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Abstract


Chapter One: Gives a general introduction the history of and types of luminescence and the non-radiative processes that result from the absorption of light. It gives an introduction about the generation of Ir(III), Re(I) and Os(II) emission according to the electronic transitions. This chapter also includes the principles of energy transfer between two metal centres that are linked together through bridging ligands and the effect of such ligands on the energy transfer. Finally, it gives the importance of using these metal complexes as probes in cell imaging as some of the prepared complexes in this thesis have been used in cell imaging. 

Chapter Two: Deals in detail with the luminescent cyclometalated mononuclear Ir(III) complexes starting from their syntheses and the general formula to their emission tuning by changing the coordinating ligands. By this modification, different mononuclear Ir(III) complexes with colours covering the visible region could be obtained. This chapter also shows the generation and the importance of blue emission cyclometalated mononuclear Ir(III) complexes in energy transfer to other metal centres, in the fabrication of OLEDS and in cell imaging. It also shows the syntheses of the bridging ligands based on 3-(2-pyridyl)pyrazole and their complexes with cyclometalated Ir(III) complexes and how these different ligands affect the complexes photophysical properties. These Ir3+ complexes were used as starting materials to synthesize the dinuclear Ir/Re and Ir/Os complexes in chapter 3 and 4 respectively. 

Chapter Three: Gives a general introduction about the optical properties of mononuclear [Re(CO)3(diimine)L] complexes, where L is a halogen, and the effect of swapping this ligand with neutral monodentate ligands such as pyridine on the photophysical properties such as the emission and the quantum yields. This chapter also shows the energy transfer in other complexes containing Ir and Re such as Ir/Ru and Ru/Re dyads and comparing them with the energy transfer in the Ir/Re system. Furthermore, this chapter deals with the syntheses of the dinuclear Ir/Re complexes from the prepared mononuclear Ir3+ complexes in chapter 2. The synthesis was followed by obtaining the crystal structure of some of these dyads. Moreover, their photophysical properties were studied, including the absorption, emission, excitation, (aerated and degassed) lifetime, quantum yields and extinction coefficients. The energy transfer between Ir→ Re was studied with the effect of the bridging ligands and the solvents. Some of these dyads have been used in cell imaging and they show  

iii
Chapter Four: Includes an introduction to the optical properties of mononuclear 2,2- bipyridine Os(II) complexes with different diimine ligands. Also it shows the energy transfer in Ir/Ru systems and comparing it with the energy transfer in Ir/Os systems. This chapter also shows the syntheses of mononuclear [Os(2,2-bipyidine)2Cl2] complexes with 3-(2-pyridyl)pyrazole containing ligands and their Ir/Os dyads. This chapter involves the photophysical studies of the mononuclear osmium complexes and the dyads. The energy transfer from Ir→Os was studied also and was compared with that shown in Ir/Re dyads. 

Chapter Five: Explains the procedures that were used to synthesize the new ligands, all mononuclear complexes and all the dyads. It also shows the instruments that have been used to characterize and purify all the prepared compounds. This chapter also contains table for the crystal structure data of some complexes. 
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Chapter 1

Introduction












1- Introduction
1-2 Luminescence history and its types 

The originally Latin word luminescence refers to the light that is emitted by a molecule which has been activated by different methods, such as a chemical reaction, or electrical or photonic excitation1, 2. Due to their promising properties, such as the intense emission and the long lifetime of the excited states, luminescent materials have been applied in different fields, such as  labels for biological imaging and in optical device fabrication such as OLEDs3. 
Luminescence involves two different types of emission: fluorescence and phosphorescence. Fluorescence is a spin-allowed transition (ΔS = 0) because it involves a transition between electronic states with the same spin multiplicity, whereas phosphorescent emission results from a transition between electronic states having different spin multiplicity, therefore, phosphorescence is a spin-forbidden transition (often ΔS = 1)4.  Moreover, Francis Perrin in the 2nd decade of the last century described phosphorescence as the generation of emission after passing from an allowed state to a forbidden state, which agrees with its definition based on the spin multiplicity1. Because fluorescence is allowed it is much more rapid (10-8 or 10-9 sec)5 than phosphorescence, which occurs on a time scale of 10–3-100 sec-1 6. Fluorescence has also been defined as the emission of light when the excitation is still happening, whereas phosphorescence can continue even after the excitation disappeared7. 
Luminescence can be described by a Jablonski diagram (Fig.1.1), which was developed by the Polish physicist Alexander Jablonski in the 3rd decade of the last century8. This diagram shows how, when a compound absorbs a photon and is promoted into an excited state, the excited state can then undergo any of several deactivation processes including radiative (fluorescence or phosphorescence) and non-radiative ones (IC and ISC). In detail, when the molecule is excited by a photon it undergoes a transition from the singlet ground state (S0) to a singlet excited state (*S1) or (*S2). This involves an electron moving from a HOMO to LUMO without changing its spin; and the timescale for this absorption is of the order of 10-15 s. At this point the excited state could take any of several pathways.  It can collapse back to (S0) without emitting a photon; this process is called internal conversion (IC)9 and is usually very fast (≤ 10-12 s); or it can collapse to (S0) by emitting a photon (fluorescence). Or, the excited electron could cross to the lowest energy triplet excited state10 (*T1) by changing its spin through a forbidden transition intersystem crossing (ISC), and then collapse to (S0) in a spin-forbidden process with emission of a photon, which is phosphorescence.

 
In this diagram the crossing from the *S1 to the *T1 by the ISC process is facilitated by the presence of heavy metal ions which provide a strong spin-orbit coupling11, 12, as first demonstrated by McClure et.al.13. The ability of heavy elements to provide ISC and enhance phosphorescence instead of fluorescence means that phosphorescent emission is common in transition metal complexes.  Phosphorescent emission from complexes of metals could be further improved by making the ISC from the *S1 to the *T1 very fast such that other decay pathways are prevented10.    
[image: ]
Figure 1.1 Jablonski diagram shows different radiation (                   ) and radiation-less (                    ) processes upon absorbing photons

In order to characterize the luminescence from a metal complex, researchers are interested in different parameters for the luminescence such as the quantum yield (Φ), excited state lifetime (τ) and the Stokes shift14. 
The quantum yield can be defined as the number of the emitted photons to the number of the absorbed ones as given in the following equation15:

Φ =     
Also (Φ) could be expressed in terms of the radiative (kr) and non-emissive (knr ) decay rates as shown below16:
Φ =/  + 

This equation shows that when the rate of non-radiative transitions (knr) is small in comparison with that one for the emissive process (kr), therefore, it could be neglected and the quantum yield will be equal to 1 and the resulting complex will display intense emission17. 
The luminescence lifetime, which depends strongly on whether fluorescence or phosphorescence is involved, can likewise be expressed in terms of the rate constants of both processes and as the following 18:
τ = 1 / (  +)

By neglecting the non-emissive transitions and dealing with only the presence of emissive processes the lifetime becomes as shown below and in this case it is called “natural lifetimeˮ (τn )14:
τn =  

To conclude, quantum yield and the lifetime can be related in one equation as given below19:
 = 
The third parameter of interest is the Stokes shift, which is the difference between absorption and emission maxima.  Many research groups are interested to synthesize luminescent complexes with large Stokes shifts. This shift in emission in relation to the excitation wavelength makes it easy to distinguish between the emission of the luminescent compound and the auto-fluorescence of the living parts in the cells (eg. DNA and some amino acids) during biological imaging applications20, 21. Furthermore, in cell imaging the use of these complexes with a large Stokes shift helps to prevent interference from other species which display short emission wavelengths 22 and it also prevents the re-absorption of the emitted photons by the chromophore as absorption and emission are well-separated 23.  
 


1-3 Luminescent materials

Luminescent materials can be classified in to the following types:
1- Organic luminescent compounds, such as organic dyes 24.
2- Quantum dots, such as CdS 25. 
3- Doped semiconductors 26, 27.
4- Metal complexes, such as some transition metals and some lanthanide complexes28.

1-4 Generation of luminescence

The excited states responsible for luminescent emission can be generated through a wide range of non-thermal methods:
1- Electroluminescence. In this type of luminescence an electric field is responsible for the excitation of the electrons which can lead to emission of light29.
2- Photoluminescence: As discussed, this used a photon (electromagnetic radiation) to generate the excited state, and consists of two phenomena, namely fluorescence and phosphorescence30.
3- Triboluminescence: when the excited state is generated mechanically, by friction in the crystals31.
4- Chemiluminescence: the emission of light is produced from a chemical reaction which generates a species in an excited state as a reaction product32.
5- Bioluminescence: the emission of light that produced by bio organisms33.
6- Sonoluminescence: The energy is provided by ultrasound waves; with the sound energy being converted into heat in small bubbles which result in solute molecules being excited34.








1-5 Luminescence of d-block complexes    
1-5-1 Ir(III), Re(I) and Os(II) coordination chemistry, electronic transitions and luminescence

An octahedral structure is very common for Ir(III), Re(I) and Os(II) complexes and the examples that have been prepared in this thesis are of this type. The octahedral structure includes the central cation bonded with six monodentate ligands, or three bidentate ligands, or a mixture of both ligand types. In their octahedral geometry the d-shell valence orbitals split in to two sets: namely, the lower energy (t2g) orbitals, which are oriented so that they lie between the Cartesian axes; and the higher energy orbitals (eg) are directed towards the ligands, aligned along the Cartesian axes.  The energy difference between the t2g  and eg orbitals sets if equal to Δ035. The promotion of at least one electron from the ground state t2g to the excited state eg could occur with the same multiplicity (ΔS = 0) giving a singlet excited state, or with a change in spin (ΔS = 1) which will give the excited triplet state as mentioned earlier. 
The octahedral complexes of these metal ions have a low spin electronic configuration d6 (t2g6) of the metal ion in the ground state due to the combination of strong field ligands and the position of these elements in the 3rd row of the transition metals in the periodic table36. Their emission spectra appear to cover a wide range of the spectral region are related to different electronic transitions (Fig.1.2).  The different types of electronic transition that are possible between these metal ions and their coordinating ligands as given below 37-39: 
1- Transitions between the metal orbitals themselves, metal centred MC transitions, also called d-d transitions, occur from t2g → eg* orbitals; either with the same spin or with a change in spin as mentioned above.    
2- A transition of the electron from the metal t2g orbitals to the low-lying, empty, ligand-based anti-bonding orbitals π* may occur. This kind of transition is called a MLCT (d → π*). This transition results transiently in the oxidation of the metal ion and the reduction of the ligand, i.e. M–L → (M•+ – L•–).
3- Transitions of electrons between the ligand based orbitals or to other ligand π*orbitals. The resulting transition will be LC ligand-centred (π→π*) or LLCT (intra-ligand, or ligand-to-ligand charge-transfer transitions) respectively.
4- The final type of electronic transition is LMCT (ligand-to-metal charge transfer), that happens from filled π–bonding ligand orbitals to the vacant d(eg* ) metal orbitals.
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Figure 1.2 Diagram showing different electronic transitions between the ligand orbitals and the metal orbitals in octahedral complexes

In general, the luminescence of these d6 metal ions occurs from the excited state (lowest  level) to the ground state; usually this lowest excited state has MLCT character and is a triplet state (has lower energy in comparison with the singlet state)33  as  mentioned before.
Ir(III) complexes containing cyclometalating ligands (N^C) such as 2-phenylpyridine and its derivatives are very good luminescent compounds due to their attractive photophysical properties such as the intense phosphorescence emission, long lifetime excited state and high quantum yields40, 41. Some of the previously mentioned transitions are responsible for Ir(III) complexes emission leading to a tunable emission as will be explained in the next chapter.    
Re(I) complexes of the type [Re(CO)3(diimine)Cl] or [Re(CO)3(diimine)Lm]+, where diimine chelating ligand such as 2,2-bipyridine or 1,10-phenanthroline and Lm is a neutral monodentate ligand, also display intense emission with a long excited state lifetime42.  
Despite the short excited state lifetime and low quantum yield43 of the red emission,  osmium(II) complexes with the general formula [Os(diimine)2L]2+, where L is a bidentate ligand (as will be explained in chapter 4), have also been studied and used widely in different luminescence-based applications 44, 45. 


1-6 Luminescence quenching 

Quenching refers to the decrease in luminescence intensity due to the presence of another molecule, which deactivates the fluorophore and makes it not luminescent19. Two kinds of quenching are available: namely, dynamic and static quenching46, 47. Collision of the fluorophore with the deactivator is responsible for the first quenching type, whereas energy transfer within a molecule is an example of the second kind. Well-known examples of deactivators are molecular oxygen and molecules with heavy atoms, such as halogens (bromine and iodine)48. These heavy atoms can improve the ISC process from the S→T states giving rise to phosphorescence but at the same time leading to fluorescence quenching49.
Quenching can be represented by the two Stern-Volmer equations as the following50, 51:
I0 / I = 1 + KQ[Q]
τ0 / τ = 1 + KQ[Q]

I0 and I are the intensity of light in the absence of quencher and in the presence of it respectively. 
τ0 and τ are the luminescence lifetime in the absence of quencher and in the presence of it respectively. 
[Q] is the quencher concentration, and KQ  is the quenching constant.
The value of KQ can be calculated by plotting I0 / I or τ0 / τ  vs. [Q] and the slope of this line gives KQ 44.  
Some of the different kinds of quenching processes are described below52:
1- Energy transfer: This is a process that depends on the transfer of electronic energy from the donor excited state A* to the quencher. This gives the quencher excited state Q*.
2- Electron transfer: One electron can be transferred from A* to Q and the result will be the oxidation of the donor A*. On the other hand an electron can be transferred from Q to the A*, which result in to the oxidation of the quencher also.  These processes can be written as:
                                             A* + Q → A•+ + Q•–		(oxidative quenching)
And		                  A* + Q → A•– + Q•+	             (reductive quenching)
3- The deactivation of A* by Q and that gives a non-emissive transition:
		                  A* + Q → A + Q + heat
Due to the importance of energy transfer as a quenching mechanism, and its relevance to the work in this thesis, it will be explained in detail.
   
1-7 Photoinduced energy transfer between metal centres and its mechanisms

A system with many components can be called a supramolecular system; such systems can be very useful because the properties of all the components, including individual metal complex fragments, can be partially retained in the large assembly. The choice of metal centres in multi-component assemblies is important because of the interesting luminescence properties that they provide34.
Furthermore, upon linking two or more metal ions through the linking ligand a main photophysical process becomes possible between these moieties in which the excited state of one is quenched by the other, via either electron or energy transfer (Fig.1.3). These two phenomena have been used to build metal-containing systems that could be used as the basis of optical devices or in cell imaging. This energy or electron transfer is affected by different factors associated with the bridging ligand that connects the two metal centres, such as their length and rigidity53. 
[image: ]

Figure 1.3 Illustrates the energy transfer from one metal centre to another through the spacer

The bridging ligand, and any spacers that it may contain, plays an important role in photoinduced energy transfer for several reasons54, 55:
1- It controls the structure and geometry of the whole complex.
2- It provides ligating coordination sites which are ready to bind with different metal centres.
3- It controls the separation between the metal centres and also the nature of the coupling pathway between them (e.g. conjugated or saturated).
As it is known that the ligand structure contains spacers which help to link the luminescent parts together, therefore, two types of spacers have been designed with aromatic or linear spacers56 as shown in figure 1.9. Photoinduced energy transfer usually occurs by one of two mechanisms57 (Fig.1.4).

1-7-1 Dexter mechanism

This mechanism relies on the electron exchange between the two species, which requires a conjugated pathway connecting the donor and acceptor centres58. This may arise by direct donor/acceptor orbital overlap when the two groups are close together or (more usually) by a bridging ligand whose conjugated orbitals overlap with those of metal centres.  The distance factor is important in this mechanism59. A good energy transfer occurs when the distance between the donor and the acceptor is very small (typically < 10 Å), because of its exponential distance dependence58. The rate of energy transfer by the Dexter mechanism is given below59:
kEnT =    KJ [e -2R / LB]
k: Energy-transfer rate constant
LB: Bohr radius 
h: Planck constant
J: Spectral overlap integral 
K: Reflects the relative orientation of orbitals

The overlap could be recognized for both spectra of the donor and the acceptor (absorption spectra of the acceptor and the emission of the donor). This integral could be explained by the following equation60:
J=  ɛA (λ) λ4 d λ

FD is the corrected luminescence spectra of the donor and ɛA is the extinction coefficient of the acceptor at the wavelength (λ).


1-7-2 Förster mechanism

This was discovered in 194860 and is also known as the ‘dipole-dipole’ mechanism61.  It requires the overlap between two spectra – the emission spectrum of the energy-donor unit and the absorption spectrum of the energy-acceptor62.  However, it is different from Dexter energy-transfer in that it does not occur through orbitals, but through space by coupling of electric field changes (transition dipole moments) associated with the two electronic transitions.  In this mechanism the energy-transfer can occur over longer distances of up to 100 Å 63 because it has a different distance dependence. The distance dependence of Förster energy-transfer is 1/ R6  64 and the energy transfer rate is given below59: 
kEnT = kD (1/R)6

kD : Luminescence rate constant of the donor
RF: Förster radius or the distance to get the energy transfer
R: Distance between the donor and the acceptor
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Figure 1.4 Schematic diagrams of the Dexter (A) and Förster (B) energy-transfer mechanisms


1-8 Nitrogen heterocyclic molecules as bridging ligands and their role in photoinduced energy transfer 

Due to the importance of nitrogen heterocyclic molecules in different applications, for example in coordination chemistry, they have received a great deal of attention and have been synthesized and used as ligands to form complexes with the different metals65. Two important types of ligand based on nitrogen-containing heterocyclic molecules are the following65:
1- Bidentate nitrogen containing ligands: these ligands contain two nitrogen atoms in a chelating arrangement that can coordinate with the metal.  If two such bidentate sites are connected these can be used as bridges to coordinate two metal moieties. Examples of such ligands are 3-(2-pyridyl)pyrazole and 3,5-bis(2-pyridyl)pyrazole as shown in figure 1.8. 
2- Cyclometalating ligands: these ligands are produced by replacing one of the nitrogen chelating atoms in the bidentate ligands by a carbon atom, usually from a phenyl ring, and in this case the coordinating atoms will be N^C: an example is 2-phenylpyridine as shown in figure 1.5.




Figure 1.5 2-phenylpyridine containing complex as a bridging ligand

Examples of the first type (bidentate nitrogen ligands) have been prepared and used as bridging ligands in this thesis, therefore, they have been explained below. 

1-8-1 Bidentate heterocyclic pyridylpyrazole ligand and its derivatives as bridging ligands  

Pyrazole was firstly reported as a ligand four decades ago.  Due to the high stability of pyrazole it has been incorporated into chelating ligands with many transition metals66.  Pyrazole can coordinate to a metal ion either using one nitrogen atom (that on position 2) as a monodentate ligand; or deprotonation of the NH group to forming the pyrazolate anion can result in it bridging two metal ions67. Figure 1.6 shows the chemical structure of pyrazole and its monodentate and bridging coordination modes.



A


                                                                  B                            C

Figure 1.6 Structures of (A) pyrazole molecule, (B) monodentate coordination, and (C) bridging coordination mode of the pyrazolate anion
In addition to these two coordination modes, it could coordinate with many metals through the formation of poly(1-pyrazolyl) where, the resulted ligand will be a poly dentate 67 ( Fig. 1.7).




Figure 1.7 poly(1-pyrazolyl) ligand 

Whilst pyrazole units can coordinate to metal ions through positions 1 and 2, they can be substituted with other groups at the other three positions, with substitution at positions 3 and 5 being particularly easy (Fig.1.6). Therefore, the high flexibility of substitution on different positions of pyrazole molecule has offered the use of it as a ligand68.
The use of pyrazole in coordination chemistry has encouraged many researchers to synthesize its derivatives and used them as ligands also69. Two important examples are those with pyridine such as 3,5-bis(2-pyridyl)pyrazole and 3-(2-pyridyl)pyrazole (Fig.1.8). The latter ligand was discovered by Tisler et. al.,70  three decades ago.  3-(2-Pyridyl)pyrazole acts as an N,N-donor chelating bidentate ligand giving a stable five membered chelate ring71, 72 .



              


Figure 1.8 Structures of the ligands of 3,5-bis(2-pyridyl) pyrazole and 3-(2-pyridyl) pyrazole

A significant property of 3-(2-pyridyl)pyrazole is that connecting two of them together via connection to a central spacer at the N1 position is synthetically simple and affords a potentially tetradentate ligand73, 74.  The Ward group has prepared many such chelating ligands based on 3-(2-pyridyl)pyrazole and used them as tetradentate ligands75. Other researchers have also developed new ligands of this type76. Examples of such ligands are given in figure 1.9.



               
  2,3-bis[3-(2-pyridyl)pyrazolmethyl]quinoxaline             1,4-bis[3-(2-pyridyl)pyrazolyl]-trans-2-butene76



                                                                       Lo-ph 75

Figure 1.9 Examples of ligands containing two 3-(2-pyridyl) pyrazole building blocks


1-9 Transition metal ions as biological probes, properties and requirements

Cell imaging is based on the detection of the luminescence that is emitted from a cell that has taken up a luminophore77. Cell imaging has enabled researchers to visualise the interiors of cells and monitor their actions which widen their application in cancer treatment and in cell biology78.
Organic dyes such as rhodamines and fluoresceins79 have been widely used as stains for cell imaging due to their availability, ease of use and cheapness. However, the use of these probes has many obstacles: these include high toxicity, photobleaching, their small Stokes shifts and their short luminescence lifetimes80. Therefore, many research groups have tried to find alternative luminescent probes.
Good examples of such probes are luminescent lanthanides and transition metal complexes81-83. Examples of these complexes are lanthanides with the electronic configuration 4f6 and 4f8 (Eu3+ and Tb3+ ) 84  and transition elements with d6,d8 and d10 configurations such as Ir(III), Os(II), Ru(II), Re(I), Pt(II) and Au(I) 85-87. These complexes have been used to visualize different components of cells such as DNA, proteins, or specific organelles88. 
Transition metal complexes are favourable in comparison with the lanthanides complexes as cellular imaging probes because they are easier to be excited in comparison with lanthanides, as they have strong absorptions in the visible region.  Furthermore, there are many features that allow using these complexes as labels as the following89-91:
1- The luminescence can be tuned by changing the complex structure (nature of coordinating ligands and attachment of substituents for fine-tuning). 
2- They can have high luminescence quantum yields.
3- The long lived excited states (up to microseconds) of luminescent metal complexes allows the use of time–gated techniques to remove short lived luminescence from other fluorophores in the cell (autofluorescence).
4- They generally have high photostability and resistance to photo-bleaching.
5- Emission from a triplet excited state relaxation is associated with a large Stokes shift, which gives less self-quenching (re-absorbing of emitted light) and makes it easy to distinguish between the emission from the luminophore and the other emitted species81-83. 
6- The use of visible light as an excitation source is much more useful than using UV light which can damage living tissues. Also the use of the visible light leads to less photobleaching.
Ir(III) complexes of the form [Ir(N^C)2(N^N)]+ have extensively been used for cell imaging due to these attractive properties. By varying the (N^C) or (N^N) ligands, different emissive excited states such as MLCT, IL and LLCT could be achieved and as a result the emission can be tuned over a wide spectral region. Li et. al.,92 have prepared two Ir(III) complexes with different (N^N) ligands (Fig. 1.10) in which changing the N^N ligands caused a change from red to green luminescence (λmax 623 and 517 nm) to visualize the HeLa cells. 
     


                           [Ir(dfppy)2(bipy)]+                                         [Ir(dfppy)2(quqo)]+        
                                             A                                                                    B 
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                                                       A                                     B

Figure 1.10 Two Ir3+ complexes (A and B) with their modified images, prepared by the Li group 92, adapted from ref.92 with permission of the Royal Society of Chemistry

Many Re(I)-containing complexes of the form [Re(CO)3(N-N)Lm] have a similar combination of desirable excited states: such as intense emission at RT from a 3MLCT excited state, long lived excited state lifetime, high chemical and photochemical stability, and little self-quenching associated with the high Stokes shift. In addition, these complexes have emission at the red end of the spectrum which allows a high tissue penetration and is therefore easy to detect; and they are susceptible to tuning of the emission by making variations in the diimine ligand which leads to a control over the 3MLCT excited state.  Many examples of these Re(I) complexes have been prepared by the Coogan group93; for example they have used positively and negatively charged Re(I) complexes with different N-N ligands for staining spironucleus vortens as shown in figure 1.11.



      [Re(CO)3(bipy)(3-py)]+                                   [Re(CO)3(Bathophenanthrolinebissulphate)(3-py)]-
                    A                                                                                      B 
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Figure 1.11 Re1+ complexes with different N-N ligands with their images left (A), right (B) A modified figure of (A) and (B) adapted from ref. 93 with permission of the Royal Society of Chemistry

Os(II) complexes with pyridine-containing ligands have also been used in live cell imaging despite their relatively poor phtophysical properties such as the low quantum yield and short excited state lifetime in comparison with the other luminescent metal complexes such as those of Ir(III) and Re(I).  However, although weak, emission from Os(II) complexes tends to be in the red or NIR region which enables more tissue penetration, with the greater ease of detection compensating for the inherently lower intensity94.
The Elliott group95 reported the osmium complex [Os(btzpy)2]Cl2  as a probe  to stain the HeLa cells; it concentrates in the mitochondria.
Despite the previously-described attractive features of these Ir3+, Re1+ and Os2+ complexes, they can suffer from poor water solubility, low cell permeability and the high cytoxicity which hinder their use in cell imaging. Therefore, many researchers have tried to overcome these obstacles. 
Lo et. al.,96, 97 have reported the use of PEG (poly(ethyleneglycol)) substituents to increase the water solubility of Ir(III) and Re(I) polypyridine complexes for cell imaging purposes as shown in figure 1.12. In addition, PEG attachments prevent the non-specific binding of the complex to the cell surface and its reaction with other components in the cell: in other words, a PEG substituent acts as both as a solubilising group and a protecting group, decreasing the cytoxicity of the complexes.



n= ca.112 
[Re(CO)3(polypyridine-PEG-amide)]+

Figure 1.12 Re(I) complex functionalised with a PEG chain

Moreover, Cheng and co-workers98  have developed cyclometalated Ir(III) complexes with different cyclometalating ligands and ancillary ligands to which PEG substituents are attached. These complexes, again, have high water solubility and reduced toxicity due to the presence of the PEG group (see Fig. 1.13).




[Ir(ppy)2(bipy-CONH-PEG]+

Figure 1.13 Ir(III) complex with PEG substituent reported by the Cheng group98



The high cytoxicity that can be associated with these luminescent complexes has been exploited to allow their use as a cancer treatment. For example, Ruiz et. al.,99 have reported the cytotoxicity against cancer of the complex [Ir(C^N)2(NS)]Cl, where C^N is 2-phenylpyridine and (NS) is a thiosemicarbazide ligand. This treatment is based on the generation of reactive oxygen species such as 1O2 that are generated from the interaction between the excited-state complex and oxygen in solution 100 and this is called ‘‘photodynamic therapy’’ 101, 102, where these reactive species can then kill cells98. Different Ir(III) complexes with different cyclometalating ligands have been used to target the cancer cells in this way, as well as some Os(II) and Re(I) complexes103 . 
In addition, luminescent transition-metal complexes can be conjugated with other biomolecules such as biotin104, vitamins105, 106, peptides107, indoles108, 109 and amino acids110 to improve their water solubility. For example, derivatised [Ir(ppy)3] was reported by Velders et. al.,111 where it is attached to amino acids such as glycine and alanine to improve its water solubility (fig.1.14).



                               
                               [Ir(ppy)2(ppy-Gly]                                  [Ir(ppy)2(ppy-Ala]

Figure 1.14 [Ir(ppy)3] complex functionalised with glycine or alanine amino acids

To overcome the poor cellular uptake of some metal complexes, special types of polypeptide such as octa-arginines have been attached to the complex cores, and this can lead to high cellular uptake. For example, Keyes et. al.,94, 112 have attached Ir3+ and Os2+ complexes with an octa-arginine chain to get the complexes [Ir(dfppy)2(picCONH-Arg8)]9+ and [Os(bpy)2(pic-Arg8)]10+ as shown in figure 1.15.



[Os(bpy)2(pic-Arg8)]10+

Figure 1.15 [Os(bpy)2(pic-Arg8)]10+ with octaarginines

Many research groups have tried to enhance the cell permeability of these emissive complexes by using a small amount of DMSO to help dissolve the complex in water before administering it to the cells113. 
Another strategy is to use positively charged complexes that interact with the negatively charged cell membrane which can enable the complex to enter the cells: using neutral or negatively charged complexes can lead to less cell uptake. For example, Li et. at.,114 have prepared a series of positively charged Ir(III) complexes [Ir(dfpy)2(N-N)]+ and [Ir(piq)2(quqo)]+ with a range of different C^N and N^N ligands; these give a wide range of emission colours across the visible region (Fig. 1.16) and showed good cellular uptake.


[Ir(dfpy)2(N-N)]+


                                              py (1)       bipy (2)         pyq (3)            bq (4)              quqo (5)



[image: ][Ir(piq)2(quqo)]+ (6)

Figure 1.16 Series of Ir 3+ complexes prepared by Li and co-workers with their cell imaging (adapted with permission from ref.114 with modification)

Table 1.1 Summary of methods that have been used to improve the complexes poor water solubility

	Method to improve cellular    uptake
	Complex
	Research  group

	PEG( poly(ethylenglycol))
	[Ir(ppy)2(bpy-CONH-PEG]+ and  [Re(CO)3 polypyridine-PEG-amide]+
	Lo et. al.,96, 97 and Cheng et. al.,98

	Attaching Amino acids
	[Ir(ppy)2(ppy-Gly] and [Ir(ppy)2(ppy-Ala]
	Velders et. al.,111

	Polypeptides(octaarginines)
	[Ir(dfpp)2(picCONH- Arg8)]9+ and [Os(bpy)2 (picR8)]10+   
	Keyes et. al., 94, 112

	Using DMSO
	[Ir(pba)2(acac)]
	Li et.al.,113

	Cationic complexes
	[Ir(dfppy)2(N-N)]+ and [Ir(piq)2(quqo)]+  
	Li et.al.,114



The visualization of cells does not just rely on the use of luminescent mononuclear complexes:  hetero- and homo-dinuclear luminescent complexes have been used also. For example, Thomas et. al. 115 prepared a dinuclear Re(I)/Ru(II) complex [{Ru(tpm)(dppz)}(μ-dpp[5]){fac(CO)3Re(dppz)}]3+ (Fig.1.17) which becomes luminescent after binding with DNA. 





Figure 1.17 Emissive Re/Ru complex binds with DNA prepared by Thomas et. al.,115 

The same group has reported another dinuclear Ru(II)/Ru(II) complex (Fig.1.18), which also has been used for luminescent imaging of DNA116. 




Figure 1.18 Dinuclear Ru(II) /Ru(II) complex used for DNA luminescence imaging 





1-10 Project aims

The project aims to prepare a series of new different mononuclear and dinuclear complexes (Ir/Re and Ir/Os complexes) with different bridging ligands based on pyridylpyrazole. The project also aims to study the photophysical properties of these complexes and the occurrence of photoinduced energy transfer between the two metal centres in the newly prepared dyads. A further study exploiting some of these dyads in cell imaging will be done. 
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Chapter 2

Synthesis, Characterization and Photophysical Studies of Mononuclear Heteroleptic Ir(III) Complexes 







2- Introduction
2-1 Cyclometalation 

The formation of organometallic compounds via cyclometalation was firstly published by Bähr and Müller in 19551. The term cyclometalation was firstly reported by Trofimenko in 1973 as an electrophilic substitution reaction between the metal and the ligand resulting in the formation of a stable ring which contains both of them2, 3.  The first transition metal organometallic compound was reported in 1963 by Kleiman and co-workers, consisting of a five membered ring comprised of nickel(II) and  an azobenzene ligand4, 5,  as shown in Figure 2.1



Figure 2.1 First cyclometalated complex composed of nickel (II) and azobenzene

The basic concept of a cyclometallation reaction is the activation of a C-H bond which is a part of the ligand, by the reacting metal. This leads to the intramolecular cleavage of the C-H bond in favour of a C-M bond, forming a five or six membered ring at the metal6, 7. The stability of such compounds is due to the formation of the stable five or six membered ring8. Moreover, in this reaction a σ- bond between the metal and the carbon atom is formed9. This simple reaction relies on the presence of a good leaving group which is able to combine with the leaving hydrogen atom. 
There are many well studied mechanisms to form the organometallic compounds, namely, ‘‘oxidative addition’’, and ‘‘electrophilic substitution’’10.  The first mechanism which is the most important goes through two steps. The first is the formation of a linkage between the heteroatom in the cyclic ligand and the metal ion, while the second involves the cleavage of the hydrocarbon bond and eventually the formation of the robust ring including the metal as shown in figure 2.2. In the first step the electron density of the whole system including the metal ion will be changed and it encourages the C-H activation or the cleavage in the second one1.




Figure 2.2 Shows the two steps synthesis of the cyclometalated complex

In the cyclometalltion reaction the metal will be substituted on the ortho-position of an aromatic ligand, therefore this reaction is also called ortho-metalation reaction, as described by Parshall in 1970 2,11, 12. The majority of ligands that undergo C-H activation are N donor but the reaction is not limited to these types of ligand.  Figure 2.3 shows metal complexes with other coordinating atoms2,13, 14. 
              




           


Figure 2.3 Various cyclometalated complexes coordinating ligands with different heteroatoms

Cyclometalated organometallic complexes have been used in many fields15, for example as cancer treatments16-19, antibacterial agents20, 21, biological probes22-25, and in display devices as OLEDs26-30  and LEECs31-33. Therefore, many metals have been used to synthesize these complexes such as Ir(III), Au(III) and Pt(II). 




2-2 General formula of cyclometalated Ir(III) complexes with 2-phenylpyridine and its derivatives 

Cyclometalated Ir(III) complexes often have the general formula [Ir(N^C)2L]0,+, where Ir (III) is the central ion, the N^C is the negatively charged cyclometalating ligand based on 2-phenlypyridine, and (L) is the ancillary ligand which could be another cyclometalating ligand leading to the formation of a homoleptic iridium(III) complex, or a different ligand with the chelating site N^N, N^O or O^O resulting in the formation of a heteroleptic complex34,35. Figure 2.4 shows examples of these two types of Ir(III) compound36. The latter class of complexes are very interesting luminophores, due to the presence of two different types of coordinating ligand, therefore, their photophysical properties are very interesting in comparison with the homoleptic compounds37.  Interesting properties are the intense luminescence, emission over a wide range of wavelengths which can be tuned using different ligand substituents, and their long lived excited states. Therefore, such complexes have been used as probes in cell imaging and in photonic devices. 



                                 


                             


Figure 2.4 Examples of homoleptic and heteroleptic iridium(III) complexes based on cyclometalated phenylpyridine ligands

The synthesis of these types of complex starts with the iridium dimer containing the chloride as a bridge [Ir(N^C)2(µ-Cl)]2 (Fig.2.5) which was firstly reported by Nanonyama38. Upon coordination with a different coordinating ligand (ancillary ligand) the chloride bridges break, liberating the sites at which the new ligand coordinates, to form the luminescent complex. 
In 1984 Watts and co-workers reported the synthetic procedure of this Ir dimer [Ir(ppy)2(µ-Cl)]2 by the simple reaction between the IrCl3.xH2O salt and 2-phenylpyridine as a ligand in a solvent mixture of ethoxyethanol and water in a high temperature39. 
 


 
Figure 2.5 Structure of the Ir dimer [Ir(ppy)2(µ-Cl)]2

2-3 Generation, tuneability of emission spectra of cyclometalated Ir(III) complexes and the energy levels

The history of the positively charged luminescent Ir(III) complexes with 2-phenylpyridine ligands began three decades ago, and was inspired by the research of Watts et. al., these complexes could give an emission anywhere in the visible region from blue to red by modifying their structure 40. Three successful strategies have been used to tune the emission of these complexes.
1- By changing the cyclometalating ligand.
2- By changing the ancillary ligands.
3- Using substituents on both cyclometalating and ancillary ligands. 
The emission of these complexes is based on electronic transitions between the metal and the ligands. When the cyclometalating ligand is 2-phenylpyridine, the HOMO is spread across the metal d orbitals and the π orbitals of the phenyl ring. The LUMO is made up of the π* orbitals of the pyridine ring 41, 42. The energy gap between these levels can decrease or increase using different coordinating ligands or by substituting-different functional groups on the phenylpyridine ligand enabling the luminescence to be tuned43. Moreover, this mixing or coordination between the metal ion and the ligand orbitals gives many probabilities to electron transfer between them. In other words, different electronic transitions can arise in different complexes, as explained in chapter 1. 
In these cyclometalated iridium(III) complexes, luminescence usually arises from a 3MLCT or 3LC state, or a mixture of them44. Due to the strong spin-orbit coupling that is associated with the heavy metal, the initially generated singlet excited state undergoes rapid intersystem crossing to the triplet states (1MLCT→3MLCT and 1LC→ 3LC) generating the corresponding triplet excited sates. Upon relaxing to the ground state (3MLCT →S0) spin-forbidden phosphorescence is observed with a long lifetime45, typically in the μs region as was explained previously in Jablonski diagram in chapter1. 
Modifying emission by changing cyclometalating ligands is shown in figure 2.6, which depicts a series of [Ir(C^N)2(acac)] complexes that has been reported by Thompson et. al.,46 with various N^C ligands and a fixed ancillary ligand (acac). 



[Ir(bo)2(acac)]                       [Ir(bt)2(acac)]                             [Ir(bon)2(acac)]                         [Ir(αbsn)2(acac)]

  Figure 2.6 Different [Ir(N^C)2(acac)] complexes based on various cyclometalating ligands

The first two complexes [Ir(bo)2(acac)] and [Ir(bt)2(acac)] show a blue shifted emission in comparison with the others despite the fact that [Ir(bt)2(acac)] shows a red shifted emission compared with [Ir(bo)2(acac)] of about 30 nm due to the change of the hetero atom from O to S. The other [Ir(bon)2(acac)] and [Ir(αbsn)2(acac)] complexes give more red shifted spectra which results from the lower energy ligand based transitions due to extending the aromaticity of the ligand, which decreases the HOMO / LUMO gap. 
Qiu et. al., the Yoon group, and Liu and co-workers have prepared red emitting iridium(III) complexes with different N^C cyclometalating ligands with different degrees of π extension, and the same (acac) ancillary ligand. Figure 2.7 shows these complexes with their λmax of emission and quantum yield47-49.



             [Ir(pbq-1)-acac]                        [Ir(pbq-H)-acac]                           [Ir(dpbq-ph)-acac]
                λmax= 780 nm                             λmax=577 nm                                   λmax=604 nm
                  Φ =0.025                                      Φ =0.93                                           Φ =0.62



[Ir(acac)(2,5-diphq)]                  [Ir(acac)(9,9-dimefphq)]                    [Ir(acac)(2,4,6-triphq)]
λmax=607 nm                                 λmax=614 nm                                      λmax=618 nm
Φ =0.47                                      Φ =0.34                                             Φ =0.58


                 
               [Ir(piq)2(acac)]                        [Ir(piq-F)2(acac)]                              [Ir(pbq-F)2(acac)]
                  λmax=622 nm                                λmax=600 nm                                   λmax=631 nm 
                          Φ =0.2                                      Φ =0.33                                           Φ =0.16

 Figure 2.7 Red emitting iridium (III) complexes
An easier method for controlling / tuning emission colour of Ir(III) complexes is to change the ancillary ligands. However, it has been found that using this strategy has a lesser effect on the emitted colour. Despite this, many research groups achieved a change in colour using this method. For example, work done by the Park group50 shows many iridium(III) complexes based on the cyclometalating ligand 2-(2,4-difluorophenyl)pyridine and various ancillary ligands with a wide range  of luminescence colours. Figure 2.8 shows these compounds.



             OR               



              
                FIrpic                                FIrmpic                                     FIriq                                FIrprz
           λmax 494 nm                       λmax 504 nm                              λmax  581nm                       λmax 587 nm
               Φ =0.42                                Φ =0.31                                  Φ =0.27                           Φ =0.31



                 
               FIrprza                               FIrqnx                                    FIrqnd                                FIrpca
             λmax 621 nm                        λmax 666 nm                            λmax 573 nm                      λmax 574 nm
                 Φ =0.03                              Φ =0.39                                 Φ =0.35                               Φ =0.04

Figure 2.8 Different ancillary ligands to synthesize [Ir(dfppy)2(LX)] complexes 

Complexes containing the ligands pic and mpic show a high energy emission in the solution and the solid states while the others exhibit a red shifted emission in solution compared with the solid samples. 
Huang et. al.,51 have also investigated the effect of changing the ancillary ligand. In each case shown in figure 2.9 the ancillary ligand is the N^N donor, with an extended π system. The study shows that all the complexes exhibit red emission in CH2Cl2 solution, demonstrating a small energy gap between the HOMO and LUMO. The emission in these complexes resulted from different electronic states such as 3MLCT (d→π*(NN)) , 3LC( π→π*(NC)) or 3LLCT (π(NC)→π*(NN)) .



       [Ir(piq)2(bipy)]PF6                                   [Ir(piq)2(phen)]PF6                            [Ir(piq)2(pyqu)]PF6
         λmax 586 nm                                                   λmax 580 nm                                         λmax 589 nm
           Φ =0.087                                                         Φ =0.083                                            Φ =0.054


          [Ir(piq)2(bqu)]PF6                             [Ir(piq)2(biqu)]PF6                             [ Ir(piq)2(quqo)]PF6
               λmax=637 nm                                        λmax=659 nm                                         λmax=695 nm
                  Φ =0.018                                              Φ =0.005                                                Φ =0.003
         
Figure 2.9 Iridium (III) compounds with various types of N^N ligands

Another subset of ancillary ligands has been investigated by the Su group52 to prepare four Ir(III) complexes [Ir(dfppz)2(Phbid)]PF6, [Ir(dfppz)2(Bpyim)]PF6, [Ir(dfppz)2(Mpyim)]PF6 and [Ir(dfppz)2(Mpytz)]PF6  (Fig.2.10), all containing 1-(2,4-difluoro-phenyl)-1H-pyrazole (dfppz) as N^C ligand.  All of these compounds show luminescence in the blue-green region (517, 495, 487 and 460 nm respectively): the emission in the three complexes resulted from a predominantly 3LC state. The ligands (Phbid) and (Bpyim) with substituted phenyl ring give more red shifted emission.  


(Phbid)              (Bpyim)              (Mpyim)            (Mpytz )


Figure 2.10 Ancillary ligands investigated by Su et. al.,52 

The third strategy to tune emission is to change substituents on either the phenyl or the pyridine ring of 2-phenylpyridine ligands. Studies have shown that if these groups are electron withdrawing such as fluorine, trifluoromethoxy, sulfonyl or trifluoromethyl53 the energy gap between the HOMO and the LUMO will be increased, as the HOMO becomes lower in energy. This results in the iridium complexes exhibiting higher energy blue emission54-56. Addition of such functional groups causes less radiation-less decay of the excited state which leads to more blue shifted luminescence57. These electron-withdrawing groups on the phenyl ring could withdraw the electron density from metal t2g orbitals and as a result stabilize the HOMO. 
The Sun group58 have reported the Ir3+ complex [Ir(dfpp)2(acac)] with fluorine substituted cyclometalating ligands (Fig. 2.11). This complex was compared with the complex without fluorine substituents (λmax 556 nm), and it shows a more blue shifted emission with λmax 527 nm.

                     
                                                 




                                                 
[Ir(dfpp)2(acac)]

Figure 2.11 Fluorine containing cyclometalated complexes
The Ward group 59, 60  have also used  fluorine substituents on the cyclometalating ligands to increase luminescence energy, some examples of these complexes are in figure 2.12:




                                 A                                                      B                                            C

 (Ancillary ligands)
                                                                                                             
                                         Lmbiph 	                                      Lmph
                                                                                                                       
                                     Lpph                                                                                 LpBiph

Figure 2.12 Ir(III) complexes with cyclometalating ligands containing fluorine in different positions and different ancillary ligands

Complexes containing A and B Ir(III) (see fig.2.12) moieties show blue emission with λmax 455 and 452 nm respectively. While the complex (C) with different fluorine positions shows lower-energy emission with λ max 475 nm.   
Reddy et.al., 61  have reported many iridium-(III) complexes with different functional groups attached to the N^C ligand. For example, the ligand containing a -CF3 substituent shows sky- blue emission with a quantum yield= 0.83 and its emission at 450-500 nm resulted from a mixture of both states, 3LC and 3MLCT. Figure 2.13 (A) depicts the structures of these complexes while (B) shows their emission spectra.


Ir1(R:-CHO), Ir2(R:-CF3), Ir3(R:-CN), Ir4(R:-OMe) and Ir5(R:-NMe2)
(A)
[image: ]
(B)

Figure 2.13 Iridium (III) complexes prepared by the Reddy group, and their luminescence, adapted from ref. 59 with permission of the Royal Society of Chemistry 

Furthermore, Niu et. a.,62 have studied the effect of –CH3 instead of fluorine substituents in the following complexesʹ emission (Fig 2.14).





                                                  

[Ir(F2piq)2(bipy)]PF6                                                                                   [Ir(Fmpiq)2(bipy)]PF6

Figure 2.14 Fluorine and trimethyl substituted C^N complexes

[Ir(bipy)(Fmpiq)2]PF6 shows an emission which is red shifted to 600 nm in comparison with [Ir(bipy)(F2piq)2]PF6 (584 nm), which gives yellow/orange emission. This effect is due to the destabilization of the HOMO orbitals by the electron-releasing -CH3 group that leads to a reduced HOMO / LUMO energy.
The presence of the donor groups on the 4-position of the pyridyl ring of  2-phenylpyridine ligands can also result in a higher energy charge transfer state, hence its blue emission. An example is the complex [Ir(F2MeOppy)2{5-(2-pyridyl)tetrazolate}] which gives an emission at 473 nm due to the high LUMO energy level with respect to the unchanged HOMO level63.  De Cola and her colleagues have reported a Ir(III) complex with tert-butyl substituted analogue of the cyclometalating ligand 2, 6-difluoro-2, 3-bipyridine and a pyridylazole as the N^N ligand. All such complexes have a high energy emission at 440 nm also64.  In contrast, putting electron-acceptors on the 4-position of the pyridine ring leads to a red shifted emission as has been reported by Reddy who used an aldehyde substituent61.
Gu and co-workers65 have prepared ancillary ligands with different acceptors and donors and examined their effect on Ir3+ emission in complexes with 4,6-difluorophenylpyridine as a C^N ligand. The first complex with acetylacetonate as the co-ligand gives a blue emission at 482 nm while the other complexes in figure 2.15 show more red shifted emission. According to their study the extra substituents in the dbm and natfac ligands compared to acac lead to a decrease of the LUMO level, giving a small HOMO - LUMO gap and hence red emission.  



acac                            dbm                             natfac

Figure 2.15 Ancillary ligands used to prepare complexes [Ir(dfppy)2(L^X)]

Ha and  co-workers66 have also reported a series of iridium complexes where the ancillary ligand is based on substituted acac with two oxygen donor atoms and 6-fluoro-2,3-di(4- fluorophenyl) quinoxaline as N^C ligand as shown in figure 2.16. These complexes are [Ir(6-F-2,3-dpqx-F2)2 acac] , [Ir(6-F-2,3-dpqx-F2)2(przl1)] and [Ir(6-F-2,3-dpqx-F2)2(przl2)] which display red luminescence at 638, 630 and 632 nm respectively.


6-fluoro-2,3-di(4 fluorophenyl)quinoxaline (N^C) ligand
[image: ]


acac                     przl-1                                 przl-2

Figure 2.16 Cyclometalating and ancillary ligands with different substituents groups and the emission of the resulted complexes which was recorded in 10-5 M CH2Cl2 (reprinted from ref.66 with permission from Elsevier)
2-4 Iridium(III) complexes with blue emission

Iridium (III) complexes can give phosphorescence with different colours, the most attractive ones are those with the blue emission, due to their high quantum yields which in theoretical calculations accomplishes 100%67. Efficient energy transfer from the iridium centre to another metal centre in dinuclear complexes gives different emission colours especially white emission, and permits the use of the resulting compounds in various applications such as in OLEDs and in cell imaging68-70. The particular importance of intense blue luminescence, which is difficult to achieve in other complexes but which Ir(III) complexes are notably good at, means that many different approaches have been used to synthesize blue emitting iridium complexes, as follows:

1- Using cyclometalating ligands with electron withdrawing or realising groups.
2- Replacing the pyridine ring with another heterocyclic rings.
3- Appling strong field ancillary ligands.
4- Replacing the N^C ligands with N-heterocyclic carbene ligands 
 
1- Using cyclometalating ligands with electron withdrawing or releasing groups
Several examples of this have been mentioned above.  Specific substituents, for example sulfur pentaﬂuoride (Fig. 2.17), have been reported by a few groups give a blue shifted emission, because of their high affinity for electrons in comparison with -CF3 group71.  Other groups such as sulfone72 (Fig. 2.18), have been also used.




Figure 2.17  [Ir(C^N)2(dtBubpy)]PF6 complex


[Ir(C^N)2(pzpy)]PF6

Figure 2.18 Ir3+ complex with other withdrawing group (sulfonyl)72

2- Replacing the pyridine ring with another heterocyclic rings
Replacing the pyridine in the 2-phenylpyridine ligand with a different N-heterocycle ring can result in blue-shifted luminescence. Examples include 3-pyridyl-1-pyrazole73, 74, 1-aryl-1,2-pyrazole75, 76, pyridyl-imidazole32,  phenyl-imidazole77,  pyridyl-1,2,3,4-tetrazole78  and  5-aryl-1,2,4-triazole79 that all increase the energy of the LUMO. This in turn makes the HOMO-LUMO transition greater in energy thus generating blue light. An example on an aryl triazole ligand was reported by the Zysman-Colman group80 ( Fig. 2.19) where it shows a blue shifted (by about 471 cm-1) luminescence if compared with the same compound with phenylpyridine. 
  


                                                           [(atl)2Ir(N^N)]PF6

Figure 2.19 Cyclomatalated complex with triazole ring80


A study by Armaroli et. al.,81 also shows the effect of a tetrazole ligand, which blue shifts the emission of the complexes with respect to pyrazole. 
3- Applying strong field ancillary ligands
It is also noticeable that using strong field ancillary ligands such as cyanides or  phosphine could also stabilize the HOMO and lead to high energy gap between the HOMO and LUMO and finally give a blue emission82, 83.
Moreover, many have fabricated iridium complexes with both a strong ancillary ligand and a fluorine substituted cyclometalating ligand to make a complex with even more blue shifted emission, as demonstrated by Shen and co-workers84 who used triphenylphosphine, cyanate and isothiocyanate as strong co-ligands in combination with an F-substituted phenylpyridine ligand to give high HOMO-LUMO energy gap in both [Ir(4,6-dfppy)2(PPh3)NCS] and [Ir(4,6-dfppy)2(PPh3)NCO] complexes (Fig.2.20) .



                      
                    [Ir(4,6-dfppy)2(PPh3)NCS]                           [Ir(4,6-dfppy)2(PPh3)NCO]
                                          
                                

Figure 2.20 Two complexes with both fluorinated C^N ligand and strong ancillary ligands 

Another strong field ancillary ligands which have been explored more recently in Ir(III) complexes with 1,3,4-oxadiazole as a cyclometalating ligand (Fig. 2.21).  A blue shifted emission was noticed when the strong ligands (Et2dtc) and (Et2dtp) were used to replace acetylacetonate. Their emission wavelengths are 501, 498 and 510 nm receptively due to the HOMO – LUMO high energy gap provided by both the fluorinated (C^N) ligand and dithiolates (S-S) ancillary ligands85.


                [Ir(N^C)2(acac)]                             [Ir(N^C)2(Et2dtc)]                                          [Ir(N^C)2(Et2dtp)]

Figure 2.21 Cyclometalated complexes with oxadiazole rings and dithiolates ligands 

4- Replacing the N^C ligands with N-heterocyclic carbenes  
Using carbene containing ligands to replace the N^C ligands has been exploited by many research groups to get the high energy emission from Ir(III) complexes86. Xie et. al., 87  have demonstrated the iridium complexes [Ir(fpmi)2(mtzpy)] and [Ir(fpmi)2(phtzpy)] as depicted in figure 2.22, which contain the chelating  phenyl/ carbene ligands. Their emission is greenish blue at 486 and 490 nm respectively from a 3MLCT state with quantum yields of 0.51 and 0.46 respectively.



[Ir(fpmi)2(mtzpy)]                         [Ir(fpmi)2(phtzpy)]

Figure 2.22 Structures of [Ir(fpmi)2(phtzpy)] and [Ir(fpmi)2(phtzpy)] carbene complexes



The Wu group88  have synthesized other carbene complexes,  [Ir(fpmb)2(bptz)],  [Ir(fbmb)2(bptz)] and [Ir(dfbmb)2(fptz)] to achieve blue emission (Fig.2.23). Their emissions λmax are 461, 460 and 458 nm in CH2Cl2 with Φ= 0.0005, 0.22 and 0.73 respectively.



                 [Ir(fpmb)2(bptz)]                    [Ir(fbmb)2(bptz)]                             [Ir(dfbmb)2(fptz)]

Figure 2.23 Series of carbene containing complexes


Table 2.1 Summary of the previous approaches to achieve the blue emission

	Complex
	Method
	λmax / nm
	Φ %

	[Ir(C^N)2(dtBubpy)]PF6 and [Ir(C^N)2(pzpy)]PF6  
	1
	496 and 493 
	0.71 and 0.72

	[(atl)2Ir(N^N)]PF6
	2
	498
	0.346

	[Ir(4,6-dfppy)2(Pph3)NCS] and [Ir(4,6-dfppy)2 (Pph3)NCO]                              
	3
	493 and 488
	0.39 and  0.14

	[Ir(N^C)2(acac)], [Ir(N^C)2 (Et2dtc)] and [Ir(N^C)2 (Et2dtp)]
	3
	501, 498 and 510
	0.44,0.32 and  0.10

	[Ir(fpmi)2(mtzpy)] and [Ir(fpmi)2(phtzpy)]
	4
	486 and 490
	0.51 and  0.46

	[Ir(fpmb)2(bptz)] , [Ir(fbmb)2(bptz)] and Ir(dfbmb)2(fptz)]                            
	4
	461,460 and 458
	0.0005,  0.22 and  0.73


  	





2-5 Aims of the project

Blue emission mononuclear Ir(III) complexes were synthesized, followed by studying their photophysical properties. These complexes will be used to prepare the dincuclear complexes (Ir/ Re and Ir/Os in chapters 3 and 4 respectively) studying the energy transfer in both dinuclear systems. 

2-6 Results and discussion
2-6-1 Synthesis of 3-(2-pyridyl)pyrazole ligands and mononuclear Ir(III)complexes
2-6-1-1 Ligand synthesis

These ligands were used to make a new class of Ir3+ complexes, which based on those explored by the Ward group previously but which have not been made before. Figure 2.24 shows some of these prepared ligands. The significant feature in these ligands is the availability of different spacers, and the presence of two coordination positions which are able to coordinate with two metal ions to give homo- or hetero- dinuclear complexes. Upon adding the first metal (Ir3+) in these complexes the second position will be available to host the second metal which, in this work, is a Re1+ unit or an Os2+ unit to form the final Ir/Re and Ir/Os dinuclear complexes.



Figure 2.24 The prepared ligands
These ligands were synthesized by reacting the appropriate bis(bromomethyl) aromatic derivative compound with excess 3-(2-pyridyl)pyrazole in the presence of strong base as shown in figure 2.25. these ligands were purified by column chromatography on alumina and silica using CH2Cl2/MeOH (97:3 and 96:4) as an eluent. A further purification was done by recrystallization using CH2Cl2/hexane the synthesis is given in detail in the experimental section in chapter 5. 

OR


Figure 2.25 General scheme for ligand synthesis with different spacers

2-6-1-2 Mononuclear Ir(III) complexes synthesis

The structure of these complexes consists of the prepared bridging ligands and the Ir(III) moiety with 2-(2,4-difluorophenyl)pyridine as the cyclometalating ligand (Fig.2.26). These fluorinated phenlypyridine ligands provide a high energy level of LUMO.  The iridium unit gives a low energy HOMO level which lies on both the Ir(III) centre and the negatively–charged part of the 2-(2,4-difluorophenyl) pyridine anion. The combination between these two orbitals (HOMO and LUMO) gives a wide energy gap which result in blue emission. Such high energy emission is important to allow the energy transfer to another metal (as will be explained in chapter 3).      



Ir(III) complexes with different bridging ligands
            
 [Ir(F2ppy)2(Lbut)]NO3  (Ir•Lbut)                                                                           [Ir(F2ppy)2(Lm-Tol) ]NO3  (Ir•Lm-Tol)
                                                                                             
  [Ir(F2ppy)2(Lo-Ph) ]NO3  (Ir•Lo-Ph)                                                                          [Ir(F2ppy)2(Lp-Ph) ]NO3 (Ir•Lp-Ph)
                                                                                                                                                                                                                       
  [Ir(F2ppy)2(Lm-Ph)]NO3  (Ir• Lm-Ph)                                                   [Ir(F2ppy)2(L1,5-naph)]NO3  (Ir•Lnaph)
                                                                                                          
                                                                                                                                                                         
                                                                                                                                                        

                                                                       

                                                                   Ir(F2ppy)2(LPEG)]NO3 (Ir•LPEG)
                                                 
Figure 2.26 Structures of the prepared Ir(III) complexes

The synthesis of these complexes was achieved by two synthetic steps. The first step is the synthesis of one of the starting material which is the [Ir2(F2ppy)4Cl2] dimer, which is achieved by refluxing one equivalent of IrCl3•xH2O with 2.5 equivalents of the ligand 2-(2,4-difluorophenyl) pyridine in a solvent mixture of ethoxyethanol and water at a high temperature (130 °C) whilst being protected from light. To get the yellow dimer as a precipitate, the reaction solution was added to water and the product collected by filtration.
The second step involves the reaction between this chloride bridged dimer and an excess of a pyridylpyrazole ligand. The different spacers units in the pypz ligands ensure the formation of various iridium(III) complexes with different spacer properties. This reaction was carried out overnight in a solution of CH2Cl2 and MeOH whilst protecting from light. The crude complex was converted to its PF6- or nitrate salt and purified using column chromatography on silica gel using MeCN/aq.KNO3 in different ratios to get good separation between the mononuclear and the dinuclear Ir(III) fractions for all the complexes. All the prepared compounds display blue emission and therefore, their photophysical properties have been measured. Figure 2.27 depicts the two steps for the synthesis.



Figure 2.27 Synthesis of the complexes
2-7 1H-NMR studies 
Figure 2.28 shows the 1H-NMR of some of the prepared mononuclear iridium(III) complexes (A) [Ir(F2ppy)2(L1,5-naph)]NO3 and (B) [Ir(F2ppy)2(Lbut)]NO3. The integral of the protons in each compound reflects the accurate number of them, which suggests the purity of these complexes. Also these complexes have been characterized by mass spectroscopy and by elemental analysis. 
[image: ]
A
[image: ]
B
Figure 2.28 1H-NMR (400MHz CD3CN) spectra of (A) [Ir(F2ppy)2(L1,5-naph)]NO3 and (B) [Ir(F2ppy)2(Lbut)]NO3
2-8 X- ray crystallography

Crystals were obtained for the newly prepared complexes [Ir(F2ppy)2(Lo-Ph)]NO3 and [Ir(F2ppy)2(Lm-Tol)]NO3 by growing them from MeCN and a mixture of MeCN and diethyl ether using the solvent diffusion method. Figures 2.29 and 2.30 show the structures of both complexes and the selected bond lengths are in tables 2.2 and 2.3 respectively. Both complexes show the normal coordination geometry around the metal ion for this kind of complex, with trans–NN coordination of the pyridines and cis-CC coordination of the phenyl rings of the two 2-phenylpyridine ligands. The chelating pypz ligand is located trans to the two C atoms in the 2-phenylpyridine. Both (o-ph) and (m-Tol) rings in each complex are located stacked with one of the coordinated 2-phenylpyridine ligands N(11C) and C(26C) for (Ir•Lo-Ph) complex; N(11F)C(26F) for (Ir•Lm-Tol) with the distance of ca. 3.5 and ~3.4 Å respectively between one unit and another. Crystal parameters for (Ir•Lo-Ph) and (Ir•Lm-Tol) are illustrated in chapter 5. 
[image: FIg2_stick_small]
Figure 2.29 Crystal structure of (Ir•Lo-Ph) complex.

Table 2.2 Selected bond lengths for the compound (Ir•Lo-Ph). 

	  Ir-N Bonds
	Bond length (Å)
	Ir-C Bonds
	Bond length (Å)

	Ir(1)–N(11C)
	2.047(6)
	Ir(1)–C(26B)
	2.009(7)

	Ir(1)–N(11A)
	2.146(6)
	Ir(1)–C(26C)
	2.013(8)

	Ir(1)–N(22A)
	2.154(6)

	Ir(1)–N(11B)
	2.043(6)





[image: Fig3_stick_small]

Figure 2.30 Crystal structure of (Ir•Lm-Tol) complex

Table 2.3 Selected bonds lengths for the compound (Ir•Lm-Tol)

	Ir-N Bonds
	Bond length (Å)
	Ir-C Bonds
	Bond length (Å)

	Ir(2)–N(11F)
	2.036(9)
	Ir(1)–C(26B)
	2.002(10)

	Ir(2)–N(11E)
	2.043(9)
	Ir(2)–C(26E)
	2.007(11)

	Ir(1)–N(11C)
	2.032(9)
	Ir(1)–C(26C)
	2.011(12)

	Ir(1)–N(11B)
	2.057(10)
	Ir(2)–C(26F)
	2.051(11)

	Ir(1)–N(22A)
	2.141(8)

	Ir(2)–N(22D)
	2.164(9)

	Ir(1)–N(11A)
	2.148(9)

	Ir(2)–N(11D)
	2.191(8)











2-9 Photophysical studies:
2-9-1 Absorption spectra

The UV/Vis. spectra of all mononuclear iridium (III) complexes have been measured in acetonitrile at room temperature.  Figure 2.31 shows this spectra and table 2.4 shows the extinction coefficients.


Figure 2.31 Absorption spectra of the prepared monocentre iridium (III) complexes

It is clear that there are intense peaks in the high energy region of the spectra below 300 nm, which represent the spin allowed π→π* transitions. A broad shoulder appears at about 360 nm which is related to the LC/MLCT transitions which from the lowest-energy emissive excited state. It is clear that the spacer in the ligand does not affect the positions of these peaks, however, the (Ir•Lnaph) complex shows an additional peak at 225 nm which must be associated with the naphthyl unit. 







Table 2.4 Extinction coefficient for mononuclear iridium(III) complexes

	                Complex
	Extinction coefficient (10-3 ɛ/ M-1cm-1)

	[Ir(F2ppy)2(Lbut)]NO3
	360(5.6),  313(16) 

	[Ir(F2ppy)2(Lo-Ph) ]NO3
	360 (5.5),  313 (16),  280 (44),  250(66) 

	[Ir(F2ppy)2(Lm- Tol)]NO3
	360 (5.3),  313 (16),  280 (38),  250(59) 

	[Ir(F2ppy)2(Lp-Ph) ]NO3 
	360(5.9),  313(17)

	[Ir(F2ppy)2(Lm-Ph)]NO3
	360(5.2),  313(14),  280(36) 

	[Ir(F2ppy)2(L1,5-naph)]NO3
	360(5.7)

	[Ir(F2ppy)2(LPEG)]NO3
	360 (5.7),  315 (17),  280 (40),  250 (59)




2-9-2 Luminescence spectra
2-9-2-1 Emission spectra

The emissions spectra of these complexes appear to be the same in all cases (except one, discussed later) and were recorded also in MeCN using the excitation wavelength 360 nm.  Figure 2.32 depicts these spectra. Strong, structured emission between 450-480 nm and a broad shoulder at ~ 517 nm is seen for all complexes regardless the kind of the bridging ligand and is characteristic of emission from a 3LC state. The complex (Ir•Lnaph) with the L1,5-naph spacer different to others shows very weak emission due to the quenching of the iridium based luminescence by energy transfer to the triplet excited state of the nearby naphthalene ring89.


















Figure 2.32 Emission of (Ir•Lbut) , (Ir•Lo-Ph) , (Ir•Lm-Tol)  , (Ir•Lp-Ph) , (Ir• Lm-Ph), (Ir•L1,5-naph) and  [ (Ir•LPEG) complexes in aerated MeCN
 
The luminescence lifetimes were measured in both air saturated solution and under argon and again there is little variation between complexes which all have a similar structure for the luminescent centre. In all cases, the lifetime in degassed solution is longer than the lifetime in aerated solution, which is due to removal of dissolved oxygen which is an effective quencher of the triplet emissive state. The quantum yields of these aerated complexes suggest they are weak emitters in comparison with the other blue-emitting mononuclear Ir(III) complexes (table 2. 5 shows the emission data of these complexes). The quantum yields of these complexes were recorded using the reference complex [Pt(1,3-di(2-pyridyl)benzene] (Φ= 0.039). The emission of both aerated complexes in MeCN and CH2Cl2 and the reference in CH2Cl2 were measured and the complexes quantum yields were calculated using the following equation:

Φc= Φ𝑟 x (Ic / Ir) x (A𝑟 / Ac ) x 

Φc and Φr: quantum yield of the complex and the reference respectively
𝐼c and 𝐼r: complex and reference emission intensities after integration  
Ac and Ar: complex and reference optical densities respectively
ηc and ηr : refractive index of the complex solvent and the reference solvent respectively




Table 2.5 optical data of mononuclear Ir(III) complexes

	Mononuclear Ir(III)      Complexes
	   λmax / nm
(Excitation) 
	λmax / nm
   ( Emission)
	τ (ns)    (aerated)
	τ (ns)   (degassed)
	       Φa,b

	[Ir(F2ppy)2(Lbut)]NO3
	360
	453, 481, 517sh
	228
	3600
	0.031a

	[Ir(F2ppy)2(L1,5-naph)]NO3
	360
	453, 481, 517sh
	--
	--
	5.28x10-6a

	[Ir(F2ppy)2(Lm- Tol)]NO3
	360
	453, 481, 517sh
	228
	4500
	0.028a

	[Ir(F2ppy)2(Lp-Ph) ]NO3
	360
	453, 481, 517sh
	219
	4400
	0.029a

	[Ir(F2ppy)2(Lo-Ph) ]NO3
	360
	453, 481, 517sh
	263
	4400
	0.028a

	[Ir(F2ppy)2(Lm-Ph)]NO3
	360
	453, 481, 517sh
	229
	4200
	0.028a

	[Ir(F2ppy)2(LPEG)]NO3
	360
	453, 481, 517sh
	210
	3300
	0.109b



Φa  quantum yields were measured in MeCN , while Φb measured in CH2Cl2

2-10 Conclusion

A series of pyridyl-pyrazole based ligands and their mononuclear iridium(III) complexes has been prepared. These complexes are based on similar bis(pyrazole-pyridine) ligands but with different spacers. The photophysical properties such as absorption, emission, excitation, lifetime and quantum yields of these complexes have been measured. The absorption spectra for them look similar except than complex with L1,5-naph spacer. The lifetime shows a significant enhancement for the degassed samples in comparison with the aerated ones. The quantum yields of these mononuclear complexes indicate that these complexes are weak emitters if compared with the other mononuclear iridium complexes.
The aim also of preparing such complexes with these ligands is to coordinate two metals in one ligand then study the energy transfer from one metal to another, as explained in chapters 3 and 4.  
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Chapter 3

Photoinduced Energy Transfer in Ir/Re Dinuclear Complexes











3- Introduction              
3-1 General formula and photophysical properties of [Re(CO)3Cl(diimine)] complexes

Due to their appealing photophysical and photochemical properties such as intense emission1, the large Stokes shifts2, and the long lifetime of the excited state3, Re(I) tricarbonyl  complexes with heterocyclic ligands have been prepared and investigated widely for luminescence-based applications4. The most important ones are those with diimines as heterocyclic ligands5 due to the strong chelate bond between them and the central metal ion6. These diimines include 1,10-phenanthroline7, 2,2-bipyridine8, pyridylimidazole9, benzimidazole10, pyridyltriazine11 and their derivatives12, 13. The most studied diimine ligands in Re(I) complexes are 1,10-phenanthroline and 2,2-bipyridine14-17.
The history of studying rhenium(I) diimine compounds is related back to the first report from Wrighton et. al., in the 7th decade of the last century18-20. This study has encouraged many research groups to design Re(I) complexes with 1,10-phenanthroline derivatives due to their attractive optical properties, and high stability21. Since that time many similar complexes have been synthesized and used in OLEDs, dye-sensitised solar cells, CO2 reduction, cancer treatments and as luminescent probes for bio-medical applications22-26 .
The general formula of these rhenium complexes is either [Re(CO)3(X)(L)]0,+ or [Re(CO)3(Lm)3]+, where (X) represents an anionic ligand (commonly a halide) or a monodentate neutral organic ligand such as a pyridine or a phosphine27. The (Lm) and (L) ligands are a chelating monodentate or bidentate ligand respectively. The most important moiety in these complexes is the {Re(CO)3}+ unit and this importance is due to:
1- Ease of preparation from the complex fac-[Re(CO)3(H2O)3]+ 28.
2- Its inertness, which stems from the d6  low spin (t2g6 ) electronic structure. 
3- The significant structure of this core which contains three coordination sites occupied by the tightly coordinated carbonyl groups and three vacant sites ready to coordinate with extra ligands29. Such ligands are bidentate or tridentate heterocycles, with or without a halide co-ligand. This coordination, together with the low-spin d6 electronic configuration, makes the complex stable30. 
This [Re(N^N)(CO)3] core typically exhibits photoluminescence from a 3MLCT or a 3LLCT excited state, with the triplet spin multiplicity brought about from the strong spin-orbit coupling constant associated with the heavy metal. These excited states have long emission lifetimes (up to 1μs), therefore, these complexes have been exploited in many research fields as mentioned earlier31, 32.

The emission spectra that arise from these 3MLCT states are broad and structureless. It is a characteristic for rhenium(I) diimine complexes, while measuring the luminescence at 77 K, to observe a blue shifted emission with greater intensity and a longer lifetime than the room-temperature emission33, 34.  Due to the rigidochromic effect that is associated with the frozen solvents, measuring the emission at 77 K gives more structured spectra in comparison with those measured at RT and also it leads to higher energy excited state that gives an emission at the blue end of the spectra.  Furthermore, the greater luminescence intensity that could be noticed in such solvents is due to the prevention of the non-radiative processes that occur at RT and compete with the radiative ones and that could be reduced in glassy solvents35.
Two isomers of [Re(CO)3(X)(diimine)] compounds are known (fac and mer), however, the fac-[Re(CO)3(X)(diimine)] complexes have received more attention recently because of their better photophysical properties: emission can be obtained at ordinary temperatures and can be tuned by changing  both coordinating ligands36.  An example of fac / mer isomerism is shown by the complex [Re(CO)3Cl(bipy)] (Fig. 3.1). The differences between the isomers also include the characteristic NMR data; for example, the mer- isomer shows eight signals related to eight protons, while the fac- shows only four due to symmetrical pyridine rings protons. Also the mer-isomer shows UV-vis. spectra at the low energy region which represents a MLCT transition with two peaks at 352 nm and 475 nm in CH2Cl2 solvent, while these two peaks are blue shifted in the fac-isomer. The fac – isomer shows an emission in solution at RT whereas the mer-isomer does not. This  may be due to the lower energy level of the MLCT37.  



                                                                          
                         
                                     A	                                                                                                   B

Figure 3.1 Two isomers A- facial and B- meridional of [Re(CO)3Cl(bipy)]





 3-2 Enhancement of [Re(CO)3(diimine)Cl] photophysical properties

By changing the halogen or the diimine chelating ligands in [Re(CO)3X(N-N)] complexes the photophysical properties38, 39 can be tuned, which affects their application in different research areas40, 41 in particular medical imaging and construction of light emitting devices. These improved properties can include a high quantum yield, and a longer lived emissive state42 in comparison with the parent compounds43. To achieve enhancement of these photophysical properties, different approaches have been investigated. For example some Re1+ complexes are modified so that the halide ligand X is replaced by negatively charged strong-field ligands such as isocyanotris(pentafluorophenyl)borate, as reported by Roy and co-workers44; these complexes have a high energy emission,  high quantum yield (0.52-0.54) and long lifetime of the excited state (-~35μs). 
The most studied type of modification of Re(I) complexes of this type is replacement of the halide by a neutral heterocyclic molecule, such as pyridine, indazole, imidazole and their derivatives45, 46. The replacement of the axial ligand in these complexes can be easily done using silver salts such as AgClO4, AgPF6 and AgBF4 in a donor solvent to give a precipitate of AgCl47 and the solvated cation [Re(CO)3(diimine)(solv)]+, which can react with the new ligand to give the desired complex. The thermally-activated removal of the halide ligand does not lead to carbonyl removal: this reaction is specific for the halide abstraction only48. Irradiation with UV light has been also used to effect this substitution, however, the drawback of this reaction is that it can also lead to carbonyl ligand removal49 .  
Other approaches to tune the photophysical properties of Re(I) complexes include50:
1- Swapping the chloride ligand with another N- donating ligand.
2- Changing the (N^N) ligand with another diimine ligand with different ligand field strength.
3- Introducing electron donating / electron withdrawing substituents onto the (N^N) ligand. By substituting acceptors or donors on the diimine ligand the energy of the LUMO will be lowered or raised, respectively, and that leads to a red or blue shifted emission respectively51. 





Some of the most well studied Re(I)-diimine complexes are those which have a pyridine in place of the halide and one of the oldest examples is [(bipy)Re(CO)3(py)]+ 51. Replacement of chloride by a pyridine ligand improves the luminescence properties of the resulting complexes: for example, the luminescence quantum yield can be up to 0.8, and the lifetime is correspondingly higher52 than that of the chloride-based complex which has lower quantum yield ( ≤ 0.05). That is because pyridine provides a strong field which widens the energy gap between HOMO and LUMO and gives more blue shifted emission, which is less easy to quench with molecular vibrations.   
More examples of such complexes are these with bipyrazine as a diimine ligand, and a pyridine ligand to replace the chloride ligand, which are in figure 3.2 42. The emissions of both complexes have been measured at RT and in frozen solvents and they were not very intense, nonetheless it is clear that replacement of chloride by pyridine has improved the luminescence lifetime and shifted the emission to higher energy.  The luminescence at 77 K was more blue shifted ~ 50 nm and more intense than at RT, in both cases. 



                                                                              
                        Φ = 0.09                                                                                   Φ= 1.72
                            τ= na                                                                                                τ=25ns
                λmax, em./ 298K = 705 nm                                                                    λmax, em. /298K = 684 nm

   [Re(CO)3(bipz)Cl]                                                                      [Re(CO)3(bipz)(py)]PF6

Figure 3.2 Neutral and cationic rhenium complexes with their quantum yields (multiplied by 1000) and the lifetime

The Brunschwig group45 has studied the differences between the two complexes fac-[ReCl (CO)3(dcbpy)] and fac-[Re(py)(CO)3(dcbpy)]+, where (dcbpy) is 4,4ʹ-dicyano-2,2ʹ-bipyridine (Fig.3.3). The UV/Vis, absorption spectra show two absorption bands: one at the blue end of the spectra related to an IL π→π* transitions and one at a higher wavelength ~ 320 nm related to two MLCT transitions involving both ligands (py) and (dcbpy). The chloride complex shows a more red shifted MLCT transition which results from a low energy (Re d→π* N^N) due to the effect of the weak-field chloride ligand, which increases the HOMO d(π) energy and reduces the HOMO-LUMO energy gap. The second example in Fig. 3.3 shows higher-energy emission due to the effect of the pyridine ligand. The emission maxima of fac-[ReCl(CO)3(dcbpy)] and fac-[Re(py)(CO)3(dcbpy)]+ complexes show the same trend.





Figure 3.3   Fac-[ReCl(CO)3(dcbpy)] and  fac-[Re(py)(CO)3(dcbpy)]complexes
                                                                                                                                                            
On addition of methyl groups to a bipyrazine (N^N) ligand, a more high energy shifted absorption was obtained due to the weak electron donating ability of the methyl group, which destabilizes the LUMO level and leads to larger HOMO-LUMO energy gap, the quantum yield and the lifetime were improved in contrast with unsubstituted ones. Figure 3.5 shows these complexes42:



                                                                             
                              Φ=0.73*10-3                                                                       Φ =8.94*10-3
                                    τ= na                                                                                     τ=95ns

[Re(CO)3(Me2bpz)Cl]                                          [Re(CO)3(Me2bpz)(py)]PF6

Figure 3.5 Methyl substituted [Re(CO)3(diimine)(py)]+ complexes.

More studies have been done by substituting different groups on pyridine based ligands. For example, [Re(CO)3(pyta-COOMe)Lf], where (pyta) is pyridinetriazole (Fig. 3.6) and Lf is a functionalized pyridine derivative, have been studied by the Benoist group2 to show the difference in optical properties upon changing the Lf ligand. The luminescence was recorded in MeCN and appears in the blue region with λmax (492-496) nm and quantum yield between (0.61-0.71) respectively for the complexes type B and A with R= p, m-CH2OH, whereas the type A complex with m-NH2 is not emissive. 



                      A                                                           B
R= p, m-CH2OH, m-NH2 

Figure 3.6 Substituted pyridine Re complexes studied by Benois et. al.,2

Structure modification of [Re(CO)3(diimine)Cl] complexes can also improve the water solubility of the pyridine containing complexes which helps to make them useful as cellular probes for imaging. Figure 3.7 shows [Re(CO)3(bipy)(dcbpy)]NBu4 as an example of these complexes53.



                              
Figure 3.7 [Re(CO)3(bipy)(dcbpy)]NBu4 complex


On the other hand, the halide ligand could be replaced also by the solvent itself which makes the complex very substitutionally labile and it could undergo another ligand substitution reaction. For example, cationic Re(I) complexes which contain acetonitrile as a ligand in place of chloride have been prepared using Ag(I) salts to remove the chloride ligand. The acetonitrile containing complexes have more blue shifted luminescence, with a higher quantum yield than the analogue containing a chloride. Examples of these compounds are [Re(CO)3(4,4`-di-t-butyl-bipy)Cl], [Re(CO)3(4,4`-di-t-butyl(bipy)MeCN)]PF6,  [Re(CO)3(4,7-diphenyl-1,10-phenanthroline)Cl], and [Re(CO)3(4,7-diphenyl-1,10-phenanthroline)MeCN] PF6  as shown in figure 3.8 54.  


         [Re(CO)3(4,4`-di-t-butyl-bipy)Cl]                                    [Re(CO)3(4,4`-di-t-butyl(bipy)MeCN)]PF6
                        Φ =0.015                                                                                             Φ =0.20
A 1
                                                                                                                                                                                                  


                         
      [Re(CO)3(4,7-diphenyl-1,10-phen)Cl]                         [Re(CO)3(4,7-diphenyl-1,10-phen)MeCN]PF6
                       Φ =0.057                                                                                             Φ =0.19
                                        
                                                                                   A 2
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B 
Figure 3.8  (A1 and A2)  [Re(CO)3(N^N)]+ complexes with chloride or  MeCN molecule as ligands,  (B) the blue shift in the emission spectra (blue line)  for complexes with MeCN while, the red line shows the emission for the chloride complexes.  Adapted from ref. 54 with permission of the PCCP Owner Societies.

3-3 Photoinduced energy transfer in dinuclear complexes

Many dinuclear complexes that formed by the combination between two luminescent transition metal centres have been studied for their photophysical properties, in particular the occurrence of photoinduced energy transfer from one metal centre to another. Such complexes are linked through a ligand which acts as a bridge between the two units as mentioned in chapter 1. These dinuclear complexes could be homonuclear or heteronuclear such as Ir-Ir, Ru-Ru, Ru-Os or Ir-Re dyads55. 
The most studied systems that contain a Re(I) moiety as one of the luminescent units are those with Ru(II) to form Ru(II)/Re(I) dyads. These Ru(II)/Re(I) dyads have been studied extensively due to their use in CO photo-production and in OLEDs fabrication. Many examples have been reported by the Ward group56 for example the complexes  [Re(CO)3Cl(AB)Ru(bipy)2](PF6)2 (AB = 2,2’-3’,2”-6”,2’”-quaterpyridine, fig. 3.9) have two inequivalent coordinating positions on the bridging ligand that could be potentially coordinated with ruthenium(II) or rhenium(I) to give Ru/Re or Re/Ru dyads which are distinct.  The Ru-AB-Re dyad (Fig. 3.9) shows emission from the Ru(II) centre only which suggests the occurrence of Re→Ru energy transfer. In contrast the energy-transfer direction is Ru→Re for the isomeric complex Re-AB-Ru which displays emission from the Re(I) centre. The change in energy transfer direction between the two isomers is because the two AB sites are not equivalent. 

  

Figure 3.9  Re/Ru and Ru/Re dyads prepared by the Ward group56

The same group57 has also reported the preparation of a Ru(II)/Re(I) dyad  [(bipy)2Ru(L1)Re(CO)3Cl](PF6)2 with a different bridging ligand (L1) based on two phenanthroline units connected by a crown ether (Fig.3.10).  The EnT occurs from the Re centre to the Ru centre which was confirmed by the partial quenching of the Re-unit luminescence: two luminescence lifetimes are apparent, with a τ =140 ns component related to sensitised Ru(II)-based emission and a shorter 5 ns component related to residual emission from the nearly-quenched Re(I) unit. Furthermore, no emission for the Re fragment was detected at 77 K, which suggests complete quenching of the Re based emission under those conditions because of the Re→Ru energy transfer.
 




Figure 3.10   Re/Ru dyad with 1, 10-phenanathroline and crown ether as ligands


Energy transfer has also been studied in Ir(III)-containing binuclear systems which show a different energy transfer trend in comparison with the previous examples. For example, De Cola and co-workers58 have reported a series of Ir/Ru binuclear systems with the general formula [Ir-Phn-Ru]3+ (n = 2, 3, 4, 5) in which the spacer contains a chain of phenyl rings as shown in figure 3.11. The luminescence was measured in aerated MeCN at RT with the λexci. 350 nm and it shows a broad and strong emission with λmax 625 nm which, related to 3MLCT from the Ru unit rather than that one for the Ir which would appear at ~546 nm. This emission also suggests that the EnT from the Ir moiety to the Ru is very efficient and a complete quenching of the Ir-based emission occurs.  It is worth mentioning that the length of the bridging ligand does not affect the energy transfer from Ir→Ru as this energy-transfer is observed even across the longest chain with five phenyl spacers.



n= 2-5

Figure 3.11  Some of the Ir/Ru dyads studied by De Cola and co-workers58

The Ward group has studied a different dyad (Ir/Eu) using a pyridylpyrazole-based bridging ligand which includes a naphthyl spacer as shown in figure 3.12. In this dyad the energy is transferred in a stepwise manner from the Ir(III) unit to the Eu(III) unit through the naphthyl spacer whose triplet excited state acts as an energetic ‘‘stepping stone’’59. The EnT was confirmed by observation of a growth-time of the sensitised Eu(III)-moiety emission.




Figure 3.12  Ir/Eu dyad prepared by the Ward group59

The Ward group60 has also studied a few examples of Ir(III)/Re(I) dyads in which excited-state energy is transferred from the Ir(III) to the Re(I) centre across a cyanide bridge because the Ir(III) excited state is higher in energy that the Re(I)-based 3MLCT state. In some of these Ir/Re systems cyanide was employed as the bridging ligand to give two different complexes [Ir(F2ppy)2CN(μ-CN)Re(CO)3(phen)] and [Ir(F2ppy)2{(μ-CN)Re(CO)3(phen)}2]. These two complexes show a broad emission at 583 and 580 nm respectively from the Re(I) units, indicating complete quenching of the higher-energy Ir(III)-based emission due to efficient Ir→Re energy-transfer.   
In addition, the Neve group61 has reported another example of a Ir/Re dyad, to show the energy transfer Ir(III)→Re(I) through the bridging ligand  as shown in figure 3.13. 





Figure 3.13 Ir/Re dyads prepared by Neve and co-workers



The luminescence of this complex was recorded in aerated CH2Cl2 at RT and it appears as a broad peak at 623 nm, characteristic of the Re(I)-based 3MLCT emission. However, there is still some residual Ir(III)-based emission meaning that energy-transfer is incomplete. Because of this the quantum yield values for luminescence from the dyad depend on the excitation wavelength, as the Re(I) and Ir(III) units are excited to different relative extent at different wavelengths.  


3-4 Aims of the project 

The aim is to synthesize Ir(III)/ Re(I) dyads and study their photophysical properties using different bridging ligands and their effect on the energy transfer from the Ir to the Re unit. Due to their emission properties which is a mixture of the Ir blue emission and the Re red emission, these complexes have been investigated for use in cell imaging.     

3-5 Results and discussion:
3-5-1 Synthesis of Ir(III)/Re(I) dyads




General structure of Ir3+/Re1+ dyads with bridging ligands of the type pypz-spacer-pypz 





        [Ir(F2ppy)2(Lbut)Re(CO)3Cl]NO3                               [Ir(F2ppy)2(Lm-Tol)Re(CO)3Cl]NO3 
                        (Ir•Lbut •Re)                                                                  (Ir•Lm-Tol•Re)                                   
                                                                                                                                                


      [Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]NO3                                    [Ir(F2ppy)2(Lp-Ph)Re(CO)3Cl]NO3
                    (Ir•Lo-Ph•Re)                                                                          (Ir•Lp-Ph•Re) 
                                                       

          
        [Ir(F2ppy)2(Lm-Ph)Re(CO)3Cl]NO3                                 [Ir(F2ppy)2(L1,5-naph)Re(CO)3Cl]NO3 
                        (Ir•Lm-Ph•Re)                                                                          (Ir•Lnaph•Re)


[Ir(F2ppy)2(LPEG)Re(CO)3Cl]NO3
(Ir•LPEG•Re) 



[Re(CO)3Cl(pypzH)]               [Re(CO)3Cl(Mepypz)]
                                                        (Re•LH)                                      (Re•LMe)

Figure 3.14 Structures of the prepared Ir/Re dyads with different bridging ligands and with the reference Re based compound

All of these newly prepared Ir/Re dyads were synthesized by the overnight reaction between the corresponding mono–iridium(III) complex (see Chapter 2) with excess of Re(CO)5Cl in MeCN solution, to ensure coordination of the {Re(CO)3Cl} unit to the free pyrazolyl-pyridine site of the iridium(III) complex. Scheme (3.15) shows the synthesis of these dyads. These complexes were also purified by column chromatography on silica using MeCN/ aq.KNO3 as an eluent in 98:2 or 99:1 proportions. 
The mononuclear complex [Re(CO)3Cl(Hpypz)] (Re•LH) was prepared by refluxing Re(CO)5Cl and an excess of pypz in MeCN. The overnight reaction gives the crude neutral compound which was purified by washing with hot toluene to remove the unreacted pypz. 
To prepare the reference rhenium(I) compound [Re(CO)3Cl(Mepypz)] (Re• LMe), the starting material Re•LH was reacted with excess of CH3I in MeCN in the presence of a base to deprotonate the pypz ligand. The crude complex was pure enough to be used in photophysical studies. The pure complex could be also obtained by recrystallizing the sample from a CH2Cl2/hexane mixture. Scheme (3.16) shows the syntheses of (Re• LMe) and (Re•LH).  
 


                                                                Ir/Re dyads

Scheme 3.15 The general procedure for dinuclear Ir3+/Re+ complexes preparation



Scheme 3.16   Preparation of mononuclear Re(I) complexes
 


3-5-2 Synthesis of [Ir(F2ppy)2(Lo-Ph)Re(CO)3(py)](PO2F2)2 (Ir•Lo-Ph•py•Re) and [Re(CO)3(py)(Mepypz)]PO2F2 (Re•py•LMe) 




      

[Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2                                    [Re(CO)3(py)(Me-pypz)]PO2F2
(Ir• Lo-Ph•py• Re)                                                              (Re•py•LMe)

Figure 3.17 Ir(III)/Re(I) dyad with substituted pyridine and the (Re•py•LMe) fragment


The two complexes in Fig.3.17 were prepared to see the effect of replacing a chloride ligand coordinated to the Re(I) centre in [Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]NO3 with a pyridine ligand on the photophysical properties of it. The pyridine substituted dyad was synthesized by treating a solution of Ir•Lo-Ph•Re solution with excess of AgPF6 to ensure the removal of the coordinated chloride with the Re centre. After the formation of a white precipitate of AgCl, the pyridine ligand was added in excess to form the desired complex [Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2 which was obtained as pure product by recrystallization from CH2Cl2 /diethyl ether solution, as shown in scheme 3.18.



Scheme 3.18 Pyridine containing complexes

3-6 NMR spectra of the dyads

To characterize all the new dyads 1H-NMR measurements were carried out using deuterated MeCN or MeOH. All of the expected proton signals were found in the aromatic region except for the complexes Ir•Lbut•Re, where a few protons are located at higher field due to the presence of the aliphatic chain in the ligand Lbut structure. The spectra became more complicated for the dyads due to the addition of a chiral Re unit to the chiral Ir moiety, generating (potentially) a mixture of two diastereoisomers. The overall integration of the proton signals reflects the actual number of these protons and suggests the purity of these complexes.  However, the presence of two diastereosiomers is apparent in some cases, resulting in some signals with integral values of (apparently) 0.5, as shown in figure 3.19, which occurs when the two analogous signals between the diastereoisomers are separated. For example: a pyridyl H6 proton appears as a doublet in the spectrum of Ir•Lo-Ph (a), but it looks like a doublet of doublets in the spectrum of Ir•Lo-Ph•Re (b) due to the presence of two doublet signals (intensity 0.5 each) that are overlapping but slightly offset.

[image: ]

Figure 3.19 A comparison between the 1H-NMR spectra of one of the mononuclear iridium complexes (Ir•Lo-Ph ) and the corresponding dyad  (Ir•Lo-Ph•Re), where the spectrum for the latter shows splitting of some signals in to halves (represented by *) due to the presence of two diastereoisomers in the Ir/Re complex

In the complexes (Ir• Lo-Ph•py•Re) and (Re•py•LMe), PF6– was used as the counter ion during the synthesis. However, the ion PO2F2- was actually found in the crystal structures; this is known to arise from hydrolysis of PF6– anions. The presence of the PO2F2- anion was confirmed by the 31P-NMR spectrum as shown in figure 3.20; the phosphorous signal appears as a triplet due to the presence of two neighbouring fluorine atoms and as expected a coupling between P and the two atoms leads to this triplet peak.
[image: ]

Figure 3.20 The triplet signal for the phosphorous atom in both complexes (Ir• Lo-Ph•Re•py) and (Re•py•LMe) as shown by the 31P-NMR spectra


3-7 Mass spectrometry studies

Figures 3.21 show the mass isotope spectrometric patterns of some of the prepared dyads in this chapter Ir•Lo-Ph•Re (A) and Ir•Lbut•Re (B).
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A

[image: ]

                                                                                       B
       
 Figure 3.21 Expansions of mass spectra signals from two dyads Ir•Lo-Ph•Re (A) and Ir•Lbut•Re (B) 
  

3-8 X-ray crystallography

The crystal structures of Ir•Lnaph•Re, Ir•Lp-Ph•Re, Ir•Lo-Ph•Re and Ir•Lm-Ph•Re  have been obtained by X-ray diffraction (Fig. 3.22-3.27).  Crystals of the complexes were grown from MeCN and diethyl ether using the solvent diffusion method.  As we saw in the structures of the mononuclear Ir(III) precursors, the aromatic groups that form the spacers of these bridging ligands are stacked with an F2ppy ligand that is coordinated to the Ir(III) ions. The presence of the {Re(CO)3Cl} unit at the second coordination site in these ligands has a slight effect on this. Their structures reveal the expected octahedral coordination geometry of the Re(I) central ion with the carbonyl groups, chloride and the N^N ligands. The three carbonyl ligands are distributed in a fac arrangement in every case. The bonds lengths of Re with two nitrogen atoms of the N^N ligand are in agreement with the normal bond lengths in complexes of this type (2.16-2.21 Å)53  as shown in tables 3.1-3.6.  The other crystal parameters for these dyads are listed in chapter 5.
 
[image: Fig5_small]
Figure 3.22 Crystal structure of [Ir(F2ppy)2(Lm-Ph) Re(CO)3Cl]NO3

Table 3.1 Selected bond lengths of [Ir(F2ppy)2(Lm-Ph) Re(CO)3Cl]NO3

	Bond
	Bond length (Å)
	Bond
	Bond length (Å)

	Ir(1)–C(26B)
	2.005(7)
	Re(2)–C(21D)
	1.909(8)

	Ir(1)–C(26C)
	2.013(7)
	Re(2)–C(31D)
	1.917(7)

	Ir(1)–N(11C)
	2.046(5)
	Re(2)–C(11D)
	1.977(10)

	Ir(1)–N(11B)
	2.048(5)
	Re(2)–N(42A)
	2.175(5)

	Ir(1)–N(22A)
	2.150(5)
	Re(2)–N(31A)
	2.205(5)

	Ir(1)–N(11A)
	2.169(5)
	Re(2)–Cl(1)
	2.487(2)

	Ir(1)–Re(2)
	9.81
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Figure 3.23 Crystal structure of [Ir(F2ppy)2(Lp-Ph) Re(CO)3Cl]NO3


Table 3.2 Selected bond lengths of [Ir(F2ppy)2(Lp-Ph) Re(CO)3Cl]NO3

	Bond
	Bond length (Å)
	Bond
	Bond length (Å)

	Ir(1)–C(26C)
	1.985(6)
	Re(1)–C(21D)
	1.907(6)

	Ir(1)–C(26B)
	2.002(6)
	Re(1)–C(11D)
	1.921(7)

	Ir(1)–N(11B)
	2.047(5)
	Re(1)–C(31D)
	1.943(7)

	Ir(1)–N(11C)
	2.054(5)
	Re(1)–N(42A)
	2.177(5)

	Ir(1)–N(22A)
	2.127(5)
	Re(1)–N(31A)
	2.196(5)

	Ir(1)–N(11A)
	2.152(5)
	Re(1)–Cl(1)
	2.4770(15)

	Ir(1)–Re(2)
	9.75




[image: Fig4_small]

Figure 3.24 Crystal structure of [Ir(F2ppy)2(Lo-Ph) Re(CO)3Cl]NO3

Table 3.3   Selected bond lengths of [Ir(F2ppy)2(Lo-Ph) Re(CO)3Cl]NO3

	Bond
	Bond length (Å)
	Bond
	Bond length (Å)

	Ir(1)–C(26B)
	2.012(4)
	Re(2)–C(31D)
	1.910(4)

	Ir(1)–C(26C)
	2.013(4)
	Re(2)–C(21D)
	1.930(4)

	Ir(1)–N(11B)
	2.047(3)
	Re(2)–C(11D)
	1.954(5)

	Ir(1)–N(11C)
	2.053(3)
	Re(2)–N(42A)
	2.174(3)

	Ir(1)–N(22A)
	2.166(3)
	Re(2)–N(31A)
	2.199(3)

	Ir(1)–N(11A)
	2.168(3)
	Re(2)–Cl(1)
	2.4824(12)

	Ir(1)–Re(2)
	8.84
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Figure 3.25   Crystal structure of [Ir(F2ppy)2(L1,5-naph) Re(CO)3Cl]NO3

Table 3. 4   Selected bond lengths of [Ir(F2ppy)2(L1,5-naph) Re(CO)3Cl]NO3

	Bond
	Bond length (Å)
	Bond
	Bond length (Å)

	Ir(1)–C(26B)
	2.020(3)
	Re(2)–C(11D)
	1.902(8)

	Ir(1)–C(26C)
	2.025(3)
	Re(2)–C(31D)
	1.915(9)

	Ir(1)–N(11B)
	2.035(3)
	Re(2)–C(21D)
	1.916(9)

	Ir(1)–N(11C)
	2.038(3)
	Re(2)–N(42A)
	2.136(3)

	Ir(1)–N(22A)
	2.109(3)
	Re(2)–N(31A)
	2.196(3)

	Ir(1)–N(11A)
	2.174(3)
	Re(2)–Cl(1)
	2.470(2)

	Ir(1)–Re(2)
	9.73



The crystal structures of both pyridine-containing complexes Ir•Lo-Ph•py•Re and Re•py•LMe (Fig. 3.26 and 3.27) have also been obtained by X-ray diffraction; crystals were obtained from CH2Cl2 /diethyl ether using the solvent diffusion method. 
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Figure 3.26 Crystal structure of [Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2

Table 3.5 Selected bond lengths of [Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2

	Bond
	Bond length (Å)
	Bond
	Bond length (Å)

	Ir(1)–C(26C)
	1.995(8)
	Re(2)–C(31D)
	1.913(9)

	Ir(1)–C(26B)
	2.016(8)
	Re(2)–C(11D)
	1.916(8)

	Ir(1)–N(11C)
	2.045(7)
	Re(2)–C(21D)
	1.939(9)

	Ir(1)–N(11B)
	2.053(6)
	Re(2)–N(42A)
	2.174(6)

	Ir(1)–N(22A)
	2.148(6)
	Re(2)–N(31A)
	2.175(7)

	Ir(1)–N(11A)
	2.170(7)
	Re(2)–N(61A)
	2.192(7)
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Figure 3.27   Crystal structure of [Re(CO)3(py)(Me-pypz)]PO2F2
Table 3.6 Selected bond lengths of [Re(CO)3(py)(Me-pypz)]PO2F2

	Bond
	Bond length (Å)

	Re(1)–C(31C)
	1.911(8)

	Re(1)–C(21C)
	1.917(8)

	Re(1)–C(11C)
	1.924(9)

	Re(1)–N(22A)
	2.170(6)

	Re(1)–N(11A)
	2.190(6)

	Re(1)–N(11B)
	2.222(6)





3-9 Photophysical studies of Ir3+/Re1+ dyads
3-9-1 UV/Vis. spectra 

The absorption spectra of the dinuclear complexes look similar to each other as shown in figure 3.28 compared to the mononuclear Ir(III) complexes from which they are derived.  Thus, the Ir(III)-based absorption bands could overlap with the Re(I)-based absorption bands in the same region (360 nm), with overlap between the LC/MLCT states for the Ir(III) and the Re(I) units respectively, making the excitation of each unit separately unachievable.  While table 3.7 summarises absorption maxima and extinction coefficients for all complexes. 
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Figure 3.28 UV/Vis. spectra of the (Ir•Lo -Ph ),  (Re•LMe)  and  (Ir•Lo -Ph•Re) complexes in MeCN (arbitrary concentrations).

Table 3.7 Extinction coefficients of the complexes in MeCN and CH2Cl2b

	Complex
	λmax / nm (10-3ɛ /M-1 cm-1)

	Re• LMe
	337 (4.9),  305 (sh), 295(13),  280(12),  250 (sh), 220 (29)

	Re•py•LMe
	359(1.7), 330(4.2), 300(12), 256 (15)

	Ir•Lbut•Re
	360 (7.0),  295(34),  246(63)

	Ir•Lnaph•Re
	360 (8.0), 290 (53),  278 (53),  246 (72)

	Ir•Lm-Tol•Re
	360 (8.3), 295 (39), 246 (69)

	Ir•Lo-Ph•Re
	360 (7.5), 295 (37), 246 (67)

	Ir•Lm-Ph•Re
	360 (7.0), 295 (33), 246 (62)

	Ir•Lp-Ph•Re
	360 (7.2), 295 (35), 246 (61)

	Ir•LPEG•Reb
	360 (11), 295 (46), 280 (54), 246 (780)

	Ir• Lo-Ph • py• Re
	361(6.9) , 420(345)




3-9-2 Emission spectra of the Ir (III)/Re(I) dyads 

In Re (I) mononuclear model complex Re•LMe, the 3MLCT luminescence appears as broad featureless spectrum at λmax = 530 nm and a lifetime of 245 ns in deaerated MeCN.  At 77 K in frozen glassy solvent (4:1 EtOH: MeOH) the luminescence is blue-shifted to 470 nm, giving an energy 21,276 cm-1 for the triplet excited state.  This may be compared with the triplet excited state energy of the Ir(III) unit on its own which is 22,200 cm-1 62-64. These values suggest that the energy transfer from the Ir(III) moiety to the Re(I) moiety is possible due to small energy gradient of ca. 700 cm-1. However, a back energy transfer at ambient temperature is also possible due to the small difference between the two energy values which leads to the IrRe energy-transfer being incomplete: to prevent any back energy-transfer, and have complete energy-transfer at room temperature, a gradient of ca 2000 cm-1 is normally required.    
The luminescence spectra of the dinuclear complexes shows two significant peaks at the higher energy region, below 500 nm, which are characteristic of vibrationally-resolved emission from the monoiridium(III) fragment.  The lower-energy Re(I)-based luminescence appears as a broad shoulder at ~550 nm, on the lower-energy side of the Ir-based emission features. Figure 3.29 shows the emission spectra of some of these dyads with the emission spectra of the correspondent mononuclear iridium complexes and the rhenium unit: these have been normalised against the emission intensity at 452 nm.  It is worth mentioning that quenching of the Ir-based emission occurs in the dinuclear complex Ir•Lnaph•Re by the naphthyl spacer and this was proved previously in a similar study by the Ward group59.  Furthermore, the emission of Re moiety also could be quenched by this spacer due to its triplet excited state energy, which is 21,200 cm-1, being close in energy to that of the Re fragment. Therefore, this naphthyl spacer has the ability to quench luminescence from the metal centres so is not included in the subsequent discussion.
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 Figure 3.29 (A) Emission for mononuclear iridium complexes Ir•Lbut, Ir•Lo-Ph  and Ir•Lm-Tol  , (B) emission of Re-based (Re•LMe) and (C) emission of correspondence dyads Ir•Lbut•Re , Ir•Lo-Ph•Re and  Ir•Lm-Tol•Re  at RT in aerated MeCN and using the excitation wavelength 360nm,  normalization to the highest energy peak at 452nm has been done for all the spectra 
 

These dinuclear compounds show quantum yields up to 0.03 which were measured in aerated MeCN and CH2Cl2 against the same reference compound that is used for the mononuclear Ir(III) complexes and calculated using the same equation mentioned in chapter 2. These quantum yields are low in comparison with those for the mononuclear Ir compounds which are typically > 0.10 63, 64.  Individual quantum yields for Ir-based or Re-based emission cannot be measured due to the overlap of their luminescence profiles (tables 3.8 and 3.9).
Due to the emission spectral overlap of the Ir and Re units, it was difficult to study the energy transfer in these Ir/Re dyads because excitation at 360 nm affects both fragments. Nonetheless, it is obvious that the intensity of the Ir-based emission is much lower than it is in mononuclear Ir(III) complexes so some quenching must be occurring by Ir-Re energy-transfer. Therefore, the EnT could be investigated by two ways:
1- Time-resolved measurements indicate a decrease in the lifetime of the Ir-based emission, from which energy-transfer rates can be calculated. The energy-transfer was measured indirectly from the Re rise-time according to the following equation:
KEnT= 1/ τq - 1/ τu
KEnT: Energy transfer rate 
τq:  Quenched life time of Ir(III)
τu: Unquenched life time of Ir(III)

2- Time-resolved measurements also reveal a rise time (grow-in) which is ascribed to sensitisation of the Re-based emission component, again indicative of Ir-Re EnT.  This lifetime was measured in the 550-600 nm region, where the Re-based emission dominates, to allow it be detected easily without interference from Ir-based emission decay.  This grow-in is followed by a decay which has a lifetime of hundreds of ns depending on the spacer. Figure 3.30 shows the growth in the 550-600 nm luminescence in two of these dyads. 

[image: ]
 
Figure 3.30 Time-resolved emission intensity of Ir•Lbut•Re and Ir•Lm-Tol•Re at (500-550 nm), in deaerated MeCN and at RT, showing the grow-in that suggests the EnT from Ir→Re
 

It is worth mentioning that this grow-in does not appear upon exciting mononuclear [Re(CO)3Cl(Me-pypz)], which confirm its formation due to the EnT from the Ir to Re unit. The grow-in in the Re emission with a phenyl spacer Ir•Lo-Ph•Re is the same as the decay time of the Ir unit which is about 100 ns, which makes the EnT rate constant for these dyads about 107 s-1.  On the other hand, the dyad Ir•Lbut•Re gives a shorter grow-in time for the sensitised Re-based emission of about 13 ns, which affords a faster Ir-Re EnT rate constant of about 8x107 sec-1.  This faster energy-transfer is likely due to the shorter link provided by the butane-diyl bridge between the two pypz fragments, as energy-transfer rates are highly sensitive to distance. Furthermore, the energy transfer in Ir•Lo-Ph•Re appears to be slower, due to the distance between the four carbon atoms in each ligand. In other words, a longer bridging ligand chain causes slower energy transfer. This was also confirmed by the crystal structure of Ir•Lbut which suggests a compact conformation provided by the butane bridge that brings the pypz closer together64, accounting for the higher EnT rate. The lifetime of the subsequent Re-based emission decay appears to be in the range 250-400 ns, which is in agreement with the Re unit in the mononuclear model complex Re•LMe.  
The energy transfer in these dyads occurs according to a Dexter mechanism65, which depends on the overlap between the luminescence spectra of the donor and the UV-Vis spectra of the acceptor. It is clear from figure 3.31 that only a small overlap exists, represented by the blue arrow, between these two spectra in the region 400-450 nm.


[image: Fig12]

Figure 3.31 Shows the small overlap between the Ir-based emission (Ir•Lp-Ph) and the Re-based absorption (Re•LMe)

The EnT at 77 K was examined by obtaining the lifetime at the same temperature for (Ir•Lo-ph•Re) but this was inconclusive. The luminescence decay was very slow 5-10 μs, as expected due to rigidochromism, and crucially we could not detect any grow-in of sensitised luminescence. This is probably because the strong blue-shift of Re-based emission at 77 K results in it moving such that it fully overlaps with the more intense Ir-based emission and the grow-in is therefore masked.
Also the Ir-Re energy transfer was studied for the dyad Ir•LPEG•Re, with the flexible poly(oxo-ethylene) spacer, in different solvents.  Similar systems based on Ru/Os and Ru/pyrene donor and acceptor units have been studied by the Ward group also66-68.  In this complex the conformation of the poly(oxo-ethylene) chain is known to be solvent-dependent, which means that the Ir-Re separation and hence energy-transfer rate could be controlled by changing the solvent polarity.
The absorption and the emission spectra of this complex were measured in MeCN, and showed similar behaviour to the other dyads. The Re-based emission lifetime shows a rise time of 35 ns, suggesting that the Ir-Re energy transfer rate is ca. 3x107 sec-1, comparable to the other complexes with different bridging ligands. 
The emission spectra of this dyad in different solvents are shown in figure 3.32, and these demonstrate the effect of the solvent polarity on the ligand conformation and hence the Ir-Re EnT.  In CH2Cl2 we can see that the Re-based emission component has the highest intensity out of all solvents studied, which suggests that in CH2Cl2 (which is quite non-polar) the Ir and Re units are close to each other due to a compact, folded conformation of the poly(oxo-ethylene) chain and that leads to high EnT. In more polar solvents, for example MeCN, the overlaid spectra show a decrease in the emission intensity of the Re-based component and hence less Ir-Re EnT is occurring.  This effect is greater when the solvent becomes more polar, for example in MeOH / H2O or MeCN / H2O mixtures, which leads to conclude that sensitisation of Re moiety by the Ir is reduced due to the opening of poly-oxo-ethylene bridge in a polar solvent67.
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Figure 3. 32 Emission spectra of the mononuclear Ir•LPEG in MeCN and Ir•LPEG•Re emission in different solvents. CH2Cl2, MeCN, MeOH, MeCN (90%)/H2O (10%), MeCN (80%)/H2O (20%) and H2O,. Normalisation was done to the spectra to the highest energy value at 452 nm. The inset shows the difference between Ir•LPEG  emission spectra in MeCN and that one for Ir•LPEG•Re  in CH2Cl2.  The spectra also depicts the sensitised Re-uint luminescence that matches the emission spectrum of Re·LMe

[image: ]Further proof of the reduction of Ir-Re energy transfer in more polar solvents is given by the absence of the growth in the lifetime trace in H2O if compared with that one appears in MeCN, as shown in figure 3.33. 
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Figure 3.33 Shows lifetime- resolved curves of Ir•LPEG•Re dyad in MeCN (A) and in H2O (B) . The growth is obvious in curve (A) which reflects the EnT from Ir→Re in the less polar solvent (MeCN).  While, curve (B) shows no rise in the trace due to increase of solvent polarity and as a result less energy transfer could be suggested.

Table 3.8 Luminescence data for the dinuclear complexes in aerated MeCN (a) and CH2Cl2 (b) 

	Ir3+/Re1+ Dyads

	   λmax / nm
  (excitation)
	Φ
	λmax / nm
         (emission)
	τ (ns) (aerated)                            rise       decay

	Ir(F2ppy)2(Lbut)Re(CO)3Cl]NO3
	360
	0.0088a
	453, 485, 517and 550
	10            62

	[Ir(F2ppy)2(L1,5-naph)Re(CO)3Cl]NO3
	360
	0.0014 a
	---
	--                --

	[Ir(F2ppy)2(Lm-Tol)Re(CO)3Cl]NO3
	360
	0.014 a
	453, 482, 517 and 550
	38	109

	[Ir(F2ppy)2(Lp-Ph) Re(CO)3Cl]NO3
	360
	0.014 a
	452, 482, 517 and 550
	29	105

	[Ir(F2ppy)2(Lo-Ph) Re(CO)3Cl]NO3
	360
	0.012 a
	452, 481,  517 and 550
	31      	   103

	[Ir(F2ppy)2(Lm-Ph)Re(CO)3Cl]NO3
	360
	0.011 a
	453, 481,  516 and 550
	44 	97

	[Ir(F2ppy)2(LPEG)Re(CO)3Cl]NO3
	360
	0.036 b
	452, 482, 515 and 550
	26	81

	[Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2
	360
	0.032 a
	452, 481,  515 and 550
	--   260




Table 3. 9 Luminescence lifetimes for Ir/Re dyads in degassed MeCN at RT

	Complex
	Rise-time
	Decay

	Ir•Lbut•Re
	13 nsa
	259 nsb

	Ir•Lm-Tol•Re
	126 nsa
	378 nsb

	Ir•Lo-Ph•Re
	94 nsa
	328 nsb

	Ir•Lm-Ph•Re
	92 nsa
	320 nsb

	Ir•Lp-Ph•Re
	108 nsa
	378 nsb

	Ir•LPEG•Re
	35 nsa
	265 nsb



a    Re-based growth-time due to EnT from Ir to Re 
b    Emission decay of Re-based
	


3-9-3 Replacement of the chloride ligand with a pyridine ligand 

Replacement of the chloride ligand coordinated to Re(I) by a pyridine ligand is expected to make a significant difference to the photophysical properties.  The resulting blue-shifted emission is obvious in Re•py•LMe compared with Re•LMe as shown in figure 3.34. The lifetimes trace of the complex [Ir(F2ppy)2(Lo-Ph)Re(CO)3(py)](PO2F2)2 shows there is no Re- based rise but a long lived decay was noticed with 260 ns in comparison with the complexes with chloride ligand and this is in agreement with the literature31, 43.
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Figure 3.34 Luminescence spectra of Re•py•LMe and Re• LMe in aerated MeCN and at RT shows the blue shifted in Re•py•LMe  emission 

The emission spectrum of [Ir(F2ppy)2(Lo-Ph)Re(CO)3(py)](PO2F2)2, likewise containing a pyridine instead of a chloride ligand, does not show such obvious blue shifted emission in comparison with the parent complex Ir•Lo-Ph•Re as shown in figure 3.35. This is due to the overlap between emission spectra of the Ir and Re units, which makes it is difficult to notice the blue shift in emission of the (much weaker) Re-based component which is obscured by the more intense Ir-based emission component. The lifetime trace for the dyad does not show any grow-in as mentioned earlier, which implies either that the energy transfer Ir →Re is very fast, or that the close overlap between Ir-based and Re-based emission makes it impossible to detect the grow-in of the Re-based component.
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Figure 3.35 Emission spectra of Ir• Lo-Ph •Re•py and Ir•Lo-Ph•Re in aerated MeCN and at RT shows unclear blue shifted emission of the complex Ir• Lo-Ph •Re•py in comparison with Ir•Lo-Ph•Re

It is worth mentioning that the quantum yields for the emission from these complexes are higher than for the chloride-containing ones, which agrees with the literature31. 

3-10 Cell imaging studies

Cell images were obtained for the dyads Ir•Lo-Ph•Re and Ir•Lo-Ph•py•Re by PhD student Bethany Crowston. To increase the solubility of Ir•Lo-Ph•Re in water the nitrate counter ion was switched for chloride. This conversion was carried out by adding a solution of tert-butylammonium chloride in acetone to a solution of [Ir(F2ppy)2(Lo-Ph) Re(CO)3Cl]NO3. The resulted precipitate was filtered. 
Cellular uptake was initially investigated using U-2OS cells as shown in figure 3.36. Images were obtained using a widefield microscope.
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Figure 3.36  U-2OS cells images using both [Ir(F2ppy)2(Lo-Ph) Re(CO)3(py)](PO2F2)2 ( top ) and [Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]Cl (bottom) using a widefield microscope (excitation source is Xenon arc lamp).  Left) control cells 0.25% DMSO only in DMEM for 4hr,  middle) the two complexes with the concentration 5 μM for 4hr,  right) the two complexes with the concentration 25 μM, 4hr

The two complexes were incubated in the cells with two concentrations 5 μM and 25 μM for 4hr. Images for complex Ir• Lo-Ph •Re•py were recorded using  490-505 nm (coloured in green) and images for the complex Ir• Lo-Ph •Re were recorded using 450-470 nm (shown in magenta). Control cells were incubated with 0.25% DMSO in DMEM for 4hr, a small amount of auto-fluorescence was observed (450-470 nm).
After incubating both complexes for 4hr at 5 μM in DMEM, the staining was located to the cell cytoplasm. At 25 μM, a small amount of cytoplasmic staining was observed for small incubations and a nuclear staining in small amount is also visible. 
For further investigation about this nuclear staining to see if it is due to the breakdown of the nuclear membrane, a co-stain with propidium iodide could be carried out, where this propidium iodide is used to test the viability of the cell; while it cannot cross the membrane of healthy cells.
In both cases the cells that were incubated with Ir•L•Re show a significantly brighter emission in comparison with that one observed from unstained cells (control, 0.25% DMSO in DMEM). 
For more detailed time/ dose experiments the [Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]Cl complex was selected and investigated at longer incubation times (up to 24hr). HeLa cells were incubated with different concentrations (2μM, 5 μM and 10 μM) of Ir•Lo-Ph•Re at also different time scales (2, 4 and 24hr) as shown in figure 3.37. 

[image: ]

Figure 3.37 Shows representative images of cell stained with [Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]Cl at the most successful time/ does combination


These cells were incubated with the lower concentration (2μM) which was not significantly brighter if compared with the control samples, even at longer incubation time (24hr). While, the other higher concentrations (5 μM and 10 μM) at short incubation time 2-4 hrs gave a bright punctate staining in all cytoplasms.
Moreover, at higher concentrations (10 μM) and long incubation times (24hr) the cell number was reduced and the shape of the cells changed also. This could be due to the complex Ir•Lo-Ph•Re toxic effect on the cells at higher concentration.
For further work, a toxicity assay using the same time/ dose combination could be carried out.   





3-11 Conclusion

The mononuclear Ir(III) complexes with different spacers reported in Chapter 2 were used to form dinuclear Ir/Re dyads when they were reacted with [Re(CO)5Cl]. Their formation was confirmed by NMR spectroscopy, mass spectrometry, elemental analysis and X-ray crystallography (for selected examples). Their photophysical properties such as UV/Vis absorption and both steady-state and time-resolved luminescence, have been studied. The occurrence of photoinduced IrRe energy transfer was clear, from both (i) substantial quenching of the Ir-unit emission component, and (ii) the presence of a grow-in on the sensitised Re-based emission component. The EnT has been studied also for the complex Ir•LPEG•Re in different solvents to see the effect of solvent polarity on the bridging ligand conformation, which affects EnT rates, with less polar solvents leading to shorter Ir–Re separations (and more EnT) due to a more folded conformation of the poly(oxo-ethylene) chain, and more polar solvents resulting in a more extended conformation which reduced IrRe energy transfer.  Replacement of the chloride ligand on the Re(I) unit with a pyridine ligand resulted in a blue-shift of the Re-based emission component and also improved the water solubility of the complex which may be useful for cell imaging purposes.
The cell imaging was done using two dyads Ir•Lo-Ph •Re and Ir• Lo-Ph •Re•py and two kids of cells U-2OS and HeLa cells. The U-2OS cells were incubated with the two complexes at various concentrations 5 μM and 25 μM for 4hr and in both concentrations a cytoplasmic staining was observed.
The incubation time was increased up to 24hrs and also different concentrations of the Ir• Lo-Ph •Re complex was used and it was found that all the concentrations even the higher one gave a bright emission with short incubation time. While, at a high concentration and longer time the cell shape was changed which suggests the toxicity effect of this complex on these cells at higher concentrations.
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Chapter 4

Mononuclear Os(II) complexes and Ir/Os dyads  













4- Introduction
4-1 Luminescent mononuclear Os(II) complexes with polypyridine ligands

Due to the rigid stable structure, and the arrangement of the two nitrogen atoms in 2,2’-bipyridine molecule it is a well-established chelating ligand to form diimine complexes with different metal ions1 . Bipy ligands can be modified at the C2 – C6 positions of the initial 2,2’-bipyridine structure by incorporating a wide range of substituents or even additional pyridine rings, allowing polypyridine ligands to be formed2. Figure 4.1 shows two of the larger polypyridine ligands 3.  



 
Figure 4.1 Examples of bipy containing ligands

In addition, coordinated bipy is redox active, accepting electrons to generate a coordinated mono- and then di-anion, because of its low-lying LUMO orbital.  At negative potentials, such bipy mono- and di-anions are readily accessible.  Figure 4.2  illustrates these structures4, 5.




Figure 4.2 One-electron and two-electron reduced forms bipy

Diimine complexes of the d6 metal ion Re(I), Ru(II) and Os(II) 6 possess interesting optical properties and luminescence in the visible region, which  usually comes from a 3MLCT (d→π*)7, 8 excited state.  Strong spin-orbit coupling enhances the formation of the triplet excited states which result in long-lived phosphorescent emission with lifetimes of hundreds of nanoseconds to microseconds. Therefore, these complexes have been used in different research areas especially in the fabrication of OLEDs and in cell imaging9.
In Os(II) polypyridine complexes the luminescence is often weak and low energy compared to analogous Ru(II) complexes, due to the small energy gap between the HOMO and LUMO which encourages non-radiative decay10, 11(Fig. 4.3). Therefore, osmium(II) complexes often have shorter luminescence lifetimes and lower quantum yields compared to similar Ru(II) complexes12. Despite these drawbacks, osmium(II) diimine complexes have been used, for example, in cell imaging due to their emission in the near - infrared region which can penetrate through body tissues.  The low-energy excitation requited to achieve this allows avoidance of the use of the UV light for excitation which can cause cell damage 13.  
[image: ]
Figure 4.3 Shows the low HOMO-LUMO gap in Os2+ diimine complexes in comparison with the high one for analogues Ru2+ complexes

In addition, in such complexes the availability of other excited states at RT such as 3MC or 3LC states can deactivate the 3MLCT excited state.  In order to improve the emission, special ligands such as cyclometalating ones instead of the bipy have been used to raise the energy of  the 3MC state, which increases the gap between 3MC and 3MLCT and helps to prevent non-radiative decay14. In addition, strong field ligands such as CO and phosphines15 can be used as ancillary ligands in polypyridine Os2+ complexes to have a similar effect on improving luminescence. An example was reported by Martin and co-workers who show a significant lengthening of the emission lifetime to 0.50 μs for the complex [Os(bipy)2(Ph2PCH=CHPPh2)]2+ with a strong π acceptor ligand compared to [Os(bipy)3]2+ which has a lifetime of just 0.02 μs16. Using such ligands will ensure a low HOMO level which results in more blue shifted emission, and a high-energy 3MC state which helps prevent non-radiative decay via a d-d excited state. 

Osmium complexes with bipy and negatively charged ligands such as cyanide or halides typically show very weak luminescence. Conversely one example using isocyanoborate as a π acid ligand resulted in an enhancement of quantum yield as reported by the Ko group17.  Figure 4.4 shows examples of these complexes. 



                                          Φ= non-luminescent                                          Φ= 0.03  

Figure 4.4 Cyanide and isocyanoborate osmium(II)/bipy complexes17

Both neutral and positively charged complexes such as [Os(bipy)3]2+ have been used for OLED construction and in electroluminescent devices18. Malliaras et. al. have replaced one bipy ligand with also cis-1,2-bis(diphenylphosphino)ethylene ligand to give a neutral complex with intense luminescence and high quantum yield19. [OsI2(CO)2bipy] has been prepared due to their intense emission at ambient temperature and could be exploited in OLED fabrication20.     
The Chi group21 have reported neutral red emitting osmium complexes that are better to use as OLEDs in comparison with the charged complexes. An example is [Os(fppz)2(PPh2Me)2] with emission at λmax= 617 nm. Figure 4.5 shows this complex.





Figure 4.5 Neutral osmium complex used in OLEDs

Due to the similarity between Ru and Os chemistry, researchers have tried to prepare Os(II) complexes with similar structures and ligand sets to the well- known Ru(II) analogues22. There are important differences however: Os(II) shows stronger spin-orbit coupling than Ru(II) and its complexes are more kinetically inert23.  The procedure used to prepare [Ru(bipy)2Cl2] has been used also to prepare [Os(bipy)2Cl2] which is a common starting material for complexes containing the {Os(bipy)2}2+ fragment. [Os(bipy)2Cl2] can also be prepared by different methods using a range of starting materials such as OsCl3, K2OsCl6 and (NH4)2OsCl6 which react with the bipy ligand in the presence of the reducing agent sodium dithionate to form the Os2+ ion24, 25.  [Os(bipy)2Cl2] can exist as either of two isomers, cis or trans 26. 

4-2 Energy transfer in Ru/Os complexes

Os(II) complexes with polypyridine ligands have been widely used as components of polynuclear complexes in which rigid bridging ligands act as spacers between two or more metal centres27, 28. Such complexes have been of interest because of the occurrence of photoinduced energy transfer between two different metal centres, and well-known examples of this are dinuclear Ru(II)/Os(II) complexes based on polypyridine ligands such as 1,10-phenanthroline or 2,2-bipyridine29. 
Following the early work concerning energy-transfer across rigid bridging ligands, Balzani and co-workers30 have reported the energy transfer in Ru/Os dyads using 2,3-dpp and 2,5-dpp bridging ligands as shown in figure 4.6. An example of these complexes is [(bipy)2Ru(μ-2,5dpp)Os(bipy)2]4+ which shows an emission at λmax 968 nm,  that related to the Os unit based emission [Os(bipy)2(μ-2,5-dpp)]2+ and suggests the efficient EnT from the Ru to Os as the Ru based emission is more blue shifted and appears at  λmax 771 nm  . 


                                          [(bipy)2Ru(μ-2,5dpp)Os(bipy)2]4+

Figure 4.6 Ru/Os dyad prepared by the Balzani group30

The Ward group31 have studied EnT in Ru/Os dyads  based on a flexible ligand (as shown in figure 4.7(A)) which contains a poly(oxo-ethylene) flexible chain connecting the two termini, allowing the Ru—Os separation to be adjusted by changing the polarity of the solvent, as this affects the degree of folding of the bridging ligand. The luminescence from this dyad has been studied in different solvents and shows the same two broad peaks regardless the solvent polarity, although the relative intensities change. The first peak appears between 600-606 nm and it represents the Ru2+-based emission while the second is between 710-715 nm and is related to the Os2+-based emission (Fig 4.7(B)). When the solvent polarity increases, opening out of the poly(oxo-ethylene) chain increases the Ru—Os separation and reduces the extent of Ru→Os energy-transfer; thus the Ru(II) luminescence is more intense (less quenched) and Os(II) luminescence is less intense as it is not sensitised so well.  Conversely in low-polarity solvents the the poly(oxo-ethylene) chain folds up and the Ru—Os separation decreases, leading to better Ru→Os energy-transfer with stronger sensitised Os-based emission.  In addition, Ru→Os energy-transfer could also be confirmed using time-resolved measurements from the grow-in which appears on the Os-based luminescence component. 


A
[image: ]
B

Figure 4.7 (A) Ru/Os dyad prepared by the Ward group with its emission in different ratios of polar (CH3OH) and non-polar (CH2Cl2) solvents (B). In the latter graph the solvents ratios are (i) net (CH3OH) , (ii) 20:80(CH2Cl2 : CH3OH) , (iii) 40:60(CH2Cl2 : CH3OH) , (iv) 60:40(CH2Cl2 : CH3OH) , (v) 80:20 (CH2Cl2 : CH3OH) and (vi)  net (CH2Cl2 ). The emission of this dyad was normalizes to the Os2+ unit luminescence, adapted from ref.31 with permission of the Royal Society of Chemistry

Credi et .al.,32 have reported a Ru(II)/Os(II) dyad using phenylecetylene as a spacer group between two bipyridyl termini in a bridging ligand which connects the two centres (Fig.4.8). As in other Ru(II)/Os(II) dyads, the luminescence shows only osmium-based emission only at 780 nm because the Ru(II)-based emission is quenched by energy-transfer through the conjugated ligand skeleton.  In addition a clearly-detectable rise time at the beginning of the time-resolved luminescence profile is consistent with sensitisation of Os(II)-based emission by energy transfer from Ru(II) to Os(II) . 



Figure 4.8 Os/Ru dyad prepared by the Credi group32 

In a similar way, the Ir/Os dyad in Fig. 4.9 shows the same emission behaviour as the Ru/Os systems, with only Os(II) emission being visible in each case. This Ir/Os complex is based on a spirobifluorene bridging unit in which the two halves are mutually perpendicular and connected via a saturated interface. Despite this, excitation at 390 nm leads to efficient quenching of the Ir(III)-based emission because of energy transfer to the Os(II)-based centre which has a lower-energy emissive excited state. The occurrence of Ir(III)—Os(II) energy-transfer in this dyad was confirmed by the presence of a grow-in, with τ = ca. 2 ns, on the Os-based emission component33. 


[image: ]
A                                                                          B

Figure 4.9  (A) structure of Ir/Os dyad,  (B) the luminescence of (----- Ir/Os) dyad, (----- Os/L) and (----- Ir/L) mononuclear complexes in degassed MeCN at RT at λexci. 390nm. Adapted with permission from ref.33
4-3 Aims of the project 

Photoinduced energy-transfer between two metal centres, particularly in Ru(II)/Os(II) dyads, has been of great interest.  However, there are very few studies in the literature about the synthesis and the study of energy transfer in Ir(III)/Os(II) dyads; therefore, a series of these has been prepared with the aim of studying their photophysical properties, and in particular the energy transfer between the two units. 

4-4 Results and discussion
4-4-1 Synthesis of [Os(2,2-bipy)2Cl2]

The complex [Os(bipy)2Cl2] was synthesized according to a procedure in the literature34, 35. Different osmium starting materials, such as OsCl3 and K2OsCl6 with different oxidation states (Os3+ and Os4+) were reacted with excess 2,2-bipyridine in DMF solution. This step was followed by adding the reducing agent sodium dithionate to form the purple complex [Os(bipy)2Cl2]. It is worth mentioning that the use of osmium in various oxidation states does not affect the final product which will be with the oxidation state (2+) due to the use of the reducing agent.

4-4-2 Synthesis of mononuclear osmium(II) and dinuclear iridium(III) /osmium(II) complexes

Scheme 4.10 shows the synthesis of mononuclear osmium(II) complexes and the Ir/Os dyads. The synthesis is based firstly on the reaction between the prepared [Os(bipy)2Cl2] and the ditopic pypz-based ligands containing different spacers, in a high boiling-point solvent to form the olive green mononuclear Os(II) complexes [Os(L)(bipy)2]2+ in which the ligands L (containing two bidentate chelating sites) are coordinated to a {Os(bipy)2}2+ unit at only one terminus.  This reaction could be carried out either under normal reflux conditions under nitrogen, or using the microwave reactor: ligand substitution reactions involving Os(II) need harsh conditions because of the high kinetic inertness of Os(II).


Scheme 4.10 Synthesis of the mononuclear Os(II) and the dinuclear Os(II)/Ir(III) complexes

The mononuclear Os(II) complexes were then reacted with the iridium dimer [Ir2(F2ppy)4-(μ-Cl)2] in CH2Cl2 / CH3OH to form the Os(II)/Ir(III) dyad, in which the Ir(III) unit attaches to the pendant binding site of the ligand L. Both the mononuclear Os(II) complexes and the dinuclear Ir/Os dyads were purified on silica using MeCN/H2O/satu.KNO3 (90:10, 92:8, 93:7 and 94:6) in different ratios. This purification was carried out twice to get the final pure complexes. The purification was followed by salt metathesis to convert them to the PF6- salts. Figure 4.11 depicts the prepared dyads. 
 


       [Os(bipy)2 (Lbut) Ir(F2ppy)2](PF6)3                                                  [Os(bipy)2 (Lo-Ph) Ir(F2ppy)2](PF6)3
                  (Os • Lbut •Ir)                                                                                           (Os •Lo-Ph • Ir)



[Os(bipy)2(Lm-Tol) Ir(F2ppy)2](PF6)3                                              [Os(bipy)2(Lm-Ph)Ir(F2ppy)2](PF6)3                                   
(Os•Lm-Tol • Ir)                                                                                    (Os •Lm-Ph • Ir)

Figure 4.11 Structures of the prepared Ir/Os dyads

4-5 1H-NMR spectra of the mononuclear Os(II) complexes and the dyads

To characterize all the new complexes, mass spectrometry, elemental analysis and 1H- NMR spectroscopy were used. The NMR spectra of the Ir/Os dyads are very complicated in comparison with the mononuclear Os(II) complexes. In a similar way to the Ir/Re dyads, these dinuclear complexes containing two chiral centres could generate a mixture of diastereoisomers which could give signals with apparently 0.5 integral values, as shown in figure 4.12(B). The integration of the protons reflects the actual number of these protons and suggests the purity of these complexes. 
[image: ]
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B
Figure 4.12 1H-NMR of one of the prepared mononuclear osmium(II) complexes (Os•Lm-Ph) (A) and its dyad (Ir•Lm-Ph •Os) (B). The spectra of the latter shows the half proton signals ([image: ]) with 0.5 integration, while ([image: ]) shows the presence of CH2Cl2 solvent
4-6 Photophysical studies 
4-6-1 UV/Vis. spectra of the complexes [Os•L](PF6)2 and [Os•L•Ir ](PF6)3

The UV/Vis absorption spectra of the mononuclear Os2+ and dinuclear Ir/Os compounds were measured in aerated MeCN at RT. The spectra (Fig. 4.13) of all these complexes are very similar, varying the spacer group in the ligand does not substantially change the profile of the UV/Vis spectra.  In contrast, the absorption spectra of the dyads (Fig. 4.13(B)) shows slight difference in the band shape at ~ 250 nm between different bridging ligands. 
The absorptions in the 200-300 nm range are based on π→π* transitions of the ligands. The weak peaks at 580 and 660 nm are broad and are typical for the osmium(II) complexes due to the 3MLCT transition36. The expected absorption for the Ir(III) centres at around 400 nm is not apparent as it is obscured under the more intense Os(II)-based absorptions in this region.  Table 4.1 shows the extinction coefficients for these complexes and the dyads.
                                                                                                    
              
                          A                                                                                                                     B                   
Figure 4.13 Uv/Vis spectra of (A) the mononuclear Os(II) complexes, and (B) the Os(II)/Ir(III) dyads, in aerated MeCN at RT






Table 4.1 Summary of UV/Vis absorption spectral data

	Mononuclear Os(II) Complexes and the Ir/Os    dyads
	λmax / nm  (10−3 ε  M-1 cm-1)

	[Os(bipy)2 Lo-ph](PF6)2
	649(2.0), 581(2.5), 473(10), 421(10), 391(10), 359(8)

	[Os(bipy)2 Lm-ph](PF6)2 
	651(2.1), 575(2.8),  472(11), 420(17), 393(11), 359(8)

	[Os(bipy)2 Lm-Tol](PF6)2
	658(2.9), 577(3.0), 473(12), 422(12),  393(12), 359(9)

	[Os(bipy)2 Lbut](PF6)2
	656(2.3), 586(2.8), 472(12), 422(12), 392(12), 357(9)

	[Os(bipy)2 (Lo-ph) Ir(F2ppy)2](PF6)3
	642(2.3), 580(2.7), 470(11), 420(12), 390(13), 359(14)

	[Os(bipy)2 (Lm-ph )Ir(F2ppy)2](PF6)3 
	656(5), 580(2.4), 473(11), 421(11), 388(12), 361(13)

	[Os(bipy)2 (L m-Tol) Ir(F2ppy)2](PF6)3
	648(2.4), 578(2.9), 474(12), 421(12), 390(13), 360(14)

	[Os(bipy)2 (Lbut)Ir (F2ppy)2](PF6)3
	649(2.4), 588(2.8), 473(12), 422(12), 388(13), 361(14)




4-6-2 Emission spectra

The emission spectra of all the prepared complexes (Fig. 4.14 (A) and (B)) were also recorded in aerated MeCN at RT. Their luminescence appears as a broad single peak in the region (650-800) nm.  This weak red emission is entirely characteristic of Os(II) complexes; importantly, there is no evidence of a higher-energy emission in the 450 – 500 nm region which would be characteristic of Ir(III)-based emission.  Furthermore, this luminescence was measured at different excitation wavelengths (660, 580, 472, 420, 390 and 360 nm) and they all give the same broad emission spectra with λmax ~ 720-730 nm, which suggests that the luminescence occurs from the same excited state to the ground state. Therefore, excitation at 580 nm was chosen to present the emission spectra. 
It is very important to mention that there is no noticeable difference between the luminescence spectra of the mononuclear osmium and the Ir/Os complexes, which suggests that complete quenching of the iridium-based emission has occurred such that only Os-based emission is noticeable. That leads to the conclusion that there is a complete Ir → Os energy transfer.  In addition, there was no rise-time noticed in the lifetime trace for the Os-based emission (Fig. 4.15), indicating that the energy-transfer is faster than the lifetime measurements can resolve (< 5 ns). The Os-based emission lifetime as expected is very short for these as shown in table 4.2. 
The luminescence quantum yield was also measured in MeCN at RT by using the reference luminescent complex [Ru(bipy)3](PF6)2 (Φ = 0.018) and the same equation (described in chapter 2) was used to calculate the quantum yields; the low quantum yield values are typical for Os2+ polypyridine complexes because the low energy of the excited state leads to efficient non-radiative deactivation pathways. Table 4.2 summarizes the emission data.
On the other hand the excitation spectra (Fig. 4.14 (C)) of one of the mononuclear osmium complex Os •Lo-Ph  with its correspondent  Os •Lo- Ph • Ir at 725 nm shows that it followes the absorption spectra of both as shown in figure 4.13 and it is shows more emission of the Os •Lo- Ph • Ir complex.
                                                                                                                     A                                                                                                         B 	         








                                      
                                                                                       C
Figure 4.14 Emission of (A) mononuclear Os(II) complexes,  (B) the corresponding Ir(III)/Os(II) dyads using excitation at 580 nm and in aerated MeCN at RT, and (C) excitation spectra of Os •Lo-Ph  and  Os•Lo- Ph • Ir  at 725 nm
[image: ][image: ]


Figure 4.15 The emission kinetics for Os •Lm-Ph  and Os • Ir • Lm-Ph.  The latter trace does not show any rise due to the fast energy transfer from Ir→Os

Table 4.2   Emission data for Os •L and Ir•L •Os
 
	Mononuclear  Os(II) Complexes and Ir/Os  
                                  dyads
	   λmax / nm
(Excitation)
	Φ
	    λmax / nm
    ( Emission)
	τ (ns)

	[Os(bipy)2Lo-ph](PF6)2
	580
	9.3x10-4
	723
	34

	[Os(bipy)2Lm-ph](PF6)2 
	580
	1.1x10-3
	725
	31

	[Os(bipy)2Lm-Tol](PF6)2
	580
	8.2x10-4
	725
	30

	[Os(bipy)2Lbut](PF6)2
	580
	6.7x10-4
	729
	30

	[Os(bipy)2(Lo-ph) Ir(F2ppy)2](PF6)3
	580
	9.4x10-4
	723
	41

	[Os(bipy)2(Lm-ph )Ir(F2ppy)2](PF6)3 
	580
	1.1x10-3
	720
	32

	[Os(bipy)2(L m-Tol) Ir(F2ppy)2](PF6)3
	580
	1.1x10-3
	720
	35

	[Os(bipy)2(Lbut)Ir(F2ppy)2](PF6)3
	580
	6.7x10-3
	732
	31


 






4-7 Comparison between the energy transfer in Ir/Os dyads and Ir/Re dyads

The emission spectra and the lifetime traces for the Ir/Os dyads suggest the efficient energy transfer Ir→Os, therefore, the emission of the Os based unit is the only observed in these dinuclear complexes. This could be explained according to the large overlap (highlighted by the pink area in Fig.4.16) between the absorption spectra of the mononuclear osmium based complex (acceptor) and the luminescence spectra of the iridium unit (donor). This overlap could be compared with that one for Ir/Re dyads which is very small (as shown in figure 3.31 in chapter 3), therefore the EnT is better in Ir/Os complexes.  
[image: ]
  









Figure 4.16 Shows the large overlap between the mononuclear osmium(II)complex (Os •Lo-Ph ) UV/Vis. spectra and the emission of the mononuclear iridium(III) moiety (Ir •Lo-Ph ) 

Furthermore, this could be explained in the term of the emission of the osmium based (Os •Lo-Ph )  at 77 K where the  λmax = 708 nm which is blue shifted if compared with the same spectra at RT λmax 723 nm (Fig. 4.17 ) and the excited state energy will be 14,100 cm-1.  In contrast, the excited state energy for the {Ir(dFpphy)2}+ unit at 77 K is about 21,000 cm-1 37 making an easy and efficient  transfer from the Ir to the Os because of the large gradient of ca. 7000 cm-1.  

[image: ]
    Figure 4.17 Emission spectra of Os •Lo-Ph  at 77 k and  RT


4-8 Conclusion

In this chapter a different class of dyads has been prepared – Ir(III)/Os(II) instead of the Ir(III)/Re(I) systems described earlier. These show different photophysical behaviour in comparison with the Ir/Re dinuclear complexes.  To make these, the Os(II) complexes needed to be prepared first and then the {Ir(dFppy)2} unit added under quite mild conditions; if the synthesis was attempted the other way around, the harsh conditions necessary for addition of the {Os(bipy)2}2+ fragment meant that the {Ir(dFppy)2} unit did not survive.  The absorption and the emission spectra of the mononuclear Os(II) complexes and the Ir(III)/Os(II) dyads look similar, which suggest that the emission occurs from the same Os(II)-based excited state in both cases because of efficient Ir → Os energy transfer. The quantum yields for all these complexes are low as this is expected for the osmium(II) complexes. 
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Chapter 5

Experimental Part 












5- Chemical compounds and instruments 

5-1 Chemicals

All chemical compounds and the solvents were purchased from commercial sources and used as received unless otherwise stated.

5-2 Instruments 

5-2-1 Nuclear Magnetic Resonance (NMR) Spectra


1H-NMR and 31P-NMR spectra were obtained using Bruker AV-400 MHz, AV-3HD 400 MHz or AV-3 500 MHz spectrometers. Spectra were analysed using Topspin and the J couplings were measured in Hertz.  
  

5-2-3 Mass spectrometry


Electrospray mass spectra were recorded using an Agilent 6530 QTOF-LC/MS instrument.


5-2-4 Elemental analysis


The elemental analysis was carried out using elementar model vario MICRO cube analyser. 



5-2-5 X-Ray crystallography


A Bruker Apex-II diffractometer with a sealed-tube source (Mo-Kα radiation) was used to collect the crystal structure data. Structure solutions and refinements were performed using the SHELX software suite1.

5-2-6 Absorption and luminescence spectroscopy

UV/Visible absorption spectra were obtained using a CARY 50 Bio spectrophotometer, while the emission spectra were recorded using a Jobin-Yvon FluoroMax 4 spectrofluorimeter. The lifetime data were recorded by Edinburgh Instrument ‘Mini-τ’ instrument using the laser excitation source 405 nm pulsed diode.
5-2-7 HPLC chromatography

A VARIAN Pro Star system model 410 was used with a 320 nm UV/Vis detector, 210 pump model and 701 model fraction collector.

5-2-8 Microwave synthesizer  

A CEM Micro Technologies, Discover-S microwave instrument was used to synthesize some products, as indicated in section 5-6.

5-2-9 Cell imaging

U-2OS and HeLa cells were cultured at 37°C, 5 % CO2/95 % air (v/v) environment in DMEM media with 10 % (v/v) foetal bovine serum (FBS). After the overnight incubation the media was removed and the cells were washed with phosphate-buffered saline (PBS) and then treated with the dyads solutions at different concentrations. After this incubation this media was removed and the cells were washed with (PBS) then treated with formaldehyde. Then the coverslips were left to dry before the imaging.    

    
5-3 Ligands syntheses

The compounds 3-(2-pyridyl)pyrazole, Lp-Ph, L1,5-naph were prepared previously by the Ward group 2, 3 and have been used as they are, while the ligands Lo-Ph, Lm-Ph, Lm-Tol, Lbut   and LPEG were prepared based on literature methods with slight modification4-7 . These ligand syntheses followed two similar synthetic methods, using either aqueous NaOH, or NaH, as the base during the procedure.  Examples of the prepared ligands by these two procedures are described below:

5-3-1 Synthesis of Lo-Ph

To a solution of 3-(2-pyridyl)pyrazole (2.00 g, 13.79 mmol) in THF (60 cm3), a solution of NaOH (2.43g, 60 mmol) in H2O (30 cm3) was added gradually. The mixture was left to stir for 10 min at room temperature. A solution of α,α′-dibromo-o-xylene (1.46 g , 5.52 mmol) in THF (10 cm3) was added to the  mixture gradually. The mixture was heated at 30°C for 12hr. The solution was allowed to cool then placed in a separating funnel and the aqueous layer was separated. The solvent was evaporated from the organic phase and the product was dissolved in CH2Cl2 (30 cm3), and washed with water (2 x 20 cm3) to remove the excess of NaOH. The product was extracted with CH2Cl2 (4 x 10 cm3), dried over MgSO4 and filtered. The solvent was evaporated and the product was purified using column chromatography on silica gel and CH2Cl2: MeOH (96:4) % as the eluent. For further purification a recrystallization using CH2Cl2/hexane was used to obtain the pure ligand. Yield: 55%.
1H NMR (400 MHz, CDCl3): δ (ppm)  8.65 (2H, d,  J  5.3);   7.99 (2H, d,  J 7.8);  7.76 (2H, t, J  7.5); 7.39-7.32  (4H, m); 7.27-7.17  (4H, m);  6.99 (2H, s);  5.51 (4H, s). ESMS: m/z 393 (M + H)+, 197(M + 2H) 2+/ 2,  415(M + Na)+.

5-3-2 Synthesis of LPEG 

This ligand was prepared according to the literature method8. 
To a solution of 3-(2-pyridyl)pyrazole (0.25 g, 1.69 mmol) in dry THF (40 cm3), NaH (60% dispersion in mineral oil: 0.07g, 1.69 mmol) was added then the mixture was left to stir for 15 minutes under N2. Then a dissolved hexaethyleneglycol ditosylate (0.5 g, 0.85 mmol) in dry THF (6 cm3) was added to the previous mixture. The reaction mixture was refluxed for 1hr. Then the solution was filtered and the solvent was evaporated. The crude compound was purified by column chromatography on alumina (Brockmann activity III) using ethyl acetate/hexane (60:40 % to 80:20 %), then ethyl acetate/MeOH (99:1 %) as the eluent to give the pure product in 72% yield.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.62 (2H, d, J 4.9); 7.89 (2H, d, J 8.0); 7.70 (2H, ddd, J 1.5, 5.5, 7.1); 7.58 (2H, d, J 1.8); 7.20-7.16 (2H, m); 6.84 (2H, d, J 1.8); 4.37 (4H, t, J 5.3); 3.88 (4H, t, J 5.2); 3.59 (16H, d, J 8.9 Hz). ESMS: m/z 537.3 (M + H)+, 269.1 (M + 2H)2+/ 2.
All the other ligands were made following similar methodology, as given in table 5.1








Table 5.1 Summary of ligands syntheses procedures

	Ligand
	Base
	Reagents
	Reagents ratio (pypz:dibromo-xylene)
	Temperature (°C)
	Reflux    time (hr.)
	Purification methods


	Lm-Ph
	NaOH
	3-(2-pyridyl) pyrazole and α,α′- Dibromo-m-xylene
	2.5:1
	40
	8
	CH2Cl2:MeOH (97:3) % (on silica gel) and CH2Cl2:MeOH (98:2) % (on alumina gel Brockmann  neutral) 

	Lm-Tol
	NaOH
	3-(2-pyridyl) pyrazole and 3,5- α,α′- Dibromo-m-xylene
	2.5:1
	45
	9 
	CH2Cl2:MeOH (97:3) % (on silica gel) and recrystallization using CH2Cl2 / hexane 

	Lbut
	NaOH


	3-(2-pyridyl) pyrazole and 1,4-dibromobutane
	2.5:1


	40
	48
	Ethyl acetate: hexane (60:40) and (80:20) %  (on  alumina gel Brockmann  neutral)) 

	Lbut
	NaH

	3-(2-pyridyl) pyrazole and 1,4-dibromobutane
	2.5:1

	65
	overnight
	CH2Cl2: MeOH (99:1-95:5)  silica gel and  recrystalliztion using CH2Cl2 / hexane 



Lm-Ph. Yield: 54%.
1H NMR  8.65 (2H, d,  J  4.9);  7.95 (2H, dt,  J  1.2,  7.9) ; 7.72 (2H,  td,  J  1.9, 7.8,  9.5);  7.43 (2H, d,  J  2.5);  7.37-7.31 (1H, m);  7.24-7.18  (4H, m);  7.17 (2H, s);  6.93 (2H, d,  J  2.4);  5.39 (4H, s). ESMS: m/z 393 (M + H)+, 197 (M + 2H)2+/ 2. 
Lm-Tol. Yield: 33%. 
1H NMR 8.65 (2H, d, J  4.9); 7.95 (2H, dt, J  1.0, 7.97) ,7.73 (2H, td, J 1.9, 7.6, 9.3);  7.42 (2H, d, J 2.2); 7.22 (2H, ddd, J 1.2, 4.9, 6.1); 7.01 (2H, s); 6.98 (1H, s); 6.93 (2H, d, J 2.2); 5.35 (4H, s); 2.31(3H, s). ESMS: m/z 407 (M + H) +, 204 (M + 2H)2+ / 2, 429 (M + Na)+.
Lbut. Yield: 35% by using NaOH and 27% using NaH base.
1H NMR (400 MHz, CD3Cl):  δ(ppm)  8.63 (2H, d, J 4.9); 7.90 (2H, dt,  J  1.1, 8.0);  7.71 (2H, td, J 1.96, 7.7, 9.6); 7.41 (2H, d, J 2.2);  7.19 (2H; ddd, J 1.2, 5.0, 6.1);  6.85 (2H, d, J 2.2);  4.23-4.17 (m, 4H); 1.99-1.94 (m, 4H). ESMS: m/z 345 (M +H)+, 367 (M + Na)+.

5-4 Syntheses of mononuclear iridium (III) complexes
5-4-1 Synthesis of the iridium dimer [Ir2(F2ppy)4-μ- Cl2] 

The synthesis of this dimer is based on a modified literature procedure9. 

IrCl3.xH2O (1.87 g, 6.28 mmol) was refluxed with the ligand 2-(2, 4-difluorophenyl)pyridine (3.00 g, 15.69 mmol) protected from light for 24 hr, in a mixture of 2-ethoxyethanol /water (100:10 cm3). Upon completion the reaction mixture was left to cool and the yellow dimer was precipitated by adding water (500 cm3). The precipitate was filtered by a sinter funnel under vacuum, then washed with water and hexane. Yield: 33%.

1H NMR (400 MHz, CD3Cl): δ(ppm) 9.14 (4H, dd, J 1.1 , 6.0);  8.33 (4H, d, J  8.3); 7.85 (4H, td, J  1.6, 7.9); 6.85 (4H, ddd, J  1.4, 5.9, 7.3); 6.36 (4H, ddd, J  2.3 , 9.6, 11.5);  5.31 (4H, dd, J  2.4, 9.0). ESMS: m/z 1216 (M)+, 1217 (M +H)+.

The mononuclear Ir (III) complexes were synthesized according to literature procedure 2, 4.

5-4-2 Synthesis of [Ir(F2ppy)2(Lbut)]NO3   (Ir•Lbut)

A solution of the iridium dimer [Ir2(2,4-(F2ppy))4Cl2] (0.21 g, 0.18 mmol) in CH2Cl2 (6 cm3) was added to a solution of Lbut (0.16 g, 0.45 mmol) in a mixture of CH2Cl2:MeOH (3:1, 32 cm3). The reaction was heated to 50°C under a N2 atmosphere and protected from light, for 18 hr.  The solution was cooled and the solvent was evaporated. The solid product was dissolved in CH2Cl2 (25 cm3). A saturated aqueous solution of KPF6 (20 cm3) was added and the mixture was shaken; the two layers were separated and the organic layer was removed. This process was repeated twice further. The organic layer was then dried with MgSO4 which was filtered off and the solvent evaporated to produce a yellow complex. This was purified using column chromatography on silica gel using MeCN and saturated solution of aqueous KNO3 (98:2) %. The solvent then evaporated and the excess of KNO3 was removed by washing the pure complex with CH2Cl2 and water which then dried over MgSO4 and filtered. The solvent was evaporated to give the complex [Ir(F2ppy)2(Lbut)]NO3. Yield: 47 %.
1H NMR (400 MHz, CD3CN): δ(ppm) 8. 59 (1H, d, J  4.7) ; 8.33 (1H, d , J  8.4); 8.28-8.22 (2H, m);  8.10 (1H, td,  J  1.6, 8.0);  7.93-7.83 (4H, m); 7.80-7.74 (2H,  m); 7.64 (2H, t, J  5.5); 7.47 (1H, d,  J  2.1); 7.36 (1H, ddd, J 1.3, 5.6, 6.9); 7.29-7.26 (1H, m); 7.25 (1H, d, J 2.7); 7.14-7.1 (2H,  m); 6.81 (1H, d,  J  2.2);  6.74-6.64  (2H, m); 5.78 (1H, dd, J  2.3,  8.5);  5.6 (1H, dd, J  2.3, 8.5); 3.97 (2H, t, J  6.5); 3.70 (2H, t, J 7.2); 1.44-1.1 (4H, m). ESMS: m/z 917 (M-NO3)+, 459 (M – NO3 + H)2+. Calculated data for C42H32IrF4N9O3•3H2O: C 48.83, H 3.71, N 12.20%. Found data: C 49.18, H 3.69, N 12.12 %.
The remaining complexes were made following the same methodology as given in table 5.2

Table 5.2 Summary of mononuclear Ir(III) complexes syntheses

	ligand
	Scale (g, mmol)
	Ligand: Ir dimer ratio
	Column conditions (MeCN :aq.KNO3) % on silica or ( CH2/Cl2:MeOH)%  on alumina (Brockmann III) or HPLC Chromatography

	Lo-Ph
	0.01,  0.17
	2.57:1  
	97:3 (MeCN :KNO3) % on silica

	Lm-Tol
	0.20,  0.49
	2.57:1  
	97:3 (MeCN :KNO3) % on silica

	Lp-Ph
	0.10,  0.25
	2.57:1  
	97:3 (MeCN :KNO3) % on silica

	Lm-Ph
	0.15,  0.38
	2.57:1  
	97:3 (MeCN :KNO3) % on silica

	L1,5-naph
	0.20,  0.45
	2.57:1  
	96:4 (MeCN :KNO3) % on silica

	LPEG
	0.32,  0.60
	2.57:1  
	96:4 (CH2/Cl2: MeOH) % on alumina, (45% MeCN in 0.1% aqueous THF) and (55% MeCN in 0.1% aqueous THF) using HPLC Chromatography.




[Ir(F2ppy)2(Lo-ph)]NO3. Yield: 50%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8. 56 (1H, d, J 5.7); 8.31 (2H, t,  J 10.1); 8.13 (1H, td,  J 1.4, 7.8); 8.00 (1H, d,  J 2.8); 7.98 – 7.90 (2H, m); 7.86 (1H, d,  J 5.7); 7.80 – 7.73 (4H, m); 7.62 (1H, d, J 5.9), 7.56 (1H, d,  J 2.4); 7.42 (1H, d, J 2.7); 7.39 (1H, m); 7.29 – 7.21 (2H, m); 7.14 – 7.07 (2H, m); 7.02 (1H, d,  J 7.3); 6.86 (1H, d, J 2.2); 6.73 – 6.58 (3H, m); 5.82 (1H, dd,  J 2.3, 8.4); 5.64 (1H, d,  J 17.1); 5.46 (1H, dd, J 2.3, 8.7); 5.41 (1H, d, J 8.1); 5.28 (1H, d,  J 17.1 Hz); 4.73 (2H, m).  ESMS: m/z 965 (M – NO3)+, 483(M – NO3 + H)2+. Found: C 51.5, H 3.8, N 11.3%. Calculated for for C46H32IrF4N9O3•3H2O: C 51.1, H 3.5, N 11.7 %. 
[Ir(F2ppy)2(Lm-Tol)]NO3. Yield: 52%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.59 (1H, d,  J 4.1); 8.26 (1H, d, J 8.3); 8.16 (1H, dt,  J 1.4, 8.9); 8.06 (1H, td, J 1.6, 7.9); 7.96 (1H, d, J 2.9); 7.91 (1H, ddd, J 1.4, 7.8, 8.6); 7.83 (1H, dt, J 1.2, 1.0); 7.79 (2H, dd, J 1.0, 5.2); 7.76–7.69 (2H, m); 7.62 (1H, dd, J 1.0, 5.9); 7.57 (1H, dt, J 1.3, 5.9); 7.54 (1H, d, J 2.5); 7.36 (1H, ddd, J 7.3, 5.6, 1.4); 7.29–7.25 (2H, m); 7.20 – 7.12 (2H, m); 6.85 (2H, d, J 2.5); 6.71–6.60 (2H, m); 5.77 (1H, s); 5.68 (1H, dd, J  2.3, 8.6); 5.53 (1H, s); 5.48 (1H, dd, J 2.5, 3.5 Hz); 5.25–4.95 (4H, m); 2.07 (3H, s).  ESMS: m/z  979 (M – NO3)+, 490 (M – NO3 + H)2+.  Found: C 51.5, H 3.5, N 11.4 %.  Calculated for C47H34IrF4N9O3•3H2O: C 51.5, H 3.7, N 11.5 %.  
[Ir(F2ppy)2(Lp-Ph)]NO3. Yield: 65%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.62(1H, d, J 4.2); 8.28 (2H, t, J 8.2); 8.1 (1H, td, J  1.5);  8.02 (1H, d, J 3.0); 7.98 (1H, d, J 8.3) ; 7.91 (1H, t,  J  8.2);  7.85 (1H, t,  J  7.1);  7.76-7.73 (2H, m); 7.69 (1H, d,  J  5.5) , 7.62-7.55  (2H,  m); 7.52 (1H, d,  J 6.2); 7.4-7.3 (3H, m); 7.16 (1H, ddd, J 1.4, 5.8, 7.6) ; 7.02-6.96 (2H, m); 6.87 (2H, d,  J  8.0); 6.67 (1H, ddd, J  2.6, 9.6, 12.4); 6.54 (1H, ddd,  J  2.3, 9.4, 13.4);  5.94 (2H, d,  J  8.0); 5.68 (1H, dd, J 2.3, 8.6); 5.45 (1H, dd, J 2.3, 8.6); 5.36-5.27 (3H, m); 5.1-4.92 (1H, m).  ESMS: m/z 965 (M – NO3)+, 483 (M – NO3 + H)2+. Calculated data for C46H32IrF4N9O3• 6H2O: C 48.67, H 3.91, N, 11.11 %. Found data: C 48.9, H 4.01, N 10.78%.
[Ir(F2ppy)2(Lm-Ph)]NO3. Yield: 63%. 
1H NMR (500 MHz, CD3OD): δ(ppm) 8.58 (1H, d, J  5.1); 8.31 (1H, d, 8.7); 8.26 (1H, d,  J  7.8); 8.14 (1H, d, J 3.0); 8.13-8.1 (1H, m), 7.98-7.89 (2H, m); 7.86-7.79 (3H, m); 7.78 (1H, d,  J  5.5); 7.64 (1H, d,  J 2.1); 7.63-7.61) (2H,  m); 7.44 (1H, ddd, J 1.3, 5.6, 7.6); 7.4 (1H, d, J 3.0); 7.36 (1H, ddd, J 1.3, 5.3, 6.3); 7.25-7.18 (2H, m); 7.08 (1H, d,  J  7.7);  6.99 (1H, t, J 7.9); 6.91 (1H, d,  J 2.4); 6.72- 6.61 (2H, m); 5.98 (1H, d,  J 7.5); 5.79 (1H, s); 5.68 (1H, dd, J 2.4, 8.6); 5.46 (1H, dd, J 2.1, 8.4); 5.21 (4H, ddd,  J 17.4, 25.7, 58.6). ESMS: m/z  965 (M – NO3)+, 483 (M – NO3 + H)2+.  Calculated data for C46H32IrF4N9O3• 3H2O: C 51.11, H 3.54, N11.66%. Found data: C51.41, H 3.64, N 11.53 %.
 [Ir(F2ppy)2(L1,5-naph)]NO3. Yield: 39%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8. 59 (1H, d,  J 4.8); 8.33 (1H, dt,  J  1.3 ,  7.97); 8.27 (1H, d,  J  8.5); 8.15-8.1 (2H, m); 8.02 (1H , dt, J 1.0, 8.1); 7.98-7.92 (2H,  m); 7.84-7.77 (2H, m); 7.76 (1H, d,  J 5.4);  7.66 (1H , d,  J  2.3 ); 7.57 (1H, d,  J  8.5); 7.51 (2H, t,  J  7.4); 7.47-7.35 (3H,  m);  7.30-7.13 (4H , m); 7.00 (1H, ddd, J 1.4, 5.9, 7.3); 6.93 (1H, d, J 2.3); 6.72-6.60 (2H, m); 5.96-5.83 (2H, m); 5.8 (1H, d, J 6.5); 5.76 (1H, s); 5.65 (1H, dd, J 2.7, 8.6); 5.62-5.54 (1H, m); 5.38-5.31 (2H, m). ESMS: m/z 1015 (M – NO3)+, 508 (M – NO3 + H)2+.   This complex fails to show the expected C.H.N values. 
[Ir(F2ppy)2(LPEG)]NO3. Yield: 21%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.54 (1H, d,  J 4.9); 8.37 (1H, d,  J 8.3); 8.30 (1H, d, J 8.3); 8.21 (1H, td,  J 7.7, 1.2); 8.06 (1H, td, J 8.1, 1.6); 8.00 – 7.90 (4H, m); 7.77 (1H, m); 7.76 – 7.72 (2H, m); 7.66 (1H, d,  J 5.9); 7.63 (1H, d,  J 2.3); 7.35 (1H, ddd,  J 6.8, 5.5, 1.2); 7.25 – 7.21 (2H, m); 7.20 – 7.12 (2H, m); 6.80 (1H, d,  J 2.2); 6.76 – 6.63 (2H, m); 5.77 (1H, dd,  J 2.4, 8.7); 5.62 (1H, dd,  J 11.0, 2.4); 4.31 (2H, t,  J 5.4 Hz); 3.87 – 3.74 (4H, m); 3.56 – 3.22 (18H, m). ESMS: m/z 1109 (M – NO3)+, 555 (M – NO3 + H)2+.  Found: C 51.0, H 5.0, N 9.5 %.  Calculated for C50H48IrF4N9O8• 4H2O: C 50.8, H 4.8, N 9.5%.

5-5 Syntheses of mononuclear Re(I) complexes 

Modified procedures from the literature 10, 11  were used to prepare the mononuclear Re1+ complexes:  

5-5-1 Synthesis of [Re(CO)3Cl(pypz)] (Re•LH) 

3-(2-pyridyl)pyrazole (0.09 g, 0.61 mmol) was refluxed with Re(CO)5Cl (0.2 g, 0.55 mmol) in (30 cm3 ) in MeCN. The overnight reaction gave the crude yellow product. The solvent was evaporated and the product was washed with hot toluene to remove the excess of the starting materials to give the pure compound. Yield: 97%.   
1H NMR (400 MHz, CD3CN): δ(ppm) 8.95 (1H, d, J 5.5); 8.18-8.1 (2H, m); 7.92-7.91 (1H,  m); 7.54-7.5 (1H, m); 7.11-7.1 (1H, m). ESMS: m/z 416 (M – Cl)+, 474 (M + Na)+. The 1H NMR does not show the N-H proton, presumably due to H/D exchange with either solvent or traces of water.

5-5-2 Synthesis of [Re(CO)3Cl(Mepypz)]  (Re•LMe) 

Cs2CO3 (0.32 g, 0.98 mmol) and MeI (0.4 cm3, 1.5 mmol) was added to a solution of [Re(CO)3Cl(pypzH)] (0.03 g, 67 µmol) in MeCN (20 cm3). The reaction mixture was refluxed for 2 days. After that the solution was filtered and the solvent was evaporated. The crude compound is pure enough to be used; however, it could be purified by crystallization from CH2Cl2 / hexane to give the product. Yield: 55%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.95-8.92 (1H, m); 8.15 – 8.05 (2H, m); 7.85 (1H, d, J 2.8); 7.51 (1H, ddd,  J 7.5, 5.8, 1.6); 7.04 (1H, d, J 2.7); 4.14 (3H, s).  ESMS: m/z 430 (M – Cl)+.  Found: C 30.7, H 1.9, N 9.2%.  Calculated for C12H9N3O3ReCl: C 31.0,  H 2.0, N, 9.0 %.

 5-5-3 Synthesis of [Re(CO)3py(Mepypz)]PO2F2  (Re•py•LMe) 

[Re(CO)3Cl(Mepypz)] (0.07 g, 0.15 mmol) was stirred with AgPF6 (0.61g, 2.40 mmol) in CH2Cl2 (31 cm3) for 5days, at room temperature. The mixture was filtered and pyridine solution was added (0.18 g, 2.23 mmol) and the reaction mixture was heated at 35°C for overnight. The solution was allowed to cool and the pure complex was obtained by recrystallization from CH2Cl2 / diethyl ether. Yield: 45%.
1H NMR (400 MHz, CD3OH): δ(ppm) 9.21(1H, dt,  J  1.2, 5.6);  8.33-8.29 (2H,  m); 8.27-8.22(1H,  m); 8.21(1H, d,  J  2.8); 8.22-8.16 (1H,  m); 7.96 (1H, tt,  J  1.5, 7.8);  7.72 (1H, ddd,  J  1.5, 5.5,  7.4); 7.45-7.4 (2H,  m); 7.22 (1H, d,  J  2.8); 4.4 (3H, s). ESMS: m/z 509 (M + py-PO2F2)2+. This compound failed to show the expected C, H, N values.

5-6 Syntheses of mononuclear Os(II)complexes
5-6-1 Synthesis of [Os(bipy)2Cl2]

This compound was prepared by the same modified method from the literature using different starting materials12, 13.
OsCl3.3H2O (0.3 g, 0.86 mmol) was dissolved in dimethylformamide (7 cm3) and refluxed with 2, 2ˋ-bipy (0.28 g, 1.80 mmol) for 2hr. After heating the mixture was cooled and filtered using a sinter funnel. A solution of Na2S2O4 (0.3 g, 1.72 mmol) in (100 cm3) water was added to the reaction mixture which was placed in ice bath. This step was repeated three times to get more precipitate. Very small purple crystals appeared. The solution was filtered with a sinter funnel and the resulting dark purple precipitate was washed with water (10 cm3) and diethyl ether (10 cm3).Yield: 54%. ESMS: m/z 574 (M+H)+, 538 (M–Cl)+ . 


5-6-2 The same procedure was repeated but using K2[OsCl6] as starting material instead of OsCl3. 3H2O.  
K2[OsCl6] (1g, 2.08 mmol) was refluxed with 2, 2ˋ -bipy (0.67 g, 4.26 mmol) in dimethyl-formamide (25 cm3) for 3 hr. The reaction mixture was cooled and filtered through a sinter funnel which was washed with (22 cm3) dimethylformamide to remove the remaining compound in the funnel.  A solution of Na2S2O4  (2 g, 11.50 mmol) in water (100 cm3) was added to the dark red reaction mixture which was placed in ice bath and a purple precipitate was formed. The addition of Na2S2O4 was repeated three times. The precipitate was filtered through a sinter funnel and washed with water (20 cm3) and diethyl ether (20 cm3). The complex was removed from the sinter funnel by dissolving in MeCN. Yield: 73%.

 5-6-3 Synthesis of [Os(bipy)2L](PF6)2 [L = L(o-ph), L(m-ph), L(m-Tol), L(but)]

All of these osmium complexes were prepared either by the reflux method or using the microwave synthesizer as described below.

5-6-3-1 Synthesis of [Os(bipy)2(Lbut)](PF6)2  (Os•Lbut)

These complexes were synthesized according to the modified procedure13
A solution of [Os(bpy)2]Cl2 (0.2 g, 0.35 mmol) in ethylene glycol (5 cm3) was refluxed with Lbut (0.25 g, 0.75 mmol) also dissolved in ethylene glycol (8 cm3). The mixture was refluxed overnight with protection from light and under N2. To the dark solution was added a saturated aqueous solution of KPF6 (40 cm3) to give a precipitate which was filtered off and washed with water (30 cm3) and dried. The olive green product was obtained by purification on a column chromatography twice on silica gel using MeCN: KNO3 (90:10) %.  The excess of KNO3 was removed by dissolving the product in CH2Cl2 (500 cm3); the organic phase was dried over MgSO4, the solution then was filtered and the solvent evaporated to give the pure olive green product. This product was converted to PF6 salt by dissolving it in CH2Cl2 (44 cm3) and washing it with aqueous saturated solution of KPF6 (3x30 cm3) and extracted with CH2Cl2 (4x20 cm3). The solution was dried over MgSO4, filtered and the solvent was evaporated. Yield: 87%.



1H NMR (400 MHz, CD3CN): δ(ppm) 8. 59-8.55 (1H,  m); 8.49 (2H, t,  J  8.4); 8.42 (1H, d,  J  8.1); 8.36 (1H, d,  J  8.3); 8.25-8.2 (1H,  m); 7.90- 7.69 (9H,  m); 7.62-7.55 (2H, m); 7.48 (1H, d,  J  2.2); 7.44-7.36 (3H, m ); 7.34-7.23 (5H,  m); 7.14 (1H, ddd,  J  1.6,  5.6,  7.4);  6.79 (1H, d,  J  2.4);  4.00 (2H, m);  3.54-3.42 (1H, m); 3.35-3.23 (1H, m); 1.39-1.1 (4H, m).  ESMS:  m/z 424 ( M- 2PF6)+, 993 ( M- 1PF6)2+. Calculated data for C40H36F12N10Os P2: C42.26, H 3.19, N12.32%. Found data: C41.89, H 3.01, N 12.00%.  

5-6-3-2 Synthesis of [Os(bipy)2(Lbut)](PF6)2 using a microwave reactor

A solution of [Os(bipy)2]Cl2 (0.2 g, 0.35 mmol) and Lbut (0.25 g, 0.75 mmol) was mixed together in a microwave tube in ethylene glycol (6 cm3) and heated to 200 °C in the microwave reactor. After 6hr. the dark green solution was precipitated by adding of saturated solution of KPF6 (30 cm3). The product was filtered and washed with water (30 cm3) and dried using a low vacuum. The pure product was obtained by a column chromatography twice on silica gel using MeCN: KNO3 (90:10)% as an eluent. The excess of KNO3 was removed by dissolving the product in CH2Cl2 (650 cm3), the solution was then dried over MgSO4 and filtered; the solvent was evaporated to give the pure olive green product. This product was converted to PF6 salt by dissolving it in MeCN (13 cm3) and adding a solution of KPF6 in MeCN (10 cm3). Then the solvent was evaporated and the product was dissolved in CH2Cl2 (300 cm3) and filtered. Yield: 65%.
The other mononuclear osmium(II) complexes were synthesized using the same methodology, as given in table 5.3. 

Table 5.3 Summary of mononuclear osmium(II) complexes syntheses

	Ligand
	Scale g/ mmol
	Ligand: [Os(bipy)2Cl2] ratio
	Column conditions (MeCN:aq.KNO3) % on silica 

	Lo-ph
	0.1,  0.17
	2.1: 1
	90:10 ( twice)

	Lm-ph
	0.15,  0.37
	2.1: 1
	90:10 ( twice)

	Lm-Tol
	0.15,  0.37
	2.1: 1
	90:10 ( twice)





[Os(bipy)2(Lo-ph )](PF6)2: Yield: 79% from the reflux method and 54% from the microwave method.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.59 (1H, d, J 3.3); 8.47 (2H, dd, J  8.2, 17.9); 8.33 (1H, dt, J 1.2,  7.9);  7.98-7.78 (10H, m); 7.75-7.68 (2H, m); 7.59-7.52 (2H, m); 7.49-7.41 (3H, m); 7.37-7.28 (3H, m); 7.27-7.11 (4H, m); 6.96 (1H, d, J 7.9); 6.87 (1H, d, J 1.95);  6.57 (1H, t, J 7.7); 5.72 (1H, d, J 17.9); 5.33(1H, d  J 7.9); 5.03 (1H, d, J 17.5); 4.78 - 4.60 (2H, m). ESMS: m/z 448 (M–2PF6)2+, 1041 (M–PF6) +. Calculated data for C44H36F12N10OsP2: C 44.6, H 3.06, N 11.82%.  Found data: C 44.72, H 3.15, N 11.45%.
[Os(bipy)2(Lm-ph)](PF6)2: Yield: 64% from the reflux method and 84 % from the microwave method. 
1H NMR (400 MHz, CD3CN): δ(ppm) 8.60 (1H, d, J 4.1); 8.42 (2H, dd, J 8.0, 13.7); 8.20 (1H, d, J 8.1); 8.01 (1H, d, J 8.3); 7.94 (1H, d, J 3.0); 7.93-7.75 (6H, m); 7.75-7.58 (5H, m); 7.49 (1H, d, J 5.9); 7.45-7.09 (9H, m); 6.99 (1H, d, J 7.3); 6.95-6.89 (1H, m); 6.82-6.72 (1H, m); 5.77 (1H, s); 5.65-5.55 (1H, m); 5.33 (1H, d, J 18.0); 5.01 (2H, q, J 16.8); 4.78 (1H, dd, 4.9, 17.4). ESMS: m/z 448 (M–2PF6) 2+, 1041 (M–PF6) + . This complex fails to show the expected elemental analytical data. 
[Os(bipy)2(Lm-Tol )](PF6)2: Yield: 77% from the reflux method and 74% from the microwave method.
1H NMR 8.60 (1H, d, J 4.91); 8.43 (2H, dd, J  8.3, 14.7); 8.30-8.19 (1H, m ); 8.03 (1H, dt, J 1.2, 8.1); 7.95 (1H, d, J 3.1); 7.94-7.89 (2H, m); 7.88-7.75 (4H, m); 7.75-7.63 (5H, m); 7.50 (1H, d, J 5.1); 7.43-7.37 (2H, m); 7.35 (1H, d, J 2.9); 7.35-7.25 (3H, m); 7.25-7.17 (2H, m); 7.14 (1H, ddd, J 1.5, 5.9, 7.5); 6.91 (1H, d, J 2.2); 6.81 (1H,  s); 5.54 (1H,  s);  5.92 (1H, s); 5.32 (1H, d, J 17.3); 5.03 (2H, q, J 16.4); 4.76 (1H, d, J 18.1). ESMS: m/z 455 (M–2PF6)2+, 1055 (M–PF6) +. Found data: C 44.95, H 3.08, N 11.59%. Calculated data for C45H38F12N10Os P2: C 45.08, H 3.19, N 11.68 %. The 1H NMR spectra for this complex does not show the three protons related to the methyl group of the toluene ring which could be hiden under the peak (2.6-2.4 ppm).  











5-7 Syntheses of dinuclear Ir(III)/Re(I) and Ir(III)/Os(II) complexes
5-7-1 Synthesis of [Ir(F2ppy)2(Lbut)Re(CO)3Cl]NO3   (Ir•Lbut•Re)  

The Ir/Re dyads were prepared according to the literature procedure8.
Re(CO)5Cl (0.01 g, 0.0413 mmol) was added to a solution of  (Ir•Lbut)  (0.03 g, 0.04 mmol) in MeCN (20 cm3 ). The mixture was protected from light and refluxed under N2 overnight. The reaction was then cooled and the solvent evaporated.  The crude dyad was dissolved in CH2Cl2 (20 cm3) and washed with a saturated solution of KPF6 (20 cm3) for three times and the complex was extracted with CH2Cl2 (3 x 10 cm3). The organic layer was dried by adding MgSO4 which was filtered off and the solvent evaporated to produce the yellow complex which was purified on column on silica using MeCN / saturated aqueous of KNO3 (98:2). Yield: 61%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.91 (1H, d, J 5.4); 8.37 (1H, dd, J 8.4, 17.1); 8.29 (1H, t, J  8.4); 8.22 – 8.03 (4H, m); 7.99 – 7.84 (3H, m); 7.79 – 7.74 (2H, m); 7.67 – 7.60 (2H, m); 7.55 – 7.49 (1H, m); 7.37 – 7.31 (1H, m); 7.22 (1H, dd, J 2.8, 5.9); 7.17 (0.5H, t,  J 7.2); 7.09 – 7.01 (2H,  m); 6.99 (0.5H, t,  J 6.7); 6.75 – 6.65 (2H,  m); 5.82 (0.5H, dd, J 2.2, 8.5); 5.76 (0.5H, dd, J 2.2, 8.5);  5.57 (1H, td, J 2.2, 8.5) ; 4.35 – 4.14 (2H, m); 3.75 – 3.68 (2H, m); 1.69-1.14 (2H, m); 1.40 – 1.30 (2H, m). ESMS: m/z 1223 (M – NO3)+.  This complex failed to yield the expected C.H.N data.
 The other Ir/Re dyads were synthesized by the same methodology as shown in table 5.4.

Table 5.4 Summary of Ir/Re dyads syntheses

	Mononuclear Ir(III) complex
	Scale g/ mmol
	Mononuclear Ir(III) complex : Re(CO)5Cl ratio
	Column conditions (MeCN: aq.KNO3) on silica   

	Ir• Lo-Ph
	0.05,  0.05
	1:17
	99:1 

	Ir•Lm-Tol
	0.04, 0.04
	1.17
	98:2 

	Ir•Lp-Ph
	0.05,  0.05
	1.17
	99:1

	Ir•Lm-Ph
	0.03,  0.03
	1.17
	99:1

	   Ir•L1,5-naph
	0.05,  0.05
	1.16
	98:2

	Ir•LPEG
	0. 15,  0.13
	 1:2.7
	96:4   



[Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl]NO3. Yield: 80%. 

1H NMR (400 MHz, CD3CN): δ (ppm) 8.93 (0.5H, dt, J 5.4, 1.1); 8.91 (0.5H, dt, J 5.4, 1.1);  8.34–8.28 (2H, m); 8.19–8.11 (3H, m); 8.00–7.90 (2H, m); 7.89–7.78 (3.5H , m); 7.72 (0.5H, d, J 2.8); 7.69 (0.5H, d, J  2.9); 7.66 (0.5H, d, J 5.5); 7.63 (0.5H, d, J  5.9); 7.62 (0.5H, d, J 2.9); 7.57–7.52 (1H, m); 7.44–7.39 (1.5H, m); 7.37 (0.5H, d, J  2.9); 7.29–7.11 (4H, m);  6.90 (0.5H, d, J 7.7) ;  6.79 (0.5H, t, J 7.6); 6.74–6.63 (2H, m);  6.62–6.54 (1H, m);  5.77(1H, dd, J  2.1, 8.8); 5.60 (0.5H, d, J 7.7); 5.53–5.37 (2.5H,m); 5.32–5.12 (1.5H, m); 5.08–4.88 (1.5H, m). ESMS: m/z 1271(M−NO3)+. Found: C 42.7, H 3.0, N 8.8 %. Calculated for C49H32IrReClF4N9O6•2H2O: C 43.0, H 2.7, N 9.2 %. 

[Ir(F2ppy)2(Lm-Tol)Re(CO)3Cl]NO3. Yield: 87%.

1H NMR (400 MHz, CD3CN): δ (ppm) 8.91 (1H, m); 8.29 (2H, m); 8.20–8.10 (3H, m); 7.96–7.88 (2H, m); 7.86–7.73(4H, m); 7.68–7.59 (2H, m); 7.57–7.50 (1H, m); 7.42–7.37 (1H, m); 7.35 (0.5H, d, J 2.8); 7.27 (0.5H, d, J 2.8); 7.20–7.10 (3H, m); 6.93 (0.5H, s); 6.86 (0.5H, s); 6.73–6.58 (2H, m); 5.84–5.65 (3H, m) ; 5.48 (1H, dd, J 2.2, 8.6 Hz); 5.42–5.32 (1.5H, m); 5.25–5.16 (1.5H, m);  5.02–4.91 (1H,  m);  2.05 (3H, s). ESMS: m/z 1285(M − NO3)+. Found: C 41.9, H 2.9, N 8.4%. Calculated for C50H34IrReClF4N9O6•4H2O: C 42.3, H 3.0, N 8.9%.

[Ir(F2ppy)2(Lp-Ph)Re(CO)3Cl]NO3. Yield: 80%.

1H NMR (400 MHz, CD3CN): δ (ppm) 8.94 (1H, d,  J 5.5); 8.30–8.25 (2H,  m); 8.19–8.07 (3H,  m); 7.99–7.89 (3H, m); 7.83–7.69 (3H, m); 7.68–7.62 (1H,  m); 7.58–7.52 (2H, m); 7.40–7.34 (2H, m); 7.24 (1H, d,  J 2.6), 7.21–7.14 (1H,  m); 7.07–7.01 (1H, m);  6.98–6.91 (2H, m); 6.72–6.65 (1H, m); 6.58–6.50 (1H, m); 6.08–6.03 (2H, m);  5.72–5.60 (2H, m); 5.60–5.50 (1H, m); 5.49–5.43 (1H, m);  5.30 (1H, d, J 17.5);  5.06 (1H, d, J 17.5 Hz). ESMS: m/z 1271 (M−NO3)+. Found: C 43.1, H 2.9, N 9.4 %. Calculated for C49H32IrReClF4N9O6•2H2O C 42.9, H 2.7, N 9.2%.

[Ir(F2ppy)2(Lm-Ph) Re(CO)3Cl]NO3. Yield: 67%.

1H NMR (400 MHz, CD3CN): δ (ppm) 8.91 (1H, m);  8.34–8.26(2H,  m);  8.19–8.10 (3H, m); 7.96–7.89 (2H,  m); 7.86 (1H,t, J 2.9) ;  7.84–7.74 (3H,  m);  7.67 (0.5H, d, J 5.6); 7.65–7.60 (1.5H,  m);  7.57–7.48 (1H,  m); 7.42–7.37 (1H,  m); 7.35 (0.5H, d, J 2.8); 7.26 (0.5H, d, J 2.8);  7.21–7.09 (3.5H,  m); 7.06–6.96 (1.5H,  m);  6.73–6.65 (1H,  m) ;  6.64–6.55 (1H,  m);  6.05 (0.5H, d, J  7.1); 5.99 (0.5H, d, J  7.6);  5.94 (0.5H,  s); 5.81 (0.5H,  s); 5.71(1H,  m);  5.52–5.37 (2.5H,  m); 5.29–5.16 (1.5H,  m); 5.03–4.90(1H,  m). ESMS: m/z 1271 (M − NO3)+. Found: C 44.3, H 2.7, N 9.5 %. Calculated for C49H32IrReClF4N9O6: C 44.2,  H 2.4 , N 9.5%.
[Ir(F2ppy)2(L1,5-naph)Re(CO)3Cl]NO3. Yield: 67%. 

1H NMR (400 MHz, CD3CN): δ(ppm) 8.99 (1H, m); 8.33 (1H, d, J 7.9); 8.28 (1H, d, J 8.3), 8.22 – 8.09 (4H, m); 7.96 (1H, t, J 7.9); 7.85 – 7.74 (4H, m); 7.68 – 7.54 (3H, m); 7.46 (1H, d, J 2.8 Hz); 7.44 – 7.33 (3H, m); 7.32 – 7.17 (4H, m);  7.07 (1H, m); 6.73 (1H, m); 6.65 (1H, m); 6.24 – 6.07 (2H, m); 5.92 – 5.79 (2H, m); 5.68 – 5.59 (2H, m); 5.47 – 5.33 (2H, m).  ESMS: m/z 1321 (M – NO3)+. Found: C 44.8, H 3.1, N 8.5%. Calculated for C53H34IrReClF4N9O6•2H2O: C 44.9, H 2.7, N 8.9 %. 

[Ir(F2ppy)2(LPEG)Re(CO)3Cl]NO3. Yield: 27%.

1H NMR (400 MHz, CD3CN): δ (ppm) 8.93 (1H, d, J  5.6);8.37 (1H, d, J 8.7); 8.31 (1H, d, J 8.5); 8.23(1H, d, J 8.1);8.14–8.05 (3H, m); 8.00–7.90 (4H, m); 7.79 (1H, d,  J 5.4) ; 7.74 (1H, d, J 5.9); 7.65 (1H, d, J 5.5) ; 7.51 (1H, ddd , J 7.3, 5.5, 1.7) ;7.39–7.34 (1H, m); 7.23 (1H, d, J  2.7); 7.20 (1H, ddd, J 7.4, 5.8,1.5); 7.17–7.12 (1H, m) ; 7.05 (1H, d, J  2.8); 6.76–6.63 (2H, m) ; 5.77 (1H, dd, J 10.5, 2.3); 5.62 (1H, dd, J 10.8, 2.2);  4.65–4.53(2H, m); 4.11 (1H, ddd, J 11.2, 7.1, 4.1 Hz); 4.00–3.94 (1H, m); 3.89–3.74 (2H, m) ; 3.63–3.22 (18H, m). ESMS: m/z 1416(M − NO3)+. Found: C 40.6, H 3.4, N 8.5%. Calculated for C53H48IrReClF4N9O11•4H2O: C 41.1, H 3.6, N 8.1%.


5-7-2 Synthesis of [Ir(F2ppy)2(Lo-Ph) Re(CO)3(py) ](PO2F2)2 (Ir•Lo-Ph•py•Re) 

The modified procedure was used to prepare this complex11:
[Ir(F2ppy)2(Lo-Ph) Re(CO)3Cl]NO3 (0.05 g, 0.04 mmol) was stirred with AgPF6 (0.03 g, 0.12mmol) in CH2Cl2 (22 cm3) for 4h at room temperature. The mixture was filtered and pyridine solution was added (0.15 g, 1.86 mmol). The reaction mixture was heated at 35 °C for overnight. The solution was allowed to cool and the pure complex was obtained by recrystallization it in CH2Cl2 / diethyl ether. Yield: 37%.
1H NMR (400 MHz, CD3OH): δ(ppm) 9.17 (1H, dt, J 1.2, 5.45); 8.5 (1H, d, J 7.7); 8.4 (1H, d, J 8.1); 8.33-8.27 (4H, m); 8.22 (1H, td, J 1.5, 7.8, 9.4); 8.12 (1H, d,  J  2.7); 8.1-7.92 (4H, m); 7.90-7.82 (3H, m); 7.82-7.7 (3H, m); 7.62 (1H, d, J 2.9); 7.52 (1H, ddd,  J  1.3, 5.9, 7.4); 7.46-7.4 (3H, m); 7.31 (1H, ddd, J 1.2, 5.9, 7.2); 7.25 (1H, ddd, J  1.5, 6.0, 7.3); 7.14 (1H, t, J 8.2); 6.84 (1H, ddd, J 2.4, 9.0, 12.5); 6.72 (1H, ddd, J  2.3, 9.2, 12.5); 6.65 (1H, t,  J  7.8) ; 6.38 (1H, d,  J 7.6); 5.89 (1H, dd, J 2.3,  8.4); 5.70 (1H, d, J 17.7); 5.6 (1H, d, J 17.6); 5.44 (1H, dd, J 2.3, 2.0); 5.4-5.3 (2H, m).  ESMS: m/z 656 (M – 2PO2F2)+. Found: C 42.6, H 2.72, N 7.95%.  Calculated for C54H37N9O7F8P2IrRe : C 42.77,  H 2.46,  N 8.31 %.

5-7-3 Syntheses of [Os(bipy)2(µ–L)Ir(F2ppy)2](PF6)3 [L = L(o-ph), L(m-ph), L(m-Tol), L(but)] complexes

The general procedure in the literature was followed to prepare these complexes2, 4.

5-7-3-1 Synthesis of [Os(bipy)2(µ–Lbut)Ir(F2ppy)2](PF6)3

[Os(bipy)2(Lbut)](PF6)2 (0.04 g, 0.04 mmol) was dissolved in 3:1 CH2Cl2: MeOH (20 cm3) and refluxed overnight at 50 °C with protection from light and under N2 with [Ir2(F2ppy)4Cl2] (0.11 g, 0.09 mmol) which was dissolved in CH2Cl2 (5 cm3). After cooling the solvent was evaporated and the product was dissolved in CH2Cl2 (20 cm3) and washed with saturated solution of KPF6 (20 cm3) three times and extracted with CH2Cl2 (4x10 cm3). The solution was then dried over MgSO4 and filtered. The solvent was evaporated and the product purified by chromatography on silica gel twice using MeCN: KNO3 (90:10) and then (94:6) as the eluent.  KNO3 was removed by dissolving the product in CH2Cl2 (100 cm3); the organic solution then dried over MgSO4 and filtered. Since some of the PF6-salt was still present after the column, we decided to convetrt all the complex to a hexafluoro phosphate salt by dissolving it in CH2Cl2 (~30 cm3) and washing it with saturated aqueous solution of KPF6 (3x~20 cm3) and extracted with CH2Cl2 (4x~20 cm3). The solution was then dried using MgSO4, filtered and the solvent evaporated. The complex was also being further purified on Sephadex LH20 eluting with MeOH to get the pure complex. Yield: 71 %.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.61-8.52 (2H, m) ; 8.52-8.45 (2H, m); 8.36-8.29 (2H, m ; 8.29-8.23 (1.5H, m); 8.14-8.1 (1H, m); 8.02-7.79 (7.5H, m); 7.79-7.72 (2H, m); 7.69 (0.5H, d, J 3.0); 7.67-7.56 (4H, m); 7.45-7.22 (8H, m); 7.22-7.12 (3H, m); 6.76-6.68 (1H, m); 6.65 (1H, ddd,  J  1.8, 9.4 , 11.7);  5.74 (0.5H , dd, J 2.3, 10.9); 5.70 (0.5H , d, J  2.6, 8.3); 5.56 (1H, dt, J 2.4, 8.8); 3.55-3.33 (2H, m); 3.32-3.04 (2H, m); 0.81-0.51 (6.5H, m). ESMS: m/z 473 (M – 3PF6)3 +, 782 (M – 2PF6)+, 1710 (M – PF6)2+. Found data: C 40.23, H 2.57, N 8.92%. Calculated data for C62H48F22IrN12OsP3: C 40.15, H 2.61, N 9.06%. 

The other Ir/Os dyads were made by the same procedure as given in table 5.6

Table 5.6 Summary of Ir/Os dyads syntheses

	Mononuclear Os(II) complex
	Scale g/mmol
	Mononuclear Os(II) complex: Ir(III) dimer ratio
	Column conditions (MeCN: aq KNO3)  

	Os•Lo-ph
	0.04, 0.03 
	1:2.5
	90:10 and 92:8

	Os•Lm-ph
	0.03, 0.03 
	1:2.5
	90:10 and 94:6

	Os•Lm-Tol
	0.03, 0.03 
	1:2.5
	90:10(twice)




[Os(bipy)2(µ–Lo-ph)Ir(F2ppy)2](PF6)3: Yield: 57%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.51-8.34 (4H, m); 8.24 (2.5H, t, J 8.7); 8.17-8.10 (2H, m); 7.94-7.68 (12H, m); 7.68-7.50 (4H, m); 7.5-7.26 (6.5H, m); 7.26-7.02 (5H, m); 7.02-6.94 (0.5H, m); 6.87-6.61 (3H, m); 6.29-6.17 (0.5H, m); 5.75 (0.5 H, dd, J 2.4, 8.3); 5.70 (0.5H, d, J 7.3); 5.62 (0.5H, d, 7.6); 5.49-5.43 (0.5H, m); 5.4-5.33 (1H, m); 4.88 (0.5H, d,  J 6.6); 4.83 (0.5H, d, J 6.9); 4.72 (0.5H, d, J 17.5); 4.59 (0.5H, d, J 18.1); 4.42-4.1 (3H, m). ESMS: m/z 489 (M–3PF6)3+, 806 (M–2PF6)+, 1758 (M–PF6)2+.  Found data: C 41.59,   H 2.67, N 8.50%. Calculated data for C66H48F22IrN12OsP3: C 41.67, H 2.54, N 8.83%. 
[Os(bipy)2(µ–Lm-ph)Ir(F2ppy)2](PF6)3. Yield: 63%.
1H NMR (400 MHz, CD3CN): δ(ppm) 8.46-8.35 (3H, m); 8.31 (1H, d, J 8.0); 8.29-8.23 (1H, m); 8.20-8.10 (1H, m); 7.99 (0.5H, d, J  2.9); 7.96-7.78 (6.5H, m); 7.77-7.61 (6.5H, m); 7.61-7.46 (5H, m); 7.46-7.35 (4.5H, m); 7.33-7.10 (6H, m); 7.09-7.02 (1H, m); 6.72-7.56  (2H, m);  6.36-6.26 (1H,  m);  5.71-5.65  (0.5H, m); 5.64-5.53 (1.5H, m); 5.44-5.33 (1H, m); 5.39-5.33 (1H, m); 5.02-4.9 (1H, m); 4.9-4.79 (1H, m); 4.79-4.67 (1.5H, m); 4.62-4.51 (1.5H,  m). ESMS: m/z 489 (M–3PF6)3+, 806 (M–2PF6)+, 1757 (M–PF6)2+ . This complex fails to show the expected elemental analytical data.
[Os(bipy)2(µ–Lm-Tol)Ir(F2ppy)2](PF6)3. Yield: 75%. 
1H NMR (400 MHz, CD3CN):  δ (ppm) 8.51-8.41 (1.5H, m); 8.39 (1H, d, J 8.6 ); 8.32 (1H, d, J 7.8 ); 8.28-8.22 (1H, m); 8.21-7.97 (2.5H, m); 7.97-7.76 (4.5H, m); 7.76-7.60 (5H, m); 7.60-7.34 (7H, m); 7.33-7.02 (5.5H, m); 7.76-7.57 (1.5H, m); 5.68 (0.5 H, dd, J 2.4, 8.6); 5.62 (0.5 H, dd, J 2.4, 8.6); 5.44-5.34 (1.5H, m); 5.15 (0.5H, d, J 12.1); 5.00-4.80 (1.5H, m); 4.72-4.62 (0.5H, m); 4.59-4.47 (1H, m); 4.07 (0.5H, s). ESMS: m/z 494 (M–3PF6)3+, 813 (M–2PF6)+, 1772 (M–PF6)2+. Found data: C 42.01, H 2.59, N 8.59%. Calculated data for C67H50F22IrN12OsP3: C 41.99, H 2.63, N 8.77 %. The 1H NMR spectra for this complex dose not show the three protons related to the methyl group of the toluene ring which could be hiden under the peak (2.4-2.3 ppm).  
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Crystal structures data 














Table 5.7 Crystal parameters, data collection and refinement details for (Ir•Lo-Ph), (Ir•Lm-Tol ), (Ir•Lm-Ph•Re) and (Ir•Lp- Ph•Re) 
  
	Complex
	[Ir(F2ppy)2(Lo-Ph)] (NO3)• 2.5MeCN• 0.5MeOH
	[Ir(F2ppy)2(LmTol)](NO3)2•2MeCN•1.5Et2O
	[Ir(F2ppy)2(Lm-Ph)Re(CO)3Cl](NO3)•MeCN
	[Ir(F2ppy)2(Lp-Ph)Re(CO)3Cl](NO3)•MeCN

	Abbreviation
	Ir•LoPh
	Ir•LmTol
	Ir•Lm-Ph•Re
	Ir•Lp-Ph•Re

	Formula
	C51.5H41.5F4IrN11.5O8.5
	C104H89F8Ir2N20O7.5
	C51H35ClF4IrN10O6Re
	C51H35ClF4IrN10O6Re

	Molecular weight
	1145.7
	2275.35
	1373.74
	1373.74

	T, K
	100(2)
	100(2)
	100(2)
	100(2)

	Crystal system
	Orthorhombic
	Triclinic
	Triclinic
	Monoclinic

	Space group
	Fddd
	P-1
	P-1
	P2/n

	a, Å
	25.9203(10)
	11.7521(3)
	10.8363(5)
	17.2876(10)

	b, Å
	31.5176(8)
	12.3798(4)
	12.5992(7)
	13.6694(9)

	c, Å
	46.0262(10)
	34.4727(10)
	18.0874(9)
	24.8368(14)

	α, deg
	90
	86.2490(10)
	77.485(3)
	90

	, deg
	90
	85.957(2)
	89.899(3)
	94.513(2)

	γ, deg
	90
	71.7910(10)
	89.764(3)
	90

	V, Å3
	37600.9(19)
	4747.4(2)
	2410.7(2)
	5851.0(6)

	Z
	32
	2
	2
	4

	ρ, g cm-3
	1.619
	1.592
	1.892
	1.559

	Crystal size, mm3
	0.10 x 0.05 x 0.05
	0.20 x 0.08 x 0.06
	0.21 x 0.11 x 0.07
	0.10 x 0.06 x 0.06

	µ, mm-1
	2.916
	2.886
	5.399
	4.449

	Data, restraints, parameters
	8391, 537, 649
	16688, 1209, 1270
	8607, 0, 668
	13450, 9, 632

	Final R1, wR2a
	0.0577, 0.1236
	0.0776, 0.2386
	0.0312, 0.0864
	0.0473, 0.1091














Table 5.8   Crystal parameters, data collection and refinement details (Ir•Lo- Ph •Re), (Ir•Lnaph •Re), (Ir•Lo-Ph•py•Re) and (Re•py•LMe)

	Complex
	[Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl](PF6)•MeCN
	[Ir(F2ppy)2(L1,5-naph)Re(CO)3Cl](NO3)•2MeCN
	[Ir(F2ppy)2(Lo-Ph)Re(CO)3Cl3py](PF6)•MeCN
	[Re(CO)3(py)(Me-pypz)] 

	Abbreviation
	Ir•Lo-Ph•Re
	Ir•Lnaph•Re
	Ir•Lo-Ph•Re
	(Re•py•LMe)

	Formula
	C51H35ClF10IrN9O3PRe
	C57H40ClF4IrN11O6Re
	C51H35ClF10IrN9O3PRe
	C17H14F2N4O5 P Re

	Molecular weight
	1456.70
	1464.85
	1456.70
	609.49

	T, K
	100(2)
	100(2)
	100(2)
	296(2)

	Crystal system
	Triclinic
	Monoclinic
	Triclinic
	Monoclinic

	Space group
	P-1
	C2/c
	P-1
	P21/c

	a, Å
	12.999(3)
	22.5334(14)
	12.999(3)
	11.0725(8)

	b, Å
	14.835(3)
	27.4539(14)
	14.835(3)
	12.6536(10)

	c, Å
	16.683(3)
	20.7788(12)
	16.683(3)
	14.5513(11)

	α, deg
	70.940(9)
	90
	70.940(9)
	90

	, deg
	74.193(8)
	122.123(3)
	74.193(8)
	92.751(4)

	γ, deg
	75.254(8)
	90
	75.254(8)
	90

	V, Å3
	2877.0(10)
	10886.5(11)
	2877.0(10)
	2036.4(3)

	Z
	2
	8
	2
	4

	ρ, g cm-3
	1.682
	1.787
	1.682
	1.988

	Crystal size, mm3
	0.28 x 0.28 x 0.27
	0.12 x 0.08 x 0.06
	0.28 x 0.28 x 0.27
	0.310 x 0.220 x 0.190

	µ, mm-1
	4.566
	4.789
	4.566
	6.101

	Data, restraints, parameters
	13119, 102, 750
	9711, 535, 613
	13119, 102, 750
	4641,77, 269

	Final R1, wR2a
	0.0267, 0.0856
	0.0416, 0.1055
	0.0267, 0.0856
	0.0448, 0.1355



a The value of R1 is based on observed data with I > 2σ(I); the value of wR2 is based on all data.
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