleptic complex 22 the thioanisole ligand plays the role of electron donor, whereas the tpy ligand would be the electron acceptor via electronic communication between both ligands through the ruthenium central metal. Therefore, with such push-pull ligands set, the electron donorthioanisole ligand would be easier to reduce, and the electron acceptor-tpy ligand would be more difficult to reduce. Moreover, two overlapped irreversible reduction potentials were observed at Epc = -2.16 V and Epc = -2.24 V, in which these two processes could be attributed to the reduction processes of both tpy and thioanisole ligands.

Lastly, both the thioanisole ligand and the tpy ligand displayed reduction potentials toward less negative values when they are coordinated to the ruthenium metal. This observation is justified by the lone pair donation from the ligands' heteroatoms to the central metal upon complexation, thus, less electron density is present on both ligands and consequently, easier reduction processes were observed. gradually disappear, which most probably could be attributed to the degradation of the intermediate [Ru II (20)(X)3] complex, followed by the gradual appearance of a new band in the UV region at 358 nm, which could not be attributed.

Therefore, this tridentate ligand Ru(II) complex was unstable and degrades upon irradiation in the presence of monodentate ligands, Scheme 5.8. Scheme 5.8. The homoleptic complex 21 photochemical ejection reaction, in the presence of excess chloride anion. Furthermore, as it was described before by the absence of an isosbestic point around 430 nm, the ligand photo-ejection occurs in a multi-step photo-dissociation reaction.

 4,5-dibromo-2,7-ditertbutyl-9(10H)acridone (6) To a solution of 2,7-ditertbutyl-9(10H)acridone (5) (2.00 g, 6.52 mmol) in dry chloroform (66 mL), was added bromine (2.68 mL, 52.00 mmol) dropwise at room temperature. The solution was stirred for 2 hours at room temperature. Cs2CO3 (16.96 g, 52.00 mmol) was added and the reaction mixture was stirred for 18 hours at room temperature. The excess bromine was quenched by sodium bisulfite (10 g in 100 mL water) after cooling the reaction to 0 O C in ice bath. The mixture was extracted by CHCl3 (3 x 60 mL). The combined organic layer was dried over Na2CO3, and filtered on celite. All solvents were evaporated under vacuum and the crude mixture was purified by column chromatography (SiO2; diethylether/pentane 5%, Rf = 0.24) to afford the desired pure product, (2.64 g, 87% yield). To a solution of 4,5-dibromo-2,7-ditertbutyl-9(10H)acridone (6) (233 mg, 0.500 mmol) and [Pd(PPh3)4] (30 mg, 0.026 mmol) in dry toluene (2 mL), was added 2-(tributylstannyl)pyridine (85%) (0.60 mL, 1.585 mmol). The reaction mixture was allowed to reflux for 18 hours, under argon atmosphere. After cooling to room temperature, the reaction mixture was quenched by the addition of 1 mL of distilled water. All solvents were removed under vacuum and the crude mixture was purified by column chromatography (SiO2; diethylether/pentane 1/1 v/v, Rf = 0.24) to afford the yellowish pure powder of the desired product, (208 mg, 90% yield).

to the room temperature, all solvents were removed under vacuum and the crude mixture was purified by column chromatography (SiO2; ethyl acetate/pentane 2%) to afford the white powder of the pure desired product, (600 mg, 96% yield).  General procedure for the Ru(II) homoleptic complex preparation:

[RuCl2(dmso)4] (30 mg, 0.062 mmol) and the desired free ligand (0.137 mmol, 2.2 molar equivalents) were dissolved in dry ethanol (2 mL). The reaction mixture was refluxed overnight. After cooling to room temperature, a precipitate of ruthenium(II) complex (in the form of hexafluorophosphate salt) was obtained by addition of excess of saturated aqueous solution of KPF6. The resulting solid was purified by column chromatography (SiO2) to give the desired pure homoleptic Ru(II) complex.

 [Ru(dtdpa)2](PF6)2 (12)

Prepared according to the general procedure for the Ru(II) homoleptic complex preparation, from 2,7-ditertbutyl-4,5-di(pyridin-2-yl)acridine (11, dtdpa) (61 mg, 0.137 mmol). The column chromatography purification (SiO2; acetone/H2O/KNO3(sat) 100/5/0.5 v/v/v, Rf = 0.2) afforded the greenish Ru(II) complex 12 (32 mg, 41% yield).

Prepared according to the general procedure for the Ru(II) heteroleptic complex preparation, from 2,6-bis(2-(methylthio)phenyl)pyridine (20) (48 mg, 0.15 mmol). The column chromatography purification (SiO2; acetonitrile/H2O/KNO3(sat) 100/5/0.5 v/v/v, Rf = 0.15) afforded the bright red Ru(II) complex 22 (60 mg, 42% yield). 

List of molecules Abstract

Light-induced electron and energy transfer in molecular arrays is being extensively studied in view of artificial photosynthesis. In this context, [Ru(bpy)3] 2+ derivatives have been widely used, due to their favorable photophysical properties, i.e. lifetimes in the µs range at room temperature, high emission quantum yields, and strong oxidizing and reducing capability. The electronic structural design of most ruthenium(II) complexes is of great importance by specifying the complexes' photophysical, photochemical, and electrochemical properties. As a consequence, the main theme of this thesis is to explore the coordination properties of new tridentate ligands on the ruthenium cation. This work describes the synthesis of these new tridentate ligands based on the acridine heterocycle with different moieties at positions 4 and 5. Octahedral ruthenium(II) complexes were then constructed around these acridine-based ligands, with tuned energy levels of the functionally active 3 MC and 3 MLCT excited states. Very few acridine derivatives are substituted at positions 4 and 5. The synthetic strategy for the target ligands starts from acridone. The 4,5dibromoacridine was obtained in four synthetic steps and this common precursor was subsequently used for the construction of tridentate (NNN) ligands with pyridine and pyrazole. In addition, a thioether acridine-based tridentate ligand (SNS) analogue was synthesized, and another tridentate thioether (SNS) ligand, without an acridine heterocycle, was prepared to gain some flexibility within the ligand scaffold. The corresponding homoleptic complexes with 6membered metallacycles only adopted a facial octahedral geometry. Thus, the heteroleptic complexes were prepared in combination with a planar terpyridine ligand in order to force the constrained and rigid ligands to coordinate in a meridional fashion on the metal. The electrochemical, photophysical, and photochemical properties of all complexes were studied and the structure for most of these Ru(II) complexes was deduced by X-ray diffraction crystallography experiments. The bis-tridentate Ru(II) complexes based on the flexible (SNS) thioether ligand were photoactive: they were able to undergo a photosubstitution reaction, by replacing the tridentate thioether ligand with monodentate ligands, upon white light exposure. 

Résumé