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Abstract 

Chapter 1 is an introductory chapter and is primarily concerned with presenting the 

main topic of this thesis, the use of diverse synthetic methods in the development and 

design of supramolecular metal complexes. It begins with an introduction to the concept 

of supramolecular chemistry and some of the most important features of supramolecular 

systems. The basic concepts regarding Ru(II) polypyridine chemistry are introduced and 

explained; as such complexes often serve as building blocks in supramolecules. This is 

followed by an extensive discussion on the using of ruthenium polypyridine complexes 

for the production of hydrogen as light absorbing units. The area of solar hydrogen 

production through the use of supramolecular photocatalysts that collect and deliver 

reducing equivalents in an active area of current research in inorganic and organic 

photochemistry.   

 

The chapter 2 deals with the background of the different physical measurements used 

for an elucidation of the properties of ruthenium complexes and the experimental details 

of the several physical measurements are given. This chapter also described the 

synthesis and characterisation of the bridging ligands used in this thesis. 

 

The chapter 3 deals with syntheses and characterisation of ruthenium(II) complexes 

containing 2,5-dpp as a bridging ligand are presented. The syntheses of ruthenium(II) 

complexes containing dceb as a peripheral ligand are also presented. The 

heterodinuclear complexes were synthesised from mononuclear complexes using 

[Pd(CH3CN)2Cl2] / [Pt(DMSO)2Cl2] complexes. Deuteriated complexes were also 

synthesised. These complexes are fully characterisation via NMR and CHN with a 

discussion of their electronic properties included. These complexes also produced 

hydrogen using visible light irradiation in the presences of triethylamine (TEA). The 

production of hydrogen depends on the electron withdrawing substituent present on the 

bpy peripheral ligand. The intermolecular reactions were studies for the production of 

hydrogen.  

 

The chapter 4 investigations into syntheses and characterisation of ruthenium(II) 

complexes containing 2,5-bpp and 2,6-bpp as bridging ligand are presented. The 

cyclometallated heterodinuclear complexes were synthesised from mononuclear 



 vi

complexes using (NH4)2[PdCl4] but using K2[PtCl4] complexes, heterodinuclear did not 

form. Deuteriated complexes were also synthesised. These complexes are fully 

characterisation via NMR and CHN with a discussion of their electronic properties. 

These complexes produced hydrogen using visible light irradiation in the presences of 

triethylamine (TEA). The intermolecular reactions were studies for the production of 

hydrogen. The complexes containing 2,6-bpp were not produced hydrogen.  

 

The chapter 5 investigations into syntheses and characterisation of ruthenium(II) 

complexes containing bisbpy as a bridging ligand are presented. The cyclometallated 

heterodinuclear complexes were synthesised from mononuclear complexes using 

[Pd(CH3CN)2Cl2] / [Pt(dmso)2Cl2] complexes. These complexes are fully 

characterisation via NMR and CHN with a discussion of their electronic properties. 

These complexes produced hydrogen using visible light irradiation in the presences of 

triethylamine (TEA). The intermolecular reactions were studies for the production of 

hydrogen.  

 

Chapter 6 sees the conclusion on the discussion of the photocatalytic properties with an 

extensive examination of all the results found in chapter 3, 4 and 5.  

 

Finally we conclude with a summary of the work completed in this thesis and possible 

future work in chapter 7.  
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IR infrared 
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knr non-radiative decay 

kr radiative decay 

λ absorption wavelength 

λem emission wavelength 

L ligand 

LC ligand centred 

LMCT ligand to metal charge transfer 

LUMO lowest occupied molecular orbital 
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MeCN acetonitrile 

MeOH methanol 
1
MLCT singlet metal to ligand charge transfer 

3
MLCT triplet metal to ligand charge transfer 

NMR nuclear magnetic spectroscopy 

PET petroleum ether 

PS photosensitiser 

PV photovoltaic 

py pyridine 
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τ lifetime 
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Chapter 1: Introduction 

 

Abstract: 

Chapter 1 serves as a means to introduce many of the topics discussed within this 

thesis. The chapter begins with a discussion of the importance of ruthenium based 

metal complexes in supramolecular chemistry and their properties, electronic, 

photophysical, and photochemical, which have attracted great interest over the last 

four decades. The “parent” complexes of many of the compound synthesized in this 

thesis, [Ru(bpy)3]
+3

and their importance to the area of inorganic chemistry is then 

highlighted. 

 

The chapter continues with a discussion on the primary concern of this thesis, the 

photocatalytic generation of hydrogen from water using ruthenium(II) based light 

absorber as a photocatalysts. The photo-generating hydrogen catalysts based on 

ruthenium as a light absorber coordinated with a bridging ligand and another metal 

centre (e.g. Palladium and Platinum) as a catalytic centre was reviewed. Also 

complexes for the generation of hydrogen such as complexes of rhodium, cobalt, 

iridium and iron are also discussed.    
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1.1   Introduction 

1.1.1   Supramolecular chemistry and light. 

In nature, photons (sunlight) are utilised by living organisms for energy, for example 

sunlight is harnessed in photosynthesis. An important aim of photochemistry is to 

design and construct artificial energy conversion devices capable of delivering and 

controlling the great variety of machines which sustain our civilization.  

 

The answers that can be obtained from the interaction of light with matter depend on 

the degree of orientation of the receiving matter.
1 

The simplest form of orientation is 

that of small number of atoms in a molecule. The interaction of photons with 

molecules can cause changes in the molecular structure (electronic properties), which 

is useful, in principle, for both energy and information purposes. For example, solar 

energy can be converted and stored as chemical energy by transforming a molecule 

into its higher energy state by absorbing sun light.
2, 3 

The latest technologies for 

photocatalytic production of hydrogen by splitting water molecules to hydrogen gas is 

based on photoelectrochemical process using semiconductors,
4
 photo-biological 

processes
5
 and photochemical molecular devices (PMD).

6, 7
  

 

A higher level of association is the assembly of a discrete number of molecular 

components to yield supramolecular species.
1, 8, 9, 10, 11 

The supramolecular association 

can be achieved by various types of intermolecular forces (for example - columbic 

forces, hydrogen bonding, etc.) or by combining molecular systems by coordination 

or covalent bonds (see section 1.1.2).  In this manner it is possible to design molecular 

components with the desired light related properties: absorption, emission, excited 

state redox and photo-catalytic properties. Photochemical molecular devices 

(PMD))
12, 13

 capable of performing complex functions (light harvesting, charge 

separation, conversion of light into electrical energy and fuel, data processing storage, 

etc.) 
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1.1.2 Supramolecular photochemistry: Basic concepts 

 

The most applicable and widely accepted definition of supramolecular chemistry is 

“the chemistry beyond the molecule, bearing on the organized entities of higher 

complexity that result from the association of two or more chemical species held 

together by intermolecular forces”.
8
 When the interaction energy between subunits is 

small compared to other relevant parameters, the system can be consider a 

supramolecular species. Therefore, also species made of covalently linked (but 

weakly interacting) components can be taken as belonging to the supramolecular 

field.
14

    

 

 

As shown in Scheme 1.1,
13

 light excitation of a supramolecular species A~B leads to 

excited states that are substantially localized on A or B. When the excited states are 

delocalised on both A and B, the species is considered as a large molecule rather than 

a supramolecular system. The oxidation and reduction of a supramolecular species 

can be described as oxidation and reduction of specific components, whereas 

oxidation and reduction of a large molecule lead to a species where the hole or the 

electrons are delocalized over the entire system. 

Supramolecular species             Compound                          Large molecule 

A~B                                       *(A~B) 

A~B                                        (A~B)
-
    

A~B                                        (A~B)
+ 

Scheme 1.1: Light excitation of a compound A~B. 

hʋ 

+e
- 

-e
- 

*A~B 

 A~B* 

A+~B- 

A-~B+ 

 

A~B
- 

A
-
~B

 

A+~B
 

A~B
+ 

hʋ 

+e
- 

-e
- 
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The photochemical processes of supramolecular species are those taking place 

between the components (molecular subunits). Particularly important for the topics 

discussed in this thesis are inter-component energy and electron transfer processes as 

in Equation (1.1)-(1.3): 

 

A ~ B + hʋ         *A ~ B   photo excitation      Eq. (1.1) 

*A ~ B           A ~ *B   electron transfer          Eq. (1.2) 

*A ~ B           A
+
 ~ B

-
   electron transfer          Eq. (1.3) 

 

Where ~ indicates any type of “bond” that keep A and B subunits together; only one 

of the two possible electron-transfer is indicated. The thermodynamic ability of an 

excited state to participate in energy transfer processes is related to its zero-zero 

spectroscopy energy, E
0-0

. For the electron-transfer processes, the relevant 

thermodynamic parameter is the reduction potential of an excited state that is both a 

stronger reductant and a stronger oxidant than the corresponding ground state. To a 

first approximation, the redox potentials for the excited state couples may be 

calculated from the potentials of the ground state couples and the zero-zero excitation 

energy, as shown in Equation (1.4) and (1.5).
15

   

 

E(A
+
/
*
A) = E(A

+
/A) – E

0-0
             Eq. (1.4) 

 

E(
*
A/A

−

) = E(A/A
−

) – E
0-0

             Eq. (1.5) 

 

As a consequence, the feasibility of an excited state electron-transfer process can be 

assessed by mean of the well-known Weller equation.
16

 For the process of Equation 

(1.3) it is given by Equation (1.6). 

 

∆GET ≈ − E
0-0

 − E(B/B
−

)’ + E(A
+
/A)’ − EIP            Eq. (1.6) 

 

Where ∆GET is the free energy change of the quenching process, E
0-0 

is the 

spectroscopy energy of the excited state, E(B/B
−

)’ and E(A
+
/A)’ are corresponding to 

the potentials of the two species involved in one electron the process, and EIP is the 
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coulombic stabilization energy of the products. In supramolecular species constituted 

by several molecular components, successive energy or electron-transfer steps may 

lead to energy migration or charge separation over long distances.  

 

Another important event that can take place upon light excitation of supramolecular 

species is optical electron transfer process, which leads to the direct formation of an 

intranuclear charge transfer state, as shown in Equation (1.3). Both photoinduced 

electron transfer (Equation (1.1) plus Equation (1.3)) and optical electron transfer may 

be followed by a thermal back electron transfer process (Equation (1.7)): 

 

                           A
+
 ~ B

-
             A ~ B

   
              Eq. (1.7) 

 

The relationships between optical, photoinduced, and back electron transfer processes 

in a supramolecular species are schematized in Figure (1.1). Several examples of 

energy and electron transfer process in supramolecular species have been discussed in 

a number of books and review articles.
1, 3, 13, 17, 18, 19, 20, 21, 22, 23, 24. 

 

 

Figure 1.1: Relationship between Optical (1), photoinduced (2 + 3), thermal (4) 

electron transfer processes in a supramolecular system. 
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For the supramolecular system discussed above section, as a result of photoinduced 

charge separation, part of the absorbed light is transiently stored as redox energy. This 

energy can be converted in various ways. One is into electrical energy 
25, 26

, for 

example by using high surface area polycrystalline TiO2 anatase films together with 

tris(2,2’-bipyridyl-4,4’-dicarboxylate)ruthenium(II), RuL3
4-

, L = (bpy(COO)2
2-

 = 4,4’-

dicarboxy-2,2’-bipyridine), as a sensitizer, achieved high visible-light to electric 

current conversion efficiencies in regenerative photo-electrochemical cells are 

obtained. Incident photon to current conversion efficiencies of 73% have been 

obtained at the wavelength of maximum absorption of the dye in the presence of 

iodide as an electron donor. Bromide is oxidized under the same conditions with an 

efficiency of 56%.
27

 An alternative, possibility is that followed by nature in 

photosynthesis, that is, the use of this energy for the production of high energy 

chemical products. Energy conversion by artificial photosynthesis is certainly one of 

the most challenging goals in chemistry. The requirement for the construction of 

supramolecular species suggests the use of building blocks 
28 

which have well 

understood properties and may be exploited for energy conversion function. For this 

reason transition metal complexes such as ruthenium, osmium, platinum and 

palladium have become ideal candidates as they possess interesting photophysical, 

photocatalytical and photochemical properties which have been well studied.
28

 These 

photophysical and photochemical properties will be examined in more detail in later 

sections. 

 

1.2    The photophysical properties of ruthenium complexes 

1.2.1 Evaluation of ruthenium based light absorption and 

photophysical properties of supramolecular complexes. 

 

Ruthenium polypyridyl chromophores absorb light with a widen spectral coverage 

have emissive charge transfer excited states and long excited state lifetimes.
29, 30, 31 

Ruthenium polypyridyl light absorption display π → π* ligand based transition with 

high extinction coefficients in the UV region of the electronic absorption spectrum. 

They also possess lower energy 
1
MLCT (metal to ligand charge transfer) transitions 
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involving charge transfer from a ruthenium based highest occupied molecular orbital 

(HOMO) to a ligand based lowest unoccupied molecular orbital (LUMO). The 

absorption maximum is located in the visible region of the spectrum. The orbitals 

involved in an electronic transition must be electronic coupled to allow for the 

observation of an intense electronic transition. The symmetry selection rule for the 

intensity of an electronic transition is expressed in Equation 1.8: 

 

f  ∝  ∫∫∫∫  elψ
ES

  µ  elψ
GS

 dv 2
                    Eq. (1.8) 

  

The oscillator strength, f, is represent of the predicted integrated intensity and is 

proportional to the integral of the product of the ground state and excited state 

wavefunctions, ψ, and the electric dipole moment operator, µ. The spin selection rule 

predicts that an electronic transition is allowed only if the spin multiplicity of the 

ground state and excited state are the same. For ruthenium polypyridyl light 

absorption systems, the 
1
MLCT state shows rapidly intersystem crossing (kisc is the 

rate constant for intersystem crossing) to populate a 
3
MLCT state. This state can 

undergo a radiative (kr is the rate constant for radiative decay) or non-radiative (knr is 

the rate constant for non-radiative decay) decay to the ground state (GS) or undergo 

energy / electron transfer quenching. The emission from the 
3
MLCT state provides a 

probe into the photoreactivity of the molecules, transition between ground state and 

electronic excited state are typically represented in a jablonski diagram (Figure 1.2). 

Radiative processes are typically represented as straight arrows (→) and non-radiative 

processes are presented as wavy arrows (~~>). Radiative decay with a change in spin 

state is phosphorescence, while radiative decay without change in spin is 

fluorescence. Typically ruthenium(II) polypyridyl chromophores display phospho-

rescence from their emitting 
3
MLCT states. 

 

The quantum yield, ΦΦΦΦ, of an excited state process provides a means to understand the 

efficiencies of a particular pathway to decay to the ground state for example, ΦΦΦΦ for 

emission resulting from radiative decay from the 
3
MLCT, represented in Equation 

(1.9) is defined as kττττ divided by the sum of the rate constant of all pathways 
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depopulating that state, ∑k (∑k = kr + knr + krxn; Equation 1.9) times the quantum 

yield for population of that state ΦΦΦΦ 
3
MLCT. 

 

ΦΦΦΦ = ΦΦΦΦ 
3
MLCT (kττττ / ∑k)                Eq. (1.9) 

 

For many ruthenium polypyridyl complexes, the ΦΦΦΦ 
3
MLCT is unity and omitted from 

these equations. The excited state lifetime of the 
3
MLCT state, τ, is the inverse of the 

sum of the rate constant of all pathways depopulating that state, ∑ k
-1

 (Equation 1.10): 

τ = {1 / (kr + knr + krxn)}           Eq. (1.10) 

 

 

 

Figure 1.2: Representative state diagram for ruthenium polypyridyl complexes of the 

type [Ru(L)3]
2+

 (L, polypyridyl ligand); GS = ground state, MLCT = metal-to-ligand 

charge-transfer, kr = rate constant for radiative decay, knr = rate constant for non-

radiative decay, kisc = rate constant for intersystem crossing. 

 

The efficiency of excited state reactions can be described by probing ΦΦΦΦ for that 

reaction as a function of quencher concentrate using the Stern-Volmer kinetic 

relationship. There are two types of quenching processes usually encountered namely 

dynamic (collisional) quenching and static (complex formation) quenching. 

Collisional quenching occurs when the excited fluorophore experiences contact with 

an atom or molecule that can facilitate non-radiative transitions to the ground state. 

Common dynamic quenchers include O2, I
-
, Cs

+
 and acrylamide (Equation 1.11). ΦΦΦΦ

o 
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and ΦΦΦΦ are quantum yields in the absence and presence of quencher, Q, respectively; kq 

is the overall quenching rate constant (bimolecular quenching rate) and τ excited state 

lifetime of the 
3
MLCT state. The Stern-Volmer relationship, which plot ΦΦΦΦ

o
/ ΦΦΦΦ

 
as a 

function of the quencher concentration, provides a linear relationship with slope of 

τkq. The value of Kq provides the rate of quenching by Q. 

 

(ΦΦΦΦ
o
/ ΦΦΦΦ) = 1 + τ kq [Q]            Eq. (1.11) 

 

In static quenching, the fluorophore forms a stable complex with the quencher. If this 

assembly is non-fluorescent then the fluorophore is statically quenched. In such a 

case, the dependence of the fluorescence or phosphorescence as a function of the 

quencher concentration follows the relation (Equation 1.12): 

 

(ΦΦΦΦ
o
/ ΦΦΦΦ) = 1 + ka [Q]                   (1.12) 

 

Where ka is the association constant of the complex. Such cases of quenching via 

complex formation were first described by Weber.
32

 In the case of static quenching 

the lifetime of the sample will not be reduced since those fluorophores which are not 

complexed and hence are able to emit after excitation will have normal excited state 

properties. The fluorescence of the sample is reduced since the quencher is essentially 

reducing the number of fluorophores which can emit. 

 

1.2.2   Photophysical properties [Ru(bpy)3]
2+ 

 

 

The complex [Ru(bpy)3]
2+ 

(see Figure 1.3),
29

 has been studied to a great extent by 

many research groups and therefore its physical properties are well understood. It is 

used as a reference for many different ruthenium(II) polypyridyl compounds, such as 

hetero-dinuclear derivatives developed in this project. 
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Figure 1.3: Chemical structure of [Ru(bpy)3]
2+

 

 

The metal centre in the complex [Ru(bpy)3]
2+

 has a stable low-spin d
6
 configuration, 

is octahedrally surrounded by six nitrogen donor atoms present in the 2,2’-bipyridine 

(bpy) ligands and shows reversible redox chemistry.
30, 31

 Its absorption and emission 

properties are controlled by the electronic nature of the three coordinated bipyridine 

ligands. Polypyridyl ligands in general have the ability to donate a lone pair of 

electrons to the ruthenium cation in order to form an σ bond (see in Figure 1.4). The 

resulting metal complex is stabilized by a π-back-bonding between the empty π* 

orbitals of the ligand by accepting electron density from the d-orbitals of the 

ruthenium metal.
33 

 

For the free bipyridine ligand both nitrogen atoms have one free electron pair (called 

as non-bonding electrons (n)). By absorption of light those electrons can be excited to 

an antibonding π* orbital of the aromatic ring. This transition is known as n → π*, 

and is usually the lowest energy transition. By increasing the energy of the photon the 

next possible transition is a π → π* transition, which is typical for aromatic rings. 

 
Figure 1.4: Schematic description of σ bond between a free electron pair of nitrogen 

(depicted as N) and a metal (depicted as M, right) and a π back-bonding (left). 
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When the bipyridine molecules are coordinated to the ruthenium cation the energy 

level of the free electron pairs is changed due to the formation of an σ-bond with the 

metal eg orbitals. Therefore, the energy of the n electrons is lowered compared to the 

energy of the ligand π-orbitals, which are almost not effected by the complexation. 

Therefore, the lowest ligand centred (LC) transition is the π → π* transition. This 

transition can be observed by measuring the absorption spectrum of [Ru(bpy)3]
2+

 in 

the ultraviolet region see figure 1.5. However, another broad peak occurs in the 

absorption spectrum. This peak does not belong to any ligand or metal centered 

transition, but was assigned as a metal to ligand charge transfer (MLCT) transition.
34

 

Hereby an electron from the fully occupied metal t2g orbital is excited to an empty π* 

orbital of the ligand. 

 

         

Figure I.5: Left: molecular orbital energy diagram of [Ru(bpy)3]
2+

. The arrow 

indicates a MLCT and the LC transition. Right: absorption spectrum of [Ru(bpy)3]
2+

 

in acetonitrile solution 
29 

 

MLCT transitions can be seen for many other polypyridyl complexes. Amongst 

others, they are responsible for their intense colour, because the absorption normally 

lies in the visible region of light. Furthermore, [Ru(bpy)3]
2+

 exhibits fluorescence. The 

emission is caused by a 
3
MLCT → d-transition.

30, 31, 33 – 35
 

 

Calculations have been carried out to understand the nature of the emitting state of 

[Ru(bpy)3]
2+

. After photoexcitation the electron resides in a singlet 
1
MLCT state, but 
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it is rapidly transferred to a lower lying triplet 
3
MLCT state by inter-system 

crossing.
35

 This is the primary radiationless decay pathway at room temperature.
36

 

Originating from this state the electron can easily be transferred to a metal centered 

triplet (
3
MC) excited state by internal conversion. The occupation of this 

3
MC state, 

which is anti-bonding in character, as a result the Ru – nitrogen bonding is weakened. 

This can result in the loss of a ligand.
37, 38 

The photophysical processes are depicted in 

Figure 1.6.  

 

Figure 1.6: Scheme of the photophysical properties of [Ru(bpy)3]
2+

. Straight arrows 

are excitation, dashed arrows indicate radiationless decay, and dotted arrows stand 

for emission of light. 

 

Furthermore, due to the weak absorption band at 452 nm for [Ru(bpy)3]
2+

, only a 

small part of solar energy spectrum can be used. By changing the ligand systems 

around the ruthenium(II) centre it is hoped that the ground state and excited state 

properties of the complexes can be tuned.
30

 In order to prevent the 

photodecomposition much effort has been made to stabilize the dissociative 
3
MC 

state. Two different approaches can be followed to prevent photodecomposition. One 

is to replace one bipyridine ligand by a strong σ donating ligand. The stronger ligand 

field would shift the 
3
MC state to higher energies and thus make it difficult to 

Decomposition 
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populate. Another possibility would be to make the 
3
MC state non dissociative, i.e. by 

building a ligand cage around the metal centre.
39

 

 

The properties of the ruthenium(II) complexes are governed by the σ-donor and π-

acceptor properties of ligands. The σ-donor capacities of the ligands can be estimated 

by measuring the pKa of the free ligands,
30, 40

 whilst the π-acceptor properties are 

related to the reduction potential of the ligand.
 30, 40

 Complexes containing strong σ-

donor ligands donate much electron density into the d-orbitals, causing lower 

oxidation potentials and more negative reduction potentials.
40 

On the other hand, 

strong π-acceptor ligands stabilise the filled metal orbitals, giving rise to high 

oxidation potentials and low reduction potentials.
40, 41, 42

 The difference in energy 

between the filled d-orbitals and the lowest empty ligand based orbital is related to the 

absorption and emission energy of the complexes. By changing the nature of the 

ligands, not only the redox potentials are altered, but also the energies of the 

absorption and emission bands.
30, 40, 41, 42 

 

Polynuclear complexes already have found application as molecular sensors, switches 

and motors.
31

 By replacing one of the bpy ligands by a bridging ligand, the synthesis 

of polynuclear compounds is possibe.
31 

Especially by using ruthenium(II) as the first 

metal centre, hundreds of bpy-type complexes have been prepared and characterized, 

thereby giving access to a big variety of photosensitizer components for the design of 

supramolecular assemblies based on intramolecular photoinduced charge separation 

or energy migration.
29

 

 

Keeping this in mind, therefore, a number of ruthenium(II) supramolecular entities 

were developed. For this reason, the importance of intramolecular hetero-dinuclear 

photocatalyst assemblies will be discussed next and some important model systems 

based on intramolecular photoinduced charge separation and energy migration. 
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1.3   Photo-induced hydrogen generation 

 

1.3.1 Development of photocatalyst 

 

The inorganic assemblies discussed in this section contain a light absorbing unit, a 

catalyst and a bridge in between these units (bridging ligand), (see figure 1.7). One of 

the big advantages of these intramolecular systems is the opportunity to study light 

induced electron or energy transfer processes by means of spectroscopy.
43 

 

 

 

Figure 1.7: General structure of a hetero-dinuclear photocatalytic intramolecular 

system. Ruthenium acts as a light harvesting unit and CAT: catalyst. After excitation, 

intramolecular energy or electron transfer to a catalytic subunit can take place. 

 

For the type of intramolecular photocatalytic systems described in figure 1.7, the 

efficiency for hydrogen formation is expected to be higher because the mechanism 

does not depend on collisional induced process between the involved species. 

However, electron donating species are still required to complete the catalytic cycle. 
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In intramolecular system, the complexed ruthenium moiety normally acts as the light 

harvesting unit or light absorbing unit. Its excited state is deactivated again by 

transferring energy or electrons to the second metal centre (Figure 1.7). The other 

metal centre can, for example, be a highly catalytically active metal e.g. Pt, Pd, Rh, 

Re 
44, 45

 and Co. Moreover both units are commonly linked by a bridging ligand which 

defines the extent of electron or energy transfer between both the neighbours (see 

Figure 1.7). 

 

In hetero-bimetallic complexes a key role is played by the bridging ligand, because 

any kind of intramolecular interaction between the two different metallic moieties 

depends on the geometry, size and electronic nature of the bridge.
46

 On changing 

these attributes and the type of the peripheral ligands it is possible to tailor the 

supramolecular devices with desired photophysical and photochemical properties. 

Supramolecular assemblies have already found applications in area such as dye 

sensitised solar cells,
47

 as multi electron storage systems,
36

 in the development of new 

materials,
48, 49

 in medicine,
31

 or as catalysts.
50

 The well recognized bridging ligands 

are e.g.: bipyrimidine, substituted pyrazines, substituted bipyridines, biimidazoles and 

triazoles.
51, 52

 All those dinuclear chelating bridging ligands mentioned above provide 

two binding sites with almost identical coordination properties which will be 

discussed next. 

 

Much attention has focussed on systems containing strong π-accepting ligands apart 

from 2,2’-bipyridine (bpy) e.g. 2,2’-bipyrazine (bpz), 2,2’-bipyrimidine (bpm), 2,2’-

biquinoline (biq), and derivatives. The mixed ligand complexes [Ru(bpy)2(LL)]
2+

 (LL 

= bpz, bpm, biq) display a red shift in absorption and emission energies. Due to the 

lower energies of the absorption bands, a larger portion of the solar energy can be 

harvested. A disadvantage, however, is that often the strong π-accepting ligands are 

weak σ-donor ligands. As a result the ligand field splitting of ruthenium(II) is much 

smaller and after excitation of the complex, the 
3
MC state becomes very easily 

populated and the emission yield is diminished. The effect of population of the 
3
MC 

state is that those complexes are often less photostable than the parent [Ru(bpy)3]
2+

. 

On the other hand, the π* levels of the LL ligands are stabilised compared to those of 

[Ru(bpy)3]
2+

. In some cases the energy gap between the 
3
MLCT states and 

3
MC states 
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is then larger than in [Ru(bpy)3]
2+ 

and photostable complexes have been obtain.
53, 54 

The second class of compounds are ruthenium complexes containing ligands with 

strong σ-donor properties, like imidazole (Him), pyrazole (Hpz), and 1,2,4-triazole 

(Htrz). The strong σ-donor capacities of these ligands may result in larger ligand field 

splitting, thus preventing photodecomposition. The empty π* levels of imidazole, 

pyrazole, or triazoles containing complexes are much higher in energy than those of 

bpy, because they are weaker π-acceptor ligands. This can be a disadvantage, because 

the energy difference between the filled d-orbitals and empty π* levels is then larger, 

which causes a blue shift in the absorption and emission spectra. 
 

 

An important theoretical approach to define the metal-metal interaction is the 

superexchange theory 
55

 (Figure 1.8). It defines the overlap of the metal orbitals 

which is facilitated by the orbitals of the bridging ligand. Depending on the bridge 

electronic properties, electron or hole transfer can take place. The mechanism mainly 

relies on the energy of the metal d-(t2g) orbital relative to the HOMO (highest 

occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the 

bridge. When the two metals are linked by an electron deficient bridging ligand, (low 

lying π* orbital), the energy difference relative to the metal d orbitals is very low. A 

small energy gap suggested that a LUMO mediated electron transfer mechanism, 

through which an electron is transported to the accepting metal moiety via transfer 

through the π* of the bridging ligand (see in Figure 1.8a), many electron deficient 

bidentate pyrazine based bridging ligands have been played an excellent role.
30

  

 

On the contrary, for an electron rich bridge, with energetically highest lying π* 

orbitals, results in a HOMO mediated hole transfer interaction, due to the impassable 

energy gap between the involved metal d-orbitals and the π* of the bridging ligand.
56

 

Therefore, charge is transferred to the neighbouring unit by transferring electron holes 

via the highest occupied π orbitals of the bridge (figure 1.8b), for this many bidentate 

heterocyclic electron rich bridging linkers have been developed.
31
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Figure 1.8: (a) LUMO mediated electron transfer, (b) HOMO mediated hole transfer 

mechanism. The metal centres are abbreviated as M, and the bridging ligand as BL. 

The intermediate states are depicted in curly brackets. 

 

1.3.2 Ruthenium based photocatalytic systems for photo-induced 

hydrogen generation. 

 

In an intramolecular process, a directional light driven electron transfer from the 

photocentre to the catalytic centre may be designed by manipulating the molecular 

components. These species may be viewed as photochemical molecular devices 

(PMD) consisting of a photoactive centre, a bridging unit and a catalytically active 

moiety. Figure 1.9, a typical ruthenium(II) based photocatalyst represents in a 

schematic diagram for a general structure of intramolecular bimetallic complexes is 

shown for the generation of hydrogen. 
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Figure 1.9: General Structure of intramolecular bimetallic complexes reduced protons 

under visible light irradiation 

 

In 1977, Lehn and Sauvage succeeded to generate hydrogen with [Ru(bpy)3]
2+

 as a 

photocatalyst.
57

 In this system after absorption of visible light, light induced electron 

transfer from the excited ruthenium compound to a rhodium(III) complex took place. 

This was followed by a further electron transfer to a platinum centre, where the 

catalytic cleavage of water took place. The initial redox state of the ruthenium 

complex was recovered by reduction with triethanolamine.
57

 One year later, Grätzel 

and co-workers,
58

 reported another approach to generate hydrogen by using 

[Ru(bpy)3]
2+

 as a light absorber. In this system methylviologen was used as electron 

relay, colloidal platinum used as a catalytic centre and triethanolamine as sacrificial 

donor.
58

 These intermolecular systems were improved continuously. However, as 

usual in the case of intermolecular processes, the efficiency depends on collision 

between the involved components and therefore is limited due to many redox 

processes involved. 
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Figure 1.10: Ruthenium(II) based photocatalysts for hydrogen generation. 

 

Rau et al. recently reported on their success in the development of an active model of 

a photohydrogen-evolving molecular device, compound 1, a bimetallic system of Ru-

Pd, [(
t
Bu2bpy)2Ru(tppz)PdCl2]

2+
, 

t
Bu2bpy = 4,4’-tertiary butyl derivative of 2,2’-

bipyridine and tppz = tetrapyridophenazine (in Figure 1.10). 
28(a), 59(a) 

In that report, 

they used a photocatalyst consisting of the following three components: 

 

1. A photoactive ruthenium(II) fragment acting as a light absorber.
60

 

2. A PdCl2 unit which, when coordinated at the other end of the assembly, acts as a 

catalytic centre. 

3. A bridging unit connecting the two metal centres through a conjugated reducible π-

electron system.
45 

 

2 1 

3 

4, (R = Me, X = O) 5 
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For the [(
t
Bu2bpy)2Ru(tppz)PdCl2]

2+
, compound 1, electrochemical investigations 

have shown a reduction wave at -0.63 V Vs SCE assign to a reversible phenazine 

based reduction and an irreversible Pd
2+ 

reduction at -0.82 V Vs SCE, which is a 

slightly less negative reduction potential than for the monomer [(
t
Bu2bpy)2Ru(tppz)]

2+
 

(-0.65 V Vs SCE) and indicates stabilisation of the tppz(π*) orbital upon palladium 

coordination. Quasi-reversible bpy-based reduction potentials were observed between 

-1.09 V and -1.43 V Vs SCE. The oxidation potential wave of ruthenium in both 

compound 1 and monomer [(
t
Bu2bpy)2Ru(tppz)]

2+
 were observed at 1.56 V Vs SCE. 

Compound 1 shows ligand based transitions in the UV and a MLCT transition in the 

visible regions in the electronic absorption spectrum with lowest energy MLCT 

transition at λmax(abs) = 445 nm in acetonitrile. A weak emission of compound 1 at 

λmax(em) = 650 nm with lifetime τ = 27 ns that is quenched relative to the monomer 

[(
t
Bu2bpy)2Ru(tppz)]

2+ 
at λmax(abs) = 445 nm, λmax(em) = 638 nm and τ = 154 ns in 

air-saturated acetonitrile.
59(a)

 The amount of photocatalytically formed hydrogen 

depends strongly on the TEA concentration and the exposure time in the absence of 

water. So for 1, turnover numbers of 56 mol hydrogen per mol catalyst were achieved 

after 30 hours irradiation at λ = 470 nm. EPR examinations show that upon irradiation 

of 1 at 436 nm in CH3CN/TEA mixtures, an EPR signal was detected and assigned to 

a pyrazine-based radical anion. This becomes evident by a comparison with 

electrochemically generated data reported by Fees et al.
61

 The authors therefore 

suggest that the Ru
2+

phenazine
−

Pd
2+

 radical anion is involved in the 

photochemical production of hydrogen. The radical species initiates loss of chloride 

from the palladium site and intramolecular electron transfer from Pd
2+ 

to Pd
0
. It is 

suggested that the palladium centre acts as an electron collector and catalyst site, 

leading to hydrogen production from the photochemical reaction. The assembly was 

also active for the hydrogenation of tolane to cis-stilbene without added hydrogen, 

leading the authors to suggest that hydrogen production proceeds through a palladium 

hydride species.  

 

In 2010, Rau and co-workers reported the amount of hydrogen produced as a function 

of irradiation wavelength. 
59(b) 

Resonance Raman (rR) spectroscopy revealed that 

when the excitation wavelength was shifted to lower energy, the electron density of 
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the excited state shifts from the terminal 
t
Bu2bpy (4,4’-tertiary butyl derivative of 

2,2’-bipyridine) to the tpphz (tetrapyridophenazine) bridging ligand.
 59(c)

 The 

maximum TON of 161 is obtained for [(
t
Bu2bpy)2Ru(tppz)PdCl2]

2+ 
close to the 

absorption maximum at λ = 458 nm. This TON, which is significantly higher than that 

in previous investigations, 
59(a)

 is associated with the addition of a 10 volume % of 

water. The activating effect of water might be the result of altered solvent polarity, 

increased proton mobility, or the ability of water molecules to act as ligands at the Pd 

centre.  

 

Another publication by Sakai et. al. describes a heterodinuclear ruthenium platinum 

photocatalyst, compound 2, [(bpy)2Ru(phenNHCO(COOHbpy))PtCl2]
2+

. The 

platinum component is linked to the ruthenium light absorber through a amide bond 

on the phenanthroline ligand (Figure 1.10)
62

 and is capable of producing hydrogen. 

Compound 2, shows ligand based transitions in the UV region and MLCT transitions 

in the visible regions of the electronic absorption spectrum with the lowest energy 

3
MLCT transition at λmax(abs) = 450nm and displays emission at λmax(em) = 610 nm 

in water. The emission intensity is quenched by 67% relative to the parent mono-

nuclear complex [(bpy)2Ru-(phenNHCO(COOHbpy))]
2+

. The redox potentials for the 

electrochemical processes observed for [(bpy)2Ru-(phenNHCO(COOHbpy))PtCl2]
2+ 

(compound 2) display a redox couple at ~ E1/2 = 0.89 V vs. Fc/Fc
+
, which correspond 

to a Ru(II)/Ru(III) couple and is slightly shifted to the negative side compared to 

mononuclear complex  [(bpy)2Ru(phenNHCO(COOHbpy))]
2+

 at E1/2 = 0.90 V vs. 

Fc/Fc
+
. On the other hand, the first reduction potential undergoes a significantly 

positive shift upon the platination for [(bpy)2Ru-(phenNHCO(COOHbpy))PtCl2]
2+ 

compound 2 at E1/2 (1
st
) = -1.20 V vs. Fc/Fc

+
 relative to the mononuclear complex 

[(bpy)2Ru-(phenNHCO(COOHbpy))]
2+

 with E1/2 (1
st
) = -1.63 V vs. Fc/Fc

+
, indicating 

that the first reduction of compound 2 occurs at the bpy moiety coordinated to the 

Pt(II) ion, as reported for the Pt(bpy) complexes.
63

 The corresponding second 

reduction potential for [(bpy)2Ru-(phenNHCO(COOHbpy))PtCl2]
2+ 

compound 2 at 

E1/2 (2
nd

) = -1.76 V vs. Fc/Fc
+
 relative to the mononuclear complex [(bpy)2Ru-

(phenNHCO(COOHbpy))]
2+

 at E1/2 (2
nd

) = -1.81 V vs. Fc/Fc
+
, indicating bipyridine 

based reduction. The most important finding is that the visible light induced the 

reduction of water using EDTA as a sacrificial donor into molecular hydrogen which 
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was promoted by [(bpy)2Ru-(phenNHCO(COOHbpy))PtCl2]
2+ 

(compound 2), (Φ (1/2 

H2) = ca. 1%). Relatively low turnovers (4.8) were estimated on the basis of the total 

amount of H2 evolved after 10 hours (2.4 µmol). It was also confirmed that H2 

formation was higher when ultraviolet light was eliminated by use of a suitable 

interference filter, presumably due to the decrease in the degree of photodegradation 

of the system. 

 

It is important to note that [(bpy)2Ru-(phenNHCO(COOHbpy))PtCl2]
2+ 

(compound 2) 

evolves H2 in aqueous media at pH 5 while [(
t
Bu2bpy)2Ru(tppz)PdCl2]

2+ 
(compound 

1) evolves H2 in acetonitrile in the absence or presence of water. Importantly, 1 and 2 

possess three common features. In both systems, (i) the bridging spacer preserves 

aromaticity, (ii) the charge transferred at the 
3
MLCT excited state seems localized on 

the bridge unit, which can be judged by estimating the LUMO using DFT MO 

calculations, and (iii) the electronic coupling between the two metal centres seems 

relatively weak, presumably allowing the molecule to have an excited state life time 

sufficiently long to conduct the H2-evolving process. 

 

The supramolecular complexes of the general form LA-BL-RhX2-BL-LA structural 

motif (LA. light absorber = Ru
2+

 polyazine chromophores, BL. bridging ligand = 2,3-

dpp, X. halide = Cl
-
, Br

-
) have been evaluated as photoinitiated electron collectors 

(PEC) by Brewer and co-workers.
64, 65, 66, 67 

These systems
 
separate two Ru

2+
 light 

absorbers through a single Rh
3+

 acceptors. The metal components are connected to 

each other through a polyazine bridging ligands (2,3-dpp). These systems have a 

rhodium centre with potentially labile monodentate halide ligands that allow 

photoreactivity within the molecule. Visible light irradiation affords photoinitiated 

electron collectors resulting in rhodium reduction, followed by loss of the labile 

halide ligands.
68

 Compound 3, [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+

 (see Figure I.10) act as 

a photocatalyst for solar energy driven hydrogen production from water with a 

hydrogen quantum yield of Φ = 0.01.
64-68

 The compound shows ligand based 

transitions in the UV region and MLCT transitions in the visible region in the 

electronic absorption spectrum with a lowest energy MLCT transition at λmax(abs) = 

525 nm in deoxygenated acetonitrile. A weak emission at λmax(em) = 760 nm 
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observed with a lifetime τ = 26 ns is quenched relative to the [{(bpy)2Ru}2(2,3-

dpp)]
4+

 (λmax(em) = 744 nm and τ = 140 ns in deoxygenated acetonitrile). Photolysis 

of compound 3 in acetonitrile solution in the presence of DMA (N,N-dimethylaniline) 

and water at λ = 470 nm leads to water reduction to produce hydrogen with a quantum 

yield with Φ = 0.01 with ca. 38 turnover numbers in 4h.
68

 The type of halide atom 

attached to the rhodium centre also impacts on higher turnover number for hydrogen. 

The increased ease of Br
-
 loss due to its weaker ligating ability may account for the 

enhanced photocatalytic activity of [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+ 

compound 3. 

Electrochemically, overlapping of Ru
2+/3+

 based oxidation process for both Ru centres 

is seen for [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+

 compound 3 at +1.60 V Vs SCE. The 

reductive side consists of a first reduction at -0.33 V due to sequential one electron 

irreversible reduction of rhodium centre from Rh
3+ 

to Rh
2+

 to Rh
1+

. At more negative 

potentials, two reversible reduction at -0.72 V and -1.02 V due to the two 2,3-dpp
0/-

 

reduction process. Reduction of the bpy ligands occurs at more negative potentials. 

 

This system has a rhodium localized LUMO for electron collection and a 
3
MLCT or 

3
MMCT states/state with sufficient driving force for excited state reduction by an 

electron donor. The photochemistry of [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+ 

compound 3 in 

the presence of DMA (electron donor) suggests the formation of Rh
1+ 

following 

bromide ligand loss. The Rh
1+ 

coordination geometry is d
8
, square planar, and co-

ordinately unsaturated, make it reactive and susceptible to interaction with substrate 

such as water.  

 

The impact of the sacrificial agents on the [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+ 

compound 

3 was investigated. Photocatalysis was seen using the electron donors DMA, TEA and 

TEOA.
64

 The hydrogen production efficiency varied in the order DMA > TEA > 

TEOH.
64

 TEOA has a slightly higher driving forces for reductive quenching than 

TEA, but results in the lower hydrogen yields. An important factor to be considered is 

the solution pH. The effective pH values for the photolysis solution using DMA, TEA 

and TEOA were estimated to be ~ 9.1, 14.7 and 11.8, respectively, on the assumption 

that the pKa values for their conjugate acids remain unchanged in the photocatalytic 

solution relative to aqueous conditions {pKa = 5.07 (DMAH
+
), 10.75 (TEAH

+
), 7.76 

(TEOAH
+
)}.

69
 It is known that water reduction is pH dependent and energetically 
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more feasible at lower pH. Thus the lower catalyst efficiencies, when TEOA is the 

electron donor may be attributing to the higher effective pH of the solution rendering 

water reduction energetically more difficult. In addition the ability of DMA to form 

donor-chromophore π-stacking interaction may be advantageous for more efficient 

reductive quenching of the excited states, affording the highest hydrogen yield 

compared to that of the aliphatic electron donors.  

 

Photocatalytic hydrogen generation of compound 3 in an aqueous medium have also 

been investigated.
68 

The first system shown to display this function in aqueous 

medium. The [{(bpy)2Ru(2,3-dpp)}2RhBr2]
5+ 

compound 3 functions as a 

photocatalyst for the production of hydrogen in the presence of TEOA with added 

triflic acid, hydrobromic acid, or phosphoric acid in aqueous media. The 

photocatalytic efficiency (TON = 1) was lower in the aqueous medium possibly 

because of the lower lifetimes of the excited states of the ruthenium polyazine 

chromophores in water and additional quenching mechanisms. 

 

The use of [Co(bpy)3]
2+

 as a catalyst in intermolecular photochemical hydrogen 

production schemes has inspired research on the use of cobaloximes.
70, 71

 Recent 

efforts have been directed towards the construction of supramolecular complexes that 

couple light absorbing properties of Ru
2+

 and Ir
3+

 chromophores to the reactive 

properties of cobaloximes catalysts in solar hydrogen production schemes.
72, 73

 

Fontecave and co-workers have constructed a series of dyads and compound 4, 

[(bpy)2Ru(L-pyr)Co(dmgBF2)2(OH2)]
2+

, (L-pyr = [(4-pyridine)oxazolo-(4,5-f)-

phenanthroline,  dmgBF2 = (difluoroboryl)dimethylglyoximate,  is one of the cobalt 

photocatalyst used for solar hydrogen production.
72, 73

 The ability of cobalt to access 

the Co
3+

, Co
2+

 and Co
1+

 oxidation states provides a pathway for multielectron 

catalysis. The compound 4 (see Figure 1.10) is a potent light absorber in the UV and 

visible region of the spectrum, with the lowest energy transition being MLCT in 

nature with λmax (abs) = 450 nm in dimethyl-formamide (DMF). Compound 4 displays 

emission from 
3
MLCT state with excited state lifetimes of 1.63 µs in deaerated 

acetone at room temperature. The emission from the 
3
MLCT state of the dyad is 

slightly quenched relative to the Ru monomer (without cobaloximes unit) (τ = 1.72 
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µs).
72

 In the compound 4, the Co
2+/ 1+

 reduction was observed at -0.51 V Vs SCE as 

reversible couples in DMF using 0.1 M Bu4NBF4 as electrolyte. 

 

The photolysis of compound 4, [(bpy)2Ru(L-pyr)Co(dmgBF2)2(OH2)]
2+ 

in acetone, 

using a CdI-doped Hg light source, in the presence of 100 fold excess of electron 

donor (Et3N = TEA) and 100 fold excess of proton source (Et3NH
+
), resulted in 

photochemical hydrogen production. A turnover numbers of 56 over 4 hours was 

observed in acetone. The impact of solvent on photocatalytic efficiency of compound 

4 was investigated.
72 

Lower turnover number in acetonitrile (TON = 10), methanol 

(TON = 9), DMF (TON = 3) and 1,2-dichloroethane (TON = 0) were observed. The 

lower turnover number in DMF and 1,2-dichloroethane is attributed to 

decomplexation of the photocatalyst in these solvents. When the proton source was 

changed to water, a lower turnover numbers of 22 in 4 hours was obtained. The lower 

turn over number is attributed to the high pH (~14) of the solution under the 

conditions investigated.
72

 Photocatalyst function was maintained under visible light 

by placing a UV cut-off filter between the lamp and photocatalytic solution with 103 

turnover numbers of 15 hours of photolysis. Higher turnover numbers were obtained 

when a UV cut-off filter was used which suggests that both UV and visible light 

impact on the catalyst function. The ruthenium based dyads demonstrate superior 

photocatalytic efficiency to the multi component [Ru(bpy)3]
2+

/ cobaloximes system 

(Eu
2+

 as electron donor, visible light excitation at λ = 450 nm afforded hydrogen 

production, providing 10 turnovers with respect to [Ru(bpy)3]
2+

and 1 turnover with 

respect to Co
2+

L (Co
2+

(Me6[14]dieneN4)(H2O)2
2+

).
72, 73

 It is proposed that in 

compound 4 intramolecular electron transfer affords a Co
1+

 species, which is 

protonated to yield a Co
3+

− H intermediate that can be further protonated to generate 

hydrogen. A favourable driving force for oxidative quenching of the chromophore by 

the attached Co
2+ 

site is predicted as the observed electrocatalytic potentials are more 

positive than the standard potentials of the excited state reduction potential for 

[Ru(bpy)3]
2+

.
74

 The resistivity of the cobaloximes catalyst to acid hydrolysis and 

hydrogenation reactions, the presence of a more reducible Co
2+ 

species in systems that 

incorporate a BF2 to bridge, and the supramolecular nature of the dyads that favour 

more efficient intramolecular electron transfer events have been suggested as a means 

for higher photocatalytic efficiency.
72
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The photoinduced hydrogen production in a CH3CN/ TEA solution for 

[Ru(bpy)2(DMB)PdCl2]
2+ 

(bpy = 2,2’-bipyridine and DMB = 2,6-bis(ethane)-(4-

(bis(4’-methyl-2,2’-bipyridine))-1,4-dimethoxybenzene) (Compound 5) was 

investigated by Hammerström and co-workers,
75

 (see Figure 1.10). Photoinduced 

hydrogen production with compound 5 was studied under continuous illumination 

with visible light from a tungsten filament lamp. A cut-off filter (λ ≥ 475 nm) allowed 

for excitation into the MLCT band of the Ru unit while avoiding excitation of Pd
II
 

unit. The illumination experiments were performed in deaerated solutions of 

compound 5 (50 µM) in CH3CN/TEA (2:1 v/v), and H2 formation was monitored 

online by Gas Chromatography analysis of the headspace above the reaction mixture. 

The maximum turnover numbers of 30 was obtained after 6 hours of continuous 

irradiation. The difference from the other compounds shown in Figure 1.10 is that the 

bridge is not a complete aromatic system (non conjugated reducible π-electron 

system). As metal colloids of group 10 are active as H2 production catalysts,
76

 this 

study focused on the potential formation of Pd colloids by photodegradation of the 

complex and their possible role in H2 evolution. For this purpose the reaction mixture 

of compound 5 was analyzed at different stages of the H2 formation reaction by 

transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy 

(XPS).
75

 In the TEM measurements of solutions cast on copper grids, small Pd 

nanoparticles (40 nm) appeared already at the catalysis start point, while after 45 min 

of irradiation in the same experimental run resulted in much larger Pd nanoparticles 

(150 nm) colloids were appeared and at the end stage, even more colloids were 

detected, suggesting further dissociation of Pd colloids (300 nm) from compound 5. 

As evidenced by XPS and TEM measurements, Pd is released from the complex upon 

illumination and the appearance of Pd
0
/ colloids strongly correlates in time with the 

formation of H2. The authors suggest that heterogeneous catalysis on the Pd colloids 

has a major contribution to the observed H2 formation. These results emphasize that 

the mechanistic interpretation of H2 production with supramolecular systems in 

general requires careful consideration of alternative mechanisms. 
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1.4 Miscellaneous systems for photo-induced hydrogen 

generation. 

 

1.4.1   Photobiological water splitting 

Photobiological water splitting employs sunlight and microorganism such as 

microalgae and cyanobacteria to produce hydrogen from water (Figure 1.11).
5
 In 

these systems, electron and protons generated through solar water splitting are 

transported to the hydrogen producing enzymes, hydrogenase or nitrogenase, which 

catalyze the production of hydrogen fuel. Hydrogenase activity is impeded by the 

sensitivity to oxygen generated, limiting the efficiency of this systems.
5
 

Photobiological water splitting is still at its infancy and research on enhancing 

hydrogen production efficiency through modification of the microorganisms and 

identifying other naturally occurring microbes is ongoing. Despite often low 

efficiencies, hydrogenase engineering efforts show much promise as analysis projects 

to show that overcoming oxygen inhibition could leads to hydrogen production with 

10 % efficiency in the conversion of solar energy.  A recent report introduces the 

concept of using carbon nanotubes as electron relays to electrically wire 

hydrogenase
77

 to be used in the hydrogen production technologies.
78

 This method 

provides a facile way of incorporating an electrical connection between the 

hydrogenase and a single walled carbon nanotube that displays excellent electronic 

conductivity without compromising the catalytically activity of the hydrogenase site.  

 

 

Figure 1.11: Principle of photobiological hydrogen generation. 
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Reisner and coworkers 
79a, 79b

 reported on the stable electrochemistry of a [NiFeSe]-

hydrogenase from Desulfomicrobium baculatum (Db [NiFeSe]-H) on a TiO2 

electrode. This observation led to a prototype solar H2 production system consisting 

of this hydrogenase and a synthetic ruthenium photosensitizer 

{[Ru(bpy)2(H4dpbpy)]Br2, RuP, bpy = 2,2′-bipyridine, H4dpbpy = 2,2′-bipyridine 

4,4′-diylbis(phosphonicacid)}, co-attached to colloidal TiO2 nanoparticles.
79a, 79b

 

Enzyme-modified nanoparticles were produced H2 using visible light under ambient 

conditions. The optimized system consisting of Db [NiFeSe]-H attached to Ru dye-

sensitized RuP-TiO2 (see Figure 1.12), with triethanolamine as a sacrificial electron 

donor, produces H2 at a turnover frequency of ~ 50 (mol H2) s
-1

 (mol total 

hydrogenase)
-1

 at pH 7 and 25 °C, under the solar irradiation. The system shows high 

electrocatalytic stability not only under anaerobic conditions but also after prolonged 

exposure to air. Erwin et. al. 
79c 

also reported a self-assembled system comprising of a 

molecular H2 production cobalt catalyst attached on a ruthenium dye sensitised (Ru-P) 

TiO2 nanoparticles. Visible light irradiation of the dispersed nanoparticles in the 

presence of the sacrificial electron donor triethanolamine produces H2 

photocatalytically in pH neutral water and at room temperature.
79c 

 

 

 

Figure 1.12: The system is shown with a hydrogenase (Db [NiFeSe]-H) as catalyst 

and the complex (RuP) as light absorbing unit attached to TiO2 nanoparticles for the 

production of hydrogen using sunlight.
79 
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1.4.2   Photoelectrochemical water splitting 

Photoelectrochemical water splitting employs light and semiconductors to split water. 

This area has been recently reviewed.
4
 These systems typically employed 

semiconductors, catalysts and more recently light absorbers.
4, 80, 81, 82, 83, 84, 85a, 85b, 86, 87 

 

The type of semiconductor, the nature of catalyst, as well as interfacial electron 

transfer processes impact the efficiency of water splitting to produce fuel. TiO2 was 

used a semiconductor for UV based Photoelectrochemical water splitting in 1972 by 

Honda and Fujishima.
81

 This system used UV light at wavelengths < 415 nm. 

Irradiation of the surface of a TiO2 electrode coupled to a platinum black electrode 

through an external load resulted in hydrogen production at the platinum electrode. In 

the presence of more reducing species, for example Fe
3+

, at the platinum 

compartment, hydrogen production occurred with quantum efficiency of 0.1.
81

 There 

is recent focus on the development of efficient photoelectrochemical systems that 

utilize visible light to split water for fuel production.
4, 71

 

 

The electronic structure of the semiconductor is key to efficient photocatalysis. An 

ideal semiconductor should have a band gap, Eg, that constitutes the energy difference 

between the conduction band (CB) and the valence band (VB) with sufficient energy 

to drive the water splitting reaction. For the production of hydrogen, the CB should be 

more negative than the redox potential of H
+
/H2 (0 V vs. NHE). For the production of 

oxygen, VB should be more positive than O2/H2O (1.23 V vs. NHE). Thus, the 

semiconductor should have an Eg minimum of 1.23 eV. Optical excitation promotes 

an electron from the VB to the CB to create an electron-hole pair. The water is 

reduced by promoted electron to form hydrogen and oxidized by the holes to produce 

oxygen. Figure 1.13 (a) represents the principle of water splitting using 

semiconductor photocatalysts and principle involved in photoelectrochemical device 

for hydrogen generation using Nocera’s model;  showing in Figure 1.13 (b).  
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Band gap 
Energy hν 

 

 

 

 

 

Figure 1.13 (a): Schematic representing photocatalytic water splitting using 

semiconductor. 

 

                 

Figure 1.13 (b): Principle involved in photoelectrochemical device for hydrogen  

Generation Nocera’s model (a) Wired and (b) Wireless PEC cell. 

 

Many factors are critical for efficient light to fuel conversion in this semiconductor 

promoted water splitting. Rapid charge recombination in the electron hole pair is a 

serious concern, which impedes catalytic activity. In this regard, suitable band 

engineering is required when a designing systems that would be catalytically active in 

the visible region that do not rapid electron hole recombination. The addition of 

sacrificial agents has been studied and provides a method to evaluate whether the 

photocatalyst satisfies the thermodynamic and kinetic potential for hydrogen and 

VB 

CB 

+ 

- 

⊕⊕⊕⊕ 

ΘΘΘΘ 

H
+
/H2 0.0 V vs. NHE 

O2/H2O 1.23 V vs. NHE 

 



Chapter 1:  Introduction 

 

 

 31 

oxygen production.
4, 82

 The level of crystallinity and particle size are factors that are 

considered during the engineering process. Enhancement of photocatalytical 

efficiency has been achieved through metal ion doping, anion doping and dye 

sensitization.
4, 82 

A recent report describes the use of metal free polymeric carbon 

nitride that produces hydrogen from water under visible irradiation in the presence of 

sacrificial electron donor.
83 

This system provides a promising first step toward water 

reduction by using commonly available materials in the absence of metals. 

 

Nocera’s and coworkers 
85a

 has describe the development of solar water-splitting cells 

comprising earth-abundant elements that operate in near-neutral pH conditions, both 

with and without connecting wires, see figure 1.13. The cells consist of a triple 

junction, amorphous silicon photovoltaic interfaced to hydrogen- and oxygen-

evolving catalysts made from an alloy of earth-abundant metals NiMoZn alloy and a 

cobalt borate catalyst, respectively. The devices described here carry out the solar-

driven water-splitting reaction at efficiencies of 4.7% for a wired configuration and 

2.5% for a wireless configuration when illuminated with 1 sun (100 milliwatts per 

square centimeter) of air mass 1.5 simulated sunlight. Fuel-forming catalysts 

interfaced with light-harvesting semiconductors afford a pathway to direct solar to-

fuels conversion that captures many of the basic functional elements of a leaf.
85a

 The 

use of dye-sensitized colloidal semiconductor films is an attractive solar energy 

conversion method. The Grätzel cell employing this technology was first reported in 

1991 and attracted much attention because of its stability, low cost and device 

efficiency.
85b

 In this system, an optically transparent film of nanometre scale TiO2 

particles were coated with dye, [(CN)(bpy)2Ru-CN-Ru(L)2-NC-Ru(bpy)2(CN)], (L = 

2’2-bipyridine-4,4’-carboxylic acid). The high surface area of the TiO2 film and the 

favorable light absorbing properties of the dye allow a high proportion of the incident 

light to be absorbed. Optical excitation of the dye at λ > 400 nm affords an electron 

injection in to CB of the semiconductor. The dye is regenerated by electron transfer 

from a species in solution that regenerated at the counter electrode. Overall light to 

electric energy conversion efficiencies of 12% in diffused solar light has been 

achieved in this system.
85b

 Studies are in progress to enhance system efficiency and 

focus on the impact by the essential components within the system including the 

conductivity mechanical support, semiconductor film, sensitizer, electrolyte, counter 
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electrode.
86 

A system consisting of ruthenium dye sensitized TiO2 nanoparticles 

loaded with a thin coating of Al2O3 and platinum (Al2O3/TiO2/Pt) has been 

prepared.
87

 This dye sensitized Al2O3/TiO2/Pt systems shows enhanced hydrogen 

production activity to the corresponding dye sensitized TiO2/Pt system when an 

aqueous solution was irradiated at λ > 420 nm in the presence of the 

ethylenediaminetetraacetic acid (EDTA) as electron donor. Up to 390 turnovers in 3 

hours was achieved with respect to dye. No hydrogen was produced in the absence of 

the dye or platinum loading. The enhanced photocatalytic efficiency in the dye 

sensitized Al2O3/TiO2/Pt system is attributed to the impact of platinum, which 

completely scavenges the electrons to reduces protons, and Al2O3 barrier, showing 

down the charge recombination processes.  

 

1.4.3 Iron-based biomimetic supramolecular photocatalysts  

Biomimetic systems that mimic the iron hydrogenase active site for photochemical 

water reduction to produce hydrogen have been a topic of interest.
77 

The active site of 

the iron hydrogenase is known to consist of two iron atoms linked by a dithiolate 

bridge.
88 

The biomimetic diiron model, [Fe2{µ-S2(CH2)3}(CN)(CO)4(PMe3)]
−

 (Figure 

1.14), has been shown to serve as a catalyst for electrochemical hydrogen 

production.
89 

 

Fe Fe

S S

(Me3P)(CO)2 (CO)2(CN)

 

Figure 1.14: Biomimetic model for [Fe2{µ-S2(CH2)3}(CN)(CO)4(PMe3)]
−
 

 

Sun and co-workers recently used a pyridyl functionalized hydrogenase active site 

model complex bound to a zinc tetraphenylporphyrin [ZnTPP] unit for photo-

chemical hydrogen production, Figure 1.15, [ZnTPP(pyridylCOO(CH2)2(Fe2{µ-

S2(CH2)2N}(CO)6))]
2+

.
90

 Two main strategies were employed in system design. The 

first strategy is to take advantage of the weak coordination of pyridine to zinc to limit 
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back electron transfer through complex dissociation after the reduction of the diiron 

centre. The second strategy is to make use of the ability of the system to self assemble 

to mediate intramolecular electron transfer. The mechanism for electron transfer was 

studied by transient absorption spectroscopy in the presence of ZnTPP and 

[pyridylCOO(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)] (Figure 1.15). ZnTPP display a strong 

emission from the singlet state (
1
ZnTPP

*
), providing a probe to excited state 

dynamics. The emission form ZnTPP is quenched by 50–60% in the presence of a 20 

fold excess of [pyridylCOO(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)] with a reduction in the 

singlet excited state lifetime. This emission quenching is consistent with a static 

absorption titration measurement under similar conditions. 

 

Fe Fe

S S

N

(CO)3 (CO)3

O
O

N

N

N

N

N Zn

Fe Fe

S S

N

(CO)3 (CO)3

O
O

N

[ZnTPP(pyridylCOO(CH2)2-
(Fe2{u-S2(CH2)2N}(CO)6))]2+

[pyridylCOO(CH2)2(Fe2{u-
S2(CH2)2N}(CO)6)]

 

Figure 1.15: Representing of ZnFe self assembling system and FeFe subunit 

[ZnTPP(pyridylCOO(CH2)2-

(Fe2{µ-S2(CH2)2N}(CO)6))]
+2 

[pyridylCOO(CH2)2(Fe2{µ-

S2(CH2)2N}(CO)6)]
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These both suggest the necessity for the formation of a supramolecular species 

through zinc coordination to pyridine, coupling the 
1
ZnTPP

* 
and the diiron moiety, 

which promotes excited state electron quenching. The high energy of 
1
ZnTPP

* 
singlet 

excited state allows electron or energy transfer to the diiron unit. Photoexcitation of 

ZnTPP using a nanosecond flash photolysis technique in the presence of 

[pyridylCOO(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)], a new species is observed using 

transient absorption spectroscopy.
89

 This is attributed to intramolecular electron 

transfer to form a charge separated species, ([ZnTPP
•+

 pyridylCOO(CH2)2(Fe2{µ-

S2(CH2)2N}(CO)6)
•−

]), which could dissociate to ZnTPP
•+ 

and [pyridylCOO-

(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)]
•−

. Photolysis of ZnTPP, [pyridylCOO(CH2)2(Fe2-

{µ-S2(CH2)2N}(CO)6)] and the electron donor (2-mercaptobenzoic acid) in the 

presence of CF3COOH as proton source in methylene chloride at λ > 400 nm resulted 

in photochemical hydrogen production with 0.16 turnovers based on [pyridylCOO-

(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)] and 16 turnovers based on ZnTPP. It is proposed 

that ([ZnTPP
•+

 pyridylCOO(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)
•−

]) may undergo disso-

ciation to form ([ZnTPP
•+

], which is reductively quenched by the electron donor and 

[pyridylCOO(CH2)2(Fe2{µ-S2(CH2)2N}(CO)6)]
•−

, which gets protonated. Protonation 

of the radical anion renders the reduction potential more positive, facilitating the 

second electron transfer event which is followed by further protonation and hydrogen 

release. This represents an interesting system for hydrogen production using 

intramolecular excited state electron transfer in a self assembled system.
89

   

 

1.4.4 Osmium – rhodium supramolecular photocatalysts for 

generation of hydrogen 

 

Nishibayashi and co-workers have used diphosphine ligands attached to an 

[Os(tpy)2]
2+

 moiety to coordinate a rhodium centre (Figure 1.16) and used this system 

for photochemical hydrogen production.
91 

The approach allows the use of a Os(tpy)2-

based chromophore in photocatalytic schemes. The OsRh dyad has been synthesized 

and analyzed in situ by treatment to osmium based chromophore with [RhCl(CO)2]2. 

The electrochemistry displays a reversible Os
II/III

 couple at 0.92 V vs. SCE and tpy
0/-

 

reductions at -1.11 and -1.34 V vs. SCE.
90

 The dyad absorb in the UV and visible 
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regions of the spectrum displaying 
1
MLCT and 

3
MLCT absorption at 482 nm and 655 

nm, respectively.
90 

An emission is observed at 728 nm (Φem
 
= 0.52 in an acetonitrile/ 

water mixture) with reduced intensity than the parent chromophore (Φem
 
= 0.73 in an 

acetonitrile/ water mixture).
90

 Irradiation of catalytical amounts of the OsRh dyad 

generated in situ at λ > 380 nm in a trifluoromethanesulfonic acid/sodium ascorbate 

mixture at Ph = 5.2 for 18 hours affords hydrogen with 36 turnovers. The use of 

RhCl3 instead of [RhCl(CO)2]2 yielded turnovers of 87 with Φ = 0.007. It is suggested 

that intramolecular electron transfer to rhodium upon optical excitation by two 

electrons leads to a reduced rhodium that can react with a proton to form a rhodium 

hydride, which generates hydrogen. 

N

N

N

N

N

N

Ph2
P

P
Ph2

Os RhCl(CO)

2+

[{(tpyPh(PPh2))2Os}RhCl(CO)]2+
 

 

Figure 1.16: OsRh dyad for solar hydrogen generation. 

 

1.4.5 Mixed-valence systems for multielectron photo-chemistry to 

generate hydrogen. 

 

Dinuclear mixed valence complexes for multielectron photochemistry are capable of 

reducing hydrohalic acid (HX) to hydrogen, with Φ = 0.01, in the presence of a 

halogen trap have been reported by Nocera and co-workers,
7, 92, 93 

Mixed valence 

compounds of the form M
n+

⋅⋅⋅M
n + 2

 are employed to drive multielectron chemistry. 

Rhodium bimetallics, [Rh2(dfpma)3X4], when ligated by three dfpma ligands, 

transform to a two electron mixed valence state, [Rh2
0,II

(dfpma)3X2(L)] (dfpma = 
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MeN(PF2)2, X = Cl or Br, L = CO, PR3 or CNR) when irradiated at excitation 

wavelength between 300 and 400 nm in the presence of excess L and a halogen atom 

trap. At 20 °C in 0.1 M HCl in THF, the catalyst [Rh2
0,0

(dfpma)3(PPh3)(CO)] was able 

to achieve turnovers of ~ 80 of H2 with (λexc > 338 nm). The dfpma ligand is unique, 

the fact is that it can act as both a π-acceptor and a π-donor, stabilizing the mixed 

valence oxidation state of [Rh2
0,II

(dfpma)3X2(L)]. Further irradiation activates a Rh
II 

– 

X to generate a doubly reduced form, [Rh2
0,0

(dfpma)3(L2)] (see Figure 1.17 for the 

proposed photocycle reaction mechanism). This Rh
II 

– X bond activation is the rate 

determining step in the hydrogen production scheme. Photolysis of 

[Rh2
0,0

(dfpma)3(L2)] in the presence of HCl results in an intermediate Rh
II
,Rh

II 
 

dihydride,dihalide, [Rh2
II, II

(dfpma)3Cl2H2], which on photolysis, produces hydrogen 

with the generation of [Rh2
I, I

(dfpma)3Cl2]. This Rh2
I, I

 species undergoes internal 

disproportionation which is leading to regeneration of [Rh2
0, II

(dfpma)3X2(L)]. Since 

activation of the Rh – X bond is the rate determining step for solar hydrogen 

production, studies had focused on the systems that undergo more efficient rate of M–

X bond activation. In this regard, heterobimetallic complexes, 

[Rh
I
Au

I
(tfepma)2(CN

t
Bu)2]

2+
 and [Pt

II
Au

I
(dppm)2PhCl]

+ 
(tfepma = 

MeN(P(OCH2CF3)2)2 and dppm = CH2(PPh2)2), have been synthesized.
94, 95 

The Pt
III 

– 

Au
II
 species, [Pt

III
Au

II
(dppm)2PhCl3]

+
, formed by photooxidation displays enhanced 

efficiency of metal halide bond activation with respect to the dirhodium complexes.
93

 

 

Figure 1.17: Proposed photocycle for hydrogen generation from HCl solutions in 

THF as solvent. 
96 
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1.4.6   Nickel catalysts for the photo-generation of hydrogen  

Eisenberg and co-workers described a homogenous system for photocatalytic 

hydrogen generation that uses a nickel(II) molecular catalyst (1) in combination with 

a photo-sensitizer (PS) (1 or 2) and the sacrificial electron donor (ascorbate), see 

figure 1.18.
97

 DuBois and co-workers described the nickel(II) complex 1 shown in 

figure 1.18, which also functions as an efficient and stable electrocatalyst for the 

generation of H2 from acidic non-aqueous solutions with low overpotentials (TOF > 

350 s−1, 0.30 V).
98, 99, 100

 Complex 1 is employed in conjunction with eosin Y (2) an 

organic dye that has been shown to act as a PS in a light-driven system for the 

generation of H2 from water.
101

 The system functions in 1 : 1 H2O : CH3CN with a pH 

range of 1–5 and maximum activity at pH 2.25. Eosin Y is only moderately stable 

under photocatalytic conditions when using light with λ > 410 nm and decomposes 

between 8 and 48 h depending on the catalyst concentration and irradiation power. 

The catalyst may also be paired with [Ru(bpy)3]Cl2 (3) as the PS, to evaluate the long-

term stability of 1 as the catalyst. This system is inactive in the absence of any of the 

three components (catalyst, PS, or sacrificial donor). 

 

 
 

Figure 1.18: Complexes in the photocatalytic system: (1) = Nickel (II) complex, (2) = 

Eosin Y, (3) = [Ru(bpy)3]
2+.

97 

 

The initial rate of H2 production varies little (maximum TOF by catalyst = 20 h−1
) 

using various concentrations of either 2 or 3 as the PS. However, the rate decreases 

after longer irradiation times (>1 h) indicating the degradation of at least one system 
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component. Following total bleaching of the PS, the system's activity is completely 

restored by the addition of either 2 or 3 as the PS. The reconstitution of the system 

activity in this way indicates that the catalyst component is stable during irradiation, 

and that the system's photo-instability is due to PS decomposition. The stability of the 

catalyst is evident from 31P{1H} and 1H NMR data; after photodegradation in a 

reaction mixture with deuterated solvents, the peaks in the NMR spectra associated 

with the catalyst are identical to those in the starting material. Through the addition of 

ascorbic acid and [Ru(bpy)3]Cl2 (3) during the course of photolysis, it is possible to 

obtain turnovers of 2700 which related to catalyst over 150 hours (see Figure 1.19). 

According to author, this is the highest TON (based on catalyst) yet reported for a 

photocatalytic system which employs a molecular catalyst consisting of earth 

abundant elements such as nickle.
71, 83, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111 

 

 
 

Figure 1.19: Turnovers of H2 generation from a system composed of 0.14 mM catalyst 

Ni(II) catalyst (1), 500 mM ascorbic acid (pH = 2.25), and 0.40 mM PS [Ru(bpy)3]
2+ 

(3) in 1 : 1 H2O : CH3CN irradiated with a 410 nm cut-off filter. Aliquots of the PS 

[Ru(bpy)3]
2+ (3) (400 µmol) and ascorbic acid (320 nmol) were added after each 

measurement to restore activity.
97

 

 

1.4.7 Iridium based photocatalyst for hydrogen generation. 

 

The photophysical properties of iridium(III) compounds, which may be altered within 

the ligand sphere makes them particularly interesting candidates for photocatalytic 

water reduction experiments. Bernhard and co-workers,
112

 carried out thorough 

studies by parallel screening of a library of [Ir(C N)2(N N)]+ complexes.
113

 The 
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utility of those compounds for the light-driven water reduction and optimization of 

catalyst and solvent systems resulted in turnovers greater than 2000.
114

 These 

optimum conditions included the use of a Pt or Pd precursor that formed a 

catalytically active metal colloid upon irradiation. As it is common to stabilize metal 

colloids by the addition of vinyl-derived polymers,
115 Ir(III) complexes containing one 

or more vinyl groups at the ligand backbone seemed to be promising candidates for 

improving the interaction between photosensitizer and catalyst. The beneficial effects 

of this approach include a stabilization of the Pt colloid as well as a faster electron 

transfer from the Ir photosensitizer to the Pt catalyst, which will result in higher 

stabilities of the reaction system and improved turn-over numbers. Various C N 

ligands with electron-withdrawing or electron-donating substituents were used for 

these experiments. The N N ligands 4-vinyl-4′-methyl-2,2′-bipyridine (mVbpy), 4,4′-

dimethyl-2,2′-bipyridined (dMebpy)  and 4,4′-divinyl-2,2′-bipyridine (dVbpy) 

incorporated one or two polymerizable vinyl moieties (see Figure 1.20). 

 
 

Figure 1.20: Chemical structure of synthesized [Ir(C N)2(N N)][PF6] complexes. 
112 

 

These new compounds were compared to the [Ir(C N)2(N N)]
+
 analogs with N N = 

4,4′-dimethyl-2,2′-bipyridine (dMebpy). As the only difference is the substitution of 

methyl groups by one or two vinyl groups, changes in the properties should be a 

consequence of the vinyl group's presence. The photophysical properties of the 

iridium compounds described here are summarized in Table (1.1). All synthesized 

Ir(III) complexes are luminescent in the solid state and in solution. However, 

compared to their respective parent dMebpy species, the emission quantum yields of 

the mVbpy and dVbpy complexes are significantly decreased. This especially holds 

true for complexes with halide substituted C N ligands (F–mppy and Cl–mppy). In 
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contrast, the lifetimes of the mVbpy complexes are only somewhat shorter than those 

of the dMebpy parent complexes. The lifetimes of the dVbpy compounds, on the 

other hand, are shorter than those of the dMebpy and mVbpy complexes, with a 

particular dramatic decrease for the Cl –mppy series. As expected, the substitution of 

one or two methyl groups by vinyl moieties leads to a small red-shift of the emission 

maximum. 

The hydrogen evolution experiments were performed in sealed vials with a 16-well 

LED photoreactor (λem = 460 nm) on an orbital shaker with a thermostated block 

(25°C). Each sample contained 0.5 µmol of the respective Ir(III) photosensitizer and 

0.375 µmol catalyst (K2PtCl4) in THF (8 mL), triethylamine (sacrificial reductant, 1 

mL), and H2O (1 mL). The solutions were degassed and then purged with argon at 

atmospheric pressure. Pressure transducers were used to obtain kinetic data, and the 

head-space was analyzed for H2 by mass spectrometry. All iridium compounds 

studied functioned as photosensitizer for the reduction of water (Figure 1.21). The 

turn-over numbers (TONs) of the dMebpy derivatives ranged from 925 to 1625, 

whereas the mVbpy and dVbpy compounds exhibited dramatically increased 

stabilities with 5700–8500 turn-overs (Table 1.2). 

Table 1.1: Photophysical properties of the Ir(III) complexes. Data obtained from 

deaerated 20 µM solutions of the Ir(III) complexes in THF/water (8/1)
 112 
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Figure 1.21: Photocatalytic hydrogen production of the [Ir(C^N)2(N^N)]+ 

photosensitizers with in situ generated colloidal Pt.
 112 

In addition, cyclic voltammetry with [Ir(Cl–mppy)2(mVbpy)]+ was performed on a Pt 

electrode, indicating the formation of a polymeric film on the Pt electrode.
116

 This 

further supports the existence of an interaction of the vinyl moieties with the Pt 

catalyst during the photocatalytic water reduction experiments. 

 

Table 1.2: Photocatalytic water reduction experiments. Data obtained from deaerated 

50 µM solutions of the Ir(III) complexes in THF/water/triethylamine (8/1/1) 
112 

 

 

In an another studies by Beller and co-workers, synthesis of novel, mono-cationic 

iridium(III) photosensitisers (Ir-PS) with the general formula [Ir
III

(C^N)2(N^N)]
+
 

(C^N: cyclometallating phenylpyridine ligand, N^N: neutral bidentate ligand) was 
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described in Figure 1.22.
117

 All iridium complexes were tested for their ability as 

photosensitisers to promote homogeneously catalysed hydrogen generation from 

water under visible light irradiation.  

 

In the presence of [HNEt3][HFe3(CO)11] as a water-reduction catalyst (WRC) and 

triethylamine as a sacrificial donor (SD), maximum turnover numbers of 4550 for the 

Ir-PS1 and 2770 for the Fe – WRC 
118, 119

 generated in situ from 

[HNEt3][HFe3(CO)11] and tris[3,5-bis(trifluoromethyl)phenyl]phosphine (PR3) were 

obtained under visible light (see Table 1.3). These are the highest overall efficiencies 

for any Ir/Fe water-reduction system reported. The incident photon to hydrogen yield 

reaches 16.4 % with the best system. They developed an active three-component 

system based on simple iron carbonyls.
120, 121

 More specifically, they showed that the 

activity of inexpensive [Fe3(CO)12] was comparable to well-established cobalt oxime 

catalysts. The iron hydride [HNEt3][HFe3(CO)11] was identified as an active species 

by using in situ FTIR techniques and DFT calculations.
121 

 

 

Figure 1.22: Chemical Structures of Ir-PSs (PS1 – PS12). 
117 

 

Table 1.3: Performance of the catalytic system comprising PS1 and the Fe-WRC/PR3 

catalytic system.
117 
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For successful application of PS1–PS12 as photosensitisers in light-driven hydrogen 

generation from water, three prerequisites have to be fulfilled: 1) absorption of the 

visible part of the spectrum, 2) photoluminescence that can be quenched by the 

sacrificial reductant and 3) a sufficient reduction potential of the reduced state to 

transfer an electron into the Fe-WRC. UV/Vis absorption measurements were carried 

out to characterise the absorption properties of PS1–PS7, PS13 (top) and PS8 – PS12 

(bottom) (see Figure 1.23). All complexes show a strong absorption in the UV region 

that can be attributed to π–π* transitions. In the visible range of the spectrum (> 390 

nm) all complexes show absorptions that level off at longer wavelengths.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23: UV/Vis spectra of all catalytically active iridium photosensitizers (PS1–

PS7, PS13 (top) & PS1–PS12 (bottom)). Conditions: 0.1 mmolL
−1

 degassed solutions 

in acetonitrile. 
117 

 

No absorption was observed at > 500 nm. The luminescence behaviour of PS1–PS13 

can be divided into three groups: (1) all complexes with 6- or 6,6′-substituted bpy 

ligands (PS1–PS7) which shows strong photoluminescence in the range of 570–640 
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nm that can be quenched with triethylamine,
117

 (2) PS8, PS9, PS12 and PS11 give 

weak or no emission and (3) complex PS10 exhibits emission at 479 and 505 nm, but 

only negligible quenching is observed in the presence of NEt3.
117 

Furthermore, 

electrochemical measurements were carried out to determine the reduction and 

oxidation potentials of the respective complexes (Table 1.4). For PS1–PS13, the 

oxidation potentials are in the same range, showing that the first oxidation (Ir
III

/Ir
IV

) is 

only slightly influenced by the substitution of the N^N ligand (entries 1–13). Among 

the reduction potentials within the 6,6′-substituted bpy complexes, only PS3 has a 

relatively positively shifted reduction potential than PS13, PS1, PS2 and PS4–PS7 

(Table 1.4, entries 1–8). This may be due to the electron-withdrawing and mesomeric 

effect of the nitrile moiety in PS3. Other iridium(III) complexes with 6- and 6,6′-

substituted bpy ligands show comparable or more negative reduction potentials than 

the basic structure PS13, ranging from −1.25 to −1.30 V (Table 1.4). Notably, the 

triazine ligand in PS8 can be reduced in two independent steps (−0.68 and −1.44 V). 

Complexes PS9 and PS12 also possess more positive reduction potentials than PS13. 

In the case of PS10 and PS11, an irreversible reduction at a much more negative 

potential is observed (−1.66 V for PS10 and −1.43 for PS11).
 

 

Table 1.4: Oxidation and reduction potentials of all Ir-PS.
117 

 

[a] conditions: acetonitrile solutions, 0.1 M NBu4BF4, working electrode: glassy carbon, 

Reference electrode: Ag/AgCl, counter electrode: Pt. [b] Irreversible. 
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1.5   Scope of thesis 

The area of solar hydrogen production through the use of photocatalysts that collect 

and deliver reducing equivalents in an active area of current research in inorganic and 

organic photochemistry. The aim of this thesis deals with the syntheses, 

characterisation, photocatalysis and the photophysical properties of Ru(II) 

mononuclear and Ru(II)-Pd(II) / Ru(II)-Pt(II) hetero-dinuclear complexes based on 

the polypyridyl bridging ligands. Three main polypyridyl bridging ligands used were, 

2,5-di(pyridin-2-yl)pyrazine (2,5-dpp), 2,5-di(pyridin-2-yl)pyridine (2,5-bpp), 2,6-

di(pyridin-2-yl)pyridine (2,6-bpp) and 2-(pyridin-2-yl)-5-(6-(pyridin-2-yl)pyridin-3-

yl)pyridine (bis-bpy). The structures of these complexes were determined by using 

one and two dimensional 
1
H-NMR spectroscopy and elemental analysis. The 

photophysical properties were studied by UV/Vis absorption and emission 

spectroscopy. The lifetimes were determined using time correlated single photon 

count (TCSPC) at room temperature in aerated and deaerated fluorescence 

measurements. Using partially and fully synthesised deuteriated compounds and 

measuring their lifetimes it should be possible to determine the location of the excited 

states. Photocatalytic hydrogen generation experiments were performed e.g. variation 

in the amount of water and time dependent studies will be discussed next. 
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Chapter 2: Instrumental & Experimental Techniques 

 

Abstract: 

This chapter introduces the instrumental methods used throughout this thesis for the 

identification of the compounds synthesised. The methods of characterisation were 

1
H-NMR and elemental analysis while UV-Visible absorption, emission, luminescence 

lifetimes, photocatalytic experiments, gas chromatography headspace analysis and 

electrochemistry were recorded to detail the properties of these compounds. The 

synthesis of starting materials used in further chapters is also detailed. 
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2.1 Instrumental Methods. 

2.1.1 Structural Characterization. 

Proton Nuclear Magnetic Resonance Spectroscopy (
1
H-NMR) 

1
H-NMR (400 MHz) spectra were obtained on a Bruker Advance 400 NMR 

Spectrometer in deuteriated solvents with either TMS (trimethylsilane) or residual 

solvents peaks as reference. Free induction decay (FID) profiles were processed using 

a TOPSPIN-NMR and ACD-1D/2D NMR processor software packages. The 2D 

correlated spectroscopy (
1
H-NMR COSY) experiments involved the accumulation of 

128 FIDs of 16 Scans. The solvents used for the ruthenium complexes were 

deuteriated acetonitrile and for the ligands were deuteriated chloroform / dimethyl 

sulphoxide. 

 

Elemental Analysis 

Carbon, Hydrogen and Nitrogen (CHN) elemental analyses were carried out on an 

Exador Analytical CE440 by Microanalytical Department, University College Dublin, 

Ireland.  

 

When calculating the percentage of Hydrogen for deuterium containing compounds, 

the mass of the whole compound including deuterium is calculated. The mass of 

hydrogen (M = 1 a.m.u) atom and where as deuterium (M = 2 a.m.u) atom counts as 

one hydrogen atomic mass unit, are added together and divided by the overall mass of 

the compound. The percentage of hydrogen in deuterium containing compounds will 

be generally little lower than in their non-deuterium containing analogues. 

 

Ultra-Violet/ Visible Spectroscopy (UV/Vis) 

UV/vis absorption spectra in the region between 200 and 800 nm were obtained by 

using a Varian Cary 50 spectrophotometer. The spectra were recorded in 

spectrophotometric grade acetonitrile solution at room temperature. The error 

associated with the absorption spectra is ± 2 nm with molar absorptivities ± 10 %. The 

extinction coefficients were determined by preparing a dilution series from a stock 

solution with a known concentration. The stock solutions were prepared by diluting 

10.00 mg of the particular compounds in 25 ml of acetonitrile in a volumetric flask. 
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2.1.2 Photophysical and Electrochemical Characterizations. 

Emission Spectra 

Emission spectra at room temperature were recorded in spectroscopy grade solvents 

on a Perkin-Elmer LS50B luminescence spectrometer equipped with a red sensitive 

Hamamatsu R928 detector: this was interfaced with an Elonex-466 PC using windows 

based fluorescence software. Measurements at room temperature were carried out in 1 

cm quartz cells. The error associated with the emission spectra is ± 5 nm. 

 

Measurements at 77 K, were recorded in a rigid matrix of ethanol and methanol (4:1 

volume ratio). Due to the range of the detector it was not possible to record emission 

above 850 nm. The spectroscopy grade ethanol and methanol were used. The error 

associated with the emission spectra is ± 5 nm. The emission quantum yields were 

measured in de-aerated acetonitrile solution by absorbance matching at the 

wavelength of excitation respectively to the [Ru(bpy)3]
2+

 standard with quantum 

yield, Φ = 0.06.
1 

 

 

Electrochemistry 

All cyclic voltammetry experiments were carried out by Ms. Jane Inglis and reported 

in her thesis at Dublin City University, Dublin, Ireland. Cyclic voltammetry was 

carried out in CH3CN with a 0.1 M TBABF4 using a CH instruments CHI Versions 

2.07 software controlled potentiostat (CH instrument Memphis 660). A conventional 

3-electrode cell was used. A 2 mm Pt electrode was used as the working electrode, the 

counter electrode was coiled Pt wire and a Ag/ Ag
+
 was used as a reference electrode. 

The solutions were degassed with an argon gas (Ar) and a blanket of argon was kept 

over the electrolyte during the experiment. All glassware was dried in a vacuum oven 

at 70
0
C. The electrode were polished on a soft polishing pad with aqueous slurry of 

0.3 micron alumina and sonicated for 5 minutes in Mill-Q water to remove any 

remaining of polishing material from the surface of the electrode. Redox potentials 

are ± 10 mV. The reference electrode was calibrated externally by carrying out cyclic 

voltammetry in solutions of ferrocene of the same concentration as that of the 

complexes in the same electrolyte. The results obtained were compared with the 
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previous studies on similar complexes using different electrodes by using conversion 

values obtained from the literature.
2 

 

Luminescent Lifetime Measurements 

Lifetime measurements were performed on an Edinburgh Analytical Instrument single 

photon counter with a T setting, using a lamp (nF900, in a nitrogen setting), 

monochromators, with a single photo photomultiplier detection system (model S 300), 

an MCA card (Norland N500) and PC interface (Cd900 serial). Data correlation and 

manipulation was carried out using the program F900, Version 5.13. The samples 

were excited using 360 nm as the excitation wavelength and the lifetime were 

collected at the maxima of the emission. The uncertainty associated with the 

luminescence lifetime is ± 10 %.  

 

2.2 Gas chromatography & Photocatalysis Analysis. 

 

Gas Chromatography 

The hydrogen evolved was measured by headspace gas chromatogram on a Varian 

CP3800 chromatograph, with a thermal conductivity detector (TCD) and a CP7536 

Plot Fused Silica 25 MX 0.32 MMID column (length 25 m, layer thickness 30 µm) 

with nitrogen as carrier gas (purity 99.999 %). The GC was calibrated by 100 ppm, 

1000 ppm and 10,000 ppm hydrogen gas standard mixture in a sealed container were 

injecting (20µl) into GC by using a gas tight syringe (50 µl volume, bevel shaped 

needle from SGE Co.). After irradiation of reaction vials, 20 µl gas samples were 

drawn from the headspace and injected immediately into the GC apparatus. The 

obtained signal (retention time of H2 = 1.59 min) was plotted against the calibration 

curve and multiplied accordingly to receive the total produced hydrogen content in the 

headspace (see figure 2.1 (a) calibration curve containing 100 ppm, 1000 ppm and 

10,000 ppm gas mixture of Hydrogen gas (b) For Area calculation, 99.999 % 

hydrogen (20 µl) gas sample). Irradiation experiments and hydrogen measurements 

were repeated several times for an average value of every other photocatalysts. 
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Figure 2.1: (a) Calibration curve containing 100 ppm, 1000 ppm and 10,000 ppm of 

hydrogen gas (above) (b) For Area calculation of 99.999 % hydrogen gas, 20µl 

sample injected (below). 

 

Photolcatalytic experiments 

Photocatalytic hydrogen production experiments were carried out using a home-built 

air-cooling apparatus for maintaining room temperature (22°C) under constant 

irradiation of the sample shown in figure 2.2. The acetonitrile used was dried over 

calcium hydride and the triethylamine dried over sodium before being freshly distilled 

under nitrogen. The samples for the laser irradiation experiments were prepared in GC 

vials (diameter = 13 mm, 5 cm
3
 volume with Teflon/PTFE septa cap from VWR Co.) 
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with a known headspace of 3 cm
3
 and a headspace-solution ratio of 3/2. Furthermore 

the GC vials were charged in the dark and under nitrogen stream. A typical sample 

solution was prepared by mixing 0.1 ml of a 8.16·10
-4

 M (1.2·10
-3

 M) catalyst 

solution in acetonitrile, 0.6 ml of triethylamine, 0.1 ml (5 vol. %) or {(0.2 ml for 10 

vol. %), (0.3 ml for 15 vol. %)} of thoroughly degased water and 1.2 ml (5 vol. %) or 

{(1.1 ml for 10 vol. %), (1.0 ml for 15 vol. %)} of anhydrous acetonitrile. Final 

Concentration of photocatalysts is 4.08·10
-5

 M (6.0·10
-5

 M). Subsequently, the GC 

vials were irradiated with 470 nm wavelength LED’S for 18 hours. 

 

LED-Torch 

The LED-torch consists of a stick-shaped printed board (length 19 cm, breadth 1 cm). 

At its end, 30 LEDs (manufacturer: Kingbright, type L-7113PBC-G blue, light 

emission: 470 ± 20 nm, luminous efficiency: 2000 mcd per LED) are soldered on 

front and backside in a range of 9 cm (see figure 2.2). The torch can be placed within 

the home built reactor. 

 

 

 

 

 

 

 

Figure 2.2: Equipment for the examination of the Photocatalysis; on the left, the photo 

reactor with air ventilation; on the right, the blue LED-torch. 

 

2.3   General Synthetic Materials. 

 

The Pd(PPh3)4 and nickel catalyst along with anhydrous solvents were purchased 

from Aldrich. Column chromatography was performed using neutral activated 

aluminium oxide (150 mesh) or silicone oxide (35-70 µm). All synthetic reagents 
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were of commercial grade and no further purification was employed. The compounds 

2,2’-bipyridine (bpy), RuCl3.xH2O, 2-pyridylzinc bromide, 2,5-dibromobipyridine 

and 2,2’:6’,2’’-Terpyridine (2,6-bpp) were purchased from Aldrich and used without 

further purification. The compounds Pd(CH3CN)Cl2, Pt(CH3CN)Cl2, K2PtCl4 and 

(NH4)2PdCl4 were purchased from Aldrich. The compound Pt(DMSO)2Cl2 was 

synthesized by dissolving K2PtCl4 in excess of dimethyl sulphoxide (DMSO) and 

stirred for 1 hour at room temperature. The complex was precipitated as a white 

crystalline solid. The ligand 4,4’-carboxy-ethylester-2,2’-bipyridine (dceb) was 

prepared as described in the literature using ethanol instead of methanol as a solvent.
3, 

4 

2.3.1   Synthesis of Starting Materials. 

Cis-[Ru(bpy)2Cl2]·2H2O 

This procedure has been modified slightly to that described by Meyer et al.
5
 

2,2’-bipyridine (3x10
-2

 mol, 4.68 g), RuCl3·3H2O (1.5x10
-2

 mol, 3.90 g) and LiCl 

(0.10 mol, 4.30 g) were placed in 20 ml of anhydrous DMF and refluxed for 8 hours 

under a nitrogen atmosphere. The deep purple solution was then cooled down to room 

temperature and poured into 125 ml of acetone and left overnight at – 4°C. The violet 

crystals were recovered by vacuum filtration, washed with a small amount of cold 

water and diethyl-ether and air dried. 

Yield: 6.77 g, 1.3x10
-2

 mol, 87%. 

 

1
H-NMR (DMSO-d

6
): 9.97 (d, 2H, J = 4.8 Hz), 8.64 (d, 2H, J = 8.4 Hz), 8.49 (d, 2H, 

J = 8.0 Hz), 8.07 (t, 2H, J = 7.8 Hz), 7.77 (t, 2H, J = 6.4 Hz), 7.68 (t, 2H, J = 7.8 Hz), 

7.51 (d, 2H, J = 5.6 Hz), 7.10 (t, 2H, J = 6.4 Hz). 

 

Cis-[Ru(dceb)2Cl2]·2H2O 

This procedure has been modified to that described by rau and brewer et al.
6
 

4,4’-carboxy-ethylester-2,2’-bipyridine (3x10
-2

 mol, 9.02 g), RuCl3·3H2O (1.5x10
-2

 

mol, 3.90 g) and LiCl (0.10 mol, 4.30 g) were placed in 20 ml of anhydrous DMF and 

refluxed for 8 hours under a nitrogen atmosphere. The dark green solution was then 

cooled down to room temperature and poured into 125 ml of acetone and left 

overnight at – 4°C. The dark green crystals were recovered by vacuum filtration, 

washed with a small amount of cold water and diethyl-ether and air dried. 
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Yield: 11.4 g, 1.4x10
-2

 mol, 93%. 

 

1
H-NMR (CD2Cl2): 10.17 (d, 2H, J = 5.7 Hz), 8.75 (d, 2H, J = 1.8 Hz), 8.59 (d, 2H, J 

= 1.8 Hz), 8.05 (d, 2H, J = 5.7 Hz), 7.56 (d, 2 H, J = 5.7 Hz), 7.37 (d, 2H, J = 5.7 Hz), 

4.45 (8H, m), 1.38 (12H, m). 

 

Cis-[Ru(d8-bpy)2Cl2]·2H2O 

This procedure has been modified slightly to that described for the non-deuteriated 

analogue, by Meyer et al.
5 

Deuteriated d8-2,2’-bipyridine (3x10
-2

 mol, 4.86 g), commercial RuCl3·3H2O (1.5 

x10
-2

 mol, 3.90 g) and LiCl (0.10 mol, 4.30 g) were placed in 25 ml of anhydrous 

DMF and refluxed for 8 hours under a nitrogen atmosphere. The deep purple solution 

was then cooled down to room temperature and poured into 125 ml of acetone was 

added and left overnight at – 4°C. The violet crystals were recovered by vacuum 

filtration, washed with a small amount of cold water and diethyl-ether and air dried. 

Yield: 5.79 g, 1.0x10
-2

 mol, 67%. 
1
H-NMR (DMSO-d6): 9.97 (s, 2H), 8.64 (s, 2H), 

8.49 (s, 2H), 8.07 (s, 2H), 7.77 (s, 1H), 7.68 (s, 2H), 7.51 (s, 2H), 7.10 (s, 2H). 

 

2.3.2 Synthesis of Bridging Ligands. 

1). 2,5-di(pyridine-2-yl)pyrazine (2,5-dpp). This ligand was prepared in three steps.
7, 8 

 

Step 1: Synthesis of 2-acetylpyridine oxime. 

 

To a solution of NH2OH (2.86g, 0.0412mol) dissolved in distilled water, excess of 

potassium acetate (4.0g, 0.0412mol) and 2-acetylpyridine (5.0g, 0.0412mol) was 

added. The reaction mixture was stirred for 1 hour at room temperature. The crude 

product was precipitated as a white solid and recrystallised from ethanol/ water (3:1) 

as colourless needle shape crystals. Yield= 5.53g, 0.0406 mol, 98%. NMR (CDCl3, 
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400MHz) =2.43 (3H, s, CH3), 7.29 (1H, t, J = 4.96, 6.28 Hz, ArH), 7.73 (1H, t, J = 

6.40, 7.64 Hz, ArH), 7.88 (1H, d, J = 7.84 Hz, ArH), 8.68 (1H, d, J = 4.72 Hz, ArH), 

9.91 (1H, s, C=N-OH). 

 

Step 2: Synthesis of 2-acetylpyridine-oxime-O-(p-toluenesulphonyl ester). 

 

 

2-Acetylpyridine-oxime (10.0g, 0.073 mol) was dissolved in pyridine (10ml), kept in 

an ice bath and treated with finely powdered p-toluenesulphonyl chloride (15.3g, 

0.081mol). The mixture was kept for 3 hours at room temperature and then poured 

into a mixture of ice and water. The 2-acetylpyridine-oxime-O-(p-toluenesulphonyl 

ester was precipitated out as a white solid, filtered off, vacuum dried and crystallised 

from ethyl alcohol / water (3:1).  Yield= 18.8g, 0.064mol, 88.8%. 
1
H-NMR (CDCl3, 

400MHz) = 2.46 (6H, s, 2CH3), 7.34 (1H, t, J = 4.96, 6.28 Hz, ArH), 7.37 (2H, J=6.30 

Hz), 7.71 (1H, t, J = 6.40, 7.64 Hz, ArH), 7.95 (2H, J=6.30 Hz), 8.62 (1H, d, J = 4.72 

Hz, ArH). 

 

Step 3: Synthesis of 2,5-di(pyridine-2-yl)pyrazine (2,5-dpp). 

 

The mixture was shaken for 1 hour, and the precipitate of potassium p-

toluenesulphonate removed. The filtrate was diluted with excess of dry ether, and a 

further precipitate of the potassium p-toluenesulphonate salt filtered off. The filtrate 

was extracted three times with 2M hydrochloric acid (3 x 50 ml). The aqueous layer 

became yellow and separated from the organic layer.  



Chapter 2: Instrumental & Experimental Techniques  

 62 

 

To the aqueous acid yellow layer was added an excess of conc. ammonium hydroxide 

solution (200 ml). The reaction mixture was stirred for 24 hours at room temperature. 

The crude product was precipitated out as a orange coloured compound 2,5-

di(pyridine-2-yl)pyrazine (2,5-dpp) and recrystallised from ethanol / water (3:1). 

Yield= 1.9g, 0.0081mol, 13 %. 
1
H-NMR (CDCl3, 400MHz) = 7.31 (2H, t, J = 4.96, 

6.28 Hz, ArH), 7.81 (2H, t, J = 6.40, 7.64 Hz, ArH), 8.38 (2H, d, J = 7.84 Hz, ArH), 

8.68 (2H, d, J = 4.72 Hz, ArH), 9.59 (2H, s, ArH). 

 

2). Synthesis of 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) 
9, 10, 11 

(see Scheme 1) 

 

Step 1: Synthesis of 5-bromo-2,2’-bipyridine (5-brbpy).
11

 

In a dried two neck round bottom flask Pd(PPh3)4 (0.3 gm, 0.26 mmol) and 2,5-

dibromobipyridine (2.0 gm, 8.44 mmol) were added under a nitrogen atmosphere. 

During the addition of 2-pyridylzinc bromide (19.4 ml, 8.44 mmol) to the reaction 

mixture, the temperature was kept at 0
0
C.  The reaction mixture was then stirred over 

night at room temperature under a nitrogen atmosphere and a white precipitate was 

formed. The reaction mixture was poured in 200 ml of a saturated aqueous solution of 

equimolar EDTA and Na2CO3 and stirred until the white precipitate dissolved and a 

yellow precipitate formed. The aqueous solution and the precipitate were extracted 

with dichloromethane (3 x 50 ml) and the combined organic phase was dried over 

MgSO4. The dichloromethane was allowed to evaporate off and the crude product was 

purified by column chromatography (neutral alumina, hexane/ethyl acetate (9.5 : 0.5 

v/v), TLC: Rf = 0.2). The second spot in TLC was the desired product. Yield: 1.6 gm 

(6.80 mmol, 81%). 
1
H-NMR (DMSO-d6, 400 MHz): δ = 7.49 (t, 1H), 7.97 (t, 1H, J = 

7.8 Hz), 8.21 (d, 1H, J = 8.3 Hz), 8.37 – 8.33 (m, 2H), 8.70 (d, 1H, J = 7.6 Hz), 8.82 

(s, 1H).  
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Scheme 1: Step wise synthesis of 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy). 

 

Step 2: Synthesis of 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy). 

 

A solid [Ni(PPh3)2Cl2] (0.557 g, 0.85 mmol) was taken in 10 ml of anhydrous DMF 

and stirred for few minutes at 20
o
C degassing nitrogen through the solution until the 

blue reaction mixture was formed. Then into the blue reaction mixture zinc powder 

(Zn) (0.056 g, 0.85 mmol) was added and stirred at 20
o
C degassing nitrogen through 

the solution. The reaction mixture was turned green from blue and then ultimately the 

solution was turned deep brown from green solution after 30 to 45 minutes. Now 5-

bromo-2,2’-bipyridine (5-brbpy) (0.200 g, 0.85 mmol) was added and the reaction 

mixture was stirred at room temperature under nitrogen atmosphere for 10 hours. The 

completion of the reaction was checked by TLC (neutral alumina, hexane/ethyl 

acetate (9 : 1 v/v). The reaction mixture was poured in 150 ml of 3 molar aqueous 

NH4OH solutions. A greyish white product was precipitated out. The aqueous 

solution and the precipitate were extracted with ethyl acetate (3 x 50 ml) and the 

combined organic phase was dried over MgSO4. Removal of the solvent in vacuo 

yielded the crude product which purified by column chromatography (neutral 

alumina, hexane/ethyl acetate (9 : 1 v/v), TLC: Rf = 0.1).  

Yield: 0.205 g (0.66 mmol, 78%).  

1
H-NMR (DMSO-d6, 400 MHz): δ = 7.50 (ddd, 2H, J = 7.6 Hz, J = 4.80 Hz, J = 1.77 

Hz, J = 1.01 Hz), 8.00 (ddd, 2H, J = 7.83, J = 1.77 Hz), 8.43 (dd, 2H, J = 8.34, J = 

2.53 Hz), 8.46 (dd, 2H, J = 7.83, J = 1.01 Hz), 8.54 (dd, 2H, J = 8.08, J = 0.76 Hz), 

8.72 (dd, 2H, J = 4.80, J = 0.76 Hz), 9.18 (d, 2H, J = 2.53 Hz).  
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2). Synthesis of bridging ligand (2,2':5',2''-terpyridine) (2,5-bpp), (see Scheme 2). 

 

Scheme 2: Synthesis of bridging ligand (2,2':5',2''-terpyridine) (2,5-bpp). 

 

The bridging ligand was synthesised differently from that reported by V. N. 

Kozhevnikov et al.
12, 13

 In a dried two neck round bottom flask was added Pd(PPh3)4 

(0.299 gm, 0.258 mmol) and 2,5-dibromobipyridine (1.0 gm, 4.22 mmol) under a 

nitrogen atmosphere at 0
o
C. To the reaction flask was added 2-pyridylzinc bromide 

(19.35 ml, 8.44 mmol) and the temperature was kept constant at 0
o
C during addition.  

The reaction mixture was stirred for 12 hours at room temperature under a nitrogen 

atmosphere and a white precipitate formed. The reaction mixture was poured in a 

saturated aqueous solution of EDTA and Na2CO3 until the precipitate dissolved and a 

yellow precipitate formed. The aqueous solution and the precipitate were extracted 

with dichloro-methane, dried over solid MgSO4 and evaporated under vacuum. The 

crude product was purified on a neutral alumina column using hexane/ethyl acetate 

(9.5 : 0.5). The second spot in TLC (Rf = 0.15) shown was the desired product.  

Yield: 505 mg (2.15 mmol, 51%). Anal. Calcd. for C15H11N3.(0.1 C2H5OOCCH3): C, 

76.41; H, 4.91; N, 17.36%. Found: C, 76.60; H, 4.91; N, 17.31%.  

1
H-NMR (DMSO-d6, 400MHz) δ: 7.48 (m, 2H), 7.98 (m, 2H), 8.15 (d, J = 8.1 Hz, 

1H), 8.47 (d, J = 7.8 Hz, 1H), 8.52 (d, J = 8.3 Hz, 1H), 8.62 (dd, J = 8.5 Hz, J = 2.1 

Hz, 1H), 8.74 (m, 2H), 9.40 (d, J = 2.3 Hz, 1H). 

 

2.3.3 Synthesis of Deuteriated Ligands. 

Calculation of the Percentage Deuteriation Amount Percenatge 

To estimate the relative deuteriated amount % of one sample, the 
1
H-NMR spectra of 

both the deuteriated and the protonated species were compared. Hereby it is very 
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important that the spectra of both samples are recorded by using the same amount of 

substance and solvent. First the 
1
H-NMR spectrum of the protonated sample is 

examined. The integral of the solvent peak is set as 1, whereas the resonances of the 

substance get the emanating values. Thus the ratio of the relative number of hydrogen 

of the compound to that of the deuteriated solvent is determined. Afterwards the same 

step is repeated in the spectrum of the deuteriated species. However the signals are 

only caused by the small amount of hydrogen remaining in the sample. Therefore by 

subtraction of the ratio estimated for the deuterated species from the ratio of the 

protonated sample results in the ratio of deuterated species. The amount of deuterated 

species in percent is easily calculated by dividing the ratio of deuteriated species by 

the ratio determined in the spectrum of the protonated sample. All the deuteriation 

experiments were carried out in a steel container with a Teflon liner. 

 

Deuteriation of 2,2’-bipyridine 

This procedure has been modified to that described for the deuteriated analogue, by 

Browne et. al.
14 

2,2’-bipyridine (1.5 g, 9.6 mmol) was reacted with 20 ml of 1 M NaOD/D2O at 200° 

C in a sealed chamber for 6 days. The 1.0 M NaOD/D2O solution was prepared by 

slowly adding (460 mg, 0.02 mol) of metallic sodium to 20 ml of D2O. After cooling 

the reaction mixture was neutralized with aqueous HCl, extracted with CH2Cl2, and 

the organic phase was evaporated yielding a white solid. 

Yield: 1.33 g (8.16 mmol, 85 %), deuteriated amount 98%. 

1
H-NMR (400 MHz, CDCl3): 8.63 (s, 2H), 8.36 (s, 2H), 7.77 (s, 2H), 7.26 (s, 2H). 

 

Deuteriation of 2,5-bis(2-pyridyl)pyrazine (2,5-dpp) 

2,5-bis(2-pyridyl)pyrazine (2,5-dpp) (150 mg, 6.4 mmol) was reacted with 20 ml of 1 

M NaOD/D2O at 200° C in a sealed chamber for 6 days. The 1 M NaOD/D2O 

solution was prepared by slowly adding (460 mg, 0.02 mol) of metallic sodium to 20 

ml of D2O. After cooling the reaction mixture was neutralized with aqueous HCl, 

extracted with CH2Cl2, and the organic phase was evaporated yielding yellow solid. 

Yield: 66 mg (2.7 mmol, 42 %), deuteriated amount 99%. 

Elemental analysis (CHN): calculated C = 68.85, H = 4.09, N = 22.95, found C = 

68.71, H = 4.32, N = 22.64. 
1
H-NMR (400 MHz, CDCl3): 9.59 (s, 2H), 8.68 (s, 2H), 

8.38 (s, 2H), 7.80 (s, 2H), 7.31 (s, 2H). 
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Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) 

Containing Hetero-Bimetallic Photocatalysts with 2,5-

dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation 

of Hydrogen from Water. 

 

Abstract: 

This chapter describes the synthesis of novel hetero-bimetallic complexes using the 

conventional “complexes as metal / complexes as ligands” strategy. The complexes 

synthesised in this chapter were designed for photocatalytic generation of hydrogen 

from water. 2,5-Dipyridylpyrazine ligand (2,5-dpp) has been used as a bridging 

ligand between the two metal centers. The advantages and problems associated with 

the development of larger metal complexes were investigated. This chapter includes 

the characterisation of the complexes synthesized using nuclear magnetic resonance, 

deuteriation of peripheral / bridging ligand and elemental analysis. The electronic 

and electrochemical properties are also reported. The photocatalytical production of 

hydrogen from water was investigated by using sacrificial agents and varies the 

amount of water in the photocatalytic solution. 
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3.1 Introduction 

 

Ruthenium(II) polypyridine complexes have been extensively studied in the past two 

decades, because of their excited states
1, 2, 3 

and electrochemical properties.
4, 5, 6, 7 

More recently, much interest has focused on their use as building blocks to synthesise 

polynuclear complexes, which behave as supramolecular species.
8, 9, 10

 Photoinduced 

energy and electron transfer 
8 – 10 

and multielectron redox
11

 processes in polynuclear 

complexes are currently being investigated to design molecular devices 
9, 12, 13, 14 

that 

can perform useful functions, such as information processing, 
15

 conversion of light 

into chemical energy,
16, 17

 and multielectron catalysis (Scheme 3.1).
18, 19, 20

 

[Ru(bpy)2Cl2].2H2O and its analogues are well-known precursors and many thousands 

of complexes have been prepared
21

 including optically pure compounds.
22

 The 

preparation of tris-heteroleptic compounds is substantially more challenging but there 

are now a number of methods available that have opened the path to extend the size to 

multinuclear systems.
23, 24

 A number of approaches are discussed in a review by Kelly 

et. al.
17 

 

 

 

Scheme 3.1: Chemical structures of bridging ligands and peripheral ligands. 

A convenient method to obtain hetero or polynuclear metal complexes is based on the 

use of bridging ligands (BL) like 2,3- and 2,5-bis(2-pyridyl)pyrazine (2,3-dpp and 
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2,5-dpp) which can connect mononuclear building blocks, and 2,2’-bypyridine (bpy) 

or its derivatives as the peripheral ligands (L).
25, 26

 Using this method, polynuclear 

Ru(II) complexes containing two, three, four, six, seven, ten, thirteen and twenty two 

metal atoms, as well as a large number of BL (up to 21) and peripheral ligands (up to 

24), have been obtained.
10, 25, 26 

A detailed description have been reported on the 

complexes
 
electrochemical and spectroelectrochemical behavior based on bridging 

ligands 2,3-dpp and 2,5-dpp of 
 
Ru(II) complexes containing bpy and DCE-bpy as the 

peripheral ligands.
27, 28

 Furthermore, the effects on the voltammetric pattern brought 

about by the perturbation in the energy of the bpy-centred redox orbital has been 

appraised, by studying the complex [Ru(2,3-dpp)(DCE-bpy)2]
2+

 (DCE-bpy is 5,5’-

dicarboxyethyl-2,2’-bipyridine). This is the precursor to polynuclear complexes with 

mixed terminal ligands that may be anchored (as carboxylate species) to metal-oxide 

semiconductors. The fact that the Ru(DCE-bpy)2 fragment possesses MLCT states at 

energies notably lower than Ru(bpy)2, might in fact, allow intramolecular energy 

transfer paths within the polynuclear species based on these units and 2,3- and 2,5-dpp 

(BL), resulting in an effective antenna effect in the sensitization of large band-gap 

semiconductors.
29, 30 

 

It is well known that for Ru(II) polypyridine complexes the reduction processes 

involve the ligands. The analysis of the electrochemical behavior of the uncoordinated 

ligands is, therefore, instrumental in understanding the pattern of the ligand based 

redox series of the complexes. The electrochemistry of free bpy,
31

 DCE-bpy
32

 and 

2,3-dpp
33

 have previously been studied. The cyclic voltammetric curve (CV curve) for 

2,5-dpp in DMF at – 54°C shows two reduction peaks which correspond to two one 

electron diffusion-controlled reversible processes. The E1/2 potential values of the 

redox processes shown in Table 3.1, are for 2,3-dpp, bpy and DCE-bpy. Whereas both 

2,5-dpp and bpy-type ligands (i.e. bpy and DCE-bpy, the latter being easier to reduce 

due to the presence of the ethyl carboxy groups) show two reduction processes, 2,3-

dpp exhibits three reductions. 

 

The 2,3- and 2,5-isomers of bis-(2-pyridy1)pyrazine (shown in scheme 3.1) are quite 

interesting bridging units, since they can coordinate luminescent and redox-reactive 

ML2 building blocks (M = Ru(II), Os(II); L = bipyridine-type ligands).
34, 35, 36, 37, 38, 39 
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Furthermore, coordination of dpp to Ru
2+

 and Os
2+

 gives rise to additional
 

chromophoric and redox centers and the homo- and heterooligometallic
 
complexes so 

obtained can be used as building blocks
 
to design larger supramolecular species.

40, 41 

Among the great variety of polypyridine ligands that can be
 
used to obtain ML2 units,

2
 

2,2'-bipyridine (bpy) and 2,2'-biquinoline
 
(biq) are quite valuable, since their Ru(II)

 

complexes are both luminescent and redox reactive. Furthermore,
 
the [Ru(bpy)]

2+
 and 

[Ru(biq)]
2+

 (biq = 2,2’-biquinoline) units exhibit sufficiently different
 
excited-state 

energies and redox potentials to allow specific assignment
 
of their spectral bands and 

redox waves in the supramolecular
 
species. E1/2 

 
 

Ligands 

E1/2 / V 

1 2 3 

 

2,3-dpp 

 

- 1.93 

 

- 2.55 

 

- 2.74 

 

2,5-dpp 

 

- 1.53 

 

- 2.12 

 

 

bpy 

 

- 2.09 

 

- 2.69 

 

 

DCE-bpy 

 

- 1.37 

 

- 1.78 

 

 

Table 3.1: Reduction potentials (vs. SCE) of the free ligands in DMF containing 0.1 

M Tetraethyl ammonium tetrafluoborate (TEATFB) at – 54°C.
28 

Denti et al.,
42

 synthesised of mononuclear complexes containing one dpp and two bpy 

/ biq ligands, according to Scheme 3.2 (i). In comparison with its bpy analogue, the 

precursor complex [Ru(biq)2C12] was less reactive toward both 2,3-dpp and 2,5-dpp. 

Furthermore, in contrast with previous observations, the latter ligand exhibited a 

lower reactivity than its isomer. In the preparations of mononuclear complexes the 
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best yields and purities were obtained by adding the bridging ligands only after a 

rather long reflux time, in order to allow the metal precursor to undergo till aquation 

(formation of aquo complex) in the absence of the bridging ligand. For oligonuclear 

compounds it was necessary to raise the reaction temperature to that of refluxing 

ethylene glycol. Due to the light sensitivity of all derivatives containing biq, their 

purification was accomplished by recrystallization.  

 

The most convenient general route to dinuclear homoleptic complexes (Scheme 3.2 

(ii)) consisted of two separate steps. This was obviously compulsory for the 

preparation of the heteroligated complexes (Scheme 3.2 (iii)). In order to prepare the 

trinuclear complexes (Scheme 3.2 (iv)), these were obtained in satisfactory yields by 

reacting [Ru(bpy)Cl3]n with the appropriate bridging ligand in the presence of 

trifluoroacetic acid (1:2:2). This procedure prevented the massive formation of 

polymeric species by deactivating a chelating site of the BL through protonation. The 

subsequent reactions were then carried out by using purified intermediates. The 

tetranuclear complexes were synthesised (Scheme 3.2 (v)) by reacting [Ru(dpp)3]
2+

 

with the appropriate counterpart [RuL2Cl2] has been limited (limiting reagent) to the 

derivatives of 2,3-dpp. Up to now, attempts to prepare the analogous 2,5-dpp 

precursor were unsuccessful, due to the tendency of this ligand to behave as a bis-

chelating agent toward [Ru(bpy)Cl2], irrespective of the reaction conditions and molar 

ratios employed.
42

 

 

In the past few years, Balzani and coworkers have synthesized a variety of dendritic 

polynuclear transition metal complexes based on the 2,3- and 2,5-dpp bridging 

ligands (dpp) bis(2-pyridyl)pyrazine), exhibiting interesting photophysical and 

electrochemical properties. Until now, many metal units have been used in the 

assembly of dpp-based polynuclear complexes, namely, Re(I), Fe(II), Ru(II), Os(II), 

Rh(III), Ir(III), Pd(II), Pt(II), Pt(IV), and Cu(I),
10, 43 

but so far, no more than two 

different metals have been introduced in a single compound. The compound RuPt 

with 2,3-dpp and bpy was previously reported.
44, 45 
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Scheme 3.2: Synthetic strategies of complexation, where n = 3 or 5.
28 

 

In 2001, Sommovigo and coworkers, synthesized OsRuPt2 and OsRu3Pt6 which were 

the first examples of polynuclear complexes based on the 2,3-dpp/ 2,5-dpp bridging 

ligand containing three different metals. The interest in these dendrimeric species was 

related to the presence of many chemically different units since each unit introduces 

into the supramolecular structure its own piece of information (in the form of specific 

properties such as excited states, redox
 
levels, etc.), thus making available more 

complex functions. Indeed, in the complexes OsRuPt2 and OsRu3Pt6, a clear antenna 

effect is observed; the latter was the first decanuclear species where all the energy 

absorbed was efficiently transferred to a single unit.
 
The molecular model of the 

compound OsRu3Pt6 displayed in Figure 3.1 gives an idea of the shape of one of the 

many possible isomers. The diameter of the molecule is ~ 3 nm.
10 

 

Figure 3.1: Molecular model of one of the possible isomers of OsRu3Pt6.
10 

The ligand 2,5-dpp was prepared by the literature method 
46

 in which the oxime of the 

2-acetlypyridine was converted to its O-tosyl derivative 
47

 and subsequently treated 

with sodium ethoxide to give 2-(α-aminoacetyl)pyridine. The cyclization of 2-(α-

aminoacetyl)pyridine with concentrated aqueous ammonia solution gave the desired 

ligand 2,5-dpp in acceptable yield. The reaction of [Ru(bpy)2Cl2] with a slight excess 
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of 2,5-dpp gave a deep red solution from which the complex [Ru(bpy)2(2,5-

dpp)][PF6]2 was isolated, and purified used chromatography and precipitated using 

ammonium hexafluorophosphate (Scheme 3.3).
48

 The X-ray structure for 

[Ru(bpy)2(2,5-dpp)][PF6]2 was obtained from a cooled methanolic solution containing 

equimolar amounts of [Ru(bpy)2(2,5-dpp)][PF6]2  and manganese(II) nitrate (Figure 

3.2).
40 

 

 

 

Scheme 3.3: Synthetic procedure of complexation with 2,5-dpp.
48 

 

The solid state structure of the [Ru(bpy)2(2,5-dpp)]
2+

 cation present in [Ru(bpy)2(2,5-

dpp)][PF6]2 is shown in Fig. 3.2. The structure of the cation confirms the expected 

features in which one bpy domain is coordinated to the ruthenium and the other is 

vacant. Both ∆ and Λ enantiomers of the chiral trischelate cation are present in the 

lattice. The non-coordinated pyridine ligand is disordered over the two possible cisoid 

and transoid conformations with respect to the pyrazine ring and only the cisoid 

conformer is presented in Fig. 3.2. In contrast to other complexes containing 

hypodentate ligands that were described,
49

 there is remarkably little distortion of the 

coordination sphere in the [Ru(bpy)2(2,5-dpp)][PF6]2 cation. All three of the 

coordinated bpy domains exhibit bite angles between 77° and 82°, typical of a 2,2
′
-

bipyridine coordinated to a second or third row transition metal centre.
50

 The non-

coordinated pyridine ring is twisted about the interannular bond to the pyrazine ring 

and makes a torsion angle of 32.5°. The majority of the Ru–N bond distances are 

typical and lie in the expected range 2.0–2.1 Å. There were no stacking interactions 
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between adjacent cations and no particularly short contacts between cations and 

anions. 

 

 

 

Figure 3.2: The structure of the Λ-[Ru(bpy)2(2,5-dpp)]
2+

 cation present in rac-

[Ru(bpy)2(2,5-dpp)][PF6]2 showing only the cisoid conformation of the disordered 

non coordinated pyridine ring.
45 

 

The primary interest in this type of complex is to utilise the vacant metal-binding 

domain for coordination to an additional metal centre to build heteropolynuclear 

systems. Recently, photophysical and photochemical properties of copper(I) have 

attracted attention,
51

 due to the long lifetime of the MLCT excited state.
52

 Potential 

applications of these complexes are photovoltaic cells or electroluminescent 

displays.
53

 Some polynuclear metal complexes containing copper(I) which are mainly 

designed for supramolecular photoactive systems have been proposed. Several reports 

on Ru(II)-Cu(I) supramolecular complexes have been reported.
54

 Although Ru(II)-

Cu(I) complexes bridged by 2,3-bis(2-pyridyl)pyrazine (2,3-dpp) were reported,
55

 

copper(I) complexes containing 2,5-dpp have not been published yet. As a part of a 

study on luminescent d
10

 metal complexes,
56

 the photophysical properties of Cu(I) 

complexes was examined.
57

 In Tsubomura et al. reported that Cu(I) -Cu(I) 

homodinuclear and Cu(I)-Ru(II) heteromultinuclear complexes bridged by the 2,5-
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dpp ligand were prepared for the first time (see Figure 3.3) and their photophysical 

and photochemical properties had been studied.
58

 

 

 

  

                      Complex 1 

 

                                                    M = Cu(I), n = 3, Complex 2; M = Cu(II), n = 4, 

Complex 3 

 

 

  

                 Complex 4 

Figure 3.3: Showing chemical structure of complexes reported by Tsubomura et al.
58 

 

Visible light irradiation of complex 2 in CH2Cl2 causes a change in the absorption 

spectra of the complex. As shown in Figure 3.4, the absorption spectra of the photo-

product are similar to that of complex 3 and therefore complex 2 can photochemically 

be oxidized to complex 3 using atmospheric oxygen as an oxidant. 
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Figure 3.4: Change in the absorption spectra of complex 2 with irradiation of light. 

The duration times after starting the photo-irradiation are shown in the small inset 

(minutes) and Comparison of absorption spectra (inserted) of complex 2 and 3 in 

DCM.
58 

 

 

Our primary interests in these studies are to make effective photocatalytic hydrogen 

production catalysts. Tris(2,2’-bipyridine)ruthenium(II) ([Ru(bpy)3]
2+

, bpy=2,2’-

bipyridine) and its derivatives have attracted considerable attention for many years 

due to their potential application as a photosensitizers in water splitting reactions.
59, 60, 

61, 62 
The fundamental concepts on the application of such photosensitizers have been 

well demonstrated.
63, 64, 65, 66

 Studies showed that the photochemical hydrogen 

production is effectively promoted by visible light irradiation of an aqueous solution 

containing three key components in the presence of a sacrificial electron donor, such 

as EDTA (ethylenediaminetetra–acetic acid disodium salt) and TEOA 

(triethanolamine). The three components correspond to [Ru(bpy)3]
2+

, methylviologen 

(N,N’-dimethyl-4,40 bipyridinium, abbreviated as MV
2+

), and an H2 - evolving 

catalyst such as colloidal platinum (Figure 3.5). 
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Figure 3.5: A photochemical model system for the H2-evolving half cell, which 

consists of [Ru(bpy)3]
2+

 as a photosensitizer, MV
2+

 (methylviologen) as an electron 

relay, and either colloidal platinum or a platinum(II) catalyst as an H2-evolving 

catalyst. The overall reaction can be understood as a visible-light-induced reduction 

of water into molecular hydrogen using EDTA as a sacrifacial electron donor.
66 

 

 

K. Sakai and coworkers developed photocatalytic hydrogen production systems based 

on photosensitizing [Ru(bpy)3]
2+

 derivatives and Pt(II) catalysts. A variety of 

heteronuclear Ru(II)Pt(II) complexes had been prepared and evaluated (see Figure 

3.6).
67

 In the earlier studies, relatively simple models (1–4) were developed and their 

photo-hydrogen-evolving activities were tested. However, it was found that these 

compounds do not preserve the important photochemical properties required to 

enhance the visible light induced charge separation process: the strong electronic 

coupling between the [Ru(bpy)3]
2+

- like moiety and the heavy Pt ion promotes the 

quenching of the 
3
MLCT excited state of the [Ru(bpy)3]

2+ 
- like moiety.

68
  

 

In the later studies, the multinuclear Ru(II)Pt(II) compounds having luminescent 

[Ru(bpy)3]
2+ 

- like moieties have been the major targets in their research.
62, 69 

Although luminescent compounds 5 and 6 do not exhibit any desirable photo-

hydrogen-evolving activity at all, compound 7 actually drives the reduction of water 

by EDTA into molecular hydrogen using visible light.
70

 Importantly, a mixture of the 

two precursor compounds of 7 (e.g., a combination of [Ru(bpy)2(5-amino-1,10-

phenanthroline)]
2+

 and PtCl2(dcbpy); dcbpy = 4,4’-dicarboxy-2,2’-bipyridine) does 

not give rise to the photochemical H2 generation, which is a possibility that a certain 

decomposed species, such as colloidal platinum, may not serves as a catalytically 
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active species in the H2 formation. In spite of the structural similarity between 

compounds 5–7, only compound 7 behaves as a photo hydrogen evolving molecular 

device.
62 

This was interpreted in terms of the fact that only the bridging spacer 

connecting the Ru(II) and Pt(II) centers in 7 has sp
2
-hybridized character, in sharp 

contrast with the aliphatic bridging spacer moieties involved in 5 and 6 (propylene 

units in 5 and methylene units in 6).  

 

The trinuclear Ru(II)2Pt(II) complex 8 and tetranuclear Ru(II)2Pt(II)2 complex 9 were 

successfully prepared and characterized.
61, 71

 However, they were also found to be 

inactive as a photo-hydrogen evolving molecular device. It was suggested that the 

intramolecular energy transfer quenching among the two Ru(II) chromophores is 

strongly enhanced and therefore deactivation of the 
3
MLCT excited state of the 

complex is fast in these systems. In the latter case, it was also suggested that the so-

called metal–metal-to-ligand charge transfer transition at the di-platinum entity in 9 

(the values of λmax = 475 nm and ε = 2110M
−1

 cm
−1

 were reported for the analogous 

Pt(II)2 dimer [Pt2(bpy)2(µ-pivalamidato)2]
2+

)
72

 promotes the energy transfer 

quenching of the 
3
MLCT excited state of the [Ru(bpy)3]

2+ 
- unit.

65 
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Figure 3.6: Structures of multinuclear Ru(II)Pt(II) complexes.
67 

 

The main aim of this work is to design novel ruthenium(II) based heterodinuclear 

complexes for the photocatalytic production of hydrogen by splitting of water using 

triethyl amine as a sacrificial donor and 470 nm as the light source. Characterization, 

photocatalytic and photophysical properties are discussed later in the chapter. 

1 2 3 

4 
5 

6 7 

8 9 
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3.2 Experimental section. 

 

3.2.1 Preparation of the ligand 2,5-dipyridylpyrazine (2,5-dpp). 
 

The bridging ligand 2,5-dipyridylpyrazine (2,5-dpp) was prepared according to the 

literature with little modification.
73, 74 

The complete synthesis has been reported in 

Chapter 2, Section 2.3.2.  

 

Synthesis of 2,5-di(pyridine-2-yl)pyrazine (2,5-dpp). 

 

This ligand was prepared as described in chapter 2 (section 2.3.2).
75 

Yield: 1.9 g, 0.0081 mol, 13 %.  

1
H NMR (CDCl3, 400 MHz): 9.59 (s, 2H, 3-H, 6-H), 8.68 (d, 2H, J = 4.7 Hz, 6”-H, 

6’-H), 8.38 (d, 2H, J = 7.8 Hz, 3”-H, 3’-H), 7.91 (ddd, 2H, J = 7.6 Hz, J = 2.1 Hz, 4”-

H, 4’-H), 7.80 (ddd, 2H, J = 5.0 Hz, J = 1.8 Hz, 5”-H, 5’-H). 

1
H NMR (DMSO-d6, 400 MHz): 9.63 (s, 2H, 3-H, 6-H), 8.79 (d, 2H, J = 5.0 Hz, 6”-

H, 6’-H), 8.43 (d, 2H, J = 8.0 Hz, 3”-H, 3’-H), 8.04 (t, 2H, J = 8.0 Hz, J = 2.1 Hz, 4”-

H, 4’-H), 7.57 (t, 2H, J = 5.0 Hz, J = 1.8 Hz, 5”-H, 5’-H). 

 

3.2.2 Preparation of the deuteriated ligands. 

 
In this chapter the deuteriated 2,5-di(pyridine-2-yl)pyrazine (2,5-dpp) and deuteriated 

2,2’-bipyridine (bpy) were synthesised. The purpose of making the deuteriated 

complexes is to see the effect on lifetime of the excited state and aid in interpretating 

the 
1
H-NMR. 

 

 

Synthesis of D8-2,2’-bipyridine (D8-bpy). 

This ligand was prepared as described in chapter 2 (section 2.3.3). 

Yield: 1.33 g, 8.16 mmol, 85 %, deuteriated amount 98%. 

1
H-NMR (400 MHz, CDCl3): 8.63 (s, 2H, 6a-H), 8.36 (s, 2H, 3a-H), 7.77 (s, 2H, 4a-

H), 7.26 (s, 2H, 5a-H). 

 

Synthesis of D10-2,5-di(pyridine-2-yl)pyrazine (D10-2,5-dpp).  

This ligand was prepared as described in chapter 2 (section 2.3.3).  
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Yield: 0.066 g, 2.7 mmol, 42 %, deuteriated amount 99%. 

 
1
H NMR (400 MHz, CDCl3): 9.59 (s, 3-H, 6-H), 8.68 (s, 2H, 6”-H, 6’-H), 8.38 (s, 

2H, 3”-H, 3’-H), 7.80 (s, 2H, 4”-H, 4’-H), 7.31 (s, 2H, 5”-H, 5’-H). 

Elemental analysis (CHN): calculated C = 68.85, H = 4.09, N = 22.95%, found C = 

68.71, H = 4.32, N = 22.64 %. 

 

 

3.2.3 Preparation of the ruthenium mononuclear complexes. 

 

Synthesis of [Ru(bpy)2(2,5-dpp)]
 
(PF6)2

 
· H2O (Complex 3.1).

 

[bis-(2,2'-bipyridine)(2,5-di(pyridin-2-yl)pyrazine)ruthenium(II)] (PF6)2 · H2O 

[Ru(2,2'-bipyridine)2Cl2]·2H2O (0.339 g, 0.65 mmol) dissolved in 10 ml of ethanol 

was added drop-wise to a solution of 2,5-di(pyridin-2-yl)pyrazine (2,5-dpp) (0.187 g, 

0.80 mmol) in 10 ml of ethanol/water (3:1 v/v). The reaction mixture was heated at 

reflux for 8 h. Subsequently, the mixture was allowed to cool to room temperature and 

the solvent was evaporated in vacuo. Then 2 ml of water was added to dissolve the 

red complex and filtered to remove unreacted 2,5-dpp. The red aqueous solution 

yielded a precipitate upon the addition of a saturated aqueous solution of NH4PF6 

followed by filtration of the product and washing with 10 ml of diethyl ether. 

Recrystallization from acetone/water (3:1 v/v) afforded a red solid.  

Yield: 0.439 g, 0.46 mmol, 71%. Anal. Calcd. for C34H26F12N8P2Ru · H2O (956.08 

g/mol): C, 42.73; H, 2.95; N, 11.73%. Found: C, 43.11; H, 2.94; N, 11.46%. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): δ = 9.65 (d, J = 1.2 Hz, 1H, 3-H), 8.74 (d, J = 1.2 Hz, 1H, 

6-H), 8.69 (d, J = 8.4 Hz, 1H, 3”-H), 8.57 – 8.52 (m, 4H, (3a-H) bpy), 8.51 (d, J = 4.8 

Hz, 1H, 6’-H), 8.44 (d, J = 8.0 Hz, 1H, 3’-H), 8.19-8.08 (m, 4H, (4a-H) bpy), 8.14 

(ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 4”-H), 7.97 (ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 4’-H), 

7.81 (d, J = 5.6 Hz, 1H, 6”-H), 7.82-7.75 (m, 4H, (6a-H) bpy), 7.50-7.44 (m, 4H, (5a-

H) bpy), 7.49 (m, 1H, 5”-H), 7.46 (m, 1H, 5’-H). 

 

Also measured 
1
H-NMR in (DMSO-d6, 400MHz): 10.04 (s, 1H, 3-H), 9.04 (d, J = 8.4 

Hz, 1H, 3”-H), 8.90-8.51 (m, 4H, (3a-H) bpy), 8.59 (s, 1H, 6-H), 8.53 (d, 1H, J = 4.8 
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Hz, 6’-H), 8.42 (d, 1H, J = 8.0 Hz, 3’-H), 8.28-8.19 (m, 4H, (4a-H) bpy), 8.25 (ddd, J 

= 8.0 Hz, J = 1.6 Hz, 1H, 4”-H), 8.08-7.72 (m, 4H, (6a-H) bpy), 8.03 (t, J = 8.0 Hz, J 

= 1.6 Hz, 1H, 4’-H), 7.80 (d, J = 5.6 Hz, 1H, 6”-H), 7.63-7.48 (m, 4H, (5a-H) bpy), 

7.60 (ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 5”-H), 7.52 (m, 1H, 5’-H).  

 

Synthesis of [Ru(dceb)2(2,5-dpp)]
 
(PF6)2

 
· 2H2O (Complex 3.2). 

 

[bis-(4,4'-dicarboxyethyl(2,2'-bipyridine))(2,5-di(pyridin-2-

yl)pyrazine)ruthenium(II)] (PF6)2 · 2H2O 

[Ru(4,4'-dicarboxyethyl(2,2'-bipyridine)2Cl2]·2H2O (0.339 g, 0.42 mmol) dissolved in 

10 ml of ethanol was added drop-wise to a solution of 2,5-di(pyridin-2-yl)pyrazine 

(2,5-dpp) (0.120 g, 0.51 mmol) in 10 ml of ethanol/water (3:1 v/v). The reaction 

mixture was heated at reflux for 8 h. Subsequently, the mixture was allowed to cool to 

room temperature and the solvent was evaporated in vacuo. Then 2 ml of water was 

added to dissolve the red complex and filtered to remove unreacted 2,5-dpp. The red 

aqueous solution yielded a precipitate upon the addition of a saturated aqueous 

solution of NH4PF6 followed by filtration of the product and washing with 10 ml of 

diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 

Yield: 0.416 g, 0.33 mmol, 78%. Anal. Calcd. for C46H42F12N8O8P2Ru · 2H2O 

(1261.90 g/mol): C, 43.78; H, 3.67; N, 8.88%. Found: C, 43.53; H, 3.27; N, 8.49%. 

1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 9.69 (s, 1H, 3-H), 9.12-9.07 (m, 4H, (3a-H) 

bpy) 8.71 (d, J = 8.3 Hz, 1H, 3”-H), 8.64 (s, 1H, 6-H), 8.50 (d, J = 4.8 Hz, 1H, 6’-H), 

8.44 (d, J = 8.0 Hz, 1H, 3’-H), 8.20 (ddd, J = 8.0 Hz, J = 1.5 Hz, 1H, 4”-H), 8.13-7.84 

(m, 8H, 6a-H, 5a-H, bpy) 7.97 (m, 1H, 4’-H), 7.74 (d, J = 5.6 Hz, 1H, 6”-H), 7.52 (m, 

1H, 5”-H), 7.46 (m, 1H, 5’-H) 4.54-4.46 (m, 8H, CH2), 1.50-1.40 (m, 12H, CH3). 

 

Synthesis of [Ru(D8-bpy)2(2,5-dpp)]
 
(PF6)2

 
 (Complex 3.3).

 

 

[bis-(D8-2,2'-bipyridine)(2,5-di(pyridin-2-yl)pyrazine)ruthenium(II)] (PF6)2 

[Ru(D8-2,2'-bipyridine)2Cl2]·2H2O (0.077 g, 0.14 mmol) dissolved in 10 ml of 

ethanol was added drop-wise to a solution of 2,5-di(pyridin-2-yl)pyrazine (D10-2,5-

dpp) (0.050 g, 0.21 mmol) in 10 ml of ethanol/water (3:1 v/v). The reaction mixture 

was heated at reflux for 8 h. Subsequently, the mixture was allowed to cool to room 
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temperature and the solvent was evaporated in vacuo. Then 2 ml of water was added 

to dissolve the red complex and filtered to remove unreacted 2,5-dpp. The red 

aqueous solution yielded a precipitate upon the addition of a saturated aqueous 

solution of NH4PF6 followed by filtration of the product and washing with 10 ml of 

diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid.  

 

Yield: 0.064 mg, 0.067 mmol, 48%. Anal. Calcd. for C34H10D16F12N8P2Ru . H2O 

(971.74 g/mol): C, 42.02; H, 2.90; N, 11.53%. Found: C, 42.14; H, 2.94; N, 11.63%. 

1
H-NMR  (DMSO-d6): δ = 10.04 (s, 1H, 3-H), 9.04 (d, J = 8.4 Hz, 1H, 3”-H), 8.90 (s, 

1H, (3a-H) bpy), 8.89 (s, 1H, (3a-H) bpy), 8.86 (s, 1H, (3a-H) bpy), 8.85 (s, 1H, (3a-

H) bpy), 8.59 (s, 1H, 6-H), 8.53 (d, J = 4.8 Hz, 1H, 6’-H), 8.42 (d, J = 8.0 Hz, 1H, 3’-

H), 8.28 (s, 1H, (4a-H) bpy), 8.25 (ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 4”-H), 8.23 (s, 

1H, (4a-H) bpy), 8.20 (s, 1H, (4a-H) bpy), 8.19 (s, 1H, (4a-H) bpy), 8.08 (s, 1H, (6a-

H) bpy), 8.03 (t, J = 8.0 Hz, J = 1.6 Hz, 1H, 4’-H), 7.83 (s, 1H, (6a-H) bpy), 7.80 (d, J 

= 5.6 Hz, 1H, 6”-H), 7.74 (s, 1H, (6a-H) bpy), 7.72 (s, 1H, (6a-H) bpy), 7.63 (s, 1H, 

(5a-H) bpy), 7.60 (ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 5”-H), 7.59 (s, 1H, (5a-H) bpy), 

7.57 (s, 1H, (5a-H) bpy), 7.52 (m, 1H, 5’-H), 7.48 (s, 1H, (5a-H) bpy). 

 

 

 

 

 

Synthesis of [Ru(bpy)2(D10-2,5-dpp)]
 
(PF6)2

 
 (Complex 3.4).

 

 

[bis-(2,2'-bipyridine)(D10-2,5-di(pyridin-2-yl)pyrazine)ruthenium(II)] (PF6)2 

[Ru(2,2'-bipyridine)2Cl2]·2H2O (0.022 g, 0.04 mmol) dissolved in 10 ml of ethanol 

was added drop-wise to a solution of D10-2,5-di(pyridin-2-yl)pyrazine (D10-2,5-dpp) 

(0.015 g, 0.06 mmol) in 10 ml of ethanol/water (3:1 v/v). The reaction mixture was 

heated at reflux for 8 h. Subsequently, the mixture was allowed to cool to room 

temperature and the solvent was evaporated in vacuo. Then 2 ml of water was added 

to dissolve the red complex and filtered to remove unreacted D10-2,5-dpp. The red 

aqueous solution yielded a precipitate upon the addition of a saturated aqueous 

solution of NH4PF6 followed by filtration of the product and washing with 10 ml of 

diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid.  

 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 84

Yield: 0.026 g, 0.027 mmol, 67%. Anal. Calcd. for C34H16D10F12N8P2Ru . H2O 

(965.70 g/mol): C, 42.29; H, 2.93; N, 11.60%; found: C, 42.33; H, 3.05; N, 11.41%. 

1
H-NMR (DMSO-d6): δ = 10.04 (s, 3-H), 9.04 (s, 3”-H), 8.90-8.85 (m, 4H, (3a-H) 

bpy), 8.59 (s, 6-H), 8.53 (s, 6’-H), 8.42 (s, 3’-H), 8.28-8.19 (m, 4H, (4a-H) bpy), 8.25 

(s, 4”-H), 8.08 (d, 1H, J = 8.0 Hz, (6a-H) bpy), 8.03 (s, 4’-H), 7.83 (d, 1H, J = 8.0 Hz, 

(6a-H) bpy), 7.80 (s, 6”-H), 7.72 (m, 2H, (6a-H) bpy), 7.63-7.57 (m, 3H, (5a-H) bpy), 

7.60 (s, 5”-H), 7.52 (s, 5’-H), 7.48 (t, J = 7.0 Hz, 1H, (5a-H) bpy).  

 

 

Synthesis of [Ru(D8-bpy)2(D10-2,5-dpp)]
 
(PF6)2

 
 (Complex 3.5).

 

 

[bis-(D8-2,2'-bipyridine)(D10-2,5-di(pyridin-2-yl)pyrazine)ruthenium(II)] (PF6)2 

[Ru(D8-2,2'-bipyridine)2Cl2]·2H2O (0.022 g, 0.04 mmol) dissolved in 10 ml of 

ethanol was added drop-wise to a solution of D10-2,5-di(pyridin-2-yl)pyrazine (D10-

2,5-dpp) (0.015 g, 0.06 mmol) in 10 ml of ethanol/water (3:1 v/v). The reaction 

mixture was heated at reflux for 8 h. Subsequently, the mixture was allowed to cool to 

room temperature and the solvent was evaporated in vacuo. Then 2 ml of water was 

added to dissolve the red complex and filtered to remove unreacted D10-2,5-dpp. The 

red aqueous solution yielded a precipitate upon the addition of a saturated aqueous 

solution of NH4PF6 followed by filtration of the product and washing with 10 ml of 

diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid.  

 

Yield: 0.024 g, 0.025 mmol, 61%. Anal. Calcd. for C34D26F12N8P2Ru . H2O (981.80 

g/mol): C, 41.59; H, 2.88; N, 11.41%. Found: C, 41.83; H, 2.82; N, 11.29%. 
1
H-NMR 

(DMSO-d6): 10.04 (s, 1H, 3-H), 9.04 (s, 1H, 3”-H), 8.90 (s, 1H, (3a-H) bpy), 8.89 (s, 

1H, (3a-H) bpy), 8.86 (s, 1H, (3a-H) bpy), 8.85 (s, 1H, (3a-H) bpy), 8.59 (s, 1H, 6-H), 

8.53 (s, 1H, 6’-H), 8.42 (s, 1H, 3’-H), 8.28 (s, 1H, (4a-H) bpy), 8.25 (s, 1H, 4”-H), 

8.23 (s, 1H, (4a-H) bpy), 8.20 (s, 1H, (4a-H) bpy), 8.19 (s, 1H, (4a-H) bpy), 8.08 (s, 

1H, (6a-H) bpy), 8.03 (s, 1H, 4’-H), 7.83 (s, 1H, (6a-H) bpy), 7.80 (s, 1H, 6”-H), 7.72 

(m, 2H, (6a-H) bpy), 7.63 (s, 1H, (5a-H) bpy), 7.60 (s, 1H, 5”-H), 7.59 (s, 1H, (5a-H) 

bpy), 7.57 (s, 1H, (5a-H) bpy), 7.52 (s, 1H, 5’-H), 7.48 (s, 1H, (5a-H) bpy). 
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3.2.4 Preparation of Ru-Pd / Ru-Pt Heterodinuclear complexes. 

 

Synthesis of [Ru(bpy)2(2,5-dpp)PdCl2]
 
(PF6)2

 
· 2 H2O (Complex 3.6). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,5-di(pyridin-2-yl)pyrazine)PdCl2] (PF6)2 · 2 

H2O 

The mononuclear precursor [Ru(bpy)2(2,5-dpp)]
 
(PF6)2

 
·  H2O (0.100 g, 0.10 mmol) 

was dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pd(acetonitrile)2Cl2 (0.026 g, 0.10 mmol) in 5 ml of dichloromethane. The reaction 

mixture was heated at reflux for 24 h. Subsequently the mixture was allowed to cool 

to room temperature. The product was precipitated by the addition of 10 ml of n-

hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple solid 

was obtained. 

Yield: 0.107 g, 0.09 mmol, 90%. Anal. Calcd for C34H26Cl2F12N8P2PdRu · 2 H2O 

(1150.98): C, 35.48; H, 2.63; N, 9.74%. Found: C, 35.30; H, 2.22; N, 9.31%. 
1
H-

NMR (Acetonitrile-d3, 400MHz): δ = 10.05 (s, 1H, 3-H), 8.91 (d, J = 4.8 Hz, 1H, 6’-

H), 8.62 (d, J = 8.4 Hz, 1H, 3”-H), 8.57 – 8.52 (m, 4H, (3a-H) bpy), 8.42 (s, 1H, 6-H), 

8.15 (ddd, J = 6.0 Hz, J = 1.8 Hz, 1H, 4”-H), 8.19-8.08 (m, 4H, (4a-H) bpy), 8.10 

(ddd, J = 7.6 Hz, J = 1.2 Hz, 1H, 4’-H), 7.81 (d, J = 8.0 Hz, 1H, 6”-H), 7.82-7.75 (m, 

4H, (6a-H) bpy), 7.66 (d, J = 7.6 Hz, 1H, 3’-H), 7.61 (m, 1H, 5’-H), 7.59 (m, 1H, 5”-

H), 7.50-7.44 (m, 4H, (5a-H) bpy). 

 
 

Synthesis of [Ru(bpy)2(2,5-dpp)PtCl2]
 
(PF6)2

 
· 2 H2O (Complex 3.7). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,5-di(pyridin-2-yl)pyrazine)PtCl2] (PF6)2 · 2 

H2O 

The mononuclear precursor [Ru(bpy)2(2,5-dpp)]
 
(PF6)2

 
·  H2O (0.100g, 0.10 mmol) 

was dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pt(dimethylsulphoxide)2Cl2 (0.042 g, 0.10 mmol) in 5 ml of dichloromethane. The 

reaction mixture was heated at reflux for 24 h. Subsequently the mixture was allowed 

to cool to room temperature. The product was precipitated by the addition of 10 ml of 
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n-hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple 

solid was obtained. 

 

Yield: 0.115 g, 0.09 mmol, 90%. Anal. Calcd for C34H26Cl2F12N8P2PtRu · 2 H2O 

(1238.98): C, 32.93; H, 2.44; N, 9.04%. Found: C, 32.62; H, 2.19; N, 8.67%. 
1
H-

NMR (Acetonitrile-d3, 400MHz): δ = 10.50 (s, 1H, 3-H), 9.39 (d, J = 4.8 Hz, 1H, 6’-

H), 8.65 (d, J = 8.4 Hz, 1H, 3”-H), 8.57 – 8.48 (m, 4H, (3a-H) bpy), 8.34 (s, 1H, 6-H), 

8.20 (ddd, J = 8.0 Hz, J = 1.6 Hz, 1H, 4”-H), 8.19 (ddd, J = 8.0 Hz, J = 1.8 Hz, 1H, 

4’-H), 8.19-8.05 (m, 4H, (4a-H) bpy), 8.07-7.55 (m, 4H, (6a-H) bpy), 7.84 (d, J = 5.6 

Hz, 1H, 6”-H), 7.73 (d, J = 8.0 Hz, 1H, 3’-H), 7.72 (m, 1H, 5’-H), 7.67-7.42 (m, 4H, 

(5a-H) bpy), 7.60 (m, 1H, 5”-H). 

 

 

Synthesis of [Ru(dceb)2(2,5-dpp)PdCl2]
 
(PF6)2

 
· 2H2O (Complex 3.8). 

[Ruthenium(II)(4,4'-dicarboxyethyl(2,2'-bipyridine))2(µ-2,5-di(pyridin-2-

yl)pyrazine)-PdCl2] (PF6)2 · 2 H2O 

The mononuclear precursor [Ru(dceb)2(2,5-dpp)]
 
(PF6)2

 
·  2H2O (0.100 g, 0.08 mmol) 

was dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pd(acetonitrile)2Cl2 (0.026 g, 0.08 mmol) in 5 ml of dichloromethane. The reaction 

mixture was heated at reflux for 24 h. Subsequently the mixture was allowed to cool 

to room temperature. The product was precipitated by the addition of 10 ml of n-

hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple solid 

was obtained. 

Yield: 0.101 g, 0.070 mmol, 88%. Anal. Calcd. for C46H42F12N8O8Cl2PdP2Ru · 2H2O 

(1439.23 g/mol): C, 38.39; H, 3.22; N, 7.79%. Found: C, 38.22; H, 2.89; N, 7.72%. 

1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 10.13 (s, 1H, 3-H), 9.12-9.08 (m, 4H, (3a-

H) bpy), 8.81 (d, J = 4.8 Hz, 1H, 6’-H), 8.68 (d, J = 8.4 Hz, 1H, 3”-H), 8.42 (s, 1H, 6-

H), 8.25 (ddd, J = 8.0 Hz, J = 1.2 Hz, 1H, 4”-H), 8.10 (ddd, J = 8.0 Hz, J = 1.8 Hz, 

1H, 4’-H), 7.92-7.83 (m, 8H, (6a-H, 5a-H) bpy), 7.82 (d, J = 5.6 Hz, 1H, 3’-H), 7.79 

(d, J = 7.6 Hz, 1H, 6”-H), 7.61 (m, 1H, 5”-H), 7.59 (m, 1H, 5’-H), 4.54-4.46 (m, 8H, 

CH2), 1.50-1.40 (m, 12H, CH3). 

 

Synthesis of [Ru(dceb)2(2,5-dpp)PtCl2]
 
(PF6)2

 
· 2H2O (Complex 3.9). 
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[Ruthenium(II)(4,4'-dicarboxyethyl(2,2'-bipyridine))2(µ-2,5-di(pyridin-2-

yl)pyrazine)-PtCl2] (PF6)2 · 2 H2O 

The mononuclear precursor [Ru(dceb)2(2,5-dpp)]
 
(PF6)2

 
·  H2O (0.100g, 0.08 mmol) 

was dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pt(dimethylsulphoxide)2Cl2 (0.035 g, 0.08 mmol) in 5 ml of dichloromethane. The 

reaction mixture was heated at reflux for 24 h. Subsequently the mixture was allowed 

to cool to room temperature. The product was precipitated by the addition of 10 ml of 

n-hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple 

solid was obtained. 

 

Yield: 0.116 g, 0.07 mmol, 88%. Anal. Calcd. for C46H42F12N8O8Cl2PtP2Ru · 2H2O 

(1527.06 g/mol): C, 36.14; H, 3.01; N, 7.34%. Found: C, 36.08; H, 2.62; N, 7.74%. 

1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 10.58 (s, 1H, 3-H), 9.12-9.08 (m, 4H, (3a-

H) bpy), 9.40 (d, J = 4.8 Hz, 1H, 6’-H), 8.68 (d, J = 8.4 Hz, 1H, 3”-H), 8.30 (s, 1H, 6-

H), 8.25 (ddd, J = 8.0 Hz, J = 1.8 Hz, 1H, 4”-H), 8.18 (ddd, J = 8.0 Hz, J = 1.8 Hz, 

1H, 4’-H),  7.92-7.83 (m, 8H, (6a-H, 5a-H) bpy), 7.81 (ddd, J = 8.0 Hz, J = 1.2 Hz, 

1H, 3’-H), 7.79 (d, J = 5.6 Hz, 1H, 6”-H), 7.72 (m, 1H, 5’-H), 7.61 (d, J = 7.6 Hz, 1H, 

5”-H), 4.45-4.30 (m, 8H, CH2), 1.35-1.25 (m, 12H, CH3). 

 

Synthesis of [Ru(D8-bpy)2(2,5-dpp)PdCl2]
 
(PF6)2

 
 (Complex 3.10). 

 

[Ruthenium(II)bis-(D8-2,2'-bipyridine)(µ-2,5-di(pyridin-2-yl)pyrazine)PdCl2] (PF6)2 

The mononuclear precursor [Ru(D8-bpy)2(2,5-dpp)]
 
(PF6)2 (0.015 g, 0.016 mmol) was 

dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pd(acetonitrile)2Cl2 (0.004 g, 0.016 mmol) in 5 ml of dichloromethane. The reaction 

mixture was heated at reflux for 24 h. Subsequently the mixture was allowed to cool 

to room temperature. The product was precipitated by the addition of 10 ml of n-

hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple solid 

was obtained. 

 

Yield: 0.017 g, 0.015 mmol, 91%. 
1
H-NMR (Acetonitrile-d3, 400MHz): δ = 10.05 (s, 

1H, 3-H), 8.91 (d, J = 4.8 Hz, 1H, 6’-H), 8.62 (d, J = 8.4 Hz, 1H, 3”-H), 8.57-8.52 (m, 

4H, (3a-H) bpy), 8.42 (s, 1H, 6-H), 8.15 (ddd, J = 6.0 Hz, J = 1.8 Hz, 1H, 4”-H), 
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8.19-8.08 (m, 4H, (4a-H) bpy), 8.10 (ddd, J = 7.6 Hz, J = 1.2 Hz, 1H, 4’-H), 7.81 (d, J 

= 8.0 Hz, 1H, 6”-H), 7.82-7.75 (m, 4H, (6a-H) bpy), 7.66 (d, J = 7.6 Hz, 1H, 3’-H), 

7.61 (m, 1H, 5’-H), 7.59 (m, 1H, 5”-H), 7.50-7.44 (m, 4H, (5a-H) bpy). 

 

 

Synthesis of [Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
 
(PF6)2

 
 (Complex 3.11).

 

 

[Ruthenium(II)bis-(D8-2,2'-bipyridine)(µ-D10-2,5-di(pyridin-2-yl)pyrazine)PdCl2] 

(PF6)2 

The mononuclear precursor [Ru(D8-bpy)2(D10-2,5-dpp)]
 
(PF6)2 (0.010 g, 0.01 mmol) 

was dissolved in 5 ml of dichloromethane and added drop wise to a solution of 

Pd(acetonitrile)2Cl2 (0.003 g, 0.01 mmol) in 5 ml of dichloromethane. The reaction 

mixture was heated at reflux for 24 h. Subsequently the mixture was allowed to cool 

to room temperature. The product was precipitated by the addition of 10 ml of n-

hexane. After filtration and washing with 10 ml of diethyl ether a reddish purple solid 

was obtained. 

Yield: 0.011 g, 0.0098 mmol, 98%. 
1
H-NMR (acetonitrile-d3): Singlets aroused form 

the remaining protons in the molecule are listed as found. 
1
H-NMR (Acetonitrile-d3, 

400MHz): δ = 10.05 (s, 1H, 3-H), 8.91 (s, 6’-H), 8.62 (s, 1H, 3”-H), 8.57 – 8.52 (m, 

4H, (3a-H) bpy), 8.42 (s, 1H, 6-H), 8.15 (s, 1H, 4”-H), 8.19-8.08 (m, 4H, (4a-H) bpy), 

8.10 (s, 1H, 4’-H), 7.81 (s, 1H, 6”-H), 7.82-7.75 (m, 4H, (6a-H) bpy), 7.66 (s, 1H, 3’-

H), 7.61 (s, 1H, 5’-H), 7.59 (s, 1H, 5”-H), 7.50-7.44 (m, 4H, (5a-H) bpy). 
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3.3 Results and discussion 
 

3.3.1 Synthesis of ligand, mononuclear and heterodinuclear 

complexes. 

 
The synthesis of the mononuclear complexes [Ru(bpy)2(2,5-dpp)]

2+ 
, [Ru(dceb)2(2,5-

dpp)]
2+

 and heterodinuclear complexes [Ru(bpy)2(2,5-dpp)PdCl2]
2+

, [Ru(bpy)2(2,5-

dpp)PtCl2]
2+

, [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, [Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

are 

represented schematically in Figure 3.7.
76 

 

Figure 3.7: Synthetic pathway for the formation of the mononuclear and 

heterodinuclear complexes. 

 

The maximum yield obtained for the 2,5-di(pyridin-2-yl)pyrazine (2,5-dpp) was ~ 

10% by using inert atmospheres and anhydrous solvents. A different procedure was 

developed, and the yield increased marginally to 13% without using anhydrous 

solvents as an inert atmosphere (see chapter 2 for synthesis), synthesis detailed in 

Figure 3.8. 
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Figure 3.8: Stepwise synthesis of 2,5-di(pyridine-2-yl)pyrazine (2,5-dpp) . 

Step 1 in the synthesis provided a 98% yield using potassium acetate as a base in the 

reaction. Step 2 in the synthesis provided 89% yield by following the reported 

procedure.
73

 The most important steps in the synthesis were step 3 and 4 which were 

combined. The reason for combining step 3 and 4 was because of intermediate (2-

amino-1-pyridyl ethanone) which formed after step 3 was not isolated due to the 

formation of multiple hydrolysis products and solubility in water. After the complete 

precipitation of potassium p-toluenesulphonate salt, the reaction mixture was 

extracted with diethyl ether and 2 M HCl (100 cm
3
 x 2). The organic layer which was 

2,5-di(pyridine-2-yl)pyrazine (2,5-dpp) 
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light yellow in colour became colourless and the aqueous layer becomes orange 

during extraction. After vacuo evaporation the organic layer gives the p-

toluensulphonic acid as a precipitate. Treatment of the orange aqueous layer with 

excess of ammonium hydroxide solution (complete neutralisation of 2M HCl and also 

helped in condensation). The reaction mixture was stirred for 24 hours at room 

temperature to precipitate 2,5-dpp as an orange compound, recrystallised from 

ethanol/water (3:1), gave a yield = 13%, (see Figure 3.9 for 
1
H-NMR in CDCl3 

solvent.) 

 

Figure 3.9: 
1
H-NMR spectra of 2,5-dpp in CDCl3. 

The preparation of the starting material [Ru(bpy)2Cl2]. 2H2O for the synthesis of the 

ruthenium bipyridyl complexes was carried out with a slight modification to the 

literature method.
77

 This reaction can be problematic, sometimes leading to the 

formation of carbonyl containing complexes due to decomposition of the solvent 

DMF, which must be removed before the compound is used. The synthesis of the 

ester analogue of [Ru(dceb)2Cl2] 2H2O is quite straightforward without any carbonyl 

decomposition products due to use of ethanol as a reaction solvent. From here the 

synthesis of all Ru(II) compounds was relatively straightforward using the classical 

synthetic strategy of “complexes as metals / complexes as ligands”. The mononuclear 
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complexes [Ru(bpy)2(2,5-dpp)]
2+ 

and [Ru(dceb)2(2,5-dpp)]
2+ 

were formed by the 

addition of excess 2,5-dpp ligand to a refluxing solution of [Ru(bpy)2Cl2] and 

[Ru(dceb)2Cl2], respectively. Here it is necessary to dissolved the ligand completely 

before adding to [Ru(bpy)2Cl2] and [Ru(dceb)2Cl2], to limit the formation of any 

homodinuclear complex as a by-product. As the reaction proceeds, the deep violet 

colour of the [Ru(bpy)2Cl2] and deep green colour of the [Ru(dceb)2Cl2] solution are 

gradually replaced by an orange / a red colour, which indicates the presence of the 

[Ru(bpy)2(2,5-dpp)]
2+ 

and [Ru(dceb)2(2,5-dpp)]
2+ 

complexes respectively. The ethanol 

was removed at this stage and the chloride counter ion replaced by a PF6¯  counter ion 

which led to precipitation of the complexes from the aqueous solution. The PF6¯  salts 

of this type of complexes tend to be only sparingly water soluble and soluble in 

organic solvents which greatly eases the isolation and purification of these 

compounds. The yields for the monomer complexes [Ru(bpy)2(2,5-dpp)]
2+ 

 was 71% 

and for [Ru(dceb)2(2,5-dpp)]
2+

 was 78% after recrystallization in acetone/ water (3:1 

v/v). This reaction does not require an inert conditions e.g. nitrogen or argon 

atmosphere. The mononuclear complexes were stable in visible light and at room 

temperature.
76 

 

The heterodinuclear Ru-Pd / Ru-Pt complexes were synthesised by the addition of a 

1:1 ratio of the ruthenium(II) mononuclear complexes and the [Pd(acetonitrile)2Cl2]/ 

[Pt(dimethylsulphoxide)2Cl2] complexes, and heating to reflux in dichloromethane. 

Pd(acetonitrile)2Cl2 / Pt(dimethylsulphoxide)2Cl2 was generally added first and 

allowed to completely dissolve in dichloromethane before adding the more soluble 

monomers [Ru(bpy)2(2,5-dpp)]
2+ 

and [Ru(dceb)2(2,5-dpp)]
2+

. After 24 hours of reflux 

in dichloromethane, the complexes were precipitated by an addition of n-hexane. The 

yields of all the heterodinuclear complexes were from 88 – 98% after recrystallization 

in acetone/ water (3:1 v/v). These complexes were stable in visible light and room 

temperature, and also did not require any inert conditions for their synthesis.
76 

 

The synthesis of partial and fully deuteriated mononuclear ruthenium and 

heterodinuclear Ru – Pd complexes were the same as that mentioned for the non-

deuteriated complexes. Instead of [Ru(bpy)2Cl2] and (H10-2,5-dpp), [Ru(D8-bpy)2Cl2] 

and (D10-2,5-dpp) were used for the synthesis of the mononuclear complexes [Ru(D8-
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bpy)2(2,5-dpp)]
2+

, [Ru(bpy)2(D10-2,5-dpp)]
2+ 

and [Ru(D8-bpy)2(D10-2,5-dpp)]
2+

. 

[Pd(acetonitrile)2Cl2] was used for the synthesis of the deuteriated heterodinuclear Ru – 

Pd complexes [Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+

 and [Ru(D8-bpy)2(D10-2,5-

dpp)PdCl2]
2+

. The yields for the deuteriated monomer complexes were from 48 – 61% 

and for the heterodinuclear Ru – Pd, from 91 – 98% after recrystallization in acetone/ 

water (3:1 v/v).
75 

 

 

3.3.1.1 Deuteriation of the ligands 

 

The polypyridine ligands were deuteriated according to the method developed by 

Browne et. al. at 200°C, and a 1 M solution of sodium deuterioxide in deuterium 

oxide (Figure 3.10).
78

 After heating the ligands in a closed Teflon container under 

pressure for six days the deuteriated products were obtained. The isolated products 

contained 98% deuterium in case of the bpy ligand and 99% in the case of 2,5-dpp 

(for the calculation of amount of deuteriation see chapter 2). 

 

By examination of the 
1
H-NMR spectra of the deuteriated compounds it was observed 

that for both bpy and 2,5-dpp the extent of proton exchange in every position was 

almost equal. This could be seen by means of the integrals in the associated spectra 

(figure 3.11 and 3.12). 

 

 
Figure 3.10: Reaction schemes for the deuteriation of bipyridine (top) and 2,5-bis(2-

pyridyl)pyrazine (bottom). 
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Figure 3.11: 
1
H-NMR spectrum of deuteriated bpy recorded in CDCl3 (19.9 mg bpy in 

1.0 cm
3
 of CDCl3). 
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Figure 3.12:
1
H-NMR spectrum of deuteriated 2,5-dpp recorded in CDCl3 (10.0 mg of 

deuteriated 2,5-dpp in 0.65 cm
3
 of CDCl3). 

 

The signals in both spectra appear as singlets. Although there are some protons left, 

no coupling is observed anymore. In case of the 2,5-dpp ligand, in which only 1% of 

protons are left, the probability of coupling is only 0.01%. Nevertheless, the chemical 

shifts of these signals are the same as for the centers of the multipletts in the 

protonated starting material (see figure 3.9). Therefore, the information about the 

chemical environment is conserved. By recording the IR spectra of the protonated 

ligands and their deuteriated analogues, the energetical difference between the C – H 

and C – D stretching modes can clearly be observed. For both ligands (bpy and 2,5-

dpp) the C – D vibrations appear at lower wavenumbers. In case of the 2,2’-bipyridine 

(bpy) ligand the difference between the C – H (3055 cm
-1

) and C – D (2266 cm
-1

) 

stretching vibrations is about 789 cm
-1

 (Figure 3.13). A small alteration in the region 

of aromatic C – C stretching modes and out of plane C – H vibrations can be observed 

as well. However, the influence of the isotope exchange on these bands is of a lower 

extent compared to the effect on the C – H vibrations. 
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Figure 3.13: Comparison of IR spectra of the protonated (top) and deuteriated 

bipyridine ligand (bottom). 

The IR spectra of the bridging ligand 2,5-dpp and its deuteriated analogue were 

compared accordingly. The spectra are depicted in Figure 3.14. The C – H stretching 

vibrations can be located as a small peak at 3054 cm
-1

. By deuteriation, the resulting 

C – D vibrations appear at 2272 cm
-1

. The energetic difference is in the same range as 

in the case of the bipyridine (bpy) ligand. The deuteriated 99.5% D5-Pyridine C – D 

stretching vibration is about 2300 cm
-1

 which is same for bpy and 2,5-dpp on 

deuteriation.
79
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Figure 3.14: Comparison of IR spectra of the protonated (top) and the deuteriated 

2,5-dpp ligand (bottom). 

 
 

3.3.2 
1
H-NMR Spectroscopy 

 
Proton NMR spectroscopy can provide useful information for elucidating the structure 

of the ruthenium complexes. NMR spectroscopy is an invaluable tool not only in the 

identification of the compounds but also in the monitoring of reactions and the 

determination of purity. It was used extensively in this thesis and where practical, full 

assignment of 
1
H-NMR spectra have been made using a combination of 1-

dimensional and 2-dimensional studies. In the present chapter the synthesis of 

mononuclear ruthenium (II) and mixed-metal Ru – Pd or Ru – Pt complexes will be 

described with 2,5-dpp as the bridging ligands.  

In order to simply the 
1
H-NMR spectra the deuteriated analogues of the complexes 

were synthesised and used as a tool to confirm peak assignment and the structures of 

complexes. For the non-symmetric mononuclear complexes, up to sixteen non-
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equivalent protons may arise from the 2,2’-bipyridyl (bpy) moieties making complete 

unambiguous structural assignment difficult. Deuteriation of the 2,2’-bipyridyl (bpy) 

ligand led to the removal of a number of protons. As a result it only remained to 

assign the protons of the 2,5-di(pyridin-2-yl)pyrazine (2,5-dpp) ligands in the case of 

the mononuclear complexes as well as in the case of heterodinuclear complexes. 

Deuteriated D10-2,5-di(pyridin-2-yl)pyrazine (D10-2,5-dpp) was also used to see the 

remaining protons of 2,2’-bipyridine (bpy) in the case of the mononuclear and the 

heterodinuclear complexes.  

 

 

3.3.2.1 
1
H-NMR of the mononuclear complex. 

 
Figure 3.15 shows the numbering of the non-deuteriated and deuteriated ruthenium(II) 

mononuclear complexes. The chemical shifts of the ruthenium(II) mononuclear 

complex [Ru(bpy)2(2,5-dpp]
2+

 with 2,5-dpp ligand in d6-dmso and d3-acetonitrile are 

outlined in Table 3.2. For simplicity to distinguish between the protons of the pyridine 

rings (Ring C (free) (proton sign (H3’ – H6’) / Ring B (metal bound) (proton sign 

(H3” – H6”)) and pyrazine ring (A) (proton sign (H3 – H6) of the 2,5-dpp ligand, and 

the bpy protons are number H(3a) – H(6a) (see figure 3.15). These bpy protons occur 

in the expected range and will not be discussed here. The same numbering system of 

the 2,5-dpp ligand for the [Ru(bpy)2(2,5-dpp)]
2+

 complex was used here and 

comparable chemical shifts was observed as reported by Ferrari et. al.
80

 

 

In this section, the 2,5-dpp protons of the mononuclear complex [Ru(bpy)2(2,5-

dpp]
2+

are discussed. As expected, due to the nature of coordination, there is a clear 

difference between the protons of the two pyridine rings (B and C) of the 2,5-dpp 

ligand, as shown in figure 3.16 (
1
H-NMR comparison of complexes 3.1, 3.3, 3.4 and 

3.5). The H6” protons of the metal bound pyridine (ring B) experience the ring current 

of an adjacent bpy and are strongly shifted upfield as a result. The proton H6’ (ring B) 

is present at ~ 8.53 ppm while H6” is observed at 7.80 ppm in d6-dmso as solvent 

(H6’ = 8.51 ppm and H6” = 7.81 ppm in case of d3-acetonitrile as a solvent 
80

). This 

large difference between ring 1 and ring 2 for the H6” / H6’ resonances demonstrates 

that the H6” protons present at 7.80 ppm / 7.81 ppm (in both solvents) must be 

assigned to the metal-bound pyridine as it is shifted over 1.30 ppm upfield. In addition 
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protons in close proximity to large atoms, such as a metal ion, are greatly shielded 

from the induced magnetic field of the NMR and therefore require a greater applied 

magnetic field strength for resonance.
81

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Labelling of the chemical structures for non-deuteriated and deuteriated 

(partial/ full) analogues of ruthenium(II) mononuclear complexes. 

[Ru(bpy)2(2,5-dpp)]
+2 

Complex 3.1 

[Ru(D8-bpy)2(2,5-dpp)]
+2 

Complex 3.3 

[Ru(bpy)2(D10-2,5-dpp)]
+2 

Complex 3.4 

[Ru(D8-bpy)2(D10-2,5-dpp)]
+2 

Complex 3.5 
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Table 3.2: Chemical shifts in ppm (with multiplet) of the 2,5-dpp protons of the non-

deuteriated [Ru(bpy)2(2,5-dpp)]
2+

 as measured in d6-dmso (red) and also measured 

in d3-acetonitrile (blue). The other shifts present in the table represent the free 2,5-

dpp ligand in d6-dmso (green). 

The H6’ free pyridine (ring C) proton is shifted only 0.26 ppm upfield (low ppm) 

from free 2,5-dpp ligand in d6-dmso (Table 3.2). For the free pyridine ring C, all 
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protons (H3’ – H6’) are slightly upfield / more or less same while metal bind pyridine 

ring B is a slight downfield (for H3”, H4”, H5”) except H6” is 0.99 ppm upfield in 

comparison to free 2,5-dpp ligand. The explanation for H3 (10.04 ppm)/ H6 (8.59 

ppm) is the same as for H6”/ H6’ through space interaction of Ru-metal and bpy 

protons. 

 

 
Figure 3.16: Comparison of proton-NMR spectra of non-deuteriated and deuteriated 

analogous of ruthenium(II) monomers in DMSO-d6. 

Using 2-D COSY and the analogous deuteriated complex [Ru(D8-bpy)2(2,5-dpp)]
2+

, it 

became possible to assign the chemical shifts for the all 2,5-dpp protons of the two 

pyridine rings (B and C) and middle pyrazine ring (A). As can be seen from the 

Ru(bpy)2(2,5-dpp)]
 
(PF6)2 

Ru(D8-bpy)2(2,5-dpp)]
 
(PF6)2     No bpy 

1
H 

Ru(D8-bpy)2(D10-2,5-dpp)]
 
(PF6)2 

Ru(bpy)2(D10-2,5-dpp)]
 
(PF6)2 

             

No 2,5-dpp 
1
H 
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comparison between the deuteriated and non-deuteriated mononuclear complexes the 

deuteriated species has resulted in a simplification of the 
1
H-NMR spectrum and 

therefore, assisted in the confirmation of the chemical shifts for the 2,5-dpp and 

bipyridine protons, which are documented above in Table 3.2. 2-D COSY 
1
H-NMR 

spectra of the [Ru(D8-bpy)2(2,5-dpp)]
2+

 is recorded in d6-dmso (depicted in figure 

3.17) and in d3-acetonitrile (depicted in figure 3.18). 

 

 

 

Figure 3.17: 2D-COSY NMR of the [Ru(D8-bpy)2(2,5-dpp)]
2+

 in d6-dmso. 
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Figure 3.18: 2D-COSY NMR of the [Ru(D8-bpy)2(2,5-dpp)]
2+

 in d3-acetonitrile. 

 

 

Figure 3.19: Chemical structure of [Ru(dceb)2(2,5-dpp)]
 
(PF6)2 with numbering. 

The numbering and 
1
H-NMR chemical shifts for [Ru(dceb)2(2,5-dpp)]

2+
 are shown in 

Figure 3.19 and Table 3.3. In general there is no change in the chemical shifts of the 

[Ru(dceb)2(2,5-dpp)]
 
(PF6)2 

Complex 3.2 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 104

2,5-dpp ligand (pyridine ring B, pyridine ring C and pyrazine middle ring A) when 

4,4'-dicarboxyethyl-(2,2'-bipyridine) (dceb) was used as a peripheral ligand. The H3a 

protons of the peripheral ligand ‘dceb’ is shifted from 8.57-8.52 ppm to 9.12-9.07 

ppm which is downfield due to the electron withdrawing carboxylic ester group 

present at H4a position in 2,2’-bpy. Also the same effect was observed for H6a and 

H5a on the dceb ligand (see table 3.3 below). Protons for the ethyl ester group occurs 

in the range at 4.54-4.46 ppm (m, 8H, CH2) with four quartet signals that overlap in 

this region, similarly at 1.50-1.40 (m, 12H, CH3) four triplet signals overlap. 2-D 

COSY 
1
H-NMR & 1-D 

1
H-NMR spectra of the [Ru(dceb)2(2,5-dpp)]

2+
 is recorded in 

d3-acetonitrile, and in depicted in figure 3.20 & 3.21 respectively. 

 

 

 

 

Figure 3.20: 2D-COSY NMR of the [Ru(dceb)2(2,5-dpp)]
2+

 in d3-acetonitrile. 
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Figure 3.21: 
1
H-NMR of the [Ru(dceb)2(2,5-dpp)]

2+
 in d3-acetonitrile. 

 

 

Table 3.3: Chemical shifts in ppm comparison of the non-ester [Ru(bpy)2(2,5-dpp)]
2+

 

and ester analogous [Ru(dceb)2(2,5-dpp)]
2+

 as measured in d3-acetonitrile. 
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3.3.2.2 
1
H-NMR of the heterodinuclear complexes. 

 

The numbering of the heterodinuclear complexes (non-deuteriated and deuteriated) is 

shown in figure 3.22 and 3.23. The chemical shifts of the 2,5-dpp ligand, 2,2’-bpy and 

4,4’-carboxyethylester-2,2’-bpy in the Ru–Pd / Ru–Pt heterodinuclear complexes are 

outlined in Table 3.4. After complexation with [Pd(CH3CN)2Cl2] or [Pt(dmso)2Cl2], 

the protons on the pyridine ring C and pyrazine ring A of the heterodinuclear 

complexes are shifted downfield due to the electro withdrawing effect of the Pd(II)/ 

Pt(II) metal centre, (see Table 3.4). 

 

 

 

 

 

 

 

 

Figure 3.22: Chemical structure and numbering of Ru – Pd (for non-deuteriated and 

deuteriated) complexes. 

M = Pd, [Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

Complex 3.6 

M = Pt, [Ru(bpy)2(2,5-dpp)PtCl2]
2+ 

Complex 3.7 

M = Pd, H [bpy] = D, [Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+ 

Complex 3.10 

M = Pd, H [bpy and 2,5-dpp] = D, [Ru(D8-bpy)2(D10-2,5-dpp)PtCl2]
2+ 

Complex 3.11 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 107

 

  

 

 

 

 

Figure 3.23: Chemical structure and numbering of Ru – Pt complexes. 

 

In general, for the pyridine ring B, bpy ligands and dceb ligands, the protons were 

observed at the same chemical shift as observed as in the relevant mononuclear 

complexes, see Table 3.4. In the case of [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 with bpy as the 

peripheral ligand, the H3, H6’, H5’ and H4’ protons of the 2,5-dpp bridging ligand 

show a large shift from 0.40 ppm to 0.13 ppm downfield due to the electron 

withdrawing Pd metal centre while H3’ proton undergoes a shift upfield by 0.78 ppm 

due to a combination of through space interactions between the two ligand species 

H3’ / bpy ligand and the general shielding effects of the metal ion. A comparison of 

the non- deuteriated / bpy-deuteriated analogue of the [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 

shown in (figure 3.24) and 2D-COSY 
1
H-NMR (figure 3.25), it is possible to assign 

the chemical shifts of all 2,5-dpp protons.  

M = Pd, [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

Complex 3.8 

M = Pt, [Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

Complex 3.9 
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Table 3.4: Chemical shifts in ppm (with multipletts) of the 2,5-dpp protons, bpy and 

dceb of the different heterodinuclear complexes as measured in d3-acetonitrile. 
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Figure 3.24: Comparison between non-deuteriated [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 

complex, D8-bpy and D8-bpy / D10-2,5-dpp fully-deuteriated complex. 

 

 

Apart from deuteriation, the 2-dimensional-COSY proton-NMR spectra also provided 

invaluable information (figure 3.25). The proton-proton correlation of the [Ru(D8-

bpy)2(2,5-dpp)PdCl2]
2+ 

complex allows for the assignment of neighbouring protons 

without the hindrance of large bipyridine signals overshadowing other resonances. By 

connecting signals through the diagonal intercept an overall picture of the 
1
H-NMR of 

the metal complex is obtained. By combining all the data from 1-dimensional and 2-

dimensional NMR techniques a complete assignment of the protons within each 

complex was achieved.  

 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

[Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+ 

[Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
2+ 
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Figure 3.25: 2D-COSY NMR of the [Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+

 in d3-acetonitrile. 

 

Figure 3.26, the depicted 2D-COSY proton-NMR correlations of the 2,5-dpp ligand 

protons and dceb ligands protons of the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, see structure in 

figure 3.23. In the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 complex, the protons of the 2,5-dpp is 

more or less same w.r.t. the non-ester analogue [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 but 

protons H6’ – H3’ on ring C and H6” – H3” on ring B shift slightly downfield w.r.t. 

the ester mononuclear complex [Ru(dceb)2(2,5-dpp)]
2+

 due to the shielding effect of 

the Ru(II) ion and through space interaction of the peripheral ligands (see table 3.4). 

Due to the space interaction of ester group on dceb ligands and ruthenium metal 

shielding the proton H6 remains at the same chemical shift as in the non-ester 

analogue [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 but upfield shifts w.r.t. mononuclear complex 

[Ru(dceb)2(2,5-dpp)]
2+

 while the H3 proton shifts slight downfield w.r.t. both the 

complexes. The dceb ligand H3a protons undergo a shift downfield to 9.12-9.07 ppm 

(4 protons, [Ru(dceb)2(2,5-dpp)PdCl2]
2+

) from 8.57-8.52 ppm (4 protons, 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+

) while there is not much effect on H6a but H5a moves in 

downfield region at 7.92-7.83 ppm from 7.50-7.44 ppm w.r.t. the non-ester analogue 
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[Ru(bpy)2(2,5-dpp)PdCl2]
2+

 due to electron-withdrawing effect of the ethyl ester 

group. 

 

 

Figure 3.26: 2D-COSY NMR of the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 in d3-acetonitrile. 

 

In the case of the [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 complex, the protons H3, H6’, H5’ and 

H4’ of the 2,5-dpp ligand are shifted to 10.50 ppm, 9.39 ppm, 7.72 ppm and 8.19 ppm 

respectively on compared to complex [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 (H3 = 10.05 ppm, 

H6’ = 8.91 ppm, H5’ = 7.61 and H6’ = 8.10 ppm) / complex [Ru(bpy)2(2,5-dpp)]
2+

 

(H3 = 9.69 ppm, H6’ = 8.51 ppm, H5’ = 7.46 and H4’ = 7.97 ppm) (see table 3.4). 

The de-shielding effect of an electron deficient PtCl2 metal is more compare to the 

shielding effect of an electron rich ruthenium metal on the protons H3, H6’, H5’ and 

H4’, also the slightly distorted square planer geometry influence chemical shifts 

downfield. The protons H6” – H3” of the 2,5-dpp in [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 are 

not effected to any great extent when compared to both [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 

and the mononuclear complex [Ru(bpy)2(2,5-dpp)]
2+

.The 2D-COSY 
1
H-NMR of the 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+ 

is depicted in figure 3.27. 
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Figure 3.27: 2D-COSY NMR of the [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 in d3-acetonitrile. 

 

Figure 3.28 represents the 2D-COSY proton-NMR for [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 

complex. In the complex [Ru(dceb)2(2,5-dpp)PtCl2]
2+

, the protons of the bridging 

ligand 2,5-dpp are more or less the same as in the non-ester analogue [Ru(bpy)2(2,5-

dpp)PtCl2]
2+

. As discussed earlier in the case of the ester-Pd analogue [Ru(dceb)2(2,5-

dpp)PdCl2]
2+

 only changes shift downfield of the dceb ligand protons H3a and H5a 

due to the electron-withdrawing effect of ethyl ester group. On comparing for 

[Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

the proton H3 at 10.58 ppm and H6’ at 9.40 ppm shift 

downfield w.r.t. [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

(H3 = 10.13 ppm; H6’ = 8.81 ppm) and 

the mononuclear complex [Ru(dceb)2(2,5-dpp)]
2+ 

(H3 = 9.69 ppm; H6’ = 8.50 ppm) 

due to the de-shielding effect of electron-withdrawing PtCl2 moiety from the 2,5-dpp 

bridging ligand. The rest of the protons in the [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 complex 

shift slightly downfield for protons H5’-H3’ ; H6”-H3” w.r.t. the [Ru(dceb)2(2,5-

dpp)PdCl2]
2+ 

complex
 

while all the protons undergo a downfield shifts due to 

complexation with the PtCl2 moiety to the mononuclear [Ru(dceb)2(2,5-dpp)]
2+

 

complex.  
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Figure 3.28: 2D-COSY NMR of the [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 in d3-acetonitrile. 
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3.3.3 UV-Vis absorption, emission and luminescence properties of the 

Ru(II) mononuclear and heterodinuclear complexes.  

 

The photophysics and spectroscopy of the ruthenium(II) polypyridyl mononuclear and 

heterodinuclear complexes with 2,5-dpp as a bridging ligand have been studied.
75, 76

 

These studies provided information regarding intramolecular interactions between the 

ligands and the metals. 

                                                         
  

 

Complex 

 

Absorption 

λmax (nm) 

(ε = 10
4 

M
-1

cm
-1

) 

                      

 

Emission 

λmax (nm) 

(at 293 K) 

 

τ 
a
 (ns) 

(aerated) 

(at 293 K) 

 

Ф 
b 

(deaerated) 

(at 293 K) 

 

[Ru(bpy)3]
2+ 

 

 

453 (1.3) 

 

605 

 

576 

 

      0.068 
c, 82

 

 

[Ru(bpy)2(2,5-dpp)]
2+

 

 

483 (0.92) 

 

695 

 

266 

 

0.034  

 

[Ru(dceb)2(2,5-dpp)]
2+ 

 

 

467 (1.79) 

 

630 

 

564 

 

0.039 

 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

 

 

539 (1.0) 

403 (0.9) 

 

807 

 

< 0.5 

 

- 

 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+

 

 

 

565 (1.0) 

424 (1.0)                         

 

813 

630 

 

< 0.5 

 

- 

 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

 

 

444 (1.6) 

526 (1.6) 

 

778 

 

< 0.5 

 

- 

 

[Ru(dceb)2(2,5-dpp)PtCl2]
2+

 

 

 

444 (1.73) 

540 (1.71)                      

 

778 

630 

 

< 0.5 

 

- 

 
a 

Determined by time correlated single photon counting in aerated acetonitrile solution, error ± 10 % 

ns. 

b 
Quantum yield of an excited state emission (deaerated Acetonitrile at λ = 455 nm). 

c
 Lifetime of the [Ru(bpy)3]

2+
 in deaerated acetonitrile using freeze-pump-thaw degassing.  

 

Table 3.5: Photophysical properties of all ruthenium monomer and heterodinuclear 

complexes synthesised carried out in spectroscopy grade aerated acetonitrile at 293 

K. 
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3.3.3.1 Absorption and emission spectra properties. 

 

UV-Vis absorption data are collected in Table 3.5; spectra of the listed compounds in 

this Thesis are shown in Figure 3.29, 3.30, 3.31, 3.32, 3.33 and 3.34. The absorption 

spectra of all these compounds are essentially similar to that of other Ru(II) – based 

polypyridine complexes and can be accordingly interpreted. The high intensity 

absorption bands in the UV region can be ascribed to 
1
LC transitions. In particular, 

the peak at 280 nm can be attributed to the bpy peripheral ligand and 320 nm 

attributed to the dceb peripheral ligand, the band around 350 – 360 nm are assigned to 

the 2,5-dpp bridging ligand. Moderately intense 
1
MLCT bands are observed in the 

region 400 – 600 nm.
42, 75, 76 

 

 

 

Figure 3.29: Absorption and emission spectra of the [Ru(bpy)3]
2+ 

at room temperature 

in acetonitrile solution (deaerated), excitation wavelength at 453 nm. 

 

One can note the non-chromophoric nature of the PdCl2 / PtCl2 fragments in the sense 

that there is no absorption band that clearly involves this unit. However, the 

absorption spectrum of the heterodinuclear complex differ somewhat to the ruthenium 
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mononuclear complex which may indicate complexation of PdCl2 / PtCl2 to the free 

end of the 2,5-dpp ligand. Both the 
1
MLCT band in the visible region and the LC 

band around 330 nm are different before and after coordination of PdCl2 / PtCl2 (see 

figure 3.33 and 3.34). 

 

 

Figure 3.30: Absorption and emission spectra (normalized) of the [Ru(bpy)2(2,5-

dpp)]
2+ 

(black) (λex = 483 nm) and [Ru(dceb)2(2,5-dpp)]
2+ 

(red) (λex = 467 nm) at 

room temperature in acetonitrile solution. 

 

The obtained spectra of the complex [Ru(bpy)2(2,5-dpp)]
2+ 

is in good agreement with 

the results of Denti et al. (see figure 3.30).
42, 75, 76

 A comparison of the mononuclear 

[Ru(bpy)2(2,5-dpp)]
2+ 

compound with the homoleptic [Ru(bpy)3]
2+

 complex (see 

figure 3.29) allows assignment of the bands at 318 and 337 nm to the 2,5-dpp ligand. 

Also the very intense peak at 285 nm can be assigned to bpy, due to its appearance in 

all the spectra. Transitions in the ultraviolet part of the spectrum belong to ligand 

centered absorptions.
42

 In the visible region, the mononuclear compound 

[Ru(bpy)2(2,5-dpp)]
2+

 complex has a broad absorption peak with two shoulders. One 

shoulder is at 435 nm and the second shoulder is situated at lower energy at 483 nm. 

Those peaks in the visible area of light belong to d → π* metal to ligand charge 

transfer transitions. In contrast, the MLCT peak of the homoleptic [Ru(bpy)3]
2+
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complex shows only one clear maximum at 453 nm. The broad peak in case of the 

mixed ligand complex [Ru(bpy)2(2,5-dpp)]
2+

 is explained by considering the 

contributions of Ru → bpy as well as Ru → 2,5-dpp MLCT transitions, whereas the 

shoulder at 483 nm can be assigned to a Ru → 2,5-dpp π* MLCT.
42

 The superposition 

of those peaks results in the broad absorption features. The shift of the MLCT bands 

compared to [Ru(bpy)3]
2+

 is explained by the higher π-acceptor and weaker σ – donor 

properties of the 2,5-dpp ligand compared to bpy. Due to the weaker σ – donor 

strength the metal d-orbitals are stabilised. Therefore, the energy gap between the 

ruthenium t2g orbitals and the bpy π* orbital increases, resulting in a blue shift of this 

transition (Ru→bpy MLCT) in comparison to [Ru(bpy)3]
2+

.  

 

The ruthenium monomer complex [Ru(bpy)2(2,5-dpp)]
2+

 exhibits luminescence at 

room temperature in the red region of the spectrum after excitation at 483 nm (figure 

3.30). The emission maxima were observed at 695 nm, and are in agreement with 

those reported.
42, 75 

In comparison, the emission maximum for [Ru(bpy)3]
2+

 is 

centered at 605 nm. Generally, in the case of ruthenium polypyridyl complexes, 

emission occurs from the lowest triplet MLCT excited state. Considering the 

homoleptic reference complex the originating level must be the π* orbital of the 

bipyridine ligands. In contrast, the emission maximum for the mixed chelate complex 

[Ru(bpy)2(2,5-dpp)]
2+

  lies at lower energy. The difference is approximately 80 nm. 

This shift and the appearance of only one band leads to the assumption that the 

emission occurs from the Ru→2,5-dpp 
3
MLCT excited state, which is in agreement 

with the literature.
42, 75

 For confirmation, the luminescence measurements were 

carried out by exciting the samples at 435 nm. This wavelength was assigned to the 

Ru→bpy 
3
MLCT transition in the absorption spectra. The same emission maxima at 

695 nm were recorded as observed before. This implies that population of a Ru → 

bpy π* MLCT state is followed by a radiationless decay where the electron is 

transferred into the lower lying Ru → 2,5-dpp π* MLCT state. By recording the 

absorption and emission spectra of the heteroleptic ruthenium mononuclear 

[Ru(bpy)2(2,5-dpp)]
2+

 complex and its deuteriated analogues,
 
when comparing to 

[Ru(bpy)3]
2+

 it can be conclude that the luminescence is mainly governed by the 

relatively low lying Ru → 2,5-dpp 
3
MLCT excited state. Therefore, by measuring the 

lifetimes of the mixed ligand compounds, the deuteriated complexes should have 
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significantly longer lifetimes 
75

 (see table 3.6, figure 3.31 and figure 3.32, emission 

spectra of the [Ru(bpy)2(2,5-dpp)]
2+

 at 77 K glass matrix MeOH/ EtOH (4:1 vol. 

ration)).
75 

 
  

 

Complex 

 

 

Absorption 
a 

λmax (nm) 
d 

(ε = 10
4 

M
-1

cm
-1

) 

                     

 

Emission 
a 

λmax (nm) 

at 293 K 

(at 77 K)
 e 

 

Ф 
b 

(deaerated) 

(at 293 K) 

 

τ 
c
 in ns 

54 

(aerated) 

at 293 K 

(at 77 K in μs) 
e 

 

[Ru(bpy)2(2,5-dpp)]
2+

 

 

483 (0.92) 

 

695 

(638) 

 

0.034  

 

266 

(3.6) 

 

[Ru(D8-bpy)2(2,5-dpp)]
2+

                                    

 

483 (0.97) 

 

695  

(638) 

 

0.040 

 

271  

(4.1) 

 

[Ru(bpy)2(D10-2,5-dpp)]
2+

                                                  

 

483 (0.91) 

 

695  

(638) 

 

0.041 

 

296  

(4.5) 

 

[Ru(D8-bpy)2(D10-2,5-dpp)]
2+

 

 

483 (1.05) 

 

695  

(638) 

 

0.044 

 

306  

(4.7) 

 

 

[Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+ 

                                            

 

539 (1.0) 

403 (0.9) 

 

807 

 

- 

 

< 0.5 

 

[Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
2+

                     

 

539 (1.0) 

403 (0.91) 

 

807 

 

- 

 

< 0.5 

 
a 

Absorption and emission in acetonitrile solution (aerated). 

 b quantum yield (in deaerated acetonitrile at 293 K).  

 
c 
Lifetime in ns not in brackets and lifetime in µs (at 77 K) in brackets (aerated acetonitrile), error ± 

10 % ns or µs.  

d 
Lowest energy maximum wavelength.  

e 
MeOH/ EtOH (4:1 v/v) glass (aerated). 

 

Table 3.6: Photophysical properties of all deuteriated ruthenium monomer complexes 

and heterodinuclear complexes synthesised carried out in spectroscopy grade 

acetonitrile. 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 119

 

 

Figure 3.31: Absorption and emission spectra for [Ru(bpy)3]
2+

, [Ru(bpy)2(2,5-dpp)]
2+ 

and the deuteriated analogues of the [Ru(bpy)2(2,5-dpp)]
2+

at 293 K in acetonitrile 

solution (concentration of the compounds were ~ 7.0×10
-6

 M). The samples were 

excited with a wavelength of 483 nm 
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Figure 3.32: Emission spectrum of [Ru(bpy)2(D10-2,5-dpp)]
2+

 recorded at 77 K in a 

rigid matrix of MeOH/EtOH (4:1 volume ratio). The sample was excited with a 

wavelength of 483 nm. 

 

Additionally, emission spectra of the mononuclear complexes were recorded at low 

temperature (77K) in a rigid matrix of methanol and ethanol (4:1 volume ratio). Since 

all the monometallic deuteriated compounds emit at the same wavelength, only the 

emission spectrum of [Ru(bpy)2(D10-2,5-dpp)]
2+

 which is representative for the whole 

class is shown (figure 3.32). The emission maximum at low temperatures was 

observed at 638 nm, and is in agreement with reported values.
42

 The hypsochromic 

shift of the emission band in comparison to the emission spectra in acetonitrile can be 

explained by solvatochromic and temperature effects.
42 

 

A comparison of the mononuclear ester [Ru(dceb)2(2,5-dpp)]
2+ 

compound (Figure 

3.30) with the homoleptic [Ru(bpy)3]
2+

 complex (see figure 3.29) and [Ru(bpy)2(2,5-

dpp)]
2+ 

allows a assignment of the absorption bands at 357 nm to the 2,5-dpp ligand. 

Also the very intense peak at 307 nm can be assigned to dceb, due to its appearance in 

all the spectra. Transitions in the ultraviolet part of the spectrum belong to ligand 

centered absorptions (dceb and 2,5-dpp ligands). In the visible region, the 

mononuclear compound [Ru(dceb)2(2,5-dpp)]
2+

 feature a broad absorption peak with 

[Ru(bpy)2(D10-2,5-dpp)]
2+
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two shoulders. One shoulder is at 444 nm (Ru → dceb; MLCT) and the second 

shoulder is situated at lower energy at 467 nm (Ru → 2,5-dpp; MLCT). Those peaks 

in the visible region to d → π* metal to ligand charge transfer transitions.
76

  

 

In contrast, the MLCT peak of the homoleptic [Ru(bpy)3]
2+

 shows only one clear 

maximum at 453 nm. The broad peak in case of the mixed ligand complex 

[Ru(dceb)2(2,5-dpp)]
2+

 is explained by considering the contributions of Ru → dceb as 

well as Ru → 2,5-dpp MLCT transitions, whereas the shoulder at 467 nm can be 

assigned to a Ru → 2,5-dpp π* MLCT which is blue shifted by 16 nm in comparison 

to the [Ru(bpy)2(2,5-dpp)]
2+ 

complex due to the electron withdrawing group present 

on the peripheral ligands, and the energy gap between the Ru (t2g) orbitals and the 2,5-

dpp π* orbital increase.
76

 The superposition of those peaks results in broad absorption 

features. As discussed above for the [Ru(bpy)2(2,5-dpp)]
2+ 

complex, the energy gap 

between the ruthenium t2g orbitals and the bpy π* orbital increases, resulting in a blue 

shift of this transition (Ru → bpy MLCT) in comparison to [Ru(bpy)3]
2+

. The MLCT 

band at 444 nm in [Ru(dceb)2(2,5-dpp)]
2+ 

is red-shifted by 9 nm compared to the 

analogue [Ru(bpy)2(2,5-dpp)]
2+

 (λmax at 435 nm). This red shift of the MLCT band 

occurs because of the presence of the carboxylic acid groups; the withdrawing nature 

of the carboxylic acid groups lowers the energy of the π* orbital of the ligand, causing 

the d to π* transition to occur at lower energy.
83, 84

  

 

The ruthenium monomer complex [Ru(dceb)2(2,5-dpp)]
2+

 exhibit luminescence at 

room temperature in the red region of the spectrum after excitation with 467 nm 

(figure 3.30). The emission maximum was observed at 630 nm.
76

 Generally, in the 

case of ruthenium polypyridyl complexes, the emission occurs from the lowest triplet 

MLCT excited state. Considering the homoleptic reference complex [Ru(bpy)3]
2+

 the 

originating level must be the π* orbital of the bipyridine ligands. In contrast, the 

emission maximum for the mixed chelate complex [Ru(dceb)2(2,5-dpp)]
2+

  lies at 

lower energies. The difference is approximately 15 nm. This is in a close proximity to 

[Ru(bpy)3]
2+

 whose luminescence occurs at 605 nm, indicating that the luminescence 

may be [Ru(bpy)] based. This shift and the appearance of only one band leads to the 

assumption that the emission is occurs from the Ru → 2,5-dpp 
3
MLCT excited state. 

For confirmation, the luminescence measurements were carried out by exciting the 
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samples at 444 nm. This wavelength was assigned to the Ru → dceb 
3
MLCT 

transition in the absorption spectra. Although the samples were excited with the 

energy of Ru → dceb 
3
MLCT transitions, the same emission maxima at 630 nm, as 

observed before, were recorded. This implies that populating a Ru → dceb π* MLCT 

state is followed by a radiationless decay where the electron is transferred into the 

lower lying Ru → 2,5-dpp π* MLCT state. Thus both the possibility may happened in 

the case of the complex [Ru(dceb)2(2,5-dpp)]
2+

.
76

  

 

 

Figure 3.33: Absorption and emission spectra of the [Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

(black) (λex = 539 nm) and [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

(red) (λex = 526 nm) at room 

temperature in acetonitrile solution. 

 

Depicted in figure 3.33 depicted are the absorption and emission spectra for 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, and similar spectra 

were observed as seen in the two mononuclear complexes [Ru(bpy)2(2,5-dpp)]
2+

 and 

[Ru(dceb)2(2,5-dpp)]
2+

 (e.g. blue shifted of the Ru → 2,5-dpp  π* 
1
MLCT from ester 

analogue of bpy to non ester bpy). In the heterodinuclear Ru-Pd complexes, the peak 

at 270 nm can be attributed to the bpy peripheral ligand and 305 nm attributed to dceb 

peripheral ligand. The band around 340 – 360 nm is attributed to the 2,5-dpp bridging 

ligand.
76

 Moderately intense 
1
MLCT bands are observed in the region 400 – 600 nm. 
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Thus for the [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 complexes 

the lowest energy 
1
MLCT transitions Ru → 2,5-dpp are observed at 539 and 526 nm. 

The lowest energy 
1
MLCT transitions Ru → bpy / dceb are observed at 403 and 444 

nm respectively.
76

 This is due to progressive lowering of the π* orbital of the bridging 

ligand when the free chelating site connects to a formally uncharged unit (PdCl2).
42

  

 

The complexes [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 emit at 

room temperature but the emission is highly quenched compared to the ruthenium 

monomers. Both [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

 

complex exhibit luminescence at room temperature in the red region of the spectrum 

after excitation at 539 nm and 526 nm respectively (figure 3.33). The emissions 

maxima were observed at 807 nm and 778 nm respectively. This appearance of two 

band leads to the assumption that the emission originates from the Ru → 2,5-dpp 

3
MLCT excited state when excited at 526 nm. The 

1
MLCT band for Ru → 2,5-dpp π* 

in the complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 is blue shifted by 13 nm compared to the 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+

, and a similar effect was seen for the mononuclear non-

ester and ester analogous.
76 

 

For the PtCl2 containing dinuclear complexes (see Figure 3.34), [Ru(bpy)2(2,5-

dpp)PtCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 similar trends were observed, with 

absorption maxima at 424 nm / 565 nm and 444 nm/ 540 nm, and unusual emission at 

630 nm / 813 nm when excited at 565 nm and 630 nm / 778 nm when excited at 540 

nm for the two complexes respectively. 

 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 124

Figure 3.34: Absorption and emission spectra of the [Ru(bpy)2(2,5-dpp)PtCl2]
2+ 

(black) (λex = 565 nm) and [Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

(red) (λex = 540 nm) at room 

temperature in acetonitrile solution. 

 

 

3.3.3.2 Lifetime measurements. 

 

The lifetime is the time it takes for a number of excited molecules to decay to 1/e of 

the original population.
85

 In the case of one single fluorescence process the decay 

curve responds to the following equation 3.1.  

 

I (t) = I0 · e
- t / τ

………… (Eq. 3.1) 

 

Hereby I0 resembles the fluorescence intensity at the time t equal to zero and τ is the 

lifetime of the fluorescence.  

 

The time correlated single photon count (TCSPC) was used to determine the lifetime 

of the compounds. Hereby the time between excitation and the detection of the first 

emitted photon is measured repeatedly. The TCSPC measurements were carried out at 

room temperature in acetonitrile solution. All the deuteriated, non deuteriated and 

ester analogous of the [Ru(bpy)2(2,5-dpp)]
2+

 were excited with a wavelength of 360 

nm and the time response of their emission was recorded. The results are shown in 

figure 3.35 and 3.36. The corresponding lifetimes were obtained using single 

exponential fits on the decay curves, and are as listed in table 3.5 and table 3.6 above.  
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Figure 3.35: TCSPC spectra of the mononuclear ruthenium(II) complexes. The 

spectra were recorded at room temperature in aerated acetonitrile solution, by 

exciting the samples with a wavelength of 360 nm and observing the emission at 695 

nm. The graphs were fitted (grey line) using a single exponential decay function. 

 

 

The lifetime for compound [Ru(bpy)2(2,5-dpp)]
2+

 is in very good agreement with 

Denti et al.
42

 The lifetimes of the excited states increase upon deuteriation. However, 

the extent of this effect for the investigated mononuclear compounds is different. By 

deuteriation of the peripheral bpy ligands [Ru(D8-bpy)2(2,5-dpp)]
2+

 the increase of the 

lifetime at room temperature by 5 ns is marginal compared to the lifetime of the non-

deuteriated complex [Ru(bpy)2(2,5-dpp)]
2+

. Deuteriation of the 2,5-dpp ligand 

however in the case of compound [Ru(bpy)2(D10-2,5-dpp)]
2+

 shows a stronger effect. 

Compared to the mononuclear complexes [Ru(bpy)2(2,5-dpp)]
2+

 and [Ru(D8-

bpy)2(2,5-dpp)]
2+

 the lifetimes increased by 30 ns and 25 ns respectively, i.e. 11% 

(see table 3.6). As suggested by Keyes et al.
86

, the emission lifetime of a compound 

should only increase when the excited state is situated on the deuteriated ligand. The 

observed data in addition to the preceding absorption and emission measurements 

suggest that the excited state is most likely situated on the 2,5-dpp ligand. The biggest 

[Ru(D8-bpy)2(D10-2,5-dpp)]
2+

 [Ru(bpy)2(D10-2,5-dpp)]
2+

 

[Ru(D8-bpy)2(2,5-dpp)]
2+

 [Ru(bpy)2(2,5-dpp)]
2+
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increase of emission lifetime was measured for the [Ru(D8-bpy)2(D10-2,5-dpp)]
2+

 

complex, where all ligands are deuteriated. An extension of even 10 ns in comparison 

to [Ru(bpy)2(D10-2,5-dpp)]
2+

 could be detected. This leads to the assumption that the 

bpy ligands are involved in radiationless decay as well. Possibly, due to additional 

low energy bpy C-D stretching vibrations, internal conversion from the Ru → bpy π* 

to the lowest lying Ru → 2,5-dpp π* 
3
MLCT state is de-accelerated, what has an 

effect on the lifetime, too. 

 

 

 

Figure 3.36: TCSPC spectra of the mononuclear [Ru(dceb)2(2,5-dpp)]
2+ 

complexes. 

The spectra were recorded at room temperature in aerated acetonitrile solution, by 

exciting the samples with a wavelength of 360 nm and observing the emission at 630 

nm. The graphs were fitted (red line) using a single exponential decay function. 

In case of the [Ru(dceb)2(2,5-dpp)]
2+

 compound lifetimes doubled in comparison to 

the non ester analogue of the [Ru(bpy)2(2,5-dpp)]
2+

 complex (see table 3.5), due to 

stabilisation of the ground state by the electron withdrawing ester group present on 

the bipyridine ligand in figure 3.36. 

 

The TCSPC results were complemented by time dependent fluorescence 

measurements at 77 K in a rigid matrix. The excitation wavelength of the laser was 

355 nm, and the emissions for the heteroleptic monometallic compounds were 
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recorded at 638 nm. The obtained time responses of emission and their associated 

exponential fits are plotted in figure 3.37. 

 

Figure 3.37: Time dependent fluorescence spectra of the heteroleptic monometallic 

ruthenium(II) complexes and their associated exponential fits. The spectra were 

recorded at 77K in a rigid matrix of MeOH/EtOH (4:1 volume ratio), by exciting the 

samples with a wavelength of 360 nm and observing the emission at 638 nm. 

 

Compared to Denti et al. the value determined for the [Ru(bpy)2(2,5-dpp)]
2+

 

compound was the same.
42

 Analogous to the TCSPS result, an increase in 

fluorescence lifetime due to deuteriation could be detected. Again, although not 

expected, the deuteriation of the bpy ligands seems to have an effect on the lifetime of 

the excited state as well. Compared to [Ru(bpy)2(2,5-dpp)]
2+

 the lifetime of [Ru(D8-

bpy)2(2,5-dpp)]
2+

 increased by approx. 0.5 µs (see table 3.6). 
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3.3.4 Photocatalytic hydrogen generation experiments. 

 

The photocatalytic hydrogen generation activity of each intramolecular Ru – Pd / Ru 

– Pt heterodinuclear complex and the intermolecular Ru(II) mononuclear complexes 

with Pd(acetonitrile)2Cl2 were evaluated from water by photo-irradiation of an 

acetonitrile solution of each compounds in the presence of a sacrificial electron donor, 

triethyl amine (TEA), under a N2 atmosphere (detailed experimental procedure 

discussed in chapter 2).  

 

 

Figure 3.38: Photocatalytic hydrogen produced determined by GC from an interval 0 

– 8 hours. Photocatalytic reaction (under N2) of the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 

(Blue) and [Ru(dceb)2(2,5-dpp)]
2+ 

(Red) + Pd(ACN)2Cl2; c(cat.) = 4.08 × 10
-5 

M in 

anhyd. ACN as solvent, conc. of TEA = 2.15 M and 5% water (v/v); taken in a 5 ml 

clear glass vial with septa capped (2 ml solution with 3 ml head space). S.D. ± 10 

TONs or less. 

As shown in Fig. 3.38 and Table 3.8, [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 and intermolecular 

reaction of the [Ru(dceb)2(2,5-dpp)]
2+

 with [Pd(acetonitrile)2Cl2] were found to be 

active as photocatalytic hydrogen generation molecular devices. The [Ru(dceb)2(2,5-

dpp)PtCl2]
2+

 (very low TONs of hydrogen), [Ru(bpy)2(2,5-dpp)PdCl2]
2+

, 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+

 and other intermolecular reaction between mononuclear 

complexes with [Pt(acetonitrile)2Cl2] did not drive H2 evolution by TEA in the 

presence of water at all. Time dependent hydrogen production along with the turn 

over frequency for complexes [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 and intermolecular 
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reaction [Ru(dceb)2(2,5-dpp)]
2+

 with palladium complex are given in the Table 3.9. A 

typical sample solution of complexes were prepared by mixing 0.1 ml of an 8.16 × 10
-

4 
M

 
catalyst solution in anhydrous acetonitrile (final concentration in 2 ml irradiation 

solution = 4.08 · 10
-5 

M); 0.6 ml of triethylamine (2.15 M); 0.0 – 0.3 ml (0 – 15% v/v) 

of thoroughly degased water and rest fill with 1.0 – 1.4 ml of anhydrous acetonitrile. 

Subsequently, the GC vials were irradiated at 470 nm using light emitting diodes 

(LEDs, vide infra) for 18 h. Average of 3 samples were taken for calculating TONs 

for hydrogen. 

 

Complexes 
TON {Water percentage}: (Stand. Deviation) 

{0 %} {5 %} {10 %} {15 %} 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+

 0 403 (15) 313 (15) 94 (9) 

[Ru(dceb)2(2,5-dpp)PtCl2]
2+ 0 14 (1) 7 (0) 4 (1) 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+

 0 0 0 0 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+ 0 0 0 0 

[Ru(dceb)2(2,5-dpp)]
2+

 0 0 - - 

[Ru(bpy)2(2,5-dpp)]2+ 0 0 - - 

[Ru(dceb)2(2,5-dpp)]2+ + 

       Pd(acetonitrile)2Cl2 
0 464 (4) - - 

[Ru(dceb)2(2,5-dpp)]2+ + 

       Pt(acetonitrile)2Cl2 
0 0 - - 

[Ru(bpy)2(2,5-dpp)]
2+ 

+ 

      Pd(acetonitrile)2Cl2 
0 0 - - 

[Ru(bpy)2(2,5-dpp)]
2+ 

+      

      Pt(acetonitrile)2Cl2 
0 0 - - 

Pd(acetonitrile)2Cl2 /  

        Pt(acetonitrile)2Cl2 
0 0 - - 

No Catalyst (only TEA)
 a 0 0 - - 

 

Table 3.8: Turn over numbers for hydrogen for the above listed complexes.  
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Time 

(hour) 

TON / TOF {Water percentage (5%)} 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+

 
[Ru(dceb)2(2,5-dpp)]2+   + 

                  [Pd(CH3CN)2Cl2]  

TON 
TOF  

(TON h-1) 
TON 

TOF  

(TON h-1) 

0 0 0 0 0 

1 5 5 13 13 

2 15 7.5 45 22.5 

3 144 48 76 25 

4 340 85 102 25.5 

5 350 70 220 44 

6 355 59 412 69 

7 365 52 446 64 

8 398 50 460 58 

 

Table 3.9: Photocatalytic hydrogen determined by GC from an interval 0 – 8 hours. 

Photocatalytic mixture (prepared under N2) of the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 

(Blue) and [Ru(dceb)2(2,5-dpp)]
2+ 

(Red) + Pd(ACN)2Cl2; c(cat.) = 4.08 x 10
-5 

M in 

anhydrous acetonitrile as solvent, TEA = 2.15 M and 5% water (v/v); taken in a 5 ml 

clear glass vial with septa capped (2 ml solution with 3 ml head space). S.D. = ± 10 

TONs or less. 

 

Importantly, it was also confirmed that [Ru(bpy)2(2,5-dpp)PtCl2]
2+ 

did not produce 

hydrogen photochemically.
67

 Thus, the intramolecular electron transfer from the 

[Ru(bpy)2(2,5-dpp)]
2+

 moiety to the tethering PtCl2 unit in Ru(bpy)2(2,5-dpp)PtCl2]
2+

 

complex was not promoted, which is considered the major reason for the 

ineffectiveness of [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 as a photocatalytic hydrogen generation 

molecular device. On the contrary, the photoinduced intramolecular electron transfer 

from the [Ru(R2-bpy)2(2,5-dpp)]
2+

 (where, R = COOEt) unit tethering to the PdCl2 or 

PtCl2 unit in [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

is well 

enhanced by the introduction of an electron withdrawing group (R = COOEt) present 

on the bipyridine. 
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For the photocatalytic process described in this thesis (see chapter 2), the reaction 

mixture was excited at 470 nm and triethyl amine (TEA) was used as the sacrificial 

agent to re-reduce the Ru(III) centre formed. The presence of water was found to be 

an important factor for photocatalytic water splitting. However, the reasons for this 

observation are not straight forward, since the addition of water changes several 

parameters: (1) Water is assumed to be a reactant and hence an increasing 

concentration would accelerate kinetic process and / or shift its equilibria. (2) Proton-

transfer is inevitable for hydrogen and is facilitated by the presence of water due to its 

excellent proton donor ability. (3) Solvent polarity increases with increasing water 

content, thus stabilising polar intermediates which may also lead to higher TONs. 

With the dinuclear catalyst [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 TONs up to 400, for 

[Ru(dceb)2(2,5-dpp)PtCl2]
2+ 

(only TONs = 12) were obtained, whereas [Ru(bpy)2(2,5-

dpp)PdCl2]
2+

 and [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 no hydrogen was detected with 5% 

water. An equimolar mixture of the mononuclear precursor [Ru(dceb)2(2,5-dpp)]
2+

 

and [Pd(acetonitrile)2Cl2]  (TON = 460) gave slightly higher TONs then 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+

 when irradiated under the same conditions as the hetero-

dinuclear species. Catalysis of the mononuclear species [Ru(dceb)2(2,5-dpp)]
2+

 and 

[Pt(acetonitrile)2Cl2] and also [Ru(bpy)2(2,5-dpp)]
2+

 with [Pd(acetonitrile)2Cl2] / or 

[Pt(acetonitrile)2Cl2] yielded no hydrogen. For both experiments where the 

mononuclear precursors [Ru(bpy)2(2,5-dpp)]
2+

 and [Ru(dceb)2(2,5-dpp)]
2+

 were 

reacted with [Pd(acetonitrile)2Cl2] / or [Pt(acetonitrile)2Cl2] the formation of a black 

precipitate was observed. No precipitate was observed in the [Ru(dceb)2(2,5-

dpp)PdCl2]
2+

, [Ru(dceb)2(2,5-dpp)PtCl2]
2+

, [Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

and 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+

 cases. However, colloid formation has been discussed by 

several authors for Ru/Pd complexes.
87, 88

 From a present viewpoint the question 

remain if electron transfer is intra- or intermolecular in nature. But even if 

catalytically active aggregates (i.e. Pd-colloids) may have formed under the applied 

conditions, it would still depend on the light harvesting moiety in the present case as 

shown by the TONs. The polypyridyl heterodinuclear complexes [Ru(dceb)2(2,5-

dpp)PdCl2]
2+

, [Ru(dceb)2(2,5-dpp)PtCl2]
2+

, [Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

and 

[Ru(bpy)2(2,5-dpp)PtCl2]
2+

 reveal an interesting peripheral ligand effect for photo-

catalytic hydrogen production. TONs of 400 were obtained for the [Ru(dceb)2(2,5-

dpp)PdCl2]
2+

 complex but the compound exhibits a very short excited state lifetime.  
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An experiment was performed by adding metallic mercury (Hg) to the photo-catalytic 

solution of the [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 and carrying out photocatalysis. After 18 

hours of constant irradiation low hydrogen TONs of 38 were observed. This 

observation suggests decomposition of the complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

during irradiation. Another experiment was also performed with constant stirring with 

metallic mercury, and without irradiation of the photocatalytic solution. After 24 

hours constant stirring, the photocatalytic solution colour change from deep red to 

light pink suggesting decomposition of the catalytic solution. 

 

 

 

3.4 Summary and conclusion. 

 
Chapter 3 detailed the synthetic method available for the generation of mononuclear 

and heterodinuclear metal complexes utilising the strategy of “complexes as metal / 

complexes as ligands”. Initially the heterodinuclear complexes (Ru – Pd / Ru – Pt) 

and their deuteriated analogues where synthesised and their properties, such as 

absorption, emission and luminescence data were obtained (see table 3.5, 3.6 and 3.7).  

 

These results were taken in conjunction with the characterization tools of 
1
H-NMR 

and CHN to confirm the synthesis of the mononuclear and heterodinuclear complexes. 

Proton-NMR 1D proved invaluable in determining the binding of the PdCl2 / PtCl2 to 

the mononuclear complexes and then 2D-COSY proton-NMR to determine the 

coupling of the protons (see table 3.2, 3.3 and 3.4).  

 
The main aim of this chapter is the synthesis of photosensitizers for the photocatalytic 

generation of hydrogen using water using 470 nm. For measuring the gaseous 

products during the photocatalytic experiments, gas chromatography was employed 

for the head space analysis. The non-ester analogues, i.e. mononuclear Ru(II) in both 

intermolecular or heterodinuclear Ru – Pd / Ru – Pt complexes were not produced 

hydrogen. The ester analogues proved to be very efficient for the photocatalytic of 

generation hydrogen. The ester-Ru – Pd intramolecular as well as ester-Ru + Pd 

intermolecular complexes shows higher TON hydrogen in the range 400 – 460. It has 



Chapter 3: Ruthenium(II) and Palladium(II) / Platinum(II) Containing Hetero-Bimetallic 

Photocatalysts with 2,5-dipyridylpyrazine (2,5-dpp) for the Solar Energy Generation of Hydrogen 

from Water. 

 

 133

been confirmed that water enhanced the production of hydrogen in the range 0 – 15 % 

but maximum at 5 %, then decrease little when 10 % and further to 15 % (see table 

3.8 and 3.9).   
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2,2’:6’,2’’-terpyridine (2,6-bpp) as Bridging Ligands. 

 

Abstract: 

This chapter describes the synthesis of novel hetero-bimetallic cyclometallated complexes 

using the conventional “complexes as metal / complexes as ligands” strategy. The 

complexes synthesised in this chapter were designed for photocatalytic generation of 

hydrogen from water. In these dinuclear metal complexes 2,2’:5’,2’’-terpyridine (2,5-

bpp) and 2,2’:6’,2’’-terpyridine (2,6-bpp) have been used as bridging ligands. This 

chapter is the starting point for the development of appropriate methods for the synthesis 

of multi-component metal based systems and includes their characterisation using 

nuclear magnetic resonance, deuteriation of peripheral ligands, elemental analysis and 

electronic properties. The photocatalytic production of hydrogen from water was also 

investigated using different photocatalytic conditions. 
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4.1 Introduction. 

 
2,2’-Bipyridines (bpy) are undoubtedly among the most widely used ligands in 

coordination and supramolecular chemistry and the photophysical properties of their 

metal complexes are of special interest.
 1

 In particular, electroluminescent chelate 

complexes have been shown to be useful as organic light emitting diodes (OLEDs).
2
 

Ruthenium complexes of functionalized bipyridines are presently the most effective 

sensitizers for dye-sensitized solar cells (DSSCs).
3
  

 

A critical element in designing and fabricating materials for OLEDs is to control their 

emission wavelength.
4
 One such approach involve appending fluorescent chromophores 

to a polymeric backbone or to blend such dyes into inert polymeric matrices.
5, 6 

Ideally, 

one would like to utilize one family of modular chromophores and tune their 

photophysical characteristics as required.
7
 The parent oligopyridines (2,2’-bipyridine, 

2,2’:6’,2’’-terpyridine (2,6-bpp) and 1,10-phenanthroline) possess extremely low 

fluorescence quantum yields and undesirable short emission wavelengths. Introduction of 

conjugated electron donor moieties, e.g., pyrrolylethenyl,
8
 phenylethynyl,

9
 

aminophenyl,
10

 or manisyl (4-methoxy-2,6 dimethylphenyl)
11

 leads to an increase in 

quantum yields and a shift in emission wavelength towards the visible area. Since the 

most intense electronic transition of the 2,2’- bipyridine skeleton is polarized along the 

5,5’ positions,
11

 the 5-position of bipyridines is considered ideal for the introduction of 

aromatic substituents. As an example 5-manisyl-2,2’-bipyridines have been previously 

shown to exhibit higher emission quantum yields compared with the 2- and 4-manisyl 

analogs.
11

 In addition, an aryl moiety at the β – position does not affect the coordination 

behavior of the ligand. The DSSCs are in principle the opposite of OLEDs, producing 

electrical energy from photonic energy. However, since a sensitizer in DSSC must 

effectively absorb sunlight, conjugated aromatic substituents in bipyridine are desirable at 

position 4 or 5. The 5-aryl 2,2’-bipyridines (arbpy) exhibit the best luminescent 

properties with emission quantum yields (ϕem) up to 0.80, due to the aromatic substituents 

making the bipyridines attractive as chromophores and ‘antennae’.
11

 Strong fungicidal 

activity of 5-aryl-2,2’-bipyridines against different plant diseases is another application 
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reported.
12

 However, the study of these interesting and useful compounds is hampered by 

inefficient synthetic methods. The typical Kroehnke synthesis was modified to prepare 5-

substituted-2,2’- bipyridines giving mixtures of isomers and poor yields.
12

 Alternative 

cross-coupling 
13

 approaches are limited by inaccessible starting compounds.  

 

Kozhevnikov et. al. 
14, 15 reported (see Scheme 4.1) an efficient strategy for the synthesis 

of 5-(hetero)aryl-2,2’-bipyridines 1 based on the conversion of 3-(2-pyridyl)-1,2,4-

triazines to substituted bpy’s via an aza-Diels–Alder reaction.
16

 The key-step of their 

strategy is the regiospecific and easy synthesis of 3-pyridyl-1,2,4-triazines bearing an aryl 

substituent at the 6-position of the 1,2,4-triazine ring. It should be noted that 3-pyridyl 

1,2,4-triazines are interesting compounds in their own right due to their application in 

transition metal analysis
17

 or in the separation of lanthanides and actinides in the 

management of nuclear waste.
18

 A new method for the synthesis of 6-aryl-3-(2-pyridyl)-

1,2,4-triazines 2 starts from readily available acylarenes 3 bearing various substituents on 

the aryl moiety, for example, fluoro-, chloro-, bromo-, methyl-, methoxy- or nitrophenyl. 

Nitrosation of 3 yielded the corresponding 1-aryl-2-oximino-1-ethanones 4, and then 

treatment with hydrazine hydrate resulted in the formation of 1-aryl-1H-ydrazono-2 

oximinoethanes 5 in good yields. Condensation of hydrazones 5 with pyridine-2-

carboxaldehyde gave 1-aryl-2-oximino-1-(2-pyridylmethylenehydrazono)ethanes 6 in 

excellent yields. The open-chain compounds 6 exist in equilibrium with the cyclic 6-aryl-

4H-ydroxy-3-(2-pyridyl)-3,4-dihydro-1,2,4-triazines 7 (the ring-chain isomerism of 4H-

ydroxy-3,4-dihydro-1,2,4-triazines is described elsewhere
19

). Dehydration of the 

dihydrotriazines 7 after brief refluxing in acetic acid yielded the aromatic pyridyltriazines 

2. The aryl substituents of the starting ketones 3 appear at the defined 6-position of the 

1,2,4-triazines 2 and not the 5-position as in 1,2,4-triazine synthesis from arylglyoxals.
20

 

Isolation of the intermediates 6 and 7 from the reaction mixtures can be omitted to make 

the synthetic procedure easier.
14, 15

 Conversion of triazines 2 to arbpys 1 was achieved by 

aza-Diels–Alder reactions with a strained dienophile 2,5-norbornadiene following a 

typical procedure.
16

 The reaction proceeded slowly and at high temperature (refluxing in 

xylene) to give 5-aryl-2,2’-bipyridines 1 in high yields (see Scheme 4.1). 
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Scheme 4.1: Synthetic strategy for the preparation of 5-(hetero)aryl-2,2’-bipyridines by 

Kozhevnikov et. al.
14, 15 

 

The use of 2,2’:6’,2’’-terpyridine (2,6-bpp) as a ligand has been hindered by the short 

excited state lifetime and absence of emission at room temperature for [Ru(2,6-bpp)2]
2+

.
21

 

It has been concluded that this behavior is due to the thermal population of a ligand field 

state giving rise to rapid non-radiative deactivation of the MLCT excited state.
21 

The 

typical bridging ligand should possess at least two donor sites to
 
bind the catalytically 

active metal centre and it is important to gain
 
some insight into the photophysical 

properties of the compounds.
 
Based on these concepts, Schwalbe et. al.

22
 studied the 

bridging
 
ligand tris(2-pyridyl)triazine (tpt) which is based on a terpyridine ligand. In 

which an electron storage capacity
 
can be assigned to the central triazine ring allowing 

directed
 
electron transfer processes based on earlier investigations.

23
 The

 
ligand tpt has 

the possibility of binding metals in different ways
 
(Scheme 4.2). This is especially 

interesting in view of the fact that a
 
comparison of structures III and IV shows that the 

central metal (M1) has
 
the option of binding to a free pyridine moiety in IV to form III.

 

Such behavior might stabilize the whole photo-molecular device (PMD) as a transiently
 

formed reduced metal centre may bind the additional pyridine
 
thus preventing colloid 

formation.
 

 

Reagents and conditions: (i) i-PrONO, EtONa, EtOH, 10
o
C, then AcOH; (ii) N2H4–H2O, EtOH, rt; 

(iii) pyridine-2-carboxaldehyde, EtOH; (iv) AcOH, reflux; (v) 2,5-norbornadiene, xylene, reflux, 

8–15 h. 
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Scheme 4.2: Different binding possibilities of the bridging ligand tpt.
22 

 

 

 

 

 

 

 

 

 
 

Figure 4.1: The reaction of complex 1 to complex 2, M = Pd / complex 3, M = Pt and 

complex 4 to complex 5. 22 

Complex 1 

Complex 4 Complex 5 

M = Pd, Complex 2 

M = Pt, Complex 3 
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The synthesis, structure and photophysical properties of three mononuclear complexes 

and one dinuclear complex with the bridging ligand tris(2-pyridyl)triazine (tpt) and two 

heterodinuclear supramolecular ruthenium–palladium and ruthenium–platinum 

complexes with the bridging ligand tptO (hydrolysis of triazine ring) (see figure 4.1) were 

reported by Rau et. al.
22

 The latter ligand results from a ring-opening reaction and 

selective hydrolysis of the tpt ligand during the reaction. This hydrolysis reaction was not 

observed when a terpyridine-like ruthenium precursor complex 4 was used (tri-

coordination complex, see also figure 4.1).
22

 The hydrolysis of the tpt ligand can be 

monitored by both 
1
H-NMR and UV-vis absorption spectroscopy. The increased 

reactivity of the tpt ligand towards nucleophiles confirms the electron deficient nature of 

triazine-based ligands in dinuclear complexes. The triazine ligand acts as an electron 

acceptor in this case and the complex is susceptible to nucleophilic attack. The ring-

opening of the triazine ligand in the dinuclear complexes leads to the formation of the 

two complexes (based on complex 1) leading to palladium and platinum complexes (see 

figure 4.1) where the metal centers are coordinated to three nitrogen donor sites. All three 

heterodinuclear complexes 2, 3 and 5 are incapable of catalyzing photoinduced hydrogen 

production from aqueous solution. Under standard catalytic conditions,
24

 these 

compounds show no activity as hydrogen evolving catalysts following irradiate in 

acetonitrile/water mixtures containing triethylamine as an electron donor. There are 

several potential explanations for these observations. On the one hand, the catalytic 

centers in complex 2 and 3 are coordinated by three nitrogen donors. Eisenberg and co-

workers have shown that such a ligand environment in terpyridine platinum complexes is 

preventing any high catalytic activity in this reaction.
25

 In addition, the electronic 

properties of the bridging ligand tptO may not facilitate efficient electron transfer and 

good storage capabilities as was observed for other bridging ligands. A very short 

lifetime of the charge separated excited state for compound 5 (shows no emission) might 

also be responsible.
22

 The very short lifetimes of the exited states of the dinuclear 

compounds in general may limit the likelihood of photoinduced electron transfer between 

the excited ruthenium centre and the sacrificial electron donor.  

 

The photocatalytic production of hydrogen is therefore a major challenge in converting 



Chapter 4: Synthesis, Characterisation and Photocatalytic Properties of Ruthenium(II) - Palladium(II) Hetero-

Bimetallic Compounds with 2,2’:5’,2’’-terpyridine (2,5-bpp) and 2,2’:6’,2’’-terpyridine (2,6-bpp) as Bridging 

Ligands. 

 146

solar energy directly to chemical energy. One of the most promising approaches towards 

this goal is the use of molecular photocatalysts that utilise visible light to drive proton 

reduction and it can be envisaged that such systems comprise a light harvesting antenna 

(photosensitizer) that can donate electrons to a catalytically active centre to which it is 

connected via a bridging ligand. Due to their exceptional photophysical and redox 

properties ruthenium (II) polypyridyl complexes are an excellent choice as the light 

harvesting centre while Pd(II) or Pt(II) are the metal of choice for the catalytically active 

centres.
26

 Alternative combinations already reported are the combinations of Re/Co, 

Ru/Pd, Ru/Pt, Os/Rh, Ru/Rh, Pt/Co, Ir/Rh.
27, 28, 29, 30, 31, 32, 33, 34 

The intramolecular 

approach in which a bridging ligand facilitates photoinduced electron transfer from the 

light harvesting centre to the hydrogen forming centre, requires vectorial electron transfer 

to be mediated by the bridging ligand. This realisation has lead to the application of 

bridging ligands which are more electron deficient than the peripheral ligands. But subtle 

changes of the bridge or the peripheral ligand may turn the catalyst active or inactive.
35, 36 

Moreover, the creation of an open coordination site was also found to be a crucial step for 

the photocatalytic water splitting of cis-Pd complexes and is accomplished by cleavage of 

one Pd – Cl bond. This was found to be a key step for light driven hydrogen generation of 

[Ru(4,4'-tertbutyl-bpy)2(tpphz)PdCl2] (PF6)2.
24

  

 

4.2 Experimental section. 
 

The compounds 2,2’-bipyridine (bpy), RuCl3.xH2O, (NH4)2[PdCl4] and 2,2’:6’,2’’-

terpyridine (2,6-bpp) were purchased from Aldrich and used without further purification. 

The deuteriated D8-2,2’-bipyridine (D8-bpy) ligand was prepared as reported 
37

 in the 

literature (and is described in chapter 2). 

 

4.2.1 Preparation of the ligand 2,2’:5’,2’’-terpyridine (2,5-bpp). 

 
The bridging ligand 2,2’:5’,2’’-terpyridine (2,5-bpp) was synthesised differently from 

that reported by V. N. Kozhevnikov et. al. 
14, 15

, using a slightly modified method to that 

reported by Hanan et. al. 
38

 The linear 2,2':5',2''-terpyridine ligand was prepared by 

Negishi coupling of 2,5-dibromopyridine with 2-pyridylzinc bromide following 
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published procedures.
14, 15 

The complete synthesis has been described in Chapter 2 

(Section 2.3.2).  

 

Synthesis of bridging ligand (2,2':5',2''-terpyridine) (2,5-bpp) 
 

This ligand was prepared as described in chapter 2.  

Yield: 505 mg (2.15 mmol, 51%).  

Anal. Calcd. for C15H11N3. 0.1 C2H5OOCCH3: C, 76.41; H, 4.91; N, 17.36%. Found: C, 

76.60; H, 4.91; N, 17.31%.  
1
H-NMR (DMSO-d6, 400 MHz) δ: 9.40 (d, J = 2.4 Hz, 1H, 

H6), 8.74 (m, 2H, H6’, H6”), 8.62 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H, H4), 8.52 (d, J = 8.4 Hz, 

1H, H3), 8.47 (d, J = 7.8 Hz, 1H, H3”), 8.15 (d, J = 8.1 Hz, 1H, H3’), 7.98 (m, 2H, H4’, 

H4”), 7.48 (m, 2H, H5’, H5”). 

 

4.2.2 Preparation of the ruthenium mononuclear complexes. 

 

Synthesis of [Ru(bpy)2(2,5-bpp)]
 
(PF6)2

 
· 0.5 (CH3)2CO (Complex 4.1).

 

[bis-(2,2'-bipyridine)(2,2':5',2''-terpyridine)ruthenium(II)](PF6)2·0.5(CH3)2CO 

[Ru(bpy)2Cl2]·2H2O (0.339 g, 0.65 mmol) dissolved in 5 cm
3
 of ethanol was added drop-

wise to a solution of 2,2':5',2''-terpyridine (2,5-bpp) (0.152 g, 0.65 mmol) in 10 cm
3
 of 

ethanol/water (3:1 v/v). The reaction mixture was heated at reflux for 8 hours. 

Subsequently, the mixture was allowed to cool to room temperature and the solvent was 

evaporated under vacuum. The obtained residue was precipitated in saturated aqueous 

solution of NH4PF6 followed by filtration of the product which was then washed with 10 

cm
3
 of diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 

Yield: 0.576 g (0.60 mmol, 92%). Anal. Calcd. for C35H27F12N7P2Ru · 0.5 (CH3)2CO 

(965.67): C, 45.39; H, 3.13; N, 10.15%. Found: C, 45.06; H, 2.95; N, 9.88%. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): bridging ligand δ = 8.64 – 8.54 (m, 4H, bipy H3a), 8.60-8.58 

(m, 2H, H3, H4), 8.54-8.52 (m, 2H, H3”, H6’), 8.30 (s, 1H, H6), 8.15 – 8.07 (m, 4H, bipy 

H4a ), 8.07 (t, 1H, J = 8.0 Hz, H4”), 7.95 – 7.78 (m, 4H, bipy H6a), 7.83 (t, 1H, J = 7.8 Hz, 

H4’), 7.75 (d, 1H, J = 5.6 Hz, H6”), 7.67 (d, 1H, J = 7.6 Hz, H3’), 7.48 – 7.38 (m, 4H, bipy 

H5a), 7.41 (m, 1H, H5”), 7.36 (m, 1H, H5’). 

Synthesis of [Ru(bpy)2(2,6-bpp)]
 
(PF6)2

 
· 2 H2O (Complex 4.2). 
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[bis-(2,2'-bipyridine)(2,2':6',2''-terpyridine)ruthenium(II)](PF6)2· 2 H2O 

[Ru(bpy)2Cl2]·2H2O (0.500 g, 0.96 mmol) dissolved in 6 cm
3
 ethanol was added drop-

wise to a solution of 2,2';6',2"-terpyridine (0.224 g,  0.96 mmol) in 40 cm
3
 ethanol/water 

(3:1).  The reaction mixture was heated at reflux for 6 hours. Subsequently, the mixture 

was allowed to cool to room temperature and the solvent was evaporated under vacuum. 

The obtained residue was precipitated in saturated aqueous solution of NH4PF6 followed 

by filtration of the product which was then washed with 10 cm
3
 of diethyl ether. 

Recrystallization from acetone/water (3:1 v/v) afforded a red solid. Yield: 0.510 g (0.52 

mmol, 54%). Anal. Calcd for C35H27F12N7P2Ru · 2 H2O (972.67): C, 43.22; H, 3.21; N, 

10.08 %. Found: C, 43.15; H, 2.82; N, 9.99 % 
1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 

8.75 (br s, 1H, bipy H3a), 8.63 (m, 2H, H5, H3”), 8.48 (d, 1H, J = 7.5 Hz, bipy H3a), 8.42-

8.39 (m, 2H, bipy H3a), 8.17-8.07 (m, 6H, H4, H4”, H3’, bipy H4a (3H)), 7.96 (t, 1H, J = 7.8 

Hz, bipy H4a), 7.67 (d, 1H, J = 6.0 Hz, bipy H6a), 7.62 (t, 1H, J = 7.5 Hz, bipy H5a), 7.58-

7.53 (m, 2H, H6”, bpy H6a (1H)), 7.41-7.28 (m, 5H, H3, H5”, H5’, bipy H6a (1H), bipy H5a 

(1H)), 7.21 (t, 1H, J = 7.6 Hz, bipy H5a), 6.99 (t, 1H, J = 7.5 Hz, H4’), 6.88 (d, 1H, J = 7.6 

Hz, bipy H6a), 6.85-6.76 (m, 2H, H6’, bipy H5a (1H)). 

 

4.2.3 Preparation of Ru-Pd Heterodinuclear complexes. 
 

Synthesis of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]2
 
(PF6)2

 
 (Complex 4.3). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,2':5',2''-terpyridine)PdCl(acetonitrile)] (PF6)2  

[Ru(bpy)2(2,5-bpp)] (PF6)2 (0.100 mg, 0.11 mmol) was dissolved in 5 cm
3
 of methanol 

and added drop wise to a solution of (NH4)2PdCl4 (0.027 g, 0.10 mmol) in 10 cm
3
 of 

methanol. The reaction mixture was heated at reflux for 48 hours. Subsequently the 

mixture was allowed to cool at room temperature. The product was precipitated by the 

addition of 20 cm
3
 of n-Hexane. After filtration and washing with 10 cm

3
 of diethyl ether, 

a red solid product was recrystallised from acetonitrile / acetone (1:3). Yield: 0.101 g 

(0.09 mmol, 90%). Anal. Calcd for C35H26ClF12N7P2PdRu · CH3CN (1118.55 g/mol): C, 

39.73; H, 2.61; N, 10.02%. Found: C, 39.49; H, 2.82; N, 10.04%. 
1
H-NMR (Acetonitrile-

d3, 400 MHz): bridging ligand δ = 9.51 (d, J = 6.0 Hz, 1H, H6’), 9.13 (s, 1H, H3), 8.64 – 
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8.54 (m, 4H, bipy H3a), 8.45 (d, J = 8.4 Hz, 1H, H3”), 8.15 – 8.07 (m, 4H, bipy H4a),  8.01 

(m, 1H, H4”), 7.95 – 7.78 (m, 4H, bipy H6a), 7.86 (m, 1H, H4’), 7.67 (d, J = 5.6 Hz, 1H, 

H6”), 7.46 (s, 1H, H6), 7.48 – 7.38 (m, 4H, bipy H5a), 7.39 (m, 1H, H5’), 7.34 (m, 1H, 

H5”), 7.18 (d, J = 7.6 Hz, H3’), 2.06 (s, 3H, CH3CN). 

 

Synthesis of [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
 
(PF6)2

  
· H2O (Complex 4.4). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,2':6',2''-terpyridine)PdCl(acetonitrile)] (PF6)2 · 

H2O 

[Ru(bpy)2(2,6-bpp)] (PF6)2 (0.100 mg, 0.11 mmol) was dissolved in 5 cm
3
 of methanol 

and added drop wise to a solution of (NH4)2PdCl4 (0.027 g, 0.10 mmol) in 10 cm
3
 of 

methanol. The reaction mixture was heated at reflux for 48 hours. Subsequently the 

mixture was allowed to cool to room temperature. The product was precipitated by 

addition of 20 cm
3
 of n-Hexane. After filtration and washing with 10 cm

3
 of diethyl ether, 

a red solid product was recrystallised from acetonitrile / acetone (1:3). Yield: 0.110 g 

(0.096 mmol, 96%). Anal. Calcd for C35H26ClF12N7P2PdRu · CH3CN · H2O   (1136.55): 

C, 39.10; H, 2.75; N, 9.86%. Found: C, 38.96; H, 2.49; N, 9.84%. 
1
H-NMR (Acetonitrile-

d3, 400 MHz): δ = 9.12 (br s, 1H, H6’), 9.01( br s, 1H, bipy H3a), 8.75(d, 1H, J = 7.5 Hz, 

bipy H3a), 8.66(d, 1H, J = 7.5 Hz, bipy H3a), 8.42 (d, 1H, J = 7.8 Hz, H3”), 8.40(d, 1H, J = 

7.5 Hz, bipy H3a), 8.24 (ddd, 1H, J = 7.5 Hz, J = 1.5 Hz, bipy H4a), 8.12 -8.00 (m, 4H, 

H4”, bipy H4a), 7.93 (d, 1H, J = 7.5 Hz, H4), 7.88(d, 1H, J = 7.6 Hz, bipy H6a), 7.80 (d, 

1H, J = 7.7 Hz, H3’), 7.70 (d, 1H, J = 7.5 Hz, H3), 7.69-7.59 (m, 3H, bipy H6a), 7.55 (d, 

1H, J = 7.5 Hz, bipy H5a), 7.50 (t, 1H, J = 7.8 Hz, H4’), 7.46 (d, 1H, J = 7.8 Hz, H6”), 7.29 

(t, 1H, J = 7.5 Hz, bipy H5a), 7.27(t, 1H, J = 7.8 Hz, H5”), 7.18 (t, 1H, J = 7.5 Hz, bipy 

H5a), 7.09 (t, 1H, J = 7.4 Hz, bipy H5a), 7.02 (t, 1H, J = 7.8 Hz, H5’), 2.07 (s, 3H, 

CH3CN). 

 

 

 
 

4.2.4 Preparation of the partial deuteriated complexes. 
 

Synthesis of [Ru(D8-bpy)2(2,5-bpp)]
 
(PF6)2

 
 (Complex 4.5).
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[bis-(D8-2,2'-bipyridine)(2,2':5',2''-terpyridine)ruthenium(II)] (PF6)2 

[Ru(D8-bpy)2Cl2]·2H2O (0.155 g, 0.29 mmol) dissolved in 5 cm
3
 of ethanol was added 

drop-wise to a solution of 2,2':5',2''-terpyridine (2,5-bpp) (0.068 g, 0.29 mmol) in 10 cm
3
 

of ethanol/water (3:1 v/v). The reaction mixture was heated at reflux for 8 hours. 

Subsequently, the mixture was allowed to cool to room temperature and the solvent was 

evaporated under vacuum. The obtained residue was precipitated in saturated aqueous 

solution of NH4PF6 followed by filtration of the product which was then washed with 10 

cm
3
 of diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 

Yield: 0.265 g (0.28 mmol, 96%). Anal. Calcd. for C35H11D16F12N7P2Ru (953.17): C, 

44.12; H, 2.83; N, 10.29%. Found: C, 44.06; H, 2.95; N, 10.11%. 
1
H-NMR (Acetonitrile-

d3, 400 MHz): bridging ligand δ = 8.65-8.52 (m, 4H, H-3, H-4, H-3”, H-6’), 8.59 (s, 1H, 

bpy H-3a),  8.58 (m, 2H, bpy H-3a), 8.57 (s, 1H, bpy H-3a), 8.34 (s, 1H, H-6), 8.10-8.08 

(m, 4H, bpy H-4a), 8.10 (ddd, 1H, J = 8.0 Hz, J = 1.6 Hz, H-4”), 7.95 (s, 1H, bpy H-6a), 

7.86 (ddd, 1H, J = 7.8 Hz, J = 1.6 Hz, H-4’), 7.80 (s, 1H, bpy H-6a), 7.79 (s, 1H, bpy H-

6a), 7.78 (d, 1H, J = 5.6 Hz, H-6”), 7.74 (s, 1H, bpy H-6a), 7.69 (d, 1H, J = 7.6 Hz, H-3’), 

7.45-7.40 (m, 4H, bpy H-5a), 7.43 (m, 1H, H-5”), 7.39 (m, 1H, H-5’). 

 

 

Synthesis of [Ru(D8-bpy)2(2,6-bpp)]
 
(PF6)2

 
 . H2O (Complex 4.6).

 

 

[bis-(D8-2,2'-bipyridine)(2,2':6',2''-terpyridine)ruthenium(II)] (PF6)2  . H2O 

[Ru(D8-bpy)2Cl2]·2H2O (0.155 g, 0.29 mmol) dissolved in 5 cm
3
 of ethanol was added 

drop-wise to a solution of 2,2':6',2''-terpyridine (2,6-bpp) (0.068 g, 0.29 mmol) in 10 cm3 

of ethanol/water (3:1 v/v). The reaction mixture was heated at reflux for 8 hours. 

Subsequently, the mixture was allowed to cool to room temperature and the solvent was 

evaporated under vacuum. The obtained residue was precipitated in saturated aqueous 

solution of NH4PF6 followed by filtration of the product which was then washed with 10 

cm
3
 of diethyl ether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 

Yield: 0.260 g (0.27 mmol, 95%). Anal. Calcd. for C35H11D16F12N7P2Ru . H2O (971.18): 

C, 43.40; H, 2.78; N, 10.10%. Found: C, 43.33; H, 2.89; N, 10.04%. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): δ = 8.63 (m, 2H, H-5, H-3”), 8.48 (s, 1H, bpy H-3a), 8.42-
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8.39 (m, 2H, bpy H-3a), 8.17-8.07 (m, 6H, H-4, H-11, H-18, bpy H-3a (1H), bpy H-4a 

(2H)), 7.96 (s, 1H, bpy H-4a), 7.67 (s, 1H, bpy H-4a), 7.62 (s, 1H, bpy H-6a), 7.58-7.53 

(m, 2H, H-6”, bpy H-6a), 7.41-728 (m, 6H, H-3, H-5”, H-5’, bpy H-6a (2H), bpy H-5a 

(1H)), 7.21 (s, 1H, bpy H-5a), 6.99 (ddd, J = 7.5 Hz, J = 1.0 Hz, 1H, H-4’), 6.88 (s, 1H, 

bpy H-5a), 6.85-6.76 (m, 2H, H-6’, bpy). 

 

Synthesis of [Ru(D8-bpy)2(2,5-bpp)PdCl(CH3CN)]
 
(PF6)2

 
· Pd (Complex 4.7). 

 

[Ruthenium(II)(D8-2,2'-bipyridine)2(µ-2,2':5',2''-terpyridine)PdCl(acetonitrile)] (PF6)2 

· Pd 

[Ru(D8-bpy)2(2,5-bpp)] (PF6)2 (0.104 mg, 0.11 mmol) was dissolved in 5 cm
3
 of 

methanol and added drop wise to a solution of (NH4)2PdCl4 (0.028 g, 0.10 mmol) in 10 

cm
3
 of methanol. The reaction mixture was heated at reflux for 48 hours. Subsequently 

the mixture was allowed to cool to room temperature. The product was precipitated by 

addition of 20 cm
3
 of n-Hexane. After filtration and washing with 10 cm

3
 of diethyl ether 

a red solid was obtained, a red solid product was recrystallised from acetonitrile/acetone 

(1:3). Yield: 0.091 g (0.08 mmol, 80%). Anal. Calcd for C35H11D16ClF12N7P2PdRu · 

CH3CN · Pd (1240.97 g/mol): C, 35.78; H, 2.09; N, 9.02%. Found: C, 35.49; H, 2.01; N, 

8.89%. 
1
H-NMR (Acetonitrile-d3, 400MHz): bridging ligand δ = 9.54 (d, 1H, J = 6.0 Hz, 

H-6’), 9.16 (s, 1H, H-3), 8.59 (s, 1H, bpy H-3a),  8.58 (m, 2H, bpy H-3a), 8.57 (s, 1H, 

bpy H-3a), 8.48 (d, 1H, J = 8.4 Hz, H-3”), 8.10-8.08 (m, 4H, bpy H-4a), 8.04 (m, 1H, bpy 

H-4”), 7.95 (s, 1H, bpy H-6a), 7.89 (m, 1H, H-4’), 7.80 (s, 1H, H-6a), 7.79 (s, 1H, bpy H-

6a), 7.74 (s, 1H, bpy H-6a), 7.70 (d, 1H, J = 5.6 Hz, H-6”), 7.49 (s, 1H, H-6), 7.45-7.40 

(m, 4H, bpy H-5a), 7.41 (m, 1H, H-5’), 7.37 (m, 1H, H-5”), 7.20 (d, 1H, J = 7.6 Hz, H-

3’), 2.06 (s, 3H, CH3CN). 

 

 

 

Synthesis of [Ru(D8-bpy)2(2,6-bpp)PdCl(CH3CN)] 
 
(PF6)2 

 
· Pd (Complex 4.8). 
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[Ruthenium(II)(D8-2,2'-bipyridine)2(µ-2,2':6',2''-terpyridine)PdCl(acetonitrile)] (PF6)2 

· Pd 

[Ru(D8-bpy)2(2,6-bpp)] (PF6)2 (0.104 mg, 0.11 mmol) was dissolved in 5 cm
3
 of 

methanol and added drop wise to a solution of (NH4)2PdCl4 (0.028 g, 0.10 mmol) in 10 

cm
3
 of methanol. The reaction mixture was heated at reflux for 48 hours. Subsequently 

the mixture was allowed to cool to room temperature. The product was precipitated by 

addition of 20 cm
3
 of n-Hexane. After filtration and washing with 10 cm

3
 of diethyl ether 

a red solid was obtained, a red solid product was recrystallised from acetonitrile/acetone 

(1:3). Yield: 0.089 g (0.08 mmol, 80%). Anal. Calcd for C35H11D16ClF12N7P2PdRu · 

CH3CN · Pd (1240.97 g/mol): C, 35.78; H, 2.09; N, 9.02%. Found: C, 35.39; H, 2.29; N, 

8.77%. 
1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 9.12 (br s, 1H, H-6’), 9.01 (s, 1H, bpy 

H-3a), 8.75 (s, 1H, bpy H-3a), 8.66 (s, 1H, bpy H-3a), 8.42 (d, J = 7.8 Hz, 1H, H-3”), 

8.40 (s, 1H, bpy H-3a), 8.24 (s, 1H, bpy H-4a), 8.12-8.00 (m, 4H, H-4”, bpy H-4a (3H)), 

7.93 (d, 1H, J = 7.5 Hz, H-4), 7.88 (s, 1H, bpy H-6a), 7.80 (d, 1H, J = 7.7 Hz, H-3’), 7.70 

(d, 1H, J = 7.5 Hz, H-3), 7.69-7.59 (m, 3H, bpy H-6a), 7.55 (s, 1H, bpy H-5a), 7.50 (t, J = 

7.8 Hz, 1H, H-4’), 7.46 (d, J = 7.8 Hz, 1H, H-6”), 7.29 (s, 1H, bpy H-5a), 7.27 (t, J = 7.8 

Hz, 1H, H-5”), 7.18, (s, 1H, bpy H-5a), 7.09 (s, 1H, bpy H-5a), 7.02 (t, 1H, J = 7.8 Hz, 

H-5’), 2.06 (s, 3H, CH3CN). 

 

Synthesis of [Ru(bpy)2(2,5-bpp)PtCl(CH3CN)]
 
(PF6)2 (Complex 4.9). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,2':5',2''-terpyridine)PtCl(acetonitrile)] (PF6)2  

[Ru(bpy)2(2,5-bpp)] (PF6)2 (0.104 mg, 0.11 mmol) was dissolved in 5 cm
3
 of methanol 

and added drop wise to a solution of K2PtCl4 (0.018 g, 0.10 mmol) in 10 cm
3
 of 

methanol. The reaction mixture was heated at reflux for 48 hours. Subsequently the 

mixture was allowed to cool at room temperature. The product was precipitated by 

addition of 20 cm
3
 of n-Hexane. After filtration and washing with 10 cm

3
 of diethyl ether 

a red solid was obtained. A red solid product was recrystallised from acetonitrile/acetone 

(1:3). The product was analysed by proton-NMR. 

The desired product was not obtained.  

4.3 Results and discussion 
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4.3.1 Synthesis of ligand, mononuclear and heterodinuclear complexes. 

 

The linear 2,2':5',2''-terpyridine ligand was prepared by Negishi coupling reactions with 

modifications to published procedures. The ligand was obtained in moderate yields 

following the method reported by Hanan et. al., (reaction pathway shown in figure 4.2).
38

 

The Negishi Coupling, published in 1976 (see reaction mechanism in Figure 4.3),
39

 was 

the first reaction that allowed the preparation of unsymmetrical bi-aryls in good yields. 

The versatile nickel- or palladium-catalyzed coupling of organozinc compounds with 

various halides (aryl, vinyl, benzyl, or allyl) has broad scope, and is not restricted to the 

formation of bi-aryls. 

 

 

 

Figure 4.2: Synthetic strategy for the preparation of 2,5-bpp ligand using Negishi’s 

coupling.
 

Mechanism of the Negishi Coupling 

 

Figure 4.3: Mechanism involved for the Negishi coupling.
39 

2 
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The synthesis required complete inert conditions and low temperatures (0
o 

C – 21
o 

C). All 

glassware was dried in an oven at 120
o
 C. The palladium catalyst and reactant 2,5-

dibromobipyridine were added to a dry two neck round bottom flask under a stream of 

nitrogen. The temperature of this reaction mixture was maintained at 0
o
C. During the 

addition of 2-pyridylzinc bromide in THF, the reaction became exothermic, for this 

reason the reaction mixture was maintained at 0
o 

C. At this point the reaction mixture 

turned a brown colour. The reactant 2-pyridylzinc bromide is very sensitive to moisture 

and is kept at -4
o 

C for further use. This reaction can be problematic, sometimes leading 

to the formation of a hydrolysis product of 2-pyridylzinc bromide. A 6% mole equivalent 

of the [Pd(PPh3)4] catalyst was taken (0.258 mmol, 0.06 eq.) with respect to 2,5-

dibromobipyridine (4.22 mmol, 1.00 eq.) and 2-pyridylzinc bromide (8.44 mmol, 2.00 

eq.) used for nucleophilic attack on 2,5-dibromobipyridine. The reaction mixture was 

then stirred at room temperature for 12 hours under a constant stream of nitrogen. After 

12 hour of constant stirring the reaction mixture was precipitated as a white solid. Then 

the reaction mixture was poured into a saturated solution of EDTA / Na2CO3 (200 cm
3
) to 

dissolve the white precipitate, with the formation of a yellow precipitate. The saturated 

basic EDTA solution formed a water soluble chelate complex with Zn
2+ 

metal ion. The 

aqueous solution and the yellow precipitate were extracted with dichloromethane (DCM) 

(3 x 50 cm
3
). The DCM layer was dried and evaporated under vacuum. This crude 

product was purified on an activated neutral alumina (150 mesh size) column using 

hexane / ethylacetate (9.5:0.5 v/v). The second spot in TLC plate (Rf = 0.15) was 

collected as the desired ligand 2,2’:5’,2’’-terpyridine (2,5-bpp) with a yield of 50 % (see 

Figure 4.4). An undesired by-product (5-bromo-2,2’-bipyridine) (Rf = 0.18) (yield = 9 %) 

also formed. From the synthesis point of view another by product may form (2-bromo-5-

(2’-pyridyl)pyridine) but this was not found during the purification process because of 

better coupling between 2-pyridyl carbocation than 5-pyridyl carbocation with 2-

pyridylzinc bromide.  
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Figure 4.4: 
1
H-NMR of bridging ligand (2,2':5',2''-terpyridine) (2,5-bpp) in d6-dmso. 

 

The synthetic strategies of the mononuclear complexes [Ru(bpy)2(2,5-bpp)]
2+

, 

[Ru(bpy)2(2,6-bpp)]
2+ 

and heterodinuclear complexes [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

, [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 are depicted in Figure 4.5. 

Similarly the deuteriated mononuclear complexes [Ru(D8-bpy)2(2,5-bpp)]
2+

, [Ru(D8-

bpy)2(2,6-bpp)]
2+ 

and deuteriated heterodinuclear complexes [Ru(D8-bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

, [Ru(D8-bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

were synthesised under 

identical conditions.  

 

The mononuclear complexes [Ru(bpy)2(2,5-bpp)]
2+ 

and [Ru(bpy)2(2,6-bpp)]
2+ 

were 

formed by the addition of equimolar ratio of 2,5-bpp and 2,6-bpp ligand to [Ru(bpy)2Cl2], 

and heating at reflux in ethanol / water (3:1 v/v). As the reaction proceeded, the deep 

violet colour of the [Ru(bpy)2Cl2] solution gradually was replaced by an orange / red 

colour, which indicates the presence of the [Ru(bpy)2(2,5-bpp)]
2+ 

and [Ru(bpy)2(2,6-

bpp)]
2+ 

complex. The ethanol was removed at this stage and the chloride counter ion was 

replaced by a PF6¯  counter ion which led to precipitation of the complexes from the 

aqueous solution. The PF6¯  salts of this type of complexes tend to be only sparingly 

water soluble and soluble in organic solvents which greatly eases the isolation, 

purification and analysis of these compounds. The yields for the monomer complexes 

[Ru(bpy)2(2,5-bpp)]
2+ 

 was 92% and for [Ru(bpy)2(2,6-bpp)]
2+

 was 54%. 

 

The heterodinuclear Ru-Pd cyclometallated complexes were synthesised by the addition 

of a mononuclear ruthenium starting material to (NH4)2(PdCl4) and heating to reflux in 

methanol. (NH4)2(PdCl4) was generally added first and allowed to dissolved completely 
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in methanol before adding the more soluble monomers [Ru(bpy)2(2,5-bpp)]
2+ 

or 

[Ru(bpy)2(2,6-bpp)]
2+

 drop by drop.  

 

 

Figure 4.5: Synthesis pathways of the mononuclear and heterodinuclear complexes. 

After 48 hours of reflux in methanol, the complexes were precipitated by the addition of 

n-hexane and recrystallised in acetonitrile/acetone (3:1 v/v). The yields of the 
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heterodinuclear complexes [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

and [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 were from 95 – 98 %. These complexes were stable in sunlight and 

at room temperature.  

 

The platinum based heterodinuclear complex with 2,5-bpp as a bridging ligand does not 

form by following the above method shown in Figure 4.5. The K2PtCl4 salt does not 

dissolve in CH3OH so for dissolving the platinum salt small amounts of deionised water 

was added. The reason may also be that bond formation energy between Pt metal and 

carbon is high 598 KJ mol
-1

 and not feasible for cyclometalation. The partially 

deuteriated monomers [Ru(D8-bpy)2(2,5-bpp)]
2+

 / [Ru(D8-bpy)2(2,6-bpp)]
2+ 

and partially 

deuteriated heterodinuclear complexes [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 / 

[Ru(bpy)2(2,6-bpp)-PdCl(CH3CN)]
2+ 

complexes were synthesised by the same method as 

the non-deuteriated complexes. The yields for deuteriated monomer complexes with 2,5-

bpp and 2,6-bpp were from 95 – 96%. The heterodinuclear Ru – Pd cyclometalated 

complexes were from 79 – 80%. 

 

 

4.3.2 
1
H-NMR Spectroscopy. 

 

In order to simplify the 
1
H-NMR spectra the deuteriated analogues of the complexes were 

synthesised and used as a tool to confirm peak assignment and the structures of 

complexes. For the non-symmetric mononuclear complexes, up to sixteen non-equivalent 

protons may arise from the 2.2’-bipyridyl (bpy) moieties making complete unambiguous 

structural assignment difficult. Deuteriation of 2.2’-bipyridyl led to the removal of these 

protons. As a result it only remains to assign the protons of 2,2’:5’,2’’-terpyridine (2,5-

bpp) and 2,2’:6’,2’’-terpyridine (2,6-bpp) ligands in the case of the mononuclear 

complexes as well as in the case of heterodinuclear complexes. 

 

 

4.3.2.1 
1
H-NMR of the mononuclear complex. 
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Figure 4.6: Structures and numbering of ligands, mononuclear and heterodinuclear 

complexes (in deuteriated analogues, H8-bpy replaced with D8-bpy). 
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Figure 4.6 show the numbering of the non-deuteriated and deuteriated (bpy = D8-bpy) 

ruthenium(II) mononuclear complexes [Ru(bpy)2(2,5-bpp)]
2+ 

and [Ru(bpy)2(2,6-bpp)]
2+ 

and their 
1
H-NMR spectrum are shown in Figure 4.7 and 4.8. The chemical shifts of the 

ruthenium(II) monomers with 2,5-bpp and 2,6-bpp ligands in d3-acetonitrile are given in 

table 4.1. For simplicity to distinguish between the protons of the pyridine rings (ring B 

(metal) complexed (H3” – H6”) and ring C (free) non-complexed (H3’ – H6’)) and the 

pyrazine (middle) ring A (H3 – H6) of the 2,5-bpp or 2,6-bpp ligands and the bpy protons 

are number H3a – H6a shown in Figure 4.6. In case of the ligand mononuclear 2,5-bpp 

complex, all bpy protons occur in the expected range while in the case of ligand 2,6-bpp 

mononuclear complex, all bpy’s protons spread in the region of 8.75 – 6.8 ppm and will 

be discussed in detail. In this section the signals the 2,5-bpp and 2,6-bpp protons of the 

mononuclear complexes [Ru(bpy)2(2,5-bpp)]
2+ 

and [Ru(bpy)2(2,6-bpp)]
2+

 are discussed. 

As expected, due to the shape of the ligands, there is a clear difference between the 

protons of the two pyridine rings of the 2,5-bpp and 2,6-bpp ligands, as shown in table 

4.1. 

 

 

Figure 4.7: Comparison between non-deuteriated and deuteriated complex of 

[Ru(bpy)2(2,5-bpp)]
2+

in d3-acetonitrile. 

[Ru(D8-bpy)2(2,5-bpp)]
2+

 

[Ru(bpy)2(2,5-bpp)]
2+
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Figure 4.8: Comparison between non-deuteriated and deuteriated complex of 

[Ru(bpy)2(2,6-bpp)]
2+

 in d3-acetonitrile. 

 

In case of [Ru(bpy)2(2,5-bpp)]
2+

, the proton H6’ (ring C) is present at ~ 8.52 ppm while 

H6” (ring B) was observed at 7.78 ppm in d3-acetonitrile as a solvent. This large 

difference between ring B and ring C for the H6” / H6’ resonances indicates that the H6” 

protons present at 7.78 ppm are assigned to the metal-bound pyridine as it is shifted over 

1.26 ppm upfield. This is due to through space interactions occurring between H6” and 

adjacent bpy ring. In addition protons in close proximity to such large atoms, such as a 

[Ru(bpy)2 (2,6-bpp)]
2+

 

[Ru(D8-bpy)2 (2,6-bpp)]
2+
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metal ion, are more shielded from the induced magnetic field of the NMR and therefore 

require a greater applied magnetic field strength for resonance.
40

 

 

In the case of [Ru(bpy)2(2,6-bpp)]
2+

, the H6” proton of the metal bound pyridine (ring B) 

experiences the strongly upfield effect as observed for [Ru(bpy)2(2,5-bpp)]
2+

. The proton 

H6’ (ring C) is present at 6.85 ppm with broadening of the peak while H6” (ring B) is 

observed at 7.52 ppm. Again interaction of this proton with the bpy rings is responsible 

for this shift. The proton H6’ (ring C) (un-complexed) in strongly shifted upfield due to 

through space interactions occurring between H6’ and the adjacent bpy ligand. The ring 

C of 2,6-bpp ligand is in the influence of aromatic ring current of bpy ligand. The H6’ 

proton has broadened due to the sterically hindered rotation of the ring C, as shown in the 

Figure 4.9, (see Appendix A for 3D structure calculation for heterodinuclear complexes 

with Gaussian 09 suite done by Dr. Martin Schulz) 

 

Figure 4.9: 3D – model of [Ru(bpy)2(2,5-bpp)]
2+ 

 and [Ru(bpy)2(2,6-bpp)]
2+ 

represent 

space interaction between bridging ligands and peripheral bpy ligands. 

 

Due the to 5-subsituted and 6-subsituted pyridyl-bipyridine in the ligand 2,5-bpp and 2,6-

bpp, 
1
H-NMR of the respective mononuclear complexes are not much different from each 

other. The chemical shifts in ring B (H3” – H6”) and ring C protons H5’, H4’ and H3’ 

were comparable for the two mononuclear complexes. The protons marked as H3, H4, 

H5, H6, H6” and H6’ in the two mononuclear complexes were under the influence of 

magnetic field of the adjacent bpy ligands and the Ru(II) metal ion. The chemical shifts 

are depicted in table 4.1. 
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Table 4.1: Chemical shifts in ppm comparison of the [Ru(bpy)2(2,5-bpp)]
2+

, 

[Ru(bpy)2(2,6-bpp)]
2+

, 2,5-bpp ligand and 2,6-bpp ligand in respective solvents. 
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It was possible to assign the chemical shifts for the all 2,5-bpp and 2,6-bpp protons of the 

two pyridine rings and middle pyridine ring using 2-D COSY NMR, the deuteriated 

complexes [Ru(D8-bpy)2(2,5-bpp)]
2+

 and [Ru(D8-bpy)2(2,6-bpp)]
2+

. As can be seen from 

a comparison between the deuteriated and non-deuteriated mononuclear complexes the 

deuteriation results in simplification of the 
1
H-NMR spectrum and therefore, assisted in 

the confirmation of the chemical shifts for the 2,5-bpp and 2,6-bpp and bipyridine 

protons, which are documented above in table 4.1. 2-D COSY-NMR spectra of the 

[Ru(D8-bpy)2(2,5-bpp)]
2+

 and [Ru(D8-bpy)2(2,6-bpp)]
2+

 were recorded in d3-acetonitrile 

(depicted in figure 4.10 and 4.11). 

 

 

 

Figure 4.10: 2D-COSY NMR spectra of the [Ru(D8-bpy)2(2,5-bpp)]
2+ 

in d3-acetonitrile. 
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Figure 4.11: 2D-COSY NMR spectra of the [Ru(D8-bpy)2(2,6-bpp)]
2+ 

in d3-acetonitrile. 

 

 

4.3.2.2 
1
H-NMR spectra of heterodinuclear cyclometallated Ru – Pd 

complexes. 

 

The chemical shifts and assignment of the 2,5-bpp, 2,6-bpp and 2,2’-bpy ligands of the 

Ru – Pd heterodinuclear cyclometallated complexes are outlined in Table 4.2. The 

structure of the non-deuteriated and deuteriated analogues of the heterodinuclear 

cyclometallated complexes are depicted in Figure 4.6. Following formation of the Ru-Pd 

compounds, the protons in the pyridine ring C and those in the middle pyridine ring A are 

shifted downfield with respect to the other protons present in the molecule, due to the 

electron withdrawing effect of Pd(II) metal centre as depicted in Table 4.2.  
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Table 4.2: Chemical shifts in ppm of heterodinuclear cyclometallated Ru – Pd complexes 

(in d3-acetonitrile) compared to  mononuclear complexes [Ru(bpy)2(2,5-

bpp)]
2+

/[Ru(bpy)2(2,6-bpp)]
2+

 (in d3-acetonitrile) and free ligands 2,5-bpp/2,6-bpp. 
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Figure 4.12: Comparison between non-deuteriated and deuteriated complexes of 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

(top) and 2D-COSY 1H-NMR of the [Ru(D8-

bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

(bottom). 
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The 
1
H-NMR spectrum of [Ru(D8-bpy)2(2,5-bpp)PdCl(CH3CN)]

2+ 
in CD3CN at room 

temperature displays 10 non-equivalent proton resonances, without the interference of 

bpy protons (see figure 4.12). The numbering scheme used for the assignments of the 

protons is given in figure 4.6. The H4 proton disappeared due to cyclometallation with 

the Pd metal (see figure 4.12). The H6’ proton is distinct due to palladium attached to the 

adjacent nitrogen atom and appears as a doublet at δ 9.54 ppm. Upon assignment of H6’, 

the H5’ at δ 7.41 ppm can be easily correlated using 2D-COSY 
1
H-NMR. The remaining 

protons on the pyridine ring C were identified based on the 2D-COSY correlations. The 

resonances at δ 7.89 and 7.20 display the expected splitting pattern for H4’ and H3’. The 

individual assignments of the pyridine ring B (H3” – H6”) component in [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

, are comparable with those of the pyridine ring B component in 

[Ru(bpy)2(2,5-bpp)]
2+

 (see table 4.2). Coordination of a Pd center to the middle pyrazine 

ring A in [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

, leads to a significant downfield shift in 

H3 (δ 9.16 ppm). Using 2D-COSY, the resonances at δ 7.49 were assigned to H6 in 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

. By contrast, the upfield shift of H6 in 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 (δ 7.49) relative to [Ru(bpy)2(2,5-bpp)]
2+

 (δ 8.33) is 

caused by pronounced shielding of H6 when ring C is complexed to Pd in [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+ 

relative to the free pyridine ring of [Ru(bpy)2(2,5-bpp)]
2+

. This 

shielding is imposed by ring current effects as H6 lies directly above the π-cloud of bpy 

ring in [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

. The coordinated acetonitrile ligand attached 

to the Pd metal is observed at 2.06 ppm as shown Figure 4.13. 

 

Figure 4.13: 
1
H-NMR of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]

2+
 in CD3CN. 
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Figure 4.14: Comparison between non-deuteriated & deuteriated complex of 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

(top) and 2D-COSY 
1
H-NMR of the [Ru(D8-

bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

(bottom) in CD3CN. 
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The 
1
H-NMR spectrum of [Ru(D8-bpy)2(2,6-bpp)PdCl(CH3CN)]

2+ 
in CD3CN at room 

temperature displays 10 nonequivalent proton resonances as shown in figure 4.14. The 

H5 proton is absent due to cyclometallation with the Pd metal (see figure 4.14). The H6’ 

proton is distinct due coordinate of palladium to the adjacent nitrogen atom and appears 

as a broad peak at δ 9.12 due to hindered rotation or steric strained of ring C. The other 

protons of the dine ring C,were identified based on the 2D-COSY coupling patterns. 

 

Coordination of a Pd center to the middle pyrazine ring A in [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

, leads to a slight upfield shift in H4 (δ 7.93 ppm). Using 2D-

COSY, the resonances at δ 7.70 ppm were assigned to H3 in [[Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 as shown in Figure 4.14. By contrast, the upfield shift of H4 in 

[Ru(bpy)2(2,6-bpp)PdCl]2
4+

 (δ 7.93) relative to [Ru(bpy)2(2,6-bpp)]
2+

 (δ 8.15) is caused 

by pronounced shielding of H4 by the ruthenium centre. The individual assignments of 

the pyridine ring B (H3” – H6”) component of [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

are 

comparable with those of the pyridine ring B component of [Ru(bpy)2(2,5-bpp)]
2+

 as 

shown in Table 4.2. The coordinated acetonitrile ligand attached to Pd metal resonance at 

2.06 ppm is shown in Figure 4.15. 

 

 

Figure 4.15: 
1
H-NMR of [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]

2+
 in CD3CN. 
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4.3.3 UV-Vis absorption and luminescence properties of the Ru(II) 

mononuclear and heterodinuclear complexes. 

 

The absorption and emission data of the complexes [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

and their monometallic synthons, [Ru(bpy)2(2,5-

bpp)]
2+ 

and [Ru(bpy)2(2,6-bpp)]
2+

 are shown in Figure 4.16. Table 4.3 lists the 

photophysical parameters of the non-deuteriated Ru(II) monomers and heterodinuclear 

complexes. The life time studies were carried out by Mr. Suraj Soman. 

 

 

 

Complex 

 

Absorption 

λmax (nm) 

(ε = 10
4 

M
-1

cm
-1

) 

                      

 

Emission 

λmax (nm) 

(at 293 K) 

 

τ 
a
 (ns) 

(deaerated) 

(at 293 K) 

 

Ф 
b 

(deaerated) 

(at 293 K) 

 

[Ru(bpy)3]
2+

 

 

453 (1.3) 

 

605 

 

576 

 

      0.068 
41

 

 

[Ru(bpy)2(2,5-bpp)]
2+

 

 

455 (1.18)                            

 

630 

 

442 

 

0.047 

 

[Ru(bpy)2(2,6-dpp)]
2+

 

 

467 (1.79) 

 

630 

 

564 

 

0.039 

 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

 

449 (1.88)                                                

 

627 

 

33  

 

0.003 

 

[Ru(bpy)2(2,6-dpp)PdCl(CH3CN)]
2+

 

 

449 (1.72)                       

 

635 

 

-    

 

0.001
42

 

 

 

a 
Determined by time correlated single photon counting at 293 K in deaerated acetonitrile solution using 

freeze-pump-thaw degassing. 

b 
Quantum yield of an excited state emission at 293 K, excited at λ = 455 nm (in deaerated acetonitrile). 

 

 

Table 4.3: Photophysical properties of all ruthenium monomer and heterodinuclear non-

deuteriated (in black) / deuteriated (in red) complexes synthesised carried out in 

spectroscopy grade deaerated acetonitrile at 293 K. 
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Figure 4.16: Absorption (above) and emission (below) spectra of the listed non-

deuteriated Ru(II) complexes in Table 4.3 at 293 K in deaerated acetonitrile solution. 

The excitation wavelength corresponds to 
1
MLCT wavelength of the complexes. 
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Time correlated single photon count (TCSPC) was used to determine the lifetime of the 

compounds (described in chapter 2). TCSPC measurements were carried out at room 

temperature for all non-deuteriated complexes [Ru(bpy)2(2,5-bpp)]
2+

, [Ru(bpy)2(2,6-

bpp)]
2+ 

and [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

.
 
The complexes were excited at 360 nm 

and the time response of their individual emission at a particular wavelength in deaerated 

acetonitrile using freeze-pump-thaw method was recorded, the results are shown in figure 

4.17. Only very weak signals were observed for [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 and 

hence were not recorded.
  

The luminescence decay was mono-exponential
 
in all cases. 

The corrected maxima of the luminescence
 
bands, the luminescence lifetimes, and the 

luminescence
 
quantum yields are given in Table 4.3. 

 

The high intensity absorption bands in the UV region can be ascribed to 
1
LC transitions. 

In particular, the peak at 280 nm can be attributed to the bpy peripheral ligand and the 

band in the region 330 – 360 nm is attributed to the 2,5-bpp / 2,6-bpp bridging ligand.
22, 

35, 42
 Moderately intense 

1
MLCT bands are observed in the 400 – 600 nm regions (see 

figure 4.16). Upon Pd coordination, the Ru(dπ) → 2,5-bpp(π*) MLCT transitions is red-

shifted in [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 (λmax (abs) = 463 nm) relative to the 

monometallic synthons [Ru(bpy)2(2,5-bpp)]
2+ 

(λmax (abs) = 455 nm) due to stabilisation of 

the ground state.
35

 The spectroscopic properties of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

suggests that upon light absorption, electron transfer is promoted toward the coordinated 

Pd center via 2,5-bpp bridging ligand from ruthenium(II) center.
35

 In the case of the 2,6-

bpp ligand there is no change in the absorption spectra of the heterodinuclear complexes 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 (λmax (abs) = 449 nm) upon Pd coordination 

compared to the monometallic synthons [Ru(bpy)2(2,6-bpp)]
2+ 

(λmax (abs) = 449 nm)
 22, 42

, 

which suggests no stabilisation of the ground state upon light absorption and charge 

transfer is not promoted toward the coordinated Pd center. There is no marked difference 

in the absorption behaviour between the mononuclear and the dinuclear complex 

suggesting that the coordinated palladium centre doesn’t disturb the electronic ground 

state of the ruthenium core.
22

 The absorption spectra for the complexes [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

/ [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

shows a broad peak from 320 

– 380 nm in the UV region upon Pd coordination compared to the mononuclear 
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complexes [Ru(bpy)2(2,5-bpp)]
2+

/ [Ru(bpy)2(2,6-bpp)]
2+

, assigned to a MLCT band 

Pd(dπ) → 2,5-bpp(π*)/ Pd(dπ) → 2,6-bpp(π*) as expected because the palladium(II) 

center is much more difficult to oxidize.
22, 43

  

 

Ruthenium polyazine complexes often possess lowest-lying 
3
MLCT states that are 

typically emissive.
22, 41, 42

 The prototypical tris complex [Ru(bpy)3]
2+

 is emissive.
41

 This 

is attributed to the presence of low-lying ligand centered (LC) states that are thermally 

accessible at room temperature leading to emission because of stabilization of the Ru(dπ) 

→ bpy(π*) 
3
MLCT state, which limits thermal population of the 

3
LC state. Ruthenium 

complexes of the bi-dentate 2,5-bpp have been shown to be emissive because of 

stabilization of the Ru(dπ) → 2,5-bpp (π*) 
3
MLCT state, which limits thermal population 

of the 
3
LC state.

42
 The room temperature emission spectra recorded in deoxygenated 

acetonitrile solution of the monometallic complexes [Ru(bpy)2(2,5-bpp)]
2+ 

and the 

heterodinuclear complex, [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

, are shown in Figure 4.16. 

The complex [Ru(bpy)2(2,5-bpp)]
2+

 emits at 630 nm with an excited-state lifetime (τ) of 

442 ns and a Φem = 0.047 in deaerated acetonitrile.
35

 The heterodinuclear complex 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

displays a Ru(dπ) → 2,5-bpp (π*) 
3
MLCT emission 

centered at 635 nm with an excited-state lifetime (τ) of 105 ns and a Φem = 0.032 in 

deaerated acetonitrile. The Ru(dπ) → 2,5-bpp (π*) 
3
MLCT emission of complex 

[Ru(bpy)2(2,5-bpp)PdCl]2
4+ 

is slightly red shifted relative to [Ru(bpy)2(2,5-bpp)]
2+

, also 

quenching of the emission intensity relative to the mononuclear analogue, consistent with 

the stabilized ground state upon Pd(II) coordination was observed (see figure 4.16).
22, 35

  

 

By contrast, [Ru(bpy)2(2,6-bpp)]
2+

 and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

display less 

intense emission under the same conditions. This difference in excited-state properties of 

Ru(II) complexes containing either the 2,5-bpp and 2,6-bpp bridging ligand is an 

interesting result imparted by the difference in their structures. When an acetonitrile 

solution of [Ru(bpy)2(2,6-bpp)]
2+

 and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

are diluted to 

below 1.0 × 10
-5

 M, an extremely weak emission was observed at 630 nm with an 

excited-state lifetime (τ) of 33 ns (Φem = 0.003) in deaerated acetonitrile,
22, 42

 while very 

weak signals were observed for complex [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 and hence 
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a lifetime was not calculated. A possible reason may be that the [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 complex undergoes intermolecular Pd ·· ·  Pd interactions that lead 

to quenching of the otherwise emissive 
3
MLCT excited states. Similar UV-Vis 

spectroscopic properties were obtained for the deuteriated complexes but due to the 

presence of small amounts of Pd(0) impurities, lifetimes were not recorded.  

 

 

 

 

Figure 4.17: TCSPC spectra of the ruthenium(II) complexes (in black) and their 

associated exponential fits (in red). The spectra were recorded at 293 K in a deaerated 

acetonitrile by using freeze-pump-thaw three times. The samples were excited at 360 nm 

and the emission decay curves were observed at emission wavelengths, depending on the 

complexes, see Table 4.3. 
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4.3.4 Photocatalytic hydrogen generation experiments. 

 

 

Run          Complexes 

TON {Water percentage} 

(Standard Deviation) 

{0 %} {5 %} {10 %} {15 %} 

1 [Ru(bpy)2(2,5-bpp)PdCl]2
4+ 0 108 (2) 130 (1) 94 (2) 

2 [Ru(bpy)2(2,6-bpp)PdCl]2
4+ 0 0 0 0 

3 [Ru(bpy)2(2,5-bpp)]2+ 0 0 0 - 

4 [Ru(bpy)2(2,6-bpp)]2+ 0 0 0 - 

5 
[Ru(bpy)2(2,5-bpp)]2+ + 

Pd(acetonitrile)2Cl2 
0 79 (3) 70 (2) - 

6 
[Ru(bpy)2(2,6-bpp)]2+ + 

Pd(acetonitrile)2Cl2 
0 0 0 - 

7 
[Ru(bpy)2(2,5-bpp)]2+ + 

(NH4)2(PdCl4) 
0 50 (5) 48 (3) - 

8 
[Ru(bpy)2(2,6-bpp)]2+ + 

(NH4)2(PdCl4) 
0 0 0 - 

9 (NH4)2(PdCl4) 0 0 - - 

10 Pd(acetonitrile)2Cl2 0 0 - - 

11 No Catalyst (only TEA)  0 0 - - 

 

Table 4.4: Evaluation of heterodinuclear Ru-Pd complexes
 
(intramolecular catalysis) and 

mononuclear complexes Ru
 
+ [Pd(CH3CN)2Cl2] (intermolecular catalysis)

 
for 

photocatalytic hydrogen evolution reactions (6 × 10
-5

 M of catalyst / [Pd(CH3CN)2Cl2] 

in 2 cm
3
 of 2.15 M TEA in ACN-H2O (0%, 5%, 10% and 15% H2O (v/v)), λexc = 470 nm, 

18 hours irradiation). Averages of 3 samples were taken for calculating TONs. 

 

A typical sample solution was prepared by mixing 0.1 ml of a 1.2·10
-3

 M catalyst 

solution in acetonitrile, 0.6 ml of triethylamine, 0.1 ml (5 vol. %) or {(0.2 ml for 10 vol. 

%), (0.3 ml for 15 vol. %)} of thoroughly degased water and 1.2 ml (5 vol. %) or {(1.1 

ml for 10 vol. %), (1.0 ml for 15 vol. %)} of anhydrous acetonitrile. Final Concentration 
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of photocatalysts is 6.0·10
-5

 M. The photocatalytic hydrogen generation activity of each 

intramolecular cyclometallated heterodinuclear complexes (Ru–Pd) and the 

intermolecular Ru(II) mononuclear complexes of 2,5-bpp / 2,6-bpp with 

[Pd(acetonitrile)2Cl2] were evaluated with various percentages of water, by irradiation at 

470 nm in an acetonitrile solution in the presence of a sacrificial electron donor, triethyl 

amine (TEA), under a N2 atmosphere. As shown in table 4.4, [Ru(bpy)2(2,5-bpp)PdCl]2
4+ 

(run 1), the intermolecular reaction of the [Ru(bpy)2(2,5-bpp)]
2+

 with 

[Pd(acetonitrile)2Cl2] (run 5) / (NH4)2(PdCl4) (run 7) were found to be active as a 

photocatalytic hydrogen generation molecular devices in the presence of 5 – 10% water, 

while [Ru(bpy)2(2,6-bpp)PdCl]2
4+

 (not effective as photocatalyst; no hydrogen (run 2)) 

and [Ru(bpy)2(2,5-bpp)]
2+

 (run 3), [Ru(bpy)2(2,6-dpp)]
2+

 (run 4) and other intermolecular 

reactions between the mononuclear complex [Ru(bpy)2(2,6-dpp)]
2+

 with 

[Pd(acetonitrile)2Cl2] (run 6) / (NH4)2(PdCl4) (run 8) did not result in H2 evolution.  

 

Figure 4.18: Evaluation of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

(intramolecular 

catalysis) and [Ru(bpy)2(2,5-bpp)]
2+ 

+ [Pd(CH3CN)2Cl2] (intermolecular catalysis) 
 
in 

photocatalytic hydrogen evolution reactions (6 × 10
-5

 M of catalyst /[Pd(CH3CN)2Cl2] in 

2 cm
3
 of 2.15 M TEA in ACN-H2O (5% H2O v/v), λexc = 470 nm, 0 – 8 hours irradiation). 

3 samples were taken for calculating TONs. S.D.= ± 10 TONs or less. 
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Time dependent hydrogen production is shown in Table 4.5, along with a turn over 

frequency (TOF = TON h
-1

) graph for the complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

(intramolecular) and the intermolecular photocatalytic reaction of [Ru(bpy)2(2,5-bpp)]
2+

 

with [Pd(CH3CN)2Cl2] in figure 4.18. The TOF curve for [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 shows a smooth exponentially curve which reaches a maximum 

TON = 120 after 6 – 8  hours. The intermolecular reaction is less efficient (shows an 

induction period from 0 – 3 h) than the intramolecular reaction. Possibly in the 

intermolecular approach, electron transfer is slower as it relies on collision induced 

processes between several species. The TOF (TON h
-1

) calculated for the intramolecular 

reaction is 15.5 per hour, while for the intermolecular reaction it decreases to 9.8 per 

hour.  

 

Time 

(hour) 

TON {Water percentage (5%)} 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 
[Ru(bpy)2(2,5-bpp)]

2+   
+ 

[Pd(CH3CN)2Cl2] 

0 0 0 

1 29 8 

2 55 12 

3 79 16 

4 98 25 

5 110 53 

6 118 59 

7 124 67 

8 128 73 

 

Table 4.5: Evaluation of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

(intramolecular catalysis) 

and [Ru(bpy)2(2,5-bpp)]
2+ 

+ [Pd(CH3CN)2Cl2] (intermolecular catalysis) 
 
in 

photocatalytic hydrogen reactions (6 × 10
-5

 M of catalysts / [Pd(CH3CN)2Cl2] in 2 cm
3
 of 

2.15 M TEA in ACN-H2O (5% H2O v/v), λexc = 470 nm, 0 – 8 hours irradiation). 3 

samples were taken for calculating TONs (see figure 4.18). S.D. ± 10 TONs or less. 
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The intermolecular shows a sigmoidal curve with an induction period for the first three 

hours and after that gradually increases to the maximum TON = 79 (see figure 4.18). It is 

possible that the intermolecular reaction can behave as an intramolecular reaction
35

 

during photocatalysis but the efficiency is low due to the cyclometallation of the bridging 

ligand with the palladium metal. The turnover numbers (TONs) obtained for 

photocatalytic hydrogen production are listed in Table 4.4. While TONs up to 130 were 

obtained for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
 

(PF6)2, the angular complex 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)](PF6)2 did not produce hydrogen. TONs were 

calculated per Pd atom although the complexes may exist as µ-chloro bridged dimers 
44

 

as [Ru(bpy)2(2,5-bpp)PdCl]2
 
(PF6)4 and [Ru(bpy)2(2,6-bpp)PdCl]2

 
(PF6)4 in solution / 

solid state. The CHN analysis and 
1
H-NMR confirmed that the one acetonitrile ligand 

coordinate with each Pd metal centre. For the photocatalytic process described in this 

chapter, the reaction mixture was excited at 470 nm and triethylamine (TEA) was used as 

the sacrificial agent to re-reduce the Ru(III) centre formed. The presence of water was 

found to be an important factor for photocatalytic water-splitting. Increasing turnover 

numbers were obtained with increasing water concentration (see table 4.5).
35, 45

 However, 

the reasons for these observations are not straightforward, since its addition changes 

several parameters as discussed in chapter 3. Lower TONs were obtained when an 

equimolar mixture of the mononuclear precursor [Ru(bpy)2(2,5-bpp)]
2+  and 

(NH4)2[PdCl4] and [Pd(CH3CN)2Cl2] were irradiated under the same conditions as the 

dinuclear species while the complex [Ru(bpy)2(2,6-bpp)]
2+

 did not produce hydrogen. 

Control experiments with the mononuclear precursors [Ru(bpy)2(2,5-bpp)]
2+  and 

[Ru(bpy)2(2,6-bpp)]
2+

, without Pd yielded no hydrogen. Colloid formation has been 

discussed by several authors for Ru/Pd complexes.
46, 47

 Since both complexes have 

comparable binding properties for Pd it seems unlikely that one should act as a precursor 

for catalytically active colloids while the other does not. However, black precipitates 

were found for [Ru(bpy)2(2,5-bpp)]
2+

 and [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)](PF6)2 under 

photocatalysis conditions and with rapid decomposition of the complexes. No precipitates 

were found for [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)](PF6)2 under the same conditions, 

however, the solution slightly change in colour from yellow to light pink. 
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4.4 Summary and conclusion. 

 
Chapter 4 details the synthetic method used for the generation of mononuclear and 

heterodinuclear metal complexes utilising the method of “complexes as metal / 

complexes as ligands” strategy. The heterodinuclear cyclometallated complexes (Ru – 

Pd) and their deuteriated analogues were synthesised and their properties, such as 

absorption and luminescence data were obtained (see table 4.3 and 4.4). These results 

were taken in conjunction with the characterization tools of 
1
H-NMR and CHN to 

confirm the synthesis of these mononuclear and heterodinuclear complexes with 

properties similar to other families of ruthenium(II) complexes. Proton-NMR proved 

invaluable in determining the binding of the cyclometallated Pd moiety to the 

mononuclear complexes and then 2D-COSY 
1
H-NMR was applied to obtain the 

correlation of the other protons present in the molecule (see table 4.1 and 4.2).  

 
The main aim of this thesis is to determine the photocatalytic activity of the synthesised 

complexes for the generation of hydrogen using water and a sacrificial agent (TEA) and 

470 nm as the irradiation wavelength. The gaseous products produced during the 

photocatalytic experiments were measured using gas chromatography and head space 

analysis. The results obtained showed that 2,6-bpp based complexes such as the 

mononuclear [Ru(bpy)2(2,6-bpp)]
2+ 

or cyclometallated heterodinuclear [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 produced no hydrogen. However, the 2,5-bpp analogues proved 

very efficient at photocatalytic hydrogen generation. The [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 intramolecular process yields higher TON of hydrogen at 130 for a 

10% water content. By contrast the intermolecular reaction involving [Ru(bpy)2(2,6-

bpp)]
2+

 and [Pd(CH3CN)2Cl2] or (NH4)2[PdCl4]  showed less hydrogen with a TONs of 

70 / 48 for a 10% water which indicates that intermolecular electron transfer processes 

are less efficient. The results were complimentary with the time dependent hydrogen 

production for calculating turn over frequency (TOF). The TOF provides the rate of TON 

per hour and stability of catalyst during irradiation. The TOF for the intramolecular 

complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 (TOF = 15.5 h
-1

) compared to 

intermolecular reactions involving [Ru(bpy)2(2,6-bpp)]
2+

 and [Pd(CH3CN)2Cl2] (TOF = 
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9.8 h
-1

) shows good efficiency for the intramolecular electron transfer process. For the 

complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

, when the amount of water was increased 

from 0% (TON = 0) to 5% (TON = 108), the maximum TON = 130 for solution 

containing 10% water and drops for solution containing 15% (TON = 94) (see table 4.5). 

These results will be discussed further in chapter 6 where they will be compared with 

those obtained for the photocatalytic results obtained in chapter 3 and chapter 5.  
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Chapter 5: Synthesis, Characterisation and Photocatalytic 

Properties of Ruthenium(II) and Palladium(II) / Platinum(II) 

Hetero-Bimetallic compounds with 2,2’:5’,5”:2”,2’’’-

quaterpyridine (bisbpy) as bridging ligand. 

 

Abstract: 

 

The complexes synthesised in this chapter were designed for photocatalytic generation of 

hydrogen from water. In these hetero-dinuclear metal complexes 2,2’:5’,5”:2”,2’’’-

quaterpyridine (bisbpy) has been used as bridging ligand. The application of these metal 

complexes as photocatalyst was investigated. This chapter includes characterisation of 

the complexes synthesised using nuclear magnetic resonance, elemental analysis and 

UV-Vis spectroscopy studies. The photocatalytic production of hydrogen from water was 

investigated using different photocatalytic conditions. The photocatalytic reduction of 

water was performed both using intermolecular and intramolecular approaches.   
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5.1 Introduction 
 

The tuneable photophysical, photochemical and electrochemical properties constitute the 

primary basis of interest in ruthenium polypyridyl metal complexes and have led to 

widespread use for application such as artificial antenna systems, charge separation 

devices for photochemical solar energy conversion, and molecular electronics.
1
 The 

development of such applications is greatly dependent on the availability of a synthetic 

approach capable of delivering organized structures of metal based molecular 

components with specific supramolecular properties.
2
 The challenges encountered in the 

preparation of pure, structurally well-defined metal complexes increases with the size of 

the compound. Although the complexes as metals/complexes as ligands approaches have 

proven remarkably effective there remains a need for the development of alternative 

synthetic approaches.
3
 

 

2,2’-Bipyridines are among the most widely used ligand structure motifs in metal 

coordination compounds.
4
 In particular, transition metal-bipyridine complexes exhibit 

many interesting characteristics, which have resulted in numerous studies of, for 

example, their photochemical
5
 and electrochemical behavior,

6
 as well as their application 

in catalysis.
7
 About two decades ago, however, a new and exciting field emerged; 

bipyridine and oligopyridine metal complexes serve as important structure determining 

units in self-assembled supramolecular architectures, an area of study that has seen 

tremendous development since.
8
 

 

Although existing methods for the synthesis of symmetrically functionalized 2,2’-

bipyridines permit the elaboration of many different derivatives,
9
 the synthesis of 

bipyridine with differently functionalized pyridine subunits is still not common. In 

principle, this can mainly be achieved through two different pathways: a) mono 

functionalization of 2,2’-bipyridine, which often involves multi-step procedures and/ or 

requires rather harsh conditions,
10

 or b) coupling of two different pyridine components by 

use of palladium- and nickel-catalyzed cross-coupling procedures such as the Stille, 

Suzuki, or Negishi reactions coupling reactions generally employed for the synthesis of 
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biaryls.
11

 Most of these reactions, however, require bromides, iodides, or triflates as 

coupling components, and these are often not easily accessible but necessary in order to 

provide satisfying yields. 

 

Thummel et. al.
12

 reported the syntheses of four bi-1,10-phenanthrolines (Figure 5.1) and 

their mononuclear Ru(II) complexes (Ru-1 – Ru-2) for sensor applications (Figure 5.2). 

The spectroscopic properties of these complexes was investigated in response to various 

metal ions.  Ligands 1 and 2 involve two 1,10-phenanthroline (phen) subunits joined at 

the 2,2’- and 3,3’-positions. The transoid conformation of 1 will be favored to avoid a 

putative H3,-H3’-interaction
13

 while the cisoid and transoid forms of 2 should be of 

approximately equal energy. Ligand 3 is a 2,2’-dimethylene bridged derivative of 2 

wherein the cisoid conformation is enforced. Ligand 4 is a 2,3’-biphen with a 3,2’-

dimethylene bridge which enforces a transoid conformation. In 1-3, the bidentate binding 

sites are equivalent while in 4 one site is more sterically encumbered.  

 

 

 

Figure 5.1: Chemical structure of ligands reported by Thummel et. al.
12 

 

For the mononuclear Ru(II) complexes of these four ligands (Figure 5.2), the luminescent 

metal center is located near a vacant bidentate coordination site that remains accessible to 

added cations. Thus, these complexes fit the general model of a sensor system, and it had 

been demonstrated that for certain cations luminescence is enhanced, for some, it remains 

nearly unchanged, and for others, it is diminished or quenched. 
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Figure 5.2: Chemical structure of Ru(II) mononuclear complexes reported by Thummel.
12 

 

The two non-bridged biphenthroline ligands 1 and 2 were synthesized in 70% - 80% 

yields by Ni(0) coupling of 2-chlorophen (5) 
13, 14

 or 3-bromophen (6) (see Scheme 5.1).
15

 

The reaction initially yielded a Ni(II) complex which may be demetalated by treatment 

with NaCN, thereby liberating the free ligand. Although 3,3’-biphen 2 was previously 

unknown, 2,2’-biphen 1 had earlier been prepared by Case in 24% yield, using Ullmann 

coupling with 2-chlorophen.
16

 When care is taken to remove the complexed nickel, Ni(0) 

coupling dramatically improved the yield.
13, 17 

The bridged biphens 3 and 4 were 

synthesized by the Friedländer condensation
18

 of 8 amino- 7-quinolinecarbaldehyde (8) 

with 1,4-cyclohexanedione (7) or 1,3-cyclohexanedione (10).
19

 The condensation of 7 

and 8 in a 1:1 or 1:2 molar ratio with piperidine as the catalyst gave only the doubly 

condensed product 3; the mono-condensed product was not obtained. This is 

understandable if one realizes that the condensations with 8 occur in a stepwise fashion. 

Only one mono-condensation product is available from 7, thus activating the methylene 

group closest to the phen ring in 9 and directing the formation of 3 (Scheme 5.1). In 1,3-
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cyclohexanedione, 10, the methylene group at the 2-position is activated by two carbonyl 

groups and hence is more reactive than the other methylene groups.
20

 Thus, the 

condensation of 8 and 10 in a 1:1 molar ratio using a mildly basic catalyst such as 

piperidine only gave 5,6,7,8-tetrahydro- [2,3:b]pyridoacrid- 8-one (11) in 94% yield. The 

condensation of 11 with 1 equiv of 8 in the presence of ethanolic KOH provided the 

doubly condensed species, 2,3’-dimethylene-3,2’-biphen (4) (see scheme 5.1). However, 

the condensation of 8 with 2 equiv of 10 using ethanolic KOH or piperidine as the 

catalyst did not readily afford 4.
 

 

 

 

 

Scheme 5.1: Synthetic chemical procedure for bridging ligands 1, 2, 3 and 4.
12 

 

Advances in inorganic photochemistry over the past two decades have driven the 

diversification of model systems under investigation.
21

 As interest in energy and electron 

transfer studies in mono- and polymetallic complexes grew, so did the synthetic 

approaches to obtain these complexes. Homodimetallic complexes are readily 
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synthesized by first preparing symmetric dinucleating ligands followed by the direct 

synthesis of their dimetallic complexes. However, more elaborate energy and electron 

transfer studies require the preparation of the synthetically more challenging 

heterodimetallic complexes. 

 

Most synthetic approaches to heterodimetallic complexes make use of symmetric 

dinucleating ligands.
22

 The monometallic complexes of dinucleating ligands are usually 

obtained in moderate yield as a statistical mixture from the reaction of the ligand with 1 

equiv of metal ion, followed by the introduction of the second metal ion. Protection 

deprotection methodology has also been developed to build up polymetallic complexes, 

whereby one metal-binding site is protected by methylation, followed by metal ion 

complexation, deprotection, and subsequent heterometal ion binding.
23

  The “chemistry-

on-the-complex” approach, in which classic organic and organometallic reactions are 

performed directly on metal complexes, has shown significant versatility and promise.
24, 

3a
 Typically, this approach simplifies the purification of products, increases the overall 

yields, and, in some cases, proves to be the only method to obtain the desired products.  

 

The “chemistry-on-the-complex” approach is even more powerful when a new binding 

site is created in the complex, which allows further metal ion complexation (Figure 

5.3).
25

 The first metal ion binds selectively to a complete chelating site as opposed to an 

incomplete binding site (Figure 5.3 (a)). A catalytic reaction, in this case the Negishi 

reaction, creates a new binding site in the metal complex (Figure 5.3 (b)). A second and 

different metal ion is introduced into the newly created binding site, thus allowing the 

straightforward synthesis of heterodimetallic complexes (Figure 5.3 (c)). 

 

Hanan and coworkers,
26

 used 2-pyridylzinc bromide to create a new bidentate 

coordination site on both ligands and metal complexes by using the Pd-catalyzed Negishi 

reaction. The Negishi reaction affords a facile method to prepare new binding sites. 2,2’-

dibromo-4,4’-bipyridine 
27

 (0.75 mmol) readily reacts with 2-pyridylzinc bromide (1.5 

mmol) at room temperature in THF with [Pd(PPh3)4] (0.025 mmol, 3%) [Pd(PPh3)4] 

[tetrakis(triphenylphosphine)-palladium(0)] as catalyst to afford a mixture of terpyridine 
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1a and quaterpyridine 1b (Scheme 5.2). It is noteworthy that, even with an excess of 2-

pyridylzinc bromide, 1a forms selectively because of its precipitation from the reaction 

mixture, which disfavors the formation of dinucleating ligand 1b. The mono-halogenated 

ligand is obtained in high yield by avoiding reactions that generate statistical mixtures of 

products. 

 

 

 

Figure 5.3: Strategy for the synthesis of heterodimetallic complexes: (a) the first metal 

ion binds to a complete chelating site; (b) a new binding site is created in a reaction on 

the metal complex; (c) the second metal ion is then introduced giving a heterodimetallic 

complex. 

 

 

 

Scheme 5.2: Synthesis of Polypyridyl Ligands (1a and 1b). 
26 
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As an example of a heterodimetallic complex, a mixed Ru-Os dimetallic complex was 

made in high overall yield using this methodology (Scheme 5.3). 

 

 

 

Scheme 5.3: Preparation of heterodimetallic ruthenium-osmium complex 3. 
26

 

 

Allowing ligand 1a to react with an equimolar amount of [Ru(bpy)2Cl2] (bpy) 2,2’-

bipyridine) in EtOH at reflux temperature in the presence of AgNO3 gives the 

monometallic complex 2a in 93% yield (Scheme 5.3 (a)). The [Ru(bpy)2]
2+

 moiety binds 

much more effectively to the bpy-like site in 1a as opposed to the monodentate 2-

bromopyridyl site because of the chelate effect. In addition, the bromine atom hinders the 

pyridyl nitrogen’s ability to bind to the metal ion. The 2-bromopyridyl site in 2a is 

readily converted into a chelating bpy like site using the Negishi reaction (Scheme 5.5 

(b)). The reaction of 2a (0.10 mmol) with an excess of 2-pyridylzinc bromide (0.50 

mmol) under mild Negishi cross coupling conditions, stirring at room temperature in 

DMF with [Pd(PPh3)4] as catalyst (20 mol % based on 2a), affords 2b in 97% yield. 

Thus, the conversion of 2,2’-dibromo-4,4’- bipyridine to 2b occurs in 69% overall yield. 

Because of the hydration of 2a, excess organozinc reagent (5 equiv) is required for the 

Negishi reaction to proceed. The crude product is purified by sequestering excess zinc 

halides formed in the transmetalation step with EDTA, followed by column 

chromatography on silica gel. These cross-coupling conditions are considerably milder 

than those required for cross coupling stannyl or borane reagents with metal 

complexes.
24a- 24e

 The newly formed ligand 1b in complex 2b is not isolated in its metal-
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free state. Indeed, the reaction of the metal-free ligand 1b with [Ru(bpy)2Cl2] would 

require difficult purification steps as both bpy sites could react with [Ru(bpy)2Cl2]. The 

newly created bpy site in 2b is then allowed to react with cis-[Os(bpy)2Cl2] in ethylene 

glycol to yield the heterodimetallic complex 3 in 43% yield (Scheme 5.3 (c)). The lower 

yield in the last step is typical for the synthesis of osmium bpy complexes. 

 

Vos and coworkers 
28

 reported intramolecular processes in asymmetric homodinuclear 

metal complexes, containing two [M(bipy)2] units, where M is Ru(II) or Os(II), 

incorporating bridging ligands consisting of two different chelating moieties, bipy or 

triazole, as shown in Figure 5.4. 

 

Figure 5.4: Structure of targeted bridging ligands Hpytr-bipy, bpy-bpy and Hpytr-Hpytr 

using homo-coupling reaction reported by Vos et. al. 
28 

 

In this contribution they reported the syntheses, separation and characterization of the 

target hetero and homo-dinuclear complexes using a homo-coupling reaction. The 

decision to utilize a nickel catalyzed 
29

 homogeneous coupling approach for the synthesis 
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of asymmetric homodinuclear complexes seems, in the first instance, counterintuitive. 

The results obtained show, however, that such an approach can prove to be fruitful 

provided that the mixture of products obtained can be separated in a facile manner. 

Coupling was carried out employing the ruthenium and osmium precursors 

[Ru(bpy)2(bipy-Br)]
2+ 

/ [Os(bpy)2(bipy-Br)]
2+

 (1a/1b), [Ru(bpy)2(pytr-Br)]
+ 

/ 

[Os(bpy)2(pytr-Br)]
+
 (2a/2b). With this method binuclear complexes of the types 

[Ru(bpy)2(bpy-bpy)Ru(bpy)2]
4+

 / [Os(bpy)2(bpy-bpy)Os(bpy)2]
4+

 (3/4), [Ru(bpy)2(pytr-

pytr)Ru(bpy)2]
2+

 / [Os(bpy)2(pytr-pytr)Os(bpy)2]
2+

 (5/6), and [Ru(bpy)2(pytr-

bpy)Ru(bpy)2]
3+

 7, [Os(bpy)2(pytr-bpy)Ru(bpy)2]
3+ 

8, [Ru(bpy)2(pytr-bpy)Os(bpy)2]
3+ 

9, 

where (bpy-bpy) is 2,2’-bis(pyridin-2”-yl)-5,5’-bis(pyridin-3”-yl), (Hpytr-Hpytr) is 5,5’-

bis(pyridin-2”-yl)-3,3’-bis(1,2,4-triazole) and (Hpytr-bpy) is [5-(5’-bipyridin-2’,2”-yl)-3-

(pyridin-2-yl)]-1,2,4-triazole and M is either Ru(II) or Os(II) were isolated (Figure 5.5).  

 

Figure 5.5: Structures of the dinuclear complexes and their precursor complexes. 
28
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With triazole based systems, in addition, two positional coordination isomers can be 

expected also, since the metal ions may coordinate at the N2 or the N4 atom of the 

triazole ring. For example, direct reaction of Hpytr-Hpytr to form dinuclear compounds 

leads to the formation of up to eight isomers.
30

 The [M(bpy)2]-type precursor complexes 

[M(bpy)2(bipy-Br)]
2+ 

1 and [M(bpy)2(pytr-Br)]
+
 2 (Figure 5.5) were used as bromo-

precursors where M = Ru(II) or Os(II). Importantly, such compounds are readily 

accessible. The results obtained show that the bromine functional group allows for 

efficient coupling of the mononuclear complexes using this Ni(0) catalysed reaction. 

Furthermore, the presence of the bromine substituent at the 3’-position of the triazole ring 

results in the preferential formation of the N2 isomer (>95%) of complexes 

[Ru(bpy)2(pytr-Br)]
+
 2a and [Os(bpy)2(pytr-Br)]

+
 2b. This reduces the number of isomers 

that may be obtained for the mononuclear precursors and hence the dinuclear complexes 

formed in subsequent reactions.  

 

Figure 5.6: Synthetic approach used for the synthesis of the homodinuclear complexes.
30 
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One disadvantage of this method is that, since the Ni(0) catalyzed coupling reaction is in 

essence a homogeneous cross-coupling reaction, three different compounds will be 

obtained, each containing a different bridging ligand as shown in Figure 5.6. The 

compounds obtained were separated using silica and Sephadex based column 

chromatography based on their respective charges with the di-cationic complex as the 

first fraction, the target tri-cationic complex as the second fraction, and finally the tetra-

cationic complex. 

 

All complexes reported by Vos and coworkers,
28

 exhibit absorption and emission 

properties which are characteristic of Ru(II) and Os(II) based polypyridyl complexes with 

triazole and/or bipyridyl bridging ligands.
3
 The characteristic dπ–π* metal to ligand 

charge transfer (
1
MLCT) absorption bands are observed in the visible region (350–520 

nm). For the bis-1,2,4-triazolato containing complex [Ru(bpy)2(pytr-pytr)Ru(bpy)2]
2+ 

5 

the 
1
MLCT absorption bands are red shifted compared with those complexes containing 

one ([Ru(bpy)2(pytr-bpy)Ru(bpy)2]
3+

 7) or no ([Ru(bpy)2(bpy-bpy)Ru(bpy)2]
4+

 3) 1,2,4-

triazolato units due to the increased σ-donor capacity of this moiety. Similar spectral 

features are observed for the corresponding Os(II) complexes ([Os(bpy)2(bpy-

bpy)Os(bpy)2]
4+

 4, [Os(bpy)2(pytr-pytr)Os(bpy)2]
2+ 

6 and [Os(bpy)2(pytr-bpy)Ru(bpy)2]
3+ 

8). However additional absorption bands are observed in the 500–700 nm region 

characteristic of 
3
MLCT absorption bands typical of Os(II) polypyridyl compounds.

28 

 

All complexes exhibit the expected 
3
MLCT based luminescence at room temperature in 

acetonitrile solution.
3, 31

 As observed for the absorption spectra there is a general shift to 

lower energy with increasing number of σ-donor triazolato moieties. For the 

heteronuclear complexes, [Os(bpy)2(pytr-bpy)Ru(bpy)2]
3+ 

8 and [Ru(bpy)2(pytr-

bpy)Os(bpy)2]
3+ 

9, emission is observed only from the osmium centre. This indicates that 

in the excited state interaction between the two metal centres is significant. For the 

compounds based either on the Hpytr-Hpytr bridging ligand the emissive 
3
MLCT state 

was thought to be based on peripheral bpy ligands.
3a, 3b
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Figure 5.7: UV/Vis absorption spectra of [(bpy)2Ru(bpy-bpy)Ru(bpy)2]
4+

 (3) (solid line), 

[(bpy)2Ru(pytr-pytr)Ru(bpy)2]
2+

 (5) (dashed line) and [(bpy)2Ru(pytr bipy)Ru(bpy)2]
3+

 

(7) (dotted line) in acetonitrile. Spectral intensities were adjusted for comparison.
28 

 

In the bpy-pytr and bpy-bpy bridged complexes, the emitting state may be based on the 

bridging ligand or on the peripheral bipyridyl ligands. The absorption spectrum shown 

for [(bpy)2Ru(bpy-bpy)Ru(bpy)2]
4+

 3 is given in Figure 5.7. For this compound a strong 

shoulder in the UV region is shown at 330 nm. This feature is not present in the other 

compounds and may indicate a lower energy π–π* transitions in the bridging ligand.
28 

 

The main aim of this chapter is to design novel Ru – Pd/Pt based heterodinuclear 

complexes containing 2,2’:5’,5”:2”,2’’’-quaterpyridinem (bisbpy) as a bridging ligand for 

photocatalytic production of hydrogen by splitting of water using triethyl amine as 

sacrificial donor and 470 nm as the light source. The complete characterization, 

photocatalytic, electrochemical and photophysical properties are discussed in the 

sections. 
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5.2 Experimental section. 

 

The compounds 2,2’-bipyridine (bpy), RuCl3.xH2O and [Pd(acetonitrile)2Cl2] were 

purchased from Aldrich and used without further purification. The synthesis of ruthenium 

precursors [Ru(bpy)2Cl2].2H2O, [Ru(dceb)2Cl2].2H2O and [Pt(dmso)2Cl2] are reported in 

chapter 2.  The structure with numbering of ligand 2,2’:5’,5”:2”,2’’’-quaterpyridine 

(bisbpy), mononuclear complexes and hetero-dinuclear complexes discussed in this 

chapter are depicted in Figure 5.8, 5.9, 5.10 respectively. 

 

5.2.1 Preparation of ligand 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy). 

 

The bridging ligand 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) was prepared according to 

the literature with little modification.
28

 The complete synthesis of the ligand in two steps 

was described in Chapter 2, Section 2.3.2. 

  

Figure 5.8: Structures and numbering of ligand 2,2’:5’,5”:2”,2’’’-quaterpyridine 

(bisbpy). 

2,2’:5’,5”:2”,2’’’-quaterpyridine 

(bisbpy) 
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Synthesis of bridging ligand 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) 
 

This ligand was prepared as described in chapter 2, section 2.3.2.  

Yield: 0.205 mg (0.66 mmol, 78 %).  

1
H-NMR (DMSO-d6, 400 MHz): δ = 7.50 (ddd, 2H, J = 7.4 Hz, J = 2.5 Hz, J = 1.1 Hz, 

H-5, H-5”’), 8.00 (ddd, 2H, J = 7.8 Hz, J = 2.0, H-4, H-4”’), 8.43 (dd, 2H, J = 8.3 Hz, J = 

2.5 Hz, H-4’, H-4”), 8.46 (dd, 2H, J = 7.8 Hz, J = 1.0 Hz, H-3, H-3”’), 8.54 (dd, 2H, J = 

8.0 Hz, J = 1.0 Hz, H-3’, H-3”), 8.72 (dd, 2H, J = 4.8 Hz, J = 1.0 Hz, H-6, H-6”’), 9.18 

(d, 2H, J = 2.5 Hz, H-6’, H-6”). 

 

 

5.2.2 Preparation of the ruthenium mononuclear complexes. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 5.9: Structures and numbering of the mononuclear non-ester and ester analogues 

of Ru(II)-(bisbpy) complexes. 

[Ru(bpy)2(bisbpy)]
2+

 

Complex 5.1 

[Ru(dceb)2(bisbpy)]
2+

 

Complex 5.2 
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Synthesis of [Ru(bpy)2(bisbpy)]
 
(PF6)2

 
· 2 H2O (Complex 5.1).

 

[bis-(2,2'-bipyridine)(2,2’:5’,5’’,2’’,2’’’-quaterpyridine)ruthenium(II)](PF6)2· 2H2O 

[Ru(bpy)2Cl2]·2H2O (0.339 g, 0.65 mmol) dissolved in 5 cm
3
 of ethanol was added drop-

wise to a solution of 2,2’:5’,5’’,2’’,2’’’-quaterpyridine (bisbpy) (0.264 g, 0.85 mmol) in 

10 cm
3
 of ethanol/water (3:1 v/v). The reaction mixture was heated at reflux temperature 

for 8 hours. Subsequently, the mixture allowed cooling to room temperature and the 

solvent was evaporated under vacuum. To the residue was added 2 cm
3
 of distilled water 

to dissolve the product and the excess ligand (bisbpy) filtered. The KPF6 was added to the 

filtered solution to precipitate the product, which was washed with 5 cm
3
 of water and 10 

cm
3
 of diethylether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 

Yield: 0.588 g (0.56 mmol, 86%). Anal. Calcd. for C40H30F12N8P2Ru · 2H2O (1049.75): 

C, 45.77; H, 3.26; N, 10.67%. Found: C, 46.15; H, 2.86; N, 10.29%. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): δ = 8.72-8.68 (m, 2H, H-6, H-6’), 8.65 (d, 1H, J = 8.0 Hz, H-

3”), 8.58 (d, 1H, J = 7.8 Hz, H-3”’), 8.62-8.50 (m, 4H, bpy (H-3a)), 8.45- 8.39 (m , 2H, 

H-3’, H-4”), 8.15-8.05 (m, 5H, bpy (H-4a), H-4”’), 7.97-7.89 (m, 4H, H-3, H-4, H-4’, H-

6”), 7.83 (d, 1H, J = 4.8 Hz, bpy (H-6a), 7.79-7.72 (m, 4H, bpy (H-6a), H-6”’), 7.47-7.39 

(m , 6H, bpy (H-5a), H-5, H-5”’). 

 

Synthesis of [Ru(dceb)2(bisbpy)]
 
(PF6)2

 
· 2 CH3COCH3 (Complex 5.2).

 

[bis-(4,4’-dicarboxyethyl-2,2'-bipyridine)(2,2’:5’,5’’,2’’,2’’’-quaterpyridine)ruthenium-

(II)](PF6)2· 2 CH3COCH3 

[Ru(dceb)2Cl2]·2H2O (0.525 g, 0.65 mmol) dissolved in 5 cm
3
 of ethanol was added 

drop-wise to a solution of 5,5’-bisbipyridine (bis-bpy) (0.264 g, 0.85 mmol) in 10 cm
3
 of 

ethanol/water (3:1 v/v). The reaction mixture was heated at reflux temperature for 8 

hours. Subsequently, the mixture allowed cooling to room temperature and the solvent 

was evaporated under vacuum. To the residue was added 2 cm
3
 of distilled water to 

dissolve the product and the excess ligand (bisbpy) filtered. The KPF6 was added to the 

filtered solution to precipitate the product, which was washed with 5 cm
3
 of water and 10 

cm
3
 of diethylether. Recrystallization from acetone/water (3:1 v/v) afforded a red solid. 
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Yield: 0.765 g (0.54 mmol, 83%). Anal. Calcd. for C52H46F12N8P2Ru · 2(CH3COCH3) 

(1418.26): C, 49.12; H, 4.12; N, 7.90%. Found: C, 49.42; H, 4.14; N, 7.84%. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): δ = 9.13-9.08 (m, 4H, bpy (H-3a)), 8.74-8.66 (m, 3H, H-3”, 

H-6, H-6’), 8.61 (d, 1H, J = 8.0 Hz, H-3”’), 8.46 (m, 1H, H-4”), 8.42 (d, 1H, J = 7.8 Hz, 

H-3’), 8.16 (ddd, 1H, J = 7.8 Hz, J = 2.0, H-4”’), 8.12 (d, 1H, J = 4.8 Hz, bpy (H-6a)), 

8.00-7.82 (m, 11H, bpy (H-6a, H-5a), H-3, H-4, H-4’, H-6”), 7.69 (d, 1H, J = 4.8 Hz, H-

6”’), 7.48-7.42 (m, 2H, H-5, H-5”’), 4.52-4.43 (m, 8H, CH2), 1.46-1.40 (m, 12H, CH3), 

2.10 (s, 12H, CH3, acetone). 

 

 

5.2.3 Preparation of Ru-Pd / Ru-Pt Heterodinuclear complexes. 

 

 

 

 

 

 

 

 

Figure 5.10: Structures with numbering of the non- ester and ester analogues of Ru – Pd / 

Ru – Pt heterodinuclear complexes. 

[Ru(bpy)2(bisbpy)PdCl2]
2+

 

Complex 5.3 

 

[Ru(bpy)2(bisbpy)PtCl2]
2+

 

Complex 5.4 

[Ru(dceb)2(bisbpy)PdCl2]
2+

 

Complex 5.5 

 

[Ru(dceb)2(bisbpy)PtCl2]
2+

 

Complex 5.6 
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Synthesis of [Ru(bpy)2(bisbpy)PdCl2]
 
(PF6)2

 
· 2 H2O (Complex 5.3). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,2’:5’,5’’,2’’,2’’’-quaterpyridine)PdCl2] (PF6)2 ·    

2 H2O 

[Ru(bpy)2(bisbpy)]·2H2O (0.100 g, 0.095 mmol) dissolved in 5 cm
3
 of dichloromethane 

was added drop-wise to a solution of [Pd(CH3CN)2Cl2] (0.025 g, 0.095 mmol) in 5 cm
3
 of 

dichloromethane. The reaction mixture was heated at reflux temperature for 24 hours. 

Subsequently, the mixture was allowed to cool to room temperature and 5 cm
3
 of 

diethylether was added to precipitate the product. The obtained precipitate was filtered 

and washed with 10 cm
3
 of diethylether. Recrystallization from acetone/water (3:1 v/v) 

afforded a red solid. Yield: 0.115 g (0.094 mmol, 99%). Anal. Calcd. for 

C40H30F12Cl2N8P2RuPd · 2H2O (1226.5): C, 39.14; H, 2.70; N, 9.13; Found: C, 39.29; H, 

2.50; N, 8.83. 
1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 9.21 (d, 1H, J = 4.8 Hz, H-6), 

9.17 (d, 1H, J = 2.5 Hz, H-6’), 8.67 (d, 1H, J = 8.0 Hz, H-3”), 8.63-8.57 (m, 3H, bpy (H-

3a), H-3”’), 8.54-8.50 (m, 2H, bpy (H3a)), 8.43-8.37 (m, 2H, H-4’, H-4”), 8.30 (d, 1H, J 

= 7.8 Hz, H-3’), 8.26-8.21 (m, 2H, H-3, H-4), 8.13-8.05 (m, 5H, bpy (H-4a), H-4”’), 8.02 

(d, 1H, J = 2.3 Hz, H-6”), 7.89 (d, 1H, J = 4.8 Hz, bpy (H-6a)), 7.79-7.74 (m, 4H, bpy 

(H-6a), H-6”’), 7.70 (m, 1H, H-5), 7.48-7.39 (m, 5H, bpy (H-5a), H-5”’).  

 

Synthesis of [Ru(bpy)2(bisbpy)PtCl2]
 
(PF6)2

 
· 3 H2O (Complex 5.4). 

 

[Ruthenium(II)(2,2'-bipyridine)2(µ-2,2’:5’,5’’,2’’,2’’’-quaterpyridine)PtCl2] (PF6)2 ·    

3 H2O 

[Ru(bpy)2(bisbpy)]·2H2O (0.100 g, 0.095 mmol) dissolved in 5 cm
3
 of dichloromethane 

was added drop-wise to a solution of [Pt(dmso)2Cl2] (0.042 g, 0.095 mmol) in 5 cm
3
 of 

dichloromethane. The reaction mixture was heated at reflux temperature for 24 hours. 

Subsequently, the mixture was allowed to cool to room temperature and 5 cm
3
 of 

diethylether was added to precipitate the product. The obtained precipitate was filtered 

and washed with 10 cm
3
 of diethylether. Recrystallization from acetone/water (3:1 v/v) 

afforded a red solid. Yield: 0.109 g (0.082 mmol, 86%). Anal. Calcd. for 

C40H30F12Cl2N8P2RuPt · 3H2O (1334.2): C, 35.97; H, 2.60; N, 8.30; Found: C, 35.70; H, 

2.35; N, 7.95. 
1
H-NMR (Acetonitrile-d3, 400 MHz): δ = 9.54 (d, 1H, J = 2.5 Hz, H-6’), 
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9.51 (d, 1H, J = 4.8 Hz, H-6), 8.69 (d, 1H, J = 8.0 Hz, H-3”), 8.63-8.58 (m, 3H, bpy (H-

3a), H-3”’), 8.55-8.51 (m, 2H, bpy (H-3a)), 8.47-8.40 (m, 2H, H-4’, H-4”), 8.30-8.23 (m, 

2H, H-3’, H-4), 8.19 (d, 1H, J = 7.8 Hz, H-3), 8.14-8.04 (m, 6H, bpy (H-4a), H-4”’, H-

6”), 7.92 (d, 1H, J = 4.8 Hz, bpy (H-6a)), 7.79-7.74 (m, 4H, bpy (H-6a), H-6”’), 7.70 (m, 

1H, H-5), 7.48-7.39 (m, 5H, bpy (H-5a), H-5”’).  

 

Synthesis of [Ru(dceb)2(bisbpy)PdCl2]
 
(PF6)2

 
· 0.5 C6H14 · CH2Cl2 (Complex 5.5). 

 

[Ruthenium(II)(4,4’-dicarboxyethyl-2,2'-bipyridine)2(µ-2,2’:5’,5’’,2’’,2’’’-quarter-

pyridine)PdCl2] (PF6)2 · 0.5 C6H14 · CH2Cl2 

[Ru(dceb)2(bisbpy)]·2(CH3COCH3) (0.100 g, 0.071 mmol) dissolved in 5 cm
3
 of 

dichloromethane was added drop-wise to a solution of [Pd(CH3CN)2Cl2] (0.018 g, 0.071 

mmol) in 5 cm
3
 of dichloromethane. The reaction mixture was heated at reflux 

temperature for 24 hours at 50º C. Subsequently, the mixture was allowed to cool to room 

temperature and 5 cm
3
 of diethylether was added to precipitate the product. The obtained 

precipitate was filtered and washed with 10 cm
3
 of diethylether and 10 cm

3
 of n-hexane. 

Recrystallization from acetone/water (3:1 v/v) afforded a red solid. Yield: 0.112 g (0.070 

mmol, 98.5%). Anal. Calcd. for C52H46F12O8Cl2N8P2RuPd · (0.3 C6H14) (CH2Cl2) 

(1590.08): C, 41.39; H, 3.30; N, 7.04; Found: C, 41.12, H, 3.22, N, 6.67. 
1
H-NMR 

(Acetonitrile-d3, 400 MHz): δ = 9.23 (d, 1H, J = 4.8 Hz, H-6), 9.20 (d, 1H, J = 2.5 Hz, H-

6’), 9.13-9.10 (m, 2H, bpy (H-3a), 9.08-9.05 (m, 2H, bpy (H-3a), 8.67 (d, 1H, J = 8.0 Hz, 

H-3”), 8.62 (m, 1H, J = 7.8 Hz, H-3”’), 8.47-8.43 (m, 2H, H-4’, H-4”), 8.27 (d, 1H, J = 

8.0 Hz, H-3’), 8.26-8.21 (m, 2H, H-3, H-4), 8.16 (ddd, 1H, J = 7.8 Hz, J = 2.4 Hz, H-

4”’), 8.11 (d, 1H, J = 4.8 Hz, bpy (H-6a)), 8.00 (d, 1H, J = 2.3 Hz, H-6”), 7.97-7.90 (m, 

7H, bpy (H-6a, H-5a)), 7.72-7.66 (m, 2H, H-5, H-6”’), 7.48 (ddd, 1H, J = 4.8 Hz, J = 1.0 

Hz H-5”’), 5.40 (s, 2H, CH2, CH2Cl2), 4.52-4.44 (m, 8H, CH2, ethyl-ester), 1.46-1.41 (m, 

12H, CH3, ethyl-ester), 1.25 (m, 4H, CH2, ½ mole of n-hexane), 0.90 (m, 3H, CH3, ½ 

mole of n-hexane). 
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Synthesis of [Ru(dceb)2(bisbpy)PtCl2]
 
(PF6)2

 
· 0.5 C6H14 · CH2Cl2 (Complex 5.6). 

 

[Ruthenium(II)(4,4’-dicarboxyethyl-2,2'-bipyridine)2(µ-2,2’:5’,5’’,2’’,2’’’-quarter-

pyridine)PtCl2] (PF6)2 · 0.5 C6H14 · CH2Cl2 

[Ru(dceb)2(bisbpy)]·2(CH3COCH3) (0.100 g, 0.071 mmol) dissolved in 5 cm
3
 of 

dichloromethane was added drop-wise to a solution of [Pt(DMSO)2Cl2] (0.030 g, 0.071 

mmol) in 5 cm
3
 of dichloromethane. The reaction mixture was heated at reflux 

temperature for 24 hours. Subsequently, the mixture was allowed to cool to room 

temperature and 5 cm
3
 of diethylether was added to precipitate the product. The obtained 

precipitate was filtered and washed with 10 cm
3
 of diethylether and 10 cm

3
 of n-hexane. 

Recrystallization from acetone/water (3:1 v/v) afforded a red solid. Yield: 0.115 g (0.068 

mmol, 96%). Anal. Calcd. for C52H46F12O8Cl2N8P2RuPt · (0.5 C6H14) (CH2Cl2) (1696.5): 

C, 39.66; H, 3.27; N, 6.60; Found: C, 39.97, H, 3.24; N, 6.25. 
1
H-NMR (Acetonitrile-d3, 

400 MHz): δ = 9.57 (d, 1H, J = 2.5 Hz, H-6’), 9.49 (d, 1H, J = 4.8 Hz, H-6), 9.13-9.10 

(m, 2H, bpy (H-3a)), 9.08-9.02 (m, 2H, bpy (H-3a)), 8.72 (d, 1H, J = 8.0 Hz, H-3”), 8.63 

(m, 1H, J = 7.8 Hz, H-3”’), 8.47-8.40 (m, 2H, H-4’, H-4”), 8.23 (t, 1H, J =  7.8 Hz, H-4), 

8.19-8.09 (m, 4H, bpy (H-6a), H-3, H-4”’, H-6”), 8.05 (d, 1H, J = 2.5 Hz, H-6”), 7.95-

7.81 (m, 7H, bpy (H-6a, H-5a), 7.71-7.66 (m, 2H, H-5, H-6”’), 7.48 (ddd, 1H, J = 4.8 Hz, 

J = 1.0 Hz, H-5”’), 5.40 (s, 2H, CH2, CH2Cl2), 4.52-4.44 (m, 8H, CH2, ethyl-ester), 1.46-

1.41 (m, 12H, CH3, ethyl-ester), 1.25 (m, 4H, CH2, ½ mole of n-hexane), 0.90 (m, 3H, 

CH3, ½ mole of n-hexane). 

 

 

5.3 Results and discussion 
 

5.3.1 Synthesis of ligand, mononuclear and heterodinuclear complexes. 

 

The Negishi Coupling, published in 1976,
32

 was the first reaction that allowed the 

preparation of unsymmetrical bi-aryls in good yields. The versatile nickel- or palladium-

catalyzed coupling of organozinc compounds with various halides (aryl, vinyl, benzyl, or 

allyl) has broad scope, and is not restricted to the formation of bi-aryls. The 

2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) ligand was prepared in two steps by Negishi 
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coupling reaction of 2,5-dibromopyridine with 2-pyridylzinc bromide (see figure 5.11). 

In the first step formation of 5-bromo-2,2’-bipyridine in which coupling reaction 

preferentially occurs at 2-position following reported procedure by Hanan et. al.
33

  

 

Figure 5.11: Synthetic pathway for the formation of 2,2’:5’,5”:2”,2’’’-quaterpyridine 

(bisbpy) ligand. 

 

The yield in the first step is higher (81%) with selectivity at 2-position than direct 

bromination of 2,2’-bpyridine gives 15 % yield.
34

 The synthesis required an inert 

atmosphere and low temperature. In a dried two neck round bottom flask Pd(PPh3)4 (0.3 

g, 0.26 mmol) and 2,5-dibromobipyridine (2.0 g, 8.44 mmol) were added under a 

nitrogen atmosphere. During the addition of 2-pyridylzinc bromide in THF (19.4 cm
3
, 

8.44 mmol) to the reaction mixture, the temperature was kept at 0
0
C. At this point the 

reaction mixture turned brown in colour. The reaction mixture was then stirred over night 

at room temperature under a nitrogen atmosphere and a white precipitate formed. The 

reaction mixture was poured in to 200 cm
3
 of a saturated aqueous solution of equimolar 

EDTA and Na2CO3 and stirred until the white precipitate dissolved and a yellow 

precipitate formed. The saturated basic EDTA solution formed a water soluble chelate 

complex with the Zn
2+ 

metal ion. The aqueous solution as well as the yellow precipitate 

was extracted with dichloromethane (DCM) (3 x 50 cm
3
). The DCM layer was dried and 

evaporated by vacuum. This crude product was purified on an activated neutral alumina 

(150 mesh size) column using hexane / ethylacetate (9.5:0.5 v/v). The second spot on the 
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TLC plate (Rf = 0.2) was collected as the desired compound 5-bromo-2,2’-bipyridine (5-

brbpy) with a yield of 81 % (see 
1
H-NMR in Figure 5.12). 

 

 

Figure 5.12: 
1
H-NMR of 5-bromo-2,2’-bipyridine (5-brbpy) in d6-dmso. 

 

In the second step 5-brbpy was used as a reactant for the Negishi’s homo-coupling. A 

solid [Ni(PPh3)2Cl2] (0.557 g, 0.85 mmol) was added in to 10 cm
3
 of anhydrous DMF and 

stirred for few minutes at room temperature under nitrogen, until the reaction mixture 

turned blue. Then zinc powder (Zn) (0.056 g, 0.85 mmol) was added and stirring 

continued at room temperature under nitrogen. The reaction mixture turned green and  

ultimately deep brown after 30 to 45 minutes which is the Ni(PPh3)4 catalyst (see Figure 

5.13 for mechanism). Now 5-bromo-2,2’-bipyridine (5-brbpy) (0.200 g, 0.85 mmol) was 

added and the reaction mixture was stirred at room temperature 10 hours. The reaction 

mixture was poured in 150 cm
3
 of 3 molar aqueous NH4OH solution to form the water 

soluble chelate complexes with Ni
2+ 

and Zn
2+

. A greyish white product was precipitated 

out. The precipitate was extracted with ethyl acetate (3 x 50 cm
3
) and the combined 

organic phases were dried over MgSO4. Removal of the solvent in vacuo yielded the 

crude product which was purified by column chromatography (neutral alumina, 

hexane/ethyl acetate (9 : 1 v/v), TLC: Rf = 0.1) to obtain 2,2’:5’,2”-quaterpyridine 

(bisbpy) in 78 % yield, see proton-NMR in Figure 5.14. 
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Figure 5.13: Mechanism involved for the Negishi homo- coupling reaction. 

 

Figure 5.14: 
1
H-NMR of 2,2’:5’,2”-quaterpyridine (bisbpy) ligand in d6-dmso. 
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The synthesis of the mononuclear complexes [Ru(bpy)2(bisbpy)]
2+

, [Ru(dceb)2(bisbpy)]
2+

 

and heterodinuclear complexes [Ru(bpy)2(bisbpy)PdCl2]
2+

, [Ru(bpy)2(bisbpy)PtCl2]
2+

, 

[Ru(dceb)2(bisbpy)PdCl2]
2+

, [Ru(dceb)2(bisbpy)PtCl2]
2+ 

are represented schematically in 

Figure 5.15. 

 

Figure 5.15: Synthetic pathway for the formation of the mononuclear and heterodinuclear 

complexes of bisbpy as bridging ligand. 

 

From here the synthesis of all Ru(II) compounds was relatively straightforward using 

classical synthetic strategy of “complexes as metals / complexes as ligands”. The 

mononuclear complexes [Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(2,6-dpp)]
2+ 

was formed by 

the addition of a 1:1.5 ratio of bisbpy ligand to [Ru(bpy)2Cl2] / [Ru(dceb)2Cl2], and 

heating to reflux temperature in ethanol / water (3:1 v/v). It is necessary to dissolve the 

ligand completely before the slow addition of Ru(II) precursors. As the reaction proceeds, 

the deep violet colour of the [Ru(bpy)2Cl2] / green colour of [Ru(dceb)2Cl2] solution is 

gradually replaced by an orange-red colour, which indicates the presence of the 

[Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+ 

complex. The ethanol was removed at 

this stage and the chloride counter ion replaced by a PF6¯  counter ion which led to 

precipitation of the complexes from the aqueous solution. The PF6¯  salts of these type of 

complexes tend to be only sparingly water soluble and soluble in organic solvents which 

greatly eases the isolation, purification and analysis of these compounds. The yields for 
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the monomer complex [Ru(bpy)2(bisbpy)]
2+ 

was 86% and for [Ru(dceb)2(bisbpy)]
2+

 was 

83%. The monomers were stable in sunlight and at room temperature. 

 

The heterodinuclear Ru-Pd / Ru-Pt complexes were synthesised by the addition of a 1:1 

ratio of the ruthenium(II) mononuclear complexes and the [Pd(acetonitrile)2Cl2]/ 

[Pt(dimethylsulphoxide)2Cl2] complexes, followed by heating to reflux in 

dichloromethane as a solvent. [Pd(acetonitrile)2Cl2] / [Pt(dimethylsulphoxide)2Cl2] was 

generally added first and allowed to dissolved completely in dichloromethane before 

adding the more soluble monomers [Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+

. After 

24 hours of reflux in dichloromethane, the complexes were precipitated by addition of n-

hexane. The yields of all the heterodinuclear complexes were from 88 – 98% after 

recrystallization in acetone/water (3:1 v/v). These complexes were stable in visible light 

and at room temperature also did not require any inert conditions for their synthesis.
 

 

5.3.2 
1
H-NMR Spectroscopy 

 

An important feature of low-spin d
6
 system is that the complexes are diamagnetic and 

sharp NMR spectra are obtained easily. In this section the effects of coordination on the 

chemical shifts of the protons are discussed. 
35

 When comparing the proton NMR 

spectrum of [Ru(bpy)3]
+2

 with the spectrum of free bpy, a number of differences are 

apparent. After coordination to the metal ion, the ligand is force to adopt a cis 

conformation, whereas the free bpy ligand is presumed to have a trans structure.
35(g), 35(h)

 

The steric crowding of the H3 protons in [Ru(bpy)3]
+2 

gives rise to a strong Van der 

Waals interaction and a downfield shift of 0.33 ppm is observed.
35(j)

 The second 

important effect is that in the complex [Ru(bpy)3]
+2 

the H6 proton is directed just above a 

pyridine ring of an adjacent bpy ligand.
35(i), 35(j)

 This diamagnetic anisotropic effect causes 

an upfield shift of approximately 1 ppm. The third effect is the influence of the metal ion 

itself: due to the σ-donor behaviour, the electron density at the ligand atoms diminishes 

and a general downfield shift is present. A similar trend was observed in the proton-NMR 

resonance of H3 and H6 protons of the heteroleptic Ru(II) complexes containing 

2,2’:5’,5”:2”, 2”’-quaterpyridine (bisbpy) as bridging ligand. 



Chapter 5: Synthesis, Characterisation and Photocatalytic Properties of Ruthenium(II) and Palladium(II) / 

Platinum(II) Hetero-Bimetallic compounds with 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) as bridging ligand. 

 209

5.3.2.1 
1
H-NMR of the mononuclear complexes. 

 

Figure 5.9 shows the numbering of the ruthenium(II) mononuclear complexes 

[Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+ 

and their 
1
H-NMR spectra are shown in 

Figure 5.16. The chemical shifts of the ruthenium(II) monomers with the 2,2’:5’,5”:2”, 

2”’-quaterpyridine (bisbpy) ligand in d3-acetonitrile are outlined in table 5.1. For 

simplicity to distinguish between the protons of the pyridine rings {[(Ring A (proton sign 

(H3 – H6) and Ring B (proton sign (H3’ – H6’): (free) non-complexed] and [Ring C 

(proton sign (H3” – H6”) and Ring D (proton sign (H3”’ – H6”’): (metal) complexed)]} 

of the bisbpy ligand and the bpy / dceb ligands protons are numbered H3a – H6a. These 

bpy’s / dceb’s protons occur in the expected range and will not be discussed here. The 

same numbering system of the bisbpy ligand for the homodinuclear 

[Ru(bpy)2(bisbpy)Ru(bpy)2]
4+

 complex was used here and comparable chemical shifts 

were observed for metal complexed bisbpy ligand protons as reported by Vos and 

coworkers.
28

 

 

In this section, the bisbpy protons of the mononuclear complexes [Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+

 are discussed. As expected, due to coordination, there is a 

clear difference between the protons of the two bipyridine systems (Ring A/B and Ring 

C/D) of the bisbpy ligand, as shown in Figure 5.9. The H6” and H6”’ protons of the metal 

bound (ring C/D) experience the ring current of an adjacent bpy and are strongly shifted 

upfield as a result (H6” = 7.96 ppm and H6”’ = 7.77 ppm).
28

 The protons H6 and H 6’ 

(ring A/B) are both present at around 8.70 ppm in d3-acetonitrile. This large difference 

between ring A/B and ring C/D for the H6/H6’ and H6”/H6”’ resonances demonstrates 

that the H6”/H6”’ must be assigned to the metal-bound bipyridine system as it is shifted 

0.74 ppm upfield. This is due to through space interactions occurring between H6”/H6”’ 

and bpy ring. In addition protons in close proximity to such large atoms, such as a metal 

ion, are greatly shielded from the induced magnetic field of the NMR and therefore 

require a greater applied magnetic field strength for resonance.
36

 The steric crowding of 

the H3, H3’, H3” and H3”’ protons in complexes [Ru(bpy)2(bisbpy)]
2+ 

and 

[Ru(dceb)2(bisbpy)]
2+ 

of the bisbpy ligand gives rise to a strong Van der Waals 



Chapter 5: Synthesis, Characterisation and Photocatalytic Properties of Ruthenium(II) and Palladium(II) / 

Platinum(II) Hetero-Bimetallic compounds with 2,2’:5’,5”:2”,2’’’-quaterpyridine (bisbpy) as bridging ligand. 

 210

interaction and a significant downfield shift is observed. In general the resonance of 

bisbpy protons in the complexes Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+

 are 

approximately the same (see Table 5.1). 

 

 

 

 

 

 

Figure 5.16: 
1
H-NMR spectra of Ru(bpy)2(bisbpy)]

2+ 
(top) and [Ru(dceb)2(bisbpy)]

2+
 

(bottom) in Acetonitrile-d3. 
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Table 5.1: Chemical shifts (in ppm) of all synthesised complexes in d3-acetonitrile. 
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Using 2-D COSY spectra of the mononuclear complexes Ru(bpy)2(bisbpy)]
2+ 

and 

[Ru(dceb)2(bisbpy)]
2+

, it was possible to assign the chemical shifts for the all bisbpy 

ligand protons of the four pyridine rings (A, B, C and D), which are documented in Table 

5.1. In the case of [Ru(dceb)2(bisbpy)]
2+

, the H3a protons of the peripheral ligand ‘dceb’ 

is shifted from a range of 8.57 – 8.52 ppm (in bpy) to a range of 9.12-9.07 ppm (in dceb) 

downfield due to the electron withdrawing carboxylic ester group present at H4a position. 

Also the same effect caused a slight downfield shift for H6a and H5a protons of the dceb 

ligand (see Table 5.1 below). The ethyl ester groups are present at 4.54 – 4.46 (m, 8H, 

CH2) four quartet signals and similarly resonance at 1.50 – 1.40 (m, 12H, CH3) four 

triplet signals overlap in this region. 2-D COSY 
1
H-NMR spectra of the complexes 

[Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+

 are recorded in d3-acetonitrile and are 

depicted in Figure 5.17 and Figure 5.18, respectively.  

 

 

 

Figure 5.17: 2D-COSY 
1
H-NMR of the [Ru(bpy)2(bisbpy)]

2+
 in d3-acetonitrile. 
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Figure 5.18: 2D-COSY 
1
H-NMR of the [Ru(bpy)2(bisbpy)]

2+
 in d3-acetonitrile. 

 

5.3.2.2 
1
H-NMR of the heterodinuclear complexes. 

 

Figure 5.10, shows the numbering of the ruthenium(II) heterodinuclear complexes 

[Ru(bpy)2(bisbpy)PdCl2]
2+

, [Ru(bpy)2(bisbpy)PtCl2]
2+

, [Ru(dceb)2(bisbpy)PdCl2]
2+ 

and 

[Ru(dceb)2(bisbpy)PtCl2]
2+ 

and their 
1
H-NMR spectra are shown in Figure 5.19. The bpy 

and dceb ligands protons have similar chemical shifts as mentioned above for 

mononuclear complexes. Following complexation of the relevant Ru(II) mononuclear 

with [Pd(acetonitrile)2Cl2] and [Pt(dmso)2Cl2], the pyridine ring A/B protons of the 

heterodinuclear complexes are shifted downfield due to the Pd(II)/ Pt(II) metal centre 

(see in Table 5.1). 
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Figure 5.19: 
1
H-NMR spectra of heterodinuclear complexes in Acetonitrile-d3. 

[Ru(bpy)2(bisbpy)PdCl2] (PF6)2
 

[Ru(bpy)2(bisbpy)PtCl2] (PF6)2
 

[Ru(dceb)2(bisbpy)PdCl2] (PF6)2
 

[Ru(dceb)2(bisbpy)PtCl2] (PF6)2
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In all heterodinuclear complexes, the pyridine ring C/D (complexed) protons (H3” – H6”) 

/ H3”’ – H6”’) are shifted slight downfield (0.01 – 0.05 ppm) as shown in Table 5.1. 

There is a large downfield shift 0.40 – 0.70 ppm for the pyridine ring A/B of all the 

heterodinuclear complexes compared to the mononuclear complexes. The H6 is the most 

deshielded proton due to Pd / Pt complexation. The two Pd complexes 

[Ru(bpy)2(bisbpy)PdCl2]
2+ 

and [Ru(dceb)2(bisbpy)PdCl2]
2+ 

undergo upfield shifts for H6 

/ H6’ compared to the two Pt complexes [Ru(bpy)2(bisbpy)PtCl2]
2+ 

and 

[Ru(dceb)2(bisbpy)PtCl2]
2+

. This is attributed to the less efficient metal deshielding effect 

of the Pd metal (4d orbital) with compared to the Pt metal (5d orbital) as depicted in 

Table 5.1. In these four heterodinuclear complexes (two Ru-Pd and two Ru-Pt 

complexes), the H3 – H5 and H3’ – H5’ observed have similar chemical shifts but for 

proton H6 and H6’ observed different chemical shifts when complexed with Pd metal 

compared to Pt metal.  This is attributed to the metal deshielding properties of Pd and Pt 

metal as shown in Table 5.1. 2D-COSY 
1
H-NMR provides useful information for the 

correlation of the rest of the protons; the four complexes 2D-COSY 
1
H-NMR spectra are 

depicted in Figure 5.20, 5.21, 5.22 and 5.23. 

 

Figure 5.20: 2D-COSY NMR of the [Ru(bpy)2(bisbpy)PdCl2]
2+

 in d3-acetonitrile. 
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Figure 5.21: 2D-COSY NMR of the [Ru(bpy)2(bisbpy)PtCl2]
2+

 in d3-acetonitrile. 

 

Figure 5.22: 2D-COSY NMR of the [Ru(dceb)2(bisbpy)PdCl2]
2+

 in d3-acetonitrile. 
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Figure 5.23: 2D-COSY NMR of the [Ru(dceb)2(bisbpy)PtCl2]
2+

 in d3-acetonitrile. 

 

The complexes [Ru(dceb)2(bisbpy)PdCl2]
2+

 and [Ru(dceb)2(bisbpy)PtCl2]
2+

 contained 

dichloromethane and n-hexane which is shown in the 
1
H-NMR (Figure 5.25) and also 

confirmed by CHN analysis.  

 

Figure 5.25: 
1
H-NMR of [Ru(dceb)2(bisbpy)PdCl2]

2+
 in CD3CN. 

dichloromethane n-hexane 
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5.3.3 UV-Vis absorption, emission and luminescence properties of the 

Ru(II) mononuclear and heterodinuclear complexes.  

 

The photophysics and spectroscopy of the ruthenium(II) polypyridyl homodinuclear 

complexes with bisbpy as a bridging ligand and Ru heterodinuclear complexes have been 

studied.
28

 These studies provided information of the intramolecular interaction between 

the ligands and the metal centre present. 

 

 

Complex 

 

Absorption 

λmax (nm) 

(ε = 10
4 

M
-1

cm
-1

) 

 

Emission 

λmax (nm) 

at 293 K 

 

τ 
a
 (ns) 

(deaerated) 

at 293 K 

 

Ф 
b 

(deaerated) 

at 293 K 

 

[Ru(bpy)3]
2+

 
37 

 

 

453 (1.3) 

 

605 

 

576 

 

0.068 
c, 37

 

 

[Ru(dcmb)3]
2+ 38 

 

467 (1.97) 

 

631 

 

1174 

 

- 

 

[Ru(bpy)2(bisbpy)Ru(bpy)]
4+

 
28, 39 

 

 

450 (2.53) 

 

663 

 

215
 d

 

 

0.040 

 

[Ru(bpy)2(bisbpy)]
2+ 

 

 

448 (1.16) 

 

633 

 

755 

 

0.040 

 

[Ru(dceb)2(bisbpy)]
2+ 

 

 

475 (1.13) 

 

647 

 

825 

 

0.101 

 

[Ru(bpy)2(bisbpy)PdCl2]
2+ e 

 

 

447 (1.02) 

 

 

655 

 

  τ1 = 17 (37 %) 

τ2 = 218 (63%) 

 

0.044 

 

[Ru(bpy)2(bisbpy)PtCl2]
2+ 

 

447 (1.15)  

664 

 

331 

 

0.017 

 

[Ru(dceb)2(bisbpy)PdCl2]
2+ e 

 

 

475 (1.76) 

 

 

647 

 

τ1 = 42 (60 %)                                                                                                                  

τ2 = 325 (40 %) 

 

0.033 

 

[Ru(dceb)2(bisbpy)PtCl2]
2+ 

 

 

475 (1.63) 

 

644 

 

534 

 

0.054 

 

a Lifetime determined by time correlated single photon counting at 293 K in deaerated acetonitrile solution. 

b Quantum yield of an excited state emission (deaerated Acetonitrile at λ = 455 nm). 

c Lifetime of the [Ru(bpy)3 ]
2+ in deaerated acetonitrile using freeze-pump-thaw degassing. 

d Lifetime in aerated acetonitrile at 293 K  temperature.  

e Bi-exponential decay fits curve (relative percentage in bracket). 

Table 5.2: Photophysical properties of all ruthenium monomer and heterodinuclear 

complexes synthesised carried out in spectroscopy grade aerated acetonitrile at 293 K. 
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Time correlated single photon counting (TCSPC) was used to determine the emission 

lifetime of the compounds, as described in chapter 2, these were carried out by Mr. Suraj 

Soman. The TCSPC measurements were carried out at room temperature in deaerated 

acetonitrile solution. All complexes were excited at wavelength of 360 nm and the time 

response of their emission at the appropriate wavelength was recorded. The results are 

shown in figure 5.29, 5.30 and 5.31. The corresponding lifetimes for mononuclear and 

heterodinuclear Ru – Pt complexes were obtained using single exponential fits on the 

decay curves, and bi-exponential fits for heterodinuclear Ru – Pd complexes with relative 

percentage are as listed in Table 5.2.  

 

UV-Vis absorption data are shown in Table 5.2; with spectra of are shown in Figure 5.26, 

5.27 and 5.28. The absorption spectra of all these compounds are essentially similar to 

that of other Ru(II) – based polypyridine complexes and can be accordingly interpreted.
3, 

28, 39
 The high intensity absorption bands in the UV region can be ascribed to 

1
LC 

transitions. In particular, the peak at 280 nm can be attributed to the bpy peripheral ligand 

and 320 nm attributed to the dceb peripheral ligand. The band around 330 – 360 nm is 

assigned to the bisbpy bridging ligand. Moderately intense 
1
MLCT bands were observed 

in the 400 – 550 nm regions. One can note the non-chromophoric nature of the PdCl2 / 

PtCl2 fragments in the sense that there is no absorption band that clearly involves this 

unit. However, following coordination with PdCl2 / PtCl2 changes in the UV-Vis spectra 

are indicated at 330 nm as shown in Figure 5.27 and 5.28. 

 

The spectra obtained for the complex [Ru(bpy)2(bisbpy)]
2+ 

(see Figure 5.26) is in good 

agreement with the results of homodinuclear compound [Ru(bpy)2(bisbpy)Ru(bpy)2]
4+ 

reported by Vos and coworkers.
28, 39

 A comparison of the mononuclear 

[Ru(bpy)2(bisbpy)]
2+ 

compound with the homoleptic [Ru(bpy)3]
2+

 complex suggests that 

the absorption bands at 325 nm is based on the bisbpy ligand.  The very intense peak at 

285 nm is assigned to bpy, due to its appearance in all the spectra. 
28, 39

 In the visible 

region, the mononuclear compound [Ru(bpy)2(bisbpy)]
2+

 has a broad absorption peak 

with two shoulders. One shoulder is at 425 nm and the second shoulder is situated at 

lower energy, at 448 nm. Those peaks in the visible region belong to metal to ligand 
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charge transfer transitions. In contrast, the MLCT peak of the homoleptic [Ru(bpy)3]
2+

 

shows only one clear maximum at 453 nm.
37

 The broad peak in the mixed ligand 

complex [Ru(bpy)2(bisbpy)]
2+

 is explained by considering the contributions of Ru → bpy 

as well as Ru → bisbpy MLCT transitions, whereas the shoulder at 448 nm can be 

assigned to a Ru → bisbpy π* MLCT.
28

 The superposition of those peaks results in the 

broad absorption features. The energy shift of the MLCT bands compared to [Ru(bpy)3]
2+

 

are explained by the higher π-acceptor and weaker σ – donor properties of bisbpy 

compared to bpy. Due to the weaker σ – donor strength the metal d-orbitals are stabilised. 

Therefore, the energy gap between the ruthenium t2g orbitals and the bpy π* orbital 

increases, resulting in a blue shift of this transition (Ru → bpy 
1
MLCT) in comparison to 

[Ru(bpy)3]
2+

. 

 

 

Figure 5.26: Absorption and emission spectra of the [Ru(bpy)2(bisbpy)]
2+ 

(black) (λex = 

448 nm) and [Ru(dceb)2(bisbpy)]
2+

(red) (λex = 475 nm) at room temperature in 

acetonitrile solution (deaerated). 
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The ruthenium monomer complex [Ru(bpy)2(bisbpy)]
2+

 exhibit luminescence at room 

temperature in the red region of the spectrum following excitation with 448 nm (Figure 

5.26). The complex [Ru(bpy)2(bisbpy)]
2+ 

emits at 633 nm with an excited state lifetime 

(τ) of 755 ns and Φem of 0.04 in deaerated acetonitrile. The emission maxima were 

observed at 633 nm, indicates a bipyridine based emission, and is 33 nm blue shifted 

compared to homodinuclear complex [Ru(bpy)2(bisbpy)Ru(bpy)2]
4+

 (τ = 215 ns in 

aerated acetonitrile).
28

 In [Ru(bpy)2(bisbpy)-Ru(bpy)2]
4+

 compounds the emitting state 

may be based on the bisbpy bridging ligand or on the peripheral bipyridyl ligands but the 

absorption spectrum of [(bpy)2Ru(bisbpy)Ru(bpy)2]
4+

 shows a strong shoulder in the UV 

region at 330 nm which may indicate lower energy π – π* transitions in the bridging 

ligand.
28

 In comparison, the emission maximum for [Ru(bpy)3]
2+

 is situated at 605 nm. 

Considering the homoleptic complex [Ru(bpy)3]
2+ 

the originating level must be the π*-

orbital of the bipyridine ligands (τ = 860 ns, Φem = 0.068 deaerated acetonitrile).
37

   

 

In case of the 4,4’-Diethoxycarbonyl-2,2’-bipyridine (dceb) mononuclear analogue 

complex [Ru(dceb)2(bisbpy)]
2+

 (see figure 5.26), The comparison of the mononuclear 

ester [Ru(dceb)2(bisbpy)]
2+ 

compound with the homoleptic [Ru(dcmb)3]
2+

 (dcmb = 4,4’-

Dimethoxycarbonyl-2,2’-bipyridine)
38

 complex allows the allocation of the absorption 

bands at 350 nm to the bisbpy ligand. Also the very intense peak at 307 nm can be 

assigned to dceb, due to their appearance in all the spectra and better π-acceptor. 

Transitions in the ultraviolet part of the spectrum belong to ligand centered absorptions 

(dceb and bisbpy ligands). In the visible region, a mononuclear compound 

[Ru(dceb)2(bisbpy)]
2+

 feature a broad absorption peak with two shoulders. One shoulder 

is at 430 nm (Ru → dceb; MLCT) and the second shoulder is situated at lower energy at 

475 nm (Ru → bisbpy; MLCT). These peaks in the visible area of the light belong to 

metal to ligand charge transfer transitions. In case of homoleptic [Ru(dcmb)3]
2+ 

a single 

absorption with maximum at 467 nm (Ru → dcmb; 
1
MLCT) was observed.

38  
The 

absorption maxima was red shifted in the case of the heteroleptic compound 

[Ru(dceb)2(bisbpy)]
2+ 

probably occurs as a result of a decrease in symmetry and an effect 

of electron-withdrawing properties. The superposition of those peaks results in the broad 

absorption features. The shift of the MLCT bands compared to [Ru(dcmb)3]
2+

 is 
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explained by the higher π-acceptor and weaker σ – donor properties of bisbpy compared 

to dceb. Due to the weaker σ – donor strength the metal d-orbitals are stabilised. 

Therefore, the energy gap between the ruthenium t2g orbitals and the dceb π* orbital 

increases, resulting in a blue shift of this transition (Ru → dceb 
1
MLCT) in comparison to 

[Ru(dcmb)3]
2+

.
38 

 

The ruthenium mononuclear complex [Ru(dceb)2(bisbpy)]
2+

 exhibit luminescence at 

room temperature in the red region of the spectrum after excitation with 475 nm (Figure 

5.26). The complex [Ru(dceb)2(bisbpy)]
2+ 

emits at 647 nm with an excited state lifetime 

(τ) of 825 ns and Φem of 0.101 in deaerated acetonitrile. In comparison, the emission 

maximum for [Ru(dcmb)3]
2+

 is situated at 631 nm (τ = 825 ns in deaerated acetonitrile).
38

 

Generally, in the case of ruthenium polypyridyl complexes, the emission occurs from the 

lowest triplet MLCT excited state.
3
 Considering the homoleptic reference complex 

[Ru(dcmb)3]
2+

 the originating level must be the π* orbital of the dcmb ligands. In 

contrast, the emission maximum for the mixed chelate complex [Ru(dceb)2(bisbpy)]
2+

 

lies at lower energies. The difference is ~16 nm. This is in close proximity to 

[Ru(dcmb)3]
2+

 whose luminescence occurs at 631 nm, indicating that the luminescence 

may be [Ru(dcmb)] based. This shift and the appearance of only one band leads to the 

assumption that the emission may occur from the Ru → dceb 
3
MLCT excited state shown 

in Figure 5.26.
38 

 

In figure 5.27 and 5.28 the absorption and emission spectra for complexes 

[Ru(bpy)2(bisbpy)PdCl2]
2+

, [Ru(dceb)2(bisbpy)PdCl2]
2+

, [Ru(bpy)2(bisbpy)PtCl2]
2+

 and  

[Ru(dceb)2(bisbpy)PtCl2]
2+

 shows similar effects as seen in the two mononuclear 

complexes [Ru(bpy)2(bisbpy)]
2+

 and [Ru(dceb)2(bisbpy)]
2+

. In all the heterodinuclear 

complexes, the peak at 285 nm is attributed to the bpy peripheral ligand and 310 nm 

assigned to the dceb peripheral ligand, the band around 340 – 360 nm is assigned to the 

bisbpy bridging ligand.
28, 39

 Moderately intense 
1
MLCT bands are observed in the 400 – 

500 nm regions. Thus for the heterodinuclear complexes [Ru(bpy)2(bisbpy)PdCl2]
2+

, 

[Ru(dceb)2(bis-bpy)PdCl2]
2+

, [Ru(bpy)2(bisbpy)PtCl2]
2+

 and  [Ru(dceb)2(bisbpy)PtCl2]
2+

 

lowest energy 
1
MLCT transitions Ru → bisbpy are observed at 447 nm, 447 nm, 475 nm 
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and 475 nm respectively; small shoulder of lowest energy 
1
MLCT transitions Ru → bpy / 

dceb are observed at 403 nm, 403, 444 nm and 444 nm respectively. There is no such 

effect observed due to progressive lowering of the π* orbital of the bridging ligand when 

the free chelating site connects to a formally uncharged unit (PdCl2) and (PtCl2).
40

  

 

Figure 5.27: Absorption and emission spectra of the [Ru(bpy)2(bisbpy)PdCl2]
2+ 

(black) 

(λex = 447 nm) and [Ru(bpy)2(bisbpy)PtCl2]
2+

(red) (λex = 447 nm) at room temperature 

in acetonitrile solution (deaerated). 

 

The 
1
MLCT band Ru → bisbpy π* in the complex [Ru(dceb)2(bisbpy)PdCl2]

2+
 is blue 

shifted by 8 nm compared to [Ru(bpy)2(bisbpy)PdCl2]
2+

 and [Ru(dceb)2(bis-bpy)PtCl2]
2+

 

is blue shifted by 20 nm compared to [Ru(bpy)2(bisbpy)PtCl2]
2+

, and similar effects were 

seen above for the mononuclear [Ru(bpy)2(bisbpy)]
2+ 

and [Ru(dceb)2(bisbpy)]
2+ 

due to 

the π-acceptor properties of the peripheral ligands. The 
1
MLCT band Ru → bisbpy π* is 

blue shifted by 9 nm for [Ru(bpy)2(bisbpy)PdCl2]
2+

 complexes compared to 

[Ru(bpy)2(bisbpy)PtCl2]
2+

 as expected because the palladium(II) center is much more 

difficult to oxidize than the platinum(II) center.  Therefore, 
1
MLCT transitions should 

occur at higher energy in palladium complexes than in the platinum complexes.
41
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Figure 5.28: Absorption and emission spectra of the [Ru(dceb)2(bisbpy)PdCl2]
2+ 

(black) 

(λex = 475 nm) and [Ru(dceb)2(bisbpy)PtCl2]
2+

(red) (λex = 475 nm) at room temperature 

in acetonitrile solution (deaerated). 

 

The complexes [Ru(bpy)2(bisbpy)PdCl2]
2+

, [Ru(dceb)2(bisbpy)PdCl2]
2+

, [Ru-

(bpy)2(bisbpy)PtCl2]
2+

 and  [Ru(dceb)2(bisbpy)PtCl2]
2+

 emit at room temperature and 

their emission is quenched compared to mononuclear complexes with similar 

concentrations (compared Figure 5.26 to Figure 5.27 and 5.28).  The complexes 

[Ru(bpy)2(bisbpy)-PtCl2]
2+

 and  [Ru(dceb)2(bisbpy)PtCl2]
2+ 

emits at 664 nm and 644 nm 

with an excited state lifetimes of decay τ = 331 ns,  (ϕem = 0.017) and τ = 534 ns,  (ϕem = 

0.054), respectively, in deaerated acetonitrile. The complexes [Ru(bpy)2(bisbpy)PdCl2]
2+

 

and  [Ru(dceb)2(bisbpy)PdCl2]
2+ 

emits at 655 nm and 647 nm with bi-exponential decays 

with τ1 = 17 ns (rel. % = 37 %), τ2 = 218 ns (rel. % = 63 %),  ϕem = 0.044 and τ1 = 42 ns 

(rel. % = 60 %), τ2 = 325 ns (rel. % = 40 %),  ϕem = 0.033, respectively, in deaerated 

acetonitrile.This appearance of single band leads to the assumption that the emission is 

occurs from the Ru → bisbpy 
3
MLCT excited state for the complexes 

[Ru(bpy)2(bisbpy)PdCl2]
2+

 and [Ru(bpy)2(bis-bpy)PtCl2]
2+

 because the bisbpy ligand is a 

better π-acceptor (lowest π* orbital) than bpy, 
3
MLCT excited state is red shifted 

compared to [Ru(bpy)3]
2+

. By following the mononuclear complex [Ru(dceb)2(bisbpy)]
2+

, 

the emission state is assumed to be from the Ru → dceb 
3
MLCT excited state as 
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discussed earlier for both complexes [Ru(dceb)2(bisbpy)PtCl2]
2+

 and  [Ru(dceb)2(bis-

bpy)PtCl2]
2+

.
38

  

 

 

 

 

Figure 5.29: TCSPC spectra of the mononuclear complexes. The spectra were recorded 

at room temperature in deaerated acetonitrile solution, by exciting the samples with a 

wavelength of 360 nm and observing the emission at 633 nm (above) and 647 nm 

(below). The graphs were fitted (red line) using a single exponential decay function. 
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Figure 5.30: TCSPC spectra of the heterodinuclear Ru – Pd complexes. The spectra were 

recorded at room temperature in deaerated acetonitrile solution, by exciting the samples 

with a wavelength of 360 nm and observing the emission at 655 nm (above) and 647 nm 

(below). The graphs were fitted (red line) using a bi- exponential decay function. 
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Figure 5.31: TCSPC spectra of the heterodinuclear Ru – Pd complexes. The spectra were 

recorded at room temperature in deaerated acetonitrile solution, by exciting the samples 

with a wavelength of 360 nm and observing the emission at 664 nm (above) and 644 nm 

(below). The graphs were fitted (red line) using a single exponential decay function. 
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5.3.4 Photocatalytic hydrogen generation experiments. 

Table 5.3 represented the TONs of photocatalytical hydrogen generation intermolecular 

or intramolecular photochemical reaction of the listed complexes in this chapter.  

 

 

Run          Complexes 

TON {Water percentage} 

(Standard Deviation) 

{0 %} {5 %} {10 %} {15 %} 

1 [Ru(bpy)2(bisbpy)PdCl2]
2+

 0 5 (1) 16 (3)  13 (1) 

2 [Ru(bpy)2(bisbpy)PtCl2]
2+

 29 (2) 75 (8) 92 (4) 85 (4) 

3 [Ru(dceb)2(bisbpy)PdCl2]
2+

 23 (1) 513 (2) 360 (10) 198 (12) 

4 [Ru(dceb)2(bisbpy)PtCl2]
2+

 13 (1) 258 (6) 286 (5 45 (1) 

5 
[Ru(dceb)2(bisbpy)]

2+ 
+ 

       [Pd(acetonitrile)2Cl2] 
- 489 (7) 321 (10) - 

6 [Ru(bpy)2(bisbpy)]
2+

 0 0 0 0 

7 [Ru(dceb)2(bisbpy)]
2+

 0 0 0 0 

8 [Pd(acetonitrile)2Cl2] 0 0 0 0 

9 No Catalyst (only TEA)
  0 0 0 0 

 

Table 5.3: Evaluation of heterodinuclear Ru-Pd / Ru-Pt complexes
 
(intramolecular 

catalysis) and mononuclear complexes [Ru(dceb)2(bisbpy)]
2+

 + [Pd(CH3CN)2Cl2] 

(intermolecular catalysis)
 
in photocatalytic hydrogen evolution reactions (4.08 × 10

-5
 M 

of catalysts and [Pd(CH3CN)2Cl2] in 2 cm
3
 containing 2.15 M TEA in ACN-H2O (0%, 

5%, 10% & 15% H2O (v/v)), 470 nm, 18 hours). Averages of 3 samples were taken for 

calculating TONs. 
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The photocatalytic hydrogen generation activity of each intramolecular Ru – Pd / Ru – Pt 

heterodinuclear complex and the intermolecular Ru(II) mononuclear complex 

[Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2] were evaluated. The complexes were 

irradiated in acetonitrile with vary percentages of water, presence of a sacrificial electron 

donor, triethyl amine (TEA), under N2 atmosphere (detailed procedure mentioned in 

chapter 2).  

 

Figure 5.32: Evaluation of [Ru(dceb)2(bisbpy)PdCl2]
2+ 

(intramolecular catalysis) and 

[Ru(dceb)2(bisbpy)]
2+ 

+ Pd(CH3CN)2Cl2 (intermolecular catalysis) 
 
in photocatalytic 

reactions (4.08 × 10
-5

 M of catalysts and Pd(CH3CN)2Cl2 in 2 cm
3
 containing of 2.15 M 

TEA in ACN-H2O (5% H2O v/v), 470 nm, 0 – 18 hours). S.D. ± 10 TONs or less. 

 

The photocatalytic hydrogen generation activity for each intramolecular heterodinuclear 

complex (Ru–Pd / Ru–Pt) and the intermolecular ester analogue of the Ru(II) 

mononuclear complex with [Pd(acetonitrile)2Cl2] were evaluated using water over 18 

hours photo-irradiation at 470 nm in an acetonitrile solution containing triethyl amine. As 
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shown in table 5.3, [Ru(dceb)2(bisbpy)PdCl2]
2+ 

(run 3), intermolecular photocatalysis of 

[Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2] (run 5) gave the highest TONs for 

photocatalytic hydrogen generation with TONs of 513 and 489 respectively. In 

intermolecular reaction suggested that the formation of intramolecular system when 

mixing the [Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2] (run 5), while without 

adding palladium precursor to the complexes [Ru(bpy)2(bisbpy)]
2+

 (run 6) and 

[Ru(dceb)2(bisbpy)]
2+

 (run 7) were not drive H2 evolution by TEA in the presence of 

water suggested that the Pd metal as catalytic centre is important to drive hydrogen. 

[Ru(bpy)2(bisbpy)PdCl2]
2+

 is not as effective a photocatalyst as the ester analogue 

[Ru(dceb)2(bisbpy)PdCl2]
2+

. All the heterodinuclear complexes show maximum TONs at 

10% water content except [Ru(dceb)2(bisbpy)PdCl2]
2+

 which shows maximum TONs of 

513 at 5% water content as depicted in Table 5.3.
42, 43

  

 

As shown in Table 5.3, all heterodinuclear complexes [Ru(bpy)2(bisbpy)PdCl2]
2+

, 

[Ru(dceb)2(bisbpy)PdCl2]
2+

, [Ru(bpy)2(bisbpy)PtCl2]
2+

, [Ru(dceb)2(bis-bpy)PtCl2]
2+

 and 

also intermolecular photocatalysis of  [Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2] 

produced hydrogen photocatalytically. Time dependent hydrogen efficiencies are shown 

in the Figure 5.32, for [Ru(dceb)2(bisbpy)PdCl2]
2+

 and intermolecular photocatalysis of 

[Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2]. The turn over frequency (TOF) 

provides the rate of TON of hydrogen per hour and stability of catalyst during irradiation. 

The TOF experiment for [Ru(dceb)2(2,5-dpp)PdCl2]
4+

 shows a smooth exponentially 

growing curve with an increment of hydrogen TON and amount of hydrogen in the head 

space which reached a maximum TON = 481 in 8 hours (TOF = 60 h
-1

) with 470 nm 

irradiation (see Table 5.4). The intramolecular reaction reached close to the maximum 

TON after 8 hours with only a slight increase on increasing irradiation time to 18 hours. 

The intermolecular reaction was slightly less efficient in early stages compared to the 

intramolecular reaction with a TONs 435 after 8 hours (TOF = 54.3 h
-1

). This value is 

close in efficiency to the intramolecular reaction (see Table 5.4). One explanation for the 

similarity in efficiency is due to the formation of heterodinuclear complex in situ during 

intermolecular photocatalysis of [Ru(dceb)2(bisbpy)]
2+

 with [Pd(acetonitrile)2Cl2].
43

 It 
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has been seen from figure 5.32 that the both systems still produce hydrogen after 18 hour 

of irradiation.  

 

Time 

(hour) 

TON {Water percentage (5%)} 

(mole of H2 / mole of catalyst) 

[Ru(dceb)2(bisbpy)PdCl2)]
2+

 
[Ru(dceb)2(bisbpy)]

2+   
+ 

[Pd(CH3CN)2Cl2] 

0 0 0 

1 110 41 

2 215 100 

3 290 186 

4 348 279 

5 405 351 

6 435 393 

7 465 425 

8 481 435 

12 490 465 

14 499 478 

16 505 486 

18 513 489 

 

Table 5.4: Evaluation of [Ru(dceb)2(bisbpy)PdC2]
2+ 

(intramolecular catalysis) and 

[Ru(dceb)2(bisbpy)]
2+ 

+ [Pd(CH3CN)2Cl2] (intermolecular catalysis) 
 
in photocatalytic 

hydrogen evolution reactions (4.08 × 10
-5

 M of catalysts and [Pd(CH3CN)2Cl2] in 2 cm
3
 

of 2.15 M TEA in ACN-H2O (5% H2O v/v), 470 nm, 0 – 18 hours). 3 samples were taken 

for calculating TONs (see figure 5.32). S.D. ± 10 TONs or less. 
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5.4 Summary and conclusion 

 
Chapter 5 details the synthetic methods available for the generation of mononuclear and 

heterodinuclear metal complexes utilising the method of “complexes as metal / 

complexes as ligands” strategy. Initially the heterodinuclear complexes (Ru – Pd) / (Ru – 

Pt) were synthesised and their properties, such as absorption, emission and luminescence 

were obtained (see Table 5.2). These results were taken in conjunction with the 

characterization tools of 
1
H-NMR and CHN to confirm the synthesis of these 

mononuclear and heterodinuclear complexes with properties similar to other families of 

ruthenium(II) complexes. 
1
H-NMR proved invaluable in determining the binding of the 

cyclometallated Pd moiety to the mononuclear complexes and then 2D-COSY proton-

NMR to determine coupling between protons in the molecule (see Table 5.1).  

 
The objective of this thesis is photocatalytic generation of hydrogen for the complexes 

discussed using water and sacrificial agent (TEA) by irradiation at 470 nm wavelength. 

Gas chromatography was used for measuring the gaseous products during the 

photocatalytic experiments. The compounds containing bridging ligand, bisbpy, in the 

mononuclear Ru(II) ([Ru(bpy)2(bisbpy)]
2+

/ [Ru(dceb)2(bisbpy)]
2+

) complexes did not 

produced hydrogen. The bisbpy analogues heterodinuclear complexes proved to be very 

efficient photocatalysts for hydrogen generation. The [Ru(dceb)2(bisbpy)PdCl2]
2+

 

intramolecular gave the highest TONs of 513 with 5% water content. The intermolecular 

reaction using [Ru(bpy)2(bisbpy)]
2+

 and [Pd(ACN)2Cl2] show more or less the same 

TONs of 489 with 5% water for hydrogen generation. The results were complimentary 

with the time dependent hydrogen production for calculating turn over frequency (TOF). 

The TOF provides the rate of TON of hydrogen per hour and stability of catalyst during 

irradiation. It was confirmed that water enhanced the production of hydrogen (0 – 15 %) 

and was at a maximum with 5% water for [Ru(dceb)2(bisbpy)PdCl2]
2+

, and solution 

containing 10 % water gave the highest amount of hydrogen for all other heterodinuclear 

complexes (see table 5.3).   
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Chapter 6: Photocatalytic Properties of Heterodinuclear 

Supramolecular Photocatalysts for the Production Hydrogen 

 

 

Abstract: 

 

The complexes synthesised in the previous chapters were designed for the photocatalytic 

generation of hydrogen from water. The results obtained in this chapter are compared 

and explained taking into account the reaction conditions and nature of the components 

of the photocatalytic compounds. The dependences of the H2-evolving activity on the 

peripheral ligands, bridging ligand, the Pd/Pt(II) dz
2
 orbital energy and the steric factors 

are discussed. On the basis of this comparison a possible mechanism for the generation 

of hydrogen is proposed.  
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6.1 Introduction 

 

• The most important aspect of a catalytic system is the catalyst’s ability to turn 

over, or perform the same reaction multiple times. The turnover number (TON) 

reflects a catalyst’s stability and efficiency under the employed conditions and 

describes its ability to generate a product. In photochemical reactions, light 

absorption and charge transport are essential components. Full operating 

efficiency is therefore determined by; 

• a system’s molar absorptivity at the useful wavelengths,  

• its quantum yield, or the reaction’s competence at making the desired product 

once a photon is absorbed, and  

• its longevity. The monetary expense of a photosynthetic operation is equal in 

importance to its functionality.  

 

For this reason, great emphasis has fallen on the development of catalysts derived from 

inexpensive starting materials, maximizing the power output per cost of fabrication. 

Accordingly, the final measure of a system’s success is the ratio of its full operating 

efficiency to its inherent costs. Bearing in mind these considerations, the development of 

a complete photosynthetic system becomes complicated by the need to simultaneously 

address many criteria.  

 

Owing to the inevitable complexity of both powering and directing multiple charge 

transfers during water photolysis, as discussed in Chapter 1, researchers separate the 

overall water cleavage reaction into two half cells, allowing an independent study of 

water oxidation and reduction, as shown in Scheme 6.1. Separating the two halves of the 

process is made possible by introducing sacrificial electron donors or acceptors as 

surrogates for the missing complementary half reaction. The specific choice of these 

sacrificial agents dictates the energetic potential of the net reaction and this choice is 

therefore important in developing a system that truly converts photonic energy into a 

chemical fuel. Typical sacrificial reductants for the formation of dihydrogen are tertiary 

amines such as 1,4-diazabicyclo[2.2.2]-octane (DABCO), triethylamine (TEA), N,N-
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dimethyl aniline (DMA), Ethylenediaminetetraacetic acid (EDTA) and triethanolamine 

(TEOA), which decompose after a one electron oxidation, allowing for maximal cage 

escape yield.
1
  

 

 

 

Scheme 6.1: Left: separation of water splitting reaction into independent half reactions. 

Right: introduction of sacrificial reductant (Red) and oxidant (Ox), allowing an 

independent study of water reduction and oxidation catalysis. 

 

Typically, chosen oxidants include persulfate, cobalt(III), and cerium(IV), all of whose 

oxidative potentials are strong enough to be considered irreversible. There are few 

examples of molecular catalysts that have been successfully employed in photochemical 

oxygen production.
2
 Rotzinger et. al.

2a
 reported controlled-potential electrolysis of cis-

[Ru
II
L2(OH2)]

2+
 (where L is 2,2’-bipyridyl-5,5’-dicarboxylic acid) in 0.5 M H2SO4 

solutions leads to the formation of a relatively durable and active molecular water-

oxidation catalyst. Detailed analyses by UV-visible absorption spectrophotometry, 

resonance Raman spectrophotometry, electrochemical measurements, HPLC, and 

elemental analysis indicate that the water-oxidation catalyst is an oxo-bridged dimer, 

[L2(H2O)Ru-O-Ru(OH2)L2]. The effectiveness of the oxo-bridged complex as a water-

oxidation catalyst has been evaluated by electrochemical and spectrophotometric 

analyses and by determining oxygen production.
2a

 This homogeneous catalyst is highly 

effective in mediating the thermal and visible-light-induced generation of oxygen from 

water. The presence of the COOH groups at the 5,5’-positions of the bipyridyl ligands 

correlates with the unusual and favorable properties of cis-[RuL2(OH2)2] and 

[L2(OH2)Ru-O-Ru(OH2)L2].
2a

 Nocera and coworkers,
2b

 reported a high surface area 

electrode functionalized with a cobalt-based oxygen evolving catalysts (Co-OEC = 

electrodeposited from pH 7 phosphate, Pi, pH 8.5 methylphosphonate, MePi, and pH 9.2 
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borate electrolyte, Bi).
2b

 Co-OEC prepared from MePi and operated in Pi and Bi achieves 

a current density of 100 mA cm
-2

 for water oxidation at 442 and 363 mV overpotential, 

respectively. The catalyst retains activity in near-neutral pH buffered electrolyte in 

natural waters and seawater.
2b

 Fundamentally, photosynthesis is the two step process of 

absorbing light and forming a fuel/oxidant pair. By independently developing species 

capable of absorption or catalysis, it becomes possible to fine tune each component 

individually before reassembling them into a complete catalytic cycle.  

 

Light-driven water photolysis starts with photoinduced charge separation. A molecular 

photosensitizer (PS) may absorb a photon to generate a vibrationally and electronically 

excited state, which quickly relaxes to the lowest-lying excited state, PS*. This excited 

state may then be quenched by another species via electron transfer, provided PS* is 

sufficiently long-lived. While conjugated organic molecules have been used as 

photosensitizers,
3, 4, 5 

the majority of employed molecular dyes rely on metal to ligand 

charge transfer (MLCT) transitions that exhibit strong absorbance in the visible part of 

the spectrum and relatively long excited state lifetimes. Some of the most studied 

molecular architectures in solar energy absorption are polypyridyl complexes of 

ruthenium(II). Tris(2,2’-bipyridine) ruthenium(II) ([Ru(bpy)3]
2+

) possesses strong 

absorbance in the visible spectrum (ε = 14000 M
-1

cm
-1

, λmax = 450 nm) and microsecond 

lifetimes at room temperature.
6
 However, it was found that the emission energy of 

ruthenium(II) tris-diimine complexes can be adjusted through ligand modification due to 

the presence of a low lying triplet metal centered (
3
MC) excited state.

7
 The detrimental 

effect of this short-lived and accessible 
3
MC state (see Chapter 1) is that the populating 

this anti-bonding, eg* molecular orbital (MO) weakens the metal–ligand bond, promoting 

degradation through ligand dissociation. In an effort to alleviate the constraint of the 
3
MC 

state, third row transition metals such as iridium
11

 have been targeted as alternative 

photosensitizers, since their greater ligand field splitting allows for a broader range of 

populated/unpopulated MO gap energies.
11

 Additionally, the absolute energies 

corresponding to the highest populated and lowest unpopulated MOs of heteroleptic 

iridium complexes incorporating 2 phenylpyridine (ppy) and one bpy can be adjusted 

independently of each other through chemical substitution on the peripheries of the ppy 
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and bpy ligands, respectively.
8,

 
9, 10

 This ability to selectively tune the critical MOs may 

prove useful in reuniting the PS with a pair of optimized catalysts. One disadvantage of 

the Ir(III) however is that most absorption bands observed for these type of complexes 

are in the UV region of the spectrum. 

 

Therefore, because its favorable absorption in the visible part of the spectrum, the 

luminescent excited state of tris(2,2’-bipyridine)ruthenium(II) (*[Ru(bpy)3]
2+

) has 

attracted most attention.
11, 12, 13

 This excited state, a strong reductant rapidly reduces even 

mild oxidants 
14, 15, 16 

 and is thermodynamically capable of reducing water to hydrogen. 

However there is no evidence that the latter reaction occurs rapidly in homogeneous 

solution. In the strategy employed here, the short-lived reductant *[Ru(bpy)3]
2+

 is 

transformed into the longer-lived, more strongly reducing ion, [Ru(bpy)3]
+
. It is proposed 

that [Ru(bpy)3]
+
 subsequently reduces a metal complex such as 

[Co
II
(Me6[14]dieneN4)(H2O)2]

2+ 18 
which in turn reacts rapidly with H3O

+
 or H2O to form 

an unstable hydride. For example, it has been noted that metal hydrides can be useful 

intermediates in the catalyzed photodissociation of water.
17

  

 

In 1979, Sutin et. al.,
18

 reported the success of two such systems for the photochemically 

initiated evolution of H2 from aqueous solution. Europium(II) 
19, 20

 and the ascorbate ion 

22
 react with *[Ru(bpy)3]

2+
 in aqueous solution to form high transient concentrations of 

[Ru(bpy)3]
+
. Macrocyclic cobalt(I) complexes such as [Co

I
(Me6[14]dieneN4)]

+
 have been 

shown by pulse-radiolysis studies 
21

 to react rapidly with H3O
+
. The related cobalt(I) 

complex, [Co
I
(Me6[14]tetraeneN4)]

+
, reacts with H2O and other protic solvents with the 

evolution of H2, 
22

 From electrochemical data in CH3CN, 
23, 24

 the [Ru(bpy)3]
+
 ion is 

thermodynamically capable of reducing [Co
II
(Me6[14]dieneN4)(H2O)2]

2+
 (Co

II
L) to the 

corresponding Co(I) complex. A system consisting of [Ru(bpy)3]
2+

, Co
II
L, and either 

ascorbate ion or Eu(II) is therefore a rationally designed system in which to attempt the 

catalyzed photoreduction of water using visible light. 

 

Recently, there has been a considerable amount of recent work invested in linking a 

photosensitizing unit to a water reduction catalyst. Such bridged systems may result in 



Chapter 6: Photocatalytic Properties of Heterodinuclear Supramolecular Photocatalysts for the Production 

Hydrogen. 

 243

increased electron transfer rates, while the adjustment of orbital energies and overlap 

allows for a long-lived charge-separated state. Many systems use the same catalyst and 

photosensitizer prototypes that have been discussed in chapters 1.
25 

Connecting the 

photosensitizer to a water reducing catalyst might prove to be advantageous, but knowing 

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

of bridged systems use Pt(II) or Pd(II) based catalysts for proton reduction, the formation 

of a metallic colloid by reduction of the catalytic site is a concern and needs to be 

addressed. Specifically since the formation of a potentially more efficient colloidal 

catalysts must be considered. Recently, the photoinduced decomposition of a catalyst 

similar to structures reported in chapter 1 was shown by ESI-MS, while the formation of 

the Pd colloids was observed by TEM and XPS during hydrogen production.
26

 In 

addition, the possibility of dissociation of the catalytic centre from the bridge in 

intramolecular photocatalysts needs to be investigated. Therefore, such systems must be 

studied in detail with carefully selected conditions to determine the nature of the catalytic 

species. 

 

 

 

Figure 6.1: Chemical structures of the photocatalysts synthesised in this thesis (contd. to 

next page). 
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Figure 6.1: Chemical structures of the photocatalysts synthesised in this thesis. 

 

Chapters 3, 4 and 5 reported the synthesis and the photocatalytic properties of the number 

of new photocatalysts (Figure 6.1) which have some similar with structures reported in to 

literature,
25, 26

 The photocatalytic properties of these compounds will be discussed and 

compared in detail in this chapter.   
 

 

 

6.2 Result and discussions. 

 

The name of the heterodinuclear complexes used in this chapter is the same as that listed 

in chapters 3, 4 and 5, as shown in figure 6.1.  

 

6.2.1 Comparative analysis of photocatalytic properties.  

 

6.2.1.1 Effect of an electron-withdrawing group attached to the peripheral ligand 

and deuteriation of peripheral / bridging ligands. 

 

Since the absorption features of the compound are important from a photocatalytic point 

of view, the electronic spectra of the compounds are discussed briefly. The photophysical 

and photochemical properties of mixed-ligand polypyridyl ruthenium(II) model 



Chapter 6: Photocatalytic Properties of Heterodinuclear Supramolecular Photocatalysts for the Production 

Hydrogen. 

 245

complexes [Ru(tbbpy)3]
2+

, [Ru(tbbpy)2(dcmb)]
2+

 and [Ru(dcmb)3]
2+

 (where ligands 

tbbpy; 4,4’-di-tert-butyl-2,2’-bipyridine and dcmb; 4,4’-dimethoxycarbonyl-2,2’-

bipyridine) were studied by Rau. et. al.
27

 The absorption spectra of the homoleptic 

compounds [Ru(dcmb)3]
2+

 and [Ru(tbbpy)3]
2+

 in dichloromethane show a single 

maximum at 464 nm and 461 nm, respectively. The heteroleptic compound 

[Ru(tbbpy)2(dcmb)]
2+

 shows two maxima at 424 nm and 488 nm (see Figure 6.2), which 

can be assigned to the two possible MLCT states of the two different ligands, 

corresponding to a transition from the d orbital of the ruthenium centre to the π* orbital 

of tbbpy or dcmb. The red shift in the absorption maxima in the case of the heteroleptic 

compounds probably occurs as a result of a decrease in symmetry and a cumulative effect 

of electron withdrawing and electron-donating properties which is supported by 

resonance Raman and electrochemical data.
27, 28, 29 

 

 

 

Figure 6.2: Schematic representation of the 
1
MLCT transitions (in dichloromethane) of 

the compounds [Ru(tbbpy)3]
2+

, [Ru(tbbpy)2(dcmb)]
2+

 and [Ru(dcmb)3]
2+

 (in nm).
27 

 

Similarly, when comparing the complexes containing 2,5-dpp/ bisbpy as bridging ligands 

and dceb as peripheral ligands, the 
1
MLCT absorption maxima of [Ru(dceb)3]

2+
 

27, 28
, 

[Ru(dceb)2(2,5-dpp)]
2+

 
30

 and [Ru(dceb)2(bisbpy)]
2+

 are observed at 467 nm, 467 nm and 

475 nm in acetonitrile. The position of the lowest energy 
1
MLCT transition Ru → ligand 
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changes when one dceb unit in [Ru(dceb)3]
2+ 

is replaced with 2,5-dpp or the bisbpy 

bridging ligands. There is not much change in the absorption maxima when 2,5-dpp was 

used as a bridging ligand, but the maximum is red shifted when the more conjugated π-

electron bisbpy ligand was used. There is a lowering of the π* orbital of the bridging 

ligand when the free chelating site is coordinated by PdCl2 or PtCl2 units.
30

  

 

For the complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, the lowest energy 
1
MLCT transition Ru → 

2,5-dpp is observed at 526 nm,
30

 however for the complex [Ru(dceb)2(bisbpy)PdCl2]
2+

, 

the lowest energy 
1
MLCT transition, Ru → bisbpy is observed at 475 nm. There was no 

change in absorption maxima for this complex when compared to the mononuclear 

complex, suggesting limited interaction between the two metal centres. The similar trend 

has been observed for PtCl2 containing complexes for [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 

(
1
MLCT = 540 nm) and [Ru(dceb)2(bisbpy)PdCl2]

2+
 (

1
MLCT = 475 nm) (see chapter 3 

and 5). 

 

Sakai and coworkers reported that the photoinduced hydrogen generation via 

intramolecular electron transfer from the [Ru*(bpy)2(phen)]
2+

 (Ru* = absorb light) unit to 

the PtCl2(R-bpy) unit in complexes B, B1 and B2 as shown in Figure 6.3, is enhanced by 

the introduction of an electron withdrawing group (R = COOH or COOEt) on the Pt 

bound polypyridyl ligand. These results are in agreement with the difference observed in 

the first reduction potential (E½ = -1.20 V (B), -1.23 V (B1) and -1.39 V (B2)) and DFT 

analysis for these compounds.
31 

 

 

Figure 6.3: Electron withdrawing group effects on photochemical hydrogen production 

by Sakai et. al.
25c
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Since the energy level of the π* orbital of the bpy ligand bound to the cis-PtCl2 unit 

largely affects the photoinduced electron transfer efficiency together with the photo-

hydrogen generation of these molecular devices, two structural analogues of B in figure 

6.3 (i.e., B1: R = COOEt and B2: R = CH3; see Figure 6.3) were developed by 

substituting the carboxyl group of B (R = COOH) with either the ethoxycarbonyl group 

in B1 (R = COOC2H5) or the methyl group in B2 (R = CH3). As illustrated in Figure 6.4, 

the energy level of the LUMO, corresponding to the π* orbital of the PtCl2(bpy) unit, 

gradually increases with increasing electron-donating character of the substituent group 

R.
31

 Since the energies of the 
3
MLCT exited states of these complexes are not greatly 

affected upon changing the group R substituent, the driving force for the intramolecular 

photo-electron transfer is primarily governed by the first reduction potential at the bpy 

ligand (E½ = -1.20 V (B), -1.23 V (B1) and -1.39 V (B2)) bound to the cis-PtCl2 unit.
31

  

 

 

Figure 6.4: Energy level diagram of the photochemical events for the Ru(II)Pt(II)-based 

photo-molecular devices by sakai et. al.
31 



Chapter 6: Photocatalytic Properties of Heterodinuclear Supramolecular Photocatalysts for the Production 

Hydrogen. 

 248

The driving forces for the photo-electron transfer were estimated as −0.16 eV for B, 

−0.09 eV for B1, and 0.06 eV for B2 as shown in Figure 6.4, clearly indicating that the 

photoinduced electron transfer in B2 is an uphill process.
31

 As expected from these 

results, strong platinum induced quenching of the emission was observed in B1 and for B, 

but not for B2.
31

 In accord with these results, the photo-hydrogen activity of B1 was lower 

than that observed for B, while B2 did not show any detectable photo-hydrogen activity 

as shown in Figure 6.3.
31

 The observed clear relationship between the photo-hydrogen 

activity and the driving force for the photoinduced electron transfer can be regarded as an 

important guideline for the structural design of more highly active photo-molecular 

devices. 

 

 

Run 

 

Complexes 

TON  

(with 5 % water) 

{S.D.} 

TOF / h
-1

  

(with 5 % water) 

1. [Ru(bpy)2(bisbpy)PdCl2]
2+ 

5 {1} 1 

2. [Ru(bpy)2(bisbpy)PtCl2]
2+

 75 {8} 9 

3. [Ru(dceb)2(bisbpy)PdCl2]
2+

 513 {2} 64 

4. [Ru(dceb)2(bisbpy)PtCl2]
2+

 258 {6} 32 

5. [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 0 0 

6. [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 0 0 

7. [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 403 {15} 50 

8. [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 14{1} 2 

9. [Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+

 0 0 

10. [Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
2+

 0 0 

11. [Ru(bpy)2(2,5-bpp)]
2+ 

+ (NH4)2[PdCl4] 50 {3} 6 

12. [Ru(D8-bpy)2(2,5-bpp)]
2+ 

+ (NH4)2[PdCl4] 49{3} 6 

 

Table 6.1: Photocatalytic activity of the listed complexes, ((Conc. of catalyst = 4.08×10
-5 

M and TEA (conc.) = 2.15 M in anhydrous acetonitrile with 5 % water), 18 hours 

irradiation at 470 nm); TOF = TON per hour. 
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In table 6.1, a comparison of non-ester and ester analogues containing 2,5-dpp and bisbpy 

bridging ligands shows that the ester analogues are more efficient photocatalysts then the 

non-ester analogues. The exact reason for this behaviour of ester complexes is still in 

processes but may be due to their photophysical properties. The non-ester analogues 

[Ru(bpy)2(bisbpy)PdCl2]
2+

 (run 1), [Ru(bpy)2(bisbpy)PtCl2]
2+

 (run 2), [Ru(bpy)2(2,5-

dpp)PdCl2]
2+

 (run 5) and [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 (run 1) are not good photocatalysts 

for the reduction of water compared to the ester-analogues as shown in run 3, 4, 7 and 8. 

The photocatalytic generation of hydrogen of the heterodinuclear complexes listed in 

Figure 6.1, increased when an electron-withdrawing group was attached at the peripheral 

ligands (see table 6.1), due to stabilisation of the ground state, as the energy gap between 

orbital Ru
2+

 d(t2
g
) – π*(dceb) orbital decreases.

27
 This demonstrate that the energetic 

separation between the 
3
MLCT state and the reactive 

3
MC state can be controlled by 

designing complexes having a ligand with a low-energy π* level.  

 

Run 9 and 10 in table 6.1, the D8-bpy complexes, [Ru(D8-bpy)2(2,5-dpp)PdCl2]
2+

 and 

[Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
2+

 show no hydrogen activity. Deuterium is a stable 

isotope of hydrogen and has an increased molar mass of 2 g/mol. When bound to carbon, 

due to the higher mass, a reduction in amplitude and frequency of the vibrational 

stretching modes is observed. This results in a slower vibrational relaxation which causes 

an increase of the lifetime of the excited state. However, an increase of lifetime due to 

deuteriation is only observable when there is a significant contribution of the C-H 

stretching to the radiationless decay.
32, 33, 34, 35, 36

 The complexes [Ru(D8-bpy)2(2,5-

dpp)PdCl2]
2+

 and [Ru(D8-bpy)2(D10-2,5-dpp)PdCl2]
2+

 observed no increase in lifetime 

compared to the non-deuteriated complexes (see table 3.5 and 3.6, chapter 3) because of 

the very short emission lifetimes observed for both non-deuteriated and deuteriated 

complexes (ττττ = < 0.5 ns). It was expected that the hydrogen TON may increase with an 

increase in lifetime following deuteriation of the peripheral and bridging ligands in the 

complexes.  Experiments 11 and 12 indicate that an intermolecular reaction of non-

deuteriated mononuclear complex [Ru(bpy)2(2,5-bpp)]
2+ 

 (TON = 50) (ττττ = 442 ns) and 

deuteriated mononuclear complex [Ru(D8-bpy)2(2,5-bpp)]
2+ 

 (TON = 49) (ττττ = 525 ns) 
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with a palladium precursor (NH4)2[PdCl4] shows the same amount of hydrogen was 

produced.  

 

6.2.1.2 Effects of the amount of water on the photocatalytic properties. 

 

Table 6.2, shows the effect that various quantities of water had on the hydrogen turn over 

number. When the water concentration increases, from 0-5% the amount of hydrogen 

increases for all complexes however upon further addition of water to the photocatalytic 

solution, the TON decreases for runs 4,6 and 7 but increases for the others. At 15% water 

H2 production decreases for all the complexes. This may be due to insolubility of catalyst 

in the solution as shown in run 1-7 with 15 % water. The activating effect of water might 

be the result from altered solvent polarity, increased proton mobility, or the propensity of 

water molecules to act as ligands at the Pd / Pt center.
37, 38

 Run 3, shows formation of 

black precipitates for the cyclometallated complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

(intermolecular as well as intramolecular reaction), possibly due to Pd colloids, which act 

as active catalytic species,
26

 however the remaining complexes in Table 6.2, showed no 

black precipitates. 

 
 

Run 

 

Complexes 

TON  

with H2O % 

0% 5% 10% 15% 

1. [Ru(bpy)2(bisbpy)PdCl2]
2+ 

0 5 16 13 

2. [Ru(bpy)2(bisbpy)PtCl2]
2+

 29 75 92 85 

3. [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 0 108 130 94 

4. [Ru(dceb)2(bisbpy)PdCl2]
2+

 23 513 360 198 

5. [Ru(dceb)2(bisbpy)PtCl2]
2+

 13 258 286 45 

6. [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 0 403 313 94 

7. [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 0 14 7 4 

 

Table 6.2: Photocatalytic activity of the listed complexes, ((Conc. of catalyst = 4.08×10
-5 

M, except for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

= 6.0×10
-5 

M and TEA (conc.) = 2.15 

M in anhydrous acetonitrile with 0-15 % water (v/v)), 18 hours irradiation at 470 nm 

light). S.D. ± 15 TONs or less. 
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6.2.1.3 Time and wavelength dependent studies on the photocatalytic properties. 

 

The TON-spectra discussed in this contribution refer to the integrated amount of 

hydrogen produced over the course of 8 hours irradiation, while Table 6.3 and Fig. 6.6 

reflect the entire time-course of the catalytic reaction in terms of the irradiation-time 

dependence of the TON, called turnover frequency (TOF = TON per hour). Time 

dependent studies of the complexes shown in figure 6.5, illustrate the photocatalytic 

activity for hydrogen production for the different compounds. [Ru(dceb)2(2,5-

dpp)PdCl2]
2+ 

and [Ru(dceb)2(bisbpy)PdCl2]
2+ 

produce hydrogen much more efficiently 

(TON = 390 and 481, respectively) under the stated conditions while the TON reduces to 

124 for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

. The turnover frequency measured for the 

complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 is TOF = 49 h
-1

 with an induction period for the 

first 2 hours. After 1 hour irradiation of [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, a TON of 5.0, 

reflects a small amount hydrogen-produced followed by a sudden rise in the amount of 

hydrogen until 4 hours (TON = 341) and a further small increase to reach maximum TON 

after 8 hours (TON = 390).  The catalytic activity of the complexes 

[Ru(dceb)2(bisbpy)PdCl2]
2+

 (TOF = 60 h
-1

) and [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

(TOF = 16 h
-1

) show a constant increase in hydrogen generation which reached the 

maximum turnover at 8 hours. No photocatalytic activity was observed for the complex 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

, which is attributed to steric hindrance and its 

electronic properties.  

 

The compounds [Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

and [Ru(dceb)2(bis-bpy)PdCl2]
2+ 

produce 

hydrogen with 5 % water after 18 hours TON = 403 and 513, respectively while the 

compound [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 generated a TON = 108 after 18 hours of 

irradiation. Hence, the observed time-dependence of the catalytic reaction is in agreement 

with the general trend observed in supramolecular catalytic systems.
25, 38
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Figure 6.5: Photocatalytic TON vs. Time (= TOF) of the listed complexes, ((Conc. of 

catalyst (in blue and black) = 4.08×10
-5

M; (Conc. of catalyst (in red and green) = 

6.0×10
-5 

M) and TEA (conc.) = 2.15 M in anhydrous acetonitrile with 5 % water (v/v)), 8 

hours irradiation at 470 nm); TOF = TON h
-1

. S.D. ± 10 TONs or less. 

 

Time / 

h 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

[Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 

[Ru(dceb)2(bisbpy)PdCl2]
2+

 

[Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 

TON TOF / h
-1 

TON TOF / h
-1 

TON TOF / h
-1 

TON TOF / h
-1 

0 0 0 0 0 0 0 0 0 

1 5 5 29 29 110 110 0 0 

2 15 7.5 55 27.5 215 107.5 0 0 

3 144 48 79 26.3 290 96.7 0 0 

4 340 85 98 24.5 348 87 0 0 

5 350 70 110 22 405 81 0 0 

6 355 59.2 118 19.7 435 72.5 0 0 

7 365 52.1 122 17.4 465 66.4 0 0 

8 390 48.8 124 15.5 481 60.2 0 0 

 

Table 6.3: Summary of the turnover number (TON) and the turnover frequency (TOF) 

during the time-course of the catalytic reaction for the listed complexes. The reaction was 

driven by irradiation of the sample at 470 nm. 
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The complexes [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 and [Ru(dceb)2(bisbpy)PdCl2]
2+

 

show a maximum rate of 29 h
-1

 and 110 h
-1

 after 1 hour irradiation, respectively. The 

complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 shows a maximum rate of 85 h
-1

 after 4 hours with 

a sharp increase from 2 – 4 hours of irradiation, and after that the rate of hydrogen 

production leveled off. The complexes [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

, [Ru-

(dceb)2(bisbpy)PdCl2]
2+

 and [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 shows maximum catalytic 

activity within the first four hours. In all these complexes the rate of production of 

hydrogen decreases strongly after reaching to the maximum value of TOF, possibly 

suggesting that photocatalytic activity is dropping constantly due to the decomposition of 

the photocatalysts as shown in Figure 6.6.  In relation to decomposition of the 

photocatalysts, time dependent UV-Vis spectroscopy experiments were performed (see 

figure 6.15, later section) with [Ru(dceb)2(2,5-dpp)PdCl2]
2+

, and the mononuclear 

[Ru(dceb)2(2,5-dpp)]
2+ 

precursor mixed with [Pd(CH3CN)2Cl2] (intermolecular reaction) 

under photocatalytic conditions. 

 
Figure 6.6: The turnover frequency (TOF) for the listed complexes at 470 nm irradiation 

shown in dependence on the reaction time. The values obtained up to 8 hours in 

increments of 1 hour. The inset presents the TON dependence on the reaction time. S.D. ± 10 

TONs or less. 
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The amount of hydrogen produced for compound [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 

was measured at various irradiation wavelengths as shown in Figure 6.7. This experiment 

was performed by Prof. Sven Rau, University of Erlangen, Germany. A maximum TON 

of 130 with 10 % water was obtained close to the absorption extinction maximum at λ = 

463 nm when photo-excitation using visible light at 470 nm for 18 hours was used as 

shown in Figure 6.7. For other excitation energies the TON values decreased according to 

the absorption spectrum. For the varying wavelength experiment, the turn over numbers 

of hydrogen were observed as follow; for green light, λ = 520 nm (TON = 51), yellow 

light, λ = 590 nm (TON = 5) and red light, λ = 630 nm (TON = 0). Rau and coworkers, 

observed similar behaviour for wavelength dependent intramolecular photocatalytic 

hydrogen generation experiments for the complex [Ru(tbbpy)2(tpphz)PdCl2] (PF6)2 noting 

that the catalytic activity did not strictly follow the absorption spectrum. 
37

 On the other 

hand for the heterogeneous photocatalytic hydrogen production with graphitic C3N4 (g-

C3N4) where the catalytic activity strictly follows the absorption spectrum. 
39, 40

 

 

In Figure 6.7, the maximum TON observed for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

was 

130 following irradiation at 470 nm (where the compound has an extinction coefficient = 

1.28 × 10
4 

M
-1

 cm
-1

) which is close to the 
1
MLCT absorption band (λ = 463 nm, ε = 1.33 

× 10
4 

M
-1

 cm
-1

). For the other wavelengths used, observed TON decreased as expected 

with the extinction coefficients and are: at λ = 520 nm (TON = 51, ε = 0.21 × 10
4 

M
-1

 cm
-

1
), λ = 590 nm (TON = 5, ε = 0.03 × 10

4 
M

-1
 cm

-1
) and λ = 630 nm (TON = 0, ε = 0 M

-1
 

cm
-1

). However, for the photocatalyst [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 some 

differences between the absorption spectrum and TON become evident as shown in 

Figure 6.7. The extinction coefficient tails off much more steeply in the range of 470 to 

525 nm than the TON values. This finding raises the question whether the absorption of 

photons of any wavelength within the MLCT band of [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 yield identical catalysis results. 
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Figure 6.7: Wavelength dependent studies of complex [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

at wavelength 470 nm, 520 nm, 590 nm and 630 nm: picture of 

catalytic solutions with different wavelength light (above) and dependence of molar 

extinction coefficient of the catalyst on the TON of hydrogen (below). ((Conc. of catalyst 

= 6.0×10
-5 

M) and TEA (conc.) = 2.15 M in anhydrous acetonitrile with 10 % water), 18 

hours irradiation. S.D. ± 10 TONs or less. 

 

To address this question the TON values were converted into an efficiency spectrum Φ(λ) 

of the catalyst, which was calculated from the ratio of the TON values / the extinction 

coefficient of [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 normalized to a constant photon flux 

as shown in Figure 6.8.
37 

The efficiency spectrum Φ(λ) calculated by {(TON/extinction 

coefficient) × Conversion factor (wavelength)} [C. F. value (λ (470) = 1), λ (520) = 
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2.67), λ (590) = 5.16]. The factors are calculated from the different power of the LEDs: 

470 LED: P = 0.08 W, 520 LED: P = 0.03 W and 590 LED: P = 0.0155 W. Figure 6.8 

shows that Φ(λ) increases with increasing wavelength in the range between 470 – 520 nm 

and then afterward decreases to zero. The efficiency spectrum Φ(λ) (Figure 6.8) shows 

that also for the present compound the extinction coefficient does not perfectly correlate 

with the TON (Figure 6.7).
37

 The absorption of low-energy photons leads to higher 

catalytic efficiency. The spectral dependence of hydrogen production in the present study 

shows that excitation of the compound [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 at shorter 

wavelengths (at 470 nm) leads to a higher integrated hydrogen production than excitation 

at, for example, λ = 520 nm. However, the photon-to-hydrogen conversion efficiency 

Φ(λ) shows the opposite trend (Figure 6.8).
37

 Rau and coworkers 
37

 had explained this 

kind of behaviour of efficiency Φ(λ) curve by means of resonance Raman (rR) 

spectroscopy. The authors suggested that when the excitation wavelength is shifted to 

lower energy, the electron density of the excited state shifts from the terminal to the 

bridging ligand thereby increasing the efficiency of hydrogen formation.
37 

 

Figure 6.8: Absorption and efficiency spectrum Φ(λ) of complex [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+ 

shows the photon-to-hydrogen conversion of the catalytic process 

calculated as the ratio of the TON values and the extinction coefficient, normalized to a 

constant photon flux. 
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6.2.1.4 Effects of the steric bulk for the H2-evolving properties. 

 

Sakai and coworkers 
25b

 reported how steric factors may affect the catalytic efficiency in 

H2 formation at the axial site of the Pt(II) ion in complexes B, B1 and B2 as shown in 

figure 6.3 and 6.4. As illustrated in Figure 6.9, when a hydrogen atom attached to the 

coordinated pyridyl ligand is closely located near the filled Pt(II) dz
2
 orbital, approach of 

a hydrogen ion towards the dz
2
 orbital is sterically hindered due to the steric repulsion 

between the two H atoms (Figure 6.9, left). On the other hand, hydrogen activation at the 

axial site of the Pt(II) ion is sterically allowed when the pyridyl ligand bound to the Pt(II) 

ion is coplanar with the Pt(II) coordination plane (see Figure 6.9, right).
25b

  

 

 

Figure 6.9: Steric factors on photochemical hydrogen production by Sakai et. al.
25b

 

 

The synthesis of the sterically strained molecule [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

is 

straight forward with high yield, but the compound does not show photocatalytic 

hydrogen activity. This can possibly be explained by the observation that the 

cyclometallated site (middle pyridine ring) and pyridyl unit (Pd coordinated) in 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 are rigid (i.e., not freely rotating) and therefore the 

hydrogen atom on the 6-position of the Pd coordinated pyridine and 4-position of the 

middle pyridine ring prohibit the approach of an H
+
 ion (or H

•
) to the axial site of the 

Pd(II) ion. However, the planar geometries around the Pd(II) units containing linear 

terpyridine bridging ligand in the complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

sterically 

allows the approach of an H
+
 ion (or H

•
) to the axial site of the Pd(II) ion. This is 

illustrated in Figure 6.10 showing the fully optimized structure of [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 (see Figure 6.10, above). The X-ray structure of [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+ 

have not been reported. 

The figure shows that the hydrogen atoms at the coordinated α-positions of the pyridines 

ring are indeed closely located with regard to the filled Pd(II) dz
2
 orbital in [Ru(bpy)2(2,6-
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bpp)PdCl(CH3CN)]
2+

.
25b

 The approach of an H
+
 ion (or H

•
) at the axial site of the Pd(II) 

ion in [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 is unfavorable due to the steric contact 

between the H (α-position of coordinated site) atoms, neighbouring bpy rings and the H
+
 

ion (or H
•
) approaching the axial site (see figure 6.10, bottom).

25b
  

 

 

 

 

Figure 6.10: A fully optimized structure for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 (above) 

and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 (bottom) obtained at the B3LYP level of DFT 

calculation by using Gaussian 09 (see also appendix I). 
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Another possible reason why the complex [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 does not 

produce hydrogen may be related to the photophysical properties. The compound does 

not have the important photochemical properties required to enhance the visible-light-

induced charge separation process, as strong electronic coupling between the 

[Ru(bpy)3]
2+

-like moiety and the heavy Pd ion promotes quenching of the 
3
MLCT excited 

state of the [Ru(bpy)3]
2+

-like moiety (refer to Chapter 4, Figure 4.17 for UV-Vis 

properties).
25b

 In both the mononuclear and heterodinuclear complex of the 2,6-bpp 

bridging ligand, a 
3
MLCT excited state with a short lifetime is observed. For the 

mononuclear complex [Ru(bpy)2(2,6-bpp)]
2+

 a lifetime of τ = 33 ns was obtained, and a 

quantum efficiency of Φem = 0.003 while for the heterodinuclear complex [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

, lifetime data indicate a lifetime < 0.5 ns. This very short excited 

state lifetime and the steric consideration are likely factors for the inefficiency of the 2,6-

bpp complex as a photocatalyst for hydrogen production.  

 

6.2.1.5 Effects of the bridging ligand and catalytic centre (Pd/Pt) to the 

photocatalytic properties. 

 

The results obtained in this study are summarized in Table 6.4. The complexes 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+

, [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 and [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+

 (run 3, 4 and 6) do not produce hydrogen due to stronger coupling 

between the ruthenium(II) mononuclear species and Pd / Pt unit which results in 

quenching of the 
3
MLCT excited states.

 
The effect on the TON of conjugated π-electron 

systems (i.e 2,5-dpp, 2,5-bpp, 2,6-bpp and bisbpy)
 30, 41,

 
42,

 
43

 are shown in Table 6.4. It is 

assumed that the bisbpy ligand contains the lowest energy π* orbital due to the more 

electronically conjugated π-electron system
44a

 and similarly for 2,5-dpp contained 

pyrazine based system.
44b

 The increasing order of the bridging ligands containing the 

lowest energy π* orbital are proposed to be the following 2,6-bpp < 2,5-bpp < 2,5-dpp < 

bisbpy.
44

 The runs 1 – 6 in Table 6.4, shows the catalytic activity of the bipyridine based 

heterodinuclear complexes with different bridging ligands (i.e. 2,5-bpp, 2,6-bpp, 2,5-dpp 

and bisbpy). The complexes containing bisbpy (runs 1, 2) and 2,5-bpp (run 5) bridging 

ligands with bpy as peripheral ligand promote hydrogen efficiently from water over the 
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range 0 – 15% (v/v). The bridging ligands bisbpy and 2,5-bpp control vectorial 

photoelectron transfer by precise tuning of the physical properties and orientation of the 

molecular components.
25c

 As discussed earlier the effect of electron withdrawing nature 

of peripheral ligand (dceb), lowers the energy of the π* orbital and electron transfer is 

easy from 
1
MLCT to 

3
MLCT (bridging ligand) via intersystem crossing because the 

energy gap between the singlet excited state to the triplet excited state decreases.
30

 At 0% 

water some of the complexes produce hydrogen (runs 2, 7 and 8) with a lower TON. It is 

assumed that TEA acts as a proton source in the absence of water as shown in equations 

6.1 – 6.4. 

 

Aliphatic tertiary amines have traditionally been employed as the sacrificial reductants in 

photocatalytic systems for water reduction, and their oxidation and subsequent 

degradation (Eq. 6.1 – 6.4) have been studied previously.
45

 Following the initial one-

electron oxidation, the TEA
+
 radical cation is rapidly deprotonated and undergoes a 

radical shift to the α-carbon. This neutral carbon radical species is expected to be highly 

reducing, and a second oxidation forms the iminium cation, which is hydrolyzed to form 

DEA (diethylamine) and acetaldehyde. Thus, each TEA is capable of donating two 

electrons and two protons. Rapid conversion of the oxidized TEA species, as outlined in 

Eq. 6.2 and Eq. 6.4, avoids possible back reactions between the oxidized TEA species 

and the reduced ruthenium and catalytic center. 

 

Et3N  →  Et2N
•+

CH2CH3 + e 
-
                                     (Eq. 6.1) 

Et2N
•+

CH2CH3  →  Et2NC
•
HCH3 + H

+
                       (Eq. 6.2) 

Et2NC
•
HCH3  →  Et2N

+
═CHCH3 + e

-
                         (Eq. 6.3) 

Et2N
+
═CHCH3 + H2O  →  Et2NH + CH3CHO + H

+
  (Eq. 6.4) 

 

The effect of the nature of the catalytic Pd / Pt centre on the production of hydrogen is at 

present not completely understood. Run 2 for complex [Ru(bpy)2(bisbpy)PtCl2]
2+

 is the 

only Pt and bpy based heterodinuclear complex producing hydrogen efficiently while for 

dceb based heterodinuclear complexes (runs 7 and 9), the Pd complexes yield the higher 

TON for H2 production. It is possible that the Pd metal centre is difficult to oxidized but 

more easily reduced than the Pt metal centre.
46
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Run 

 

Complexes 

TON  

with H2O % 

0% 5% 10% 15% 

1. [Ru(bpy)2(bisbpy)PdCl2]
2+ 

0 5 16 13 

2. [Ru(bpy)2(bisbpy)PtCl2]
2+

 29 75 92 85 

3. [Ru(bpy)2(2,5-dpp)PdCl2]
2+

 0 0 0 0 

4. [Ru(bpy)2(2,5-dpp)PtCl2]
2+

 0 0 0 0 

5. [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 0 108 130 94 

6. [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 0 0 0 0 

7. [Ru(dceb)2(bisbpy)PdCl2]
2+

 23 513 360 198 

8. [Ru(dceb)2(bisbpy)PtCl2]
2+

 13 258 286 45 

9. [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 0 403 313 94 

10. [Ru(dceb)2(2,5-dpp)PtCl2]
2+

 0 14 7 4 

 

Table 6.4: Photocatalytic activity of the listed complexes, ((Conc. of catalyst = 4.08×10
-5 

M, Conc. of catalysts [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

and [Ru(bpy)2(2,6-

bpp)PdCl(CH3CN)]
2+ 

= 6.0×10
-5 

M and TEA (conc.) = 2.15 M in anhydrous acetonitrile 

with 0-15 % water (v/v)), 18 hours illumination at 470 nm). S.D. ± 15 TONs or less. 

 

6.2.1.6 Effects of the photosensitizer used (Ru
2+

/Ir
3+

) to the photocatalytic 

properties. 

 

In an attempt to rapidly develop diverse photocatalysts, our group also developed iridium 

cyclometallated ppy complexes which act as a light absorbing unit (detailed work has 

been reported in the Ph.D. Thesis of Mr. Suraj Soman, Dublin City University, 2011). A 

number of iridium complexes containing the bridging ligand 2,5-bpp were synthesised, 

and the same bridging ligand was used here for the case of Ru – Pd/Pt complexes as 

shown in Figure 6.11.  
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Figure 6.11: Chemical structure of heterodinuclear Ir(III) complexes. 

 

 
 

Run 

 

Complexes 

TON  

{with H2O %} (Standard deviation) 

{0%} {5%} {10%} {15%} 

1. [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 0 108 (2) 130 (1) 94 (2) 

2. [Ir(ppy)2(2,5-bpp)PdCl(H2O)]
+
 73 (7) 245 (12) 253 (14) 242 (0) 

3. [Ir(ppy)2(2,5-bpp)PtCl(H2O)]
+
 256 (7) 364 (12) 308 (16) 287 (2) 

4. [Ir(COOMe-ppy)2(2,5-bpp)PdCl(H2O)]
+
 125 (4) 468 (9) 494 (5) 447 (8) 

5. [Ir(COOMe-ppy)2(2,5-bpp)PtCl(H2O)]
+
 285 (22) 452 (12) 449 (21) 383 (11) 

6. [Ru(bpy)2(2,5-bpp)]
2+

 + [Pd(CH3CN)2Cl2] - 79 (3) 70 (2) - 

7. [Ru(bpy)2(2,5-bpp)]
2+

 + [Pt(CH3CN)2Cl2] - 0.5 (0) 0.2 (0) - 

8. [Ir(ppy)2(2,5-bpp)]
+
 + [Pd(CH3CN)2Cl2] - 280 (9) 64 (14) - 

9. [Ir(ppy)2(2,5-bpp)]
+
 + [Pt(CH3CN)2Cl2] - 193 (9) 166 (22) - 

10. [Ir(COOMe-ppy)2(2,5-bpp)]
+
 + [Pd(CH3CN)2Cl2] - 350 (16) 330 (13) - 

11. [Ir(COOMe-ppy)2(2,5-bpp)]
+
 + [Pt(CH3CN)2Cl2] - 313 (8) 301 (15) - 

 

Table 6.5: Photocatalytic activity of the listed complexes, ((Conc. of catalyst = 4.08×10
-5 

M, and TEA (conc.) = 2.15 M in anhydrous acetonitrile with 0-15 % water (v/v)), 18 

hours of irradiation at 470 nm). 
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For comparison, the TON for H2 production from [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

  

together with the iridium complexes are given in Table 6.5. This table shows that the 

Ir(III) heterodinuclear complexes produced hydrogen more efficiently than the Ru(II) 

heterodinuclear complex containing the 2,5-bpp bridging ligand. The presence of the 

ester groups on the peripheral ligand in both the iridium and ruthenium complexes led to 

an increase in hydrogen production.  

 

Ir(III) complexes exhibit a wide range of photophysical and electrochemical properties.
47

 

The efficiency of these complexes as photosensitizers in a homogeneous photocatalytic 

water reduction system with [Co(bpy)3]
2+

 was studied, yet no direct correlation exists 

between the photophysics or electrochemistry and catalytic activity.
48, 49

 This emphasizes 

the difficulties associated with improving such complex catalytic systems based on 

physical properties because differences in catalyst activity can be from any combination 

of changes in light absorption, electron transfer rates, or catalyst stability. Figure 6.11 

represent a Ir(III) heterodinuclear complex which transfers an electron towards catalytic 

centre (Pd / Pt metal) by absorbing visible light photons. The intramolecular Ir(III) 

complexes (in runs 2 and 3) (Table 6.4) promotes higher TON for hydrogen formation 

than the complexes containing Ru(II) (in run 1). It has been noted that the electron 

withdrawing ester group attached to the ppy ligands in the intramolecular Ir(III) 

complexes (runs 4 and 5) produced four times the amount of hydrogen, compared to the 

analogous Ru(II) complex (run 1) as shown in Table 6.4. Surprisingly the Ir(III) 

complexes have lower extinction coefficient (ε = 600 – 2000 M
-1

 cm
-1

) 
50

 in the visible 

region (400-600 nm) compared to Ru(II) complexes (ε = 10,000 – 16000 M
-1

 cm
-1

) but 

produce higher TON for H2 compared to the analogous Ru(II) complexes.  

 

The intermolecular reaction between Ir(III) mononuclear complexes {[Ir(ppy)2(2,5-

bpp)]
+

, [Ir(COOMe-ppy)2(2,5-bpp)]
+
} with Pd / Pt (runs 8 – 11) complexes promotes 

higher TONs for hydrogen compared to the Ru(II) mononuclear complexes with Pd / Pt 

{[Ru(bpy)2(2,5-bpp)]
2+

 + ([Pd(CH3CN)2Cl2] / [Pt(CH3CN)2Cl2]) (runs 6 and 7) (see Table 

6.4). The photophysical and electrochemical properties are currently being carried out 

within the research group. 
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Figure 6.12: Quenching pathways for the photoreduction of water. Top: oxidative 

quenching pathway, in which the excited photosensitizer (PS*) donates an electron to the 

catalyst (Cat) to produce PS 
+
. Bottom: reductive quenching pathway, in which PS* 

accepts an electron from a sacrificial reductant (Red) to produce PS 
–

.
51 

 

Bernard and coworkers, have reported that the heteroleptic cyclometalated iridium(III) 

complexes significantly outperform ruthenium(II) tris-diimine photosensitizers in 

photocatalytic systems that utilize a [Co(bpy)3]
2+

 catalyst and TEOA as a sacrificial 

reductant.
49

 The thermodynamics of charge transfer between PS* (light absorb by the 

photosensitizer) and sacrificial reductant were determined by fluorimetry and 

electrochemistry to be identical for the parent dyes (E
0’

 *M
n+

/M
(n-1)+

 = + 0.68 V vs. SCE 

for [Ir(ppy)2bpy]
+
 and [Ru(bpy)3]

2+
).

49
 However, the authors demonstrated that a 

reductive quenching mechanism, as shown in Fig. 6.12, is exclusively available to the 

iridium complexes, with a large excess of sacrificial agent, oxidative quenching may 

occur. 
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Figure 6.13: Frontier orbitals of [Ru(bpy)3]
2+ (left) and [Ir(ppy)2(bpy)]+ (right) in the 

triplet excited state obtained through DFT calculations (B3LYP/LANL2DZ). The lowest 

singly occupied molecular orbital (LSOMO) is exclusively metal centered in [Ru(bpy)3]
2+ 

(95 percentile), while the analogous orbital of the Ir(III) complex exhibits mixed metal-

based 5d and ppy-based π character. The highest singly occupied molecular orbitals 

(HSOMO) of both complexes are exclusively localized on the bpy ligand(s) reported by 

Bernard et. al.
51 
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[Ir(ppy)2bpy]
+ 

complex was first substantiated through flash photolysis quenching 

experiments, and also justified by computational methods. By observing the orbital 

density of the highest singly occupied molecular orbital (HSOMO) and the lowest singly 

occupied molecular orbital (LSOMO) of each complexes [Ru(bpy)3]
2+

 and [Ir(ppy)2bpy]
+ 

obtained through DFT calculations (Figure 6.13),
52

 the difference in quenching 

susceptibilities between the two luminophores was rationalized: in the triplet state of 

[Ir(ppy)2bpy]
+
, significant LSOMO orbital density lies along the phenylpyridine-defined 

periphery of the complex, whereas the LSOMO of [Ru(bpy)3]
2+

 is almost exclusively 

metal centered, and is thus guarded by the nonparticipating ligand framework.
52

 Bernard 

and coworkers concluded that the differing availability of the PS*’s LSOMO to the 

surrounding environment explains the observed variation in quenching behavior and 

increased photocatalytic efficiency.
52 

 

6.2.1.7 Effects of the intermolecular and intramolecular photocatalysis to the 

photocatalytic efficiency. 

 

Table 6.6 and Figure 6.14, represents the TONs after 18 hours irradiation for the 

intermolecular photocatalysts and time dependent studies on these listed complexes from 

0 – 8 hours irradiation at 470 nm, respectively. With 5% of water, equimolar ratios of the 

mononuclear complexes of either [Ru(dceb)2(2,5-dpp)]
2+

 (TON = 464) and 

[Ru(dceb)2(bisbpy)]
2+

 (TON = 489) with [Pd(CH3CN)2Cl2] (runs 3 and 4) gave higher 

TONs compared to the monomers [Ru(bpy)2(2,5-bpp)]
2+

 (TON = 79) and [Ru(bpy)2(2,6-

bpp)]
2+

 (TON = 0) as shown in Table 6.6.  

 

It is possible that both [Ru(dceb)2(2,5-dpp)]
2+

 and [Ru(dceb)2(bisbpy)]
2+

 may form 

heterodinuclear complexes in situ with [Pd(CH3CN)2Cl2], which will be discussed later in 

this section. The TON for H2 production for these intermolecular complexes is 

comparable with their respective heterodinuclear complexes under similar photocatalytic 

conditions (i.e. [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 (TON = 403) and 

[Ru(dceb)2(bisbpy)PdCl2]
2+

 (TON = 513) with 5% water and 18 hours irradiation) 

(Figure 6.14).
30

 It is proposed that the complex [Ru(bpy)2(2,5-bpp)]
2+

 (TON = 79) with 
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[Pd(CH3CN)2Cl2] is unable to react in situ to form the cyclometallated heterodinuclear 

complex [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+ 

(TON = 108) under the stated 

photocatalytic conditions. For complex Ru(bpy)2(2,6-bpp)]
2+

, the intermolecular reaction 

with the palladium precursor also did not produce hydrogen from water as discussed 

earlier due steric bulk and the quenching of the state (see Table 6.6). 

 
 

Run 

 

Complexes 

TON  

with H2O % 

5% 10% 

1. [Ru(bpy)2(2,5-bpp)]
2+

 + [Pd(CH3CN)2Cl2] 79 70 

2. [Ru(bpy)2(2,6-bpp)]
2+

 + [Pd(CH3CN)2Cl2] 0 0 

3. [Ru(dceb)2(2,5-dpp)]
2+

 + [Pd(CH3CN)2Cl2] 464 - 

4. [Ru(dceb)2(bisbpy)]
2+

 + [Pd(CH3CN)2Cl2] 489 321 

 

Table 6.6: Photocatalytic activity of the listed intermolecular complexes, ((Conc. of 

catalyst = 4.08×10
-5 

M, and TEA (conc.) = 2.15 M in anhydrous acetonitrile with 5-10 % 

water (v/v)), 18 hours of irradiation at 470 nm). S.D. ± 10 TONs or less. 

 

Figure 6.14: Time dependent studies of intermolecular complexes, ((Conc. of catalyst = 

4.08×10
-5 

M, conc. of [Pd(CH3CN)2Cl2] = 4.08×10
-5 

M, TEA (conc.) = 2.15 M in anhyd. 

ACN with 5 % water (v/v)), 0-8 hours of irrad. at 470 nm). S.D. ± 10 TONs or less. 
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Control experiments with the mononuclear precursor compounds (non-ester)-Ru and 

ester-Ru confirmed the necessity of the presence of the Pd(II) centre for H2 prodcution. 

The time-dependence for H2 formation is shown in Fig. 6.14. Different behaviour was 

observed for the heterodinuclear complexes as shown in Figure 6.5, and the in situ 

formed complexes (self assembled systems) as shown in figure 6.14 (i.e. mononuclear 

complexes + [Pd(CH3CN)2Cl2], 1 : 1 molar ratio). Figure 6.5 and 6.14, show a sigmoidal 

time profile eventually reached a plateau that indicates deactivation of the catalyst.
30

 

Dihydrogen production, reaching a maximum after ca. 4 hour for the [Ru(dceb)2(2,5-

dpp)PdCl2]
2+

 (from figure 6.5) 
30

 and ca. 6.0 hour for [Ru(dceb)2(2,5-dpp)]
2+

 + 

[Pd(CH3CN)2Cl2] mixture as shown in Figure 6.14.
30

 The longer induction period for the 

in situ formed binuclear complex supports the hypothesis that the active catalyst forms in 

situ and is a binuclear complex. The complexes [Ru(dceb)2(bisbpy)PdCl2]
2+

 and 

[Ru(dceb)2(bisbpy)]
2+

 plus [Pd(CH3CN)2Cl2] show similar behaviour and the amount of 

hydrogen produced started to level off after 7 hours. The complex [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 show a constant increase in TON until 8 hours (TON = 124), while 

the intermolecular reaction mixture of [Ru(bpy)2(2,5-bpp)]
2+

 plus [Pd(CH3CN)2Cl2]  

shows an induction period of ca. 5 hours and reached a maxima for H2 production after 8 

hours with a TON = 79 (see figure 6.5 for comparison). 

 

Figure 6.15, represents the absorption spectra for the time dependent irradiation of 

solutions containing the mononuclear [Ru(dceb)2(2,5-dpp)]
2+

 only, heterodinuclear 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

and mononuclear [Ru(dceb)2(2,5-dpp)]
2+ 

plus palladium 

(1:1) complex mixture in the presence of sacrificial reductant (TEA) in the dark and after 

24 hour continuous irradiation at 470 nm. The absorption spectra at 0 minute irradiation 

(dark reaction) in the presence of TEA and 5 % (v/v) water, the three individual reaction 

contained equal concentration of the complexes as shown in Figure 6.15 (upper). The 

absorption spectra of the solution containing the mononuclear complex [Ru(dceb)2(2,5-

dpp)]
2+

 and the mixture of [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)2Cl2] both show 
1
MLCT 

at 470 nm. This suggested that in the dark reaction no complexation between 

[Ru(dceb)2(2,5-dpp)]
2+

 and [Pd(CH3CN)2Cl2] occurs over a period of 2 hours. The 

heterodinuclear complex shows two 
1
MLCT bands at 460 nm and 500 nm. After 30, 60, 
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120 and 1440 hours of irradiation at 470 nm, all three reactions absorption spectra 

changes for all the three reactions. Interestingly the heterodinuclear complex 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

and intermolecular reaction mixture of [Ru(dceb)2(2,5-

dpp)]
2+ 

+ [Pd(CH3CN)2Cl2] show similarity in their absorption spectra with absorption 

maxima at 530 nm while the mononuclear complex [Ru(dceb)2(2,5-dpp)]
2+ 

only shows 

1
MLCT at 510 nm as shown in Figure 6.15. These results suggest that the complex 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+ 

and the 1:1 complex mixture of [Ru(dceb)2(2,5-dpp)]
2+ 

and 

[Pd(CH3CN)2Cl2] form an common intermediate species which efficiently reduced 

protons from water using visible light as shown in figure 6.15.
30 
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Contd. 

─ [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 at 0 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)Cl2] at 0 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+

 at 0 min irradiation. 

 

─ [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 at 30 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)Cl2] at 30 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+

 at 30 min irradiation. 
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Figure 6.15: Absorption spectra of time dependent irradiation of complexes listed are 

constant irradiation at 470 nm under N2 atmosphere, conc. of complexes = 4.08 x 10
-5

 M 

dissolved in anhydrous acetonitrile, conc. of TEA = 2.15 M, conc. of water = 5 % (v/v) 

for time 0 – 1440 min (bottom). 

 

An experiment was performed by mixing equimolar solutions of [Ru(dceb)2(2,5-dpp)]
2+ 

and [Pd(CH3CN)2Cl2] (1:1 molar ratio v/v, 5.3 × 10
-3 

M) in acetonitrile under a nitrogen 

atmosphere without adding TEA. This reaction mixture was irradiated at 470 nm for 10 

minutes. The experimental data was analyzed by UV-Vis spectroscopy as shown in 

Figure 6.16. The absorption spectra show that the formation of the heterodinuclear 

─ [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 at 120 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)Cl2] at 120 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+

 at 120 min irradiation. 

 

 

─ [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 at 1440 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)Cl2] at 1440 min irradiation. 

─ [Ru(dceb)2(2,5-dpp)]
2+

 at 1440 min irradiation. 
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complex after 10 minutes of irradiation as shown in Figure 6.16. A similar experiment 

was performed in the dark and the complex also formed under these conditions.  
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Figure 6.16: The time dependent studies of the reaction between [Ru(dceb)2(2,5-

dpp)](PF6)2 and [Pd(CH3CN)2Cl2] (Conc. = 5.3 x 10
-3 

M, 1:1 molar ratio v/v), irradiated 

at 470 nm for 10 minutes without stirring under nitrogen atmosphere. 

 

The reaction mixture was also analyzed by 
1
H-NMR. The equimolar solutions of 

[Ru(dceb)2(2,5-dpp)]
2+ 

and [Pd(CH3CN)2Cl2] (1:1 molar ratio v/v, 5.3 × 10
-3 

M) were 

prepared in deuteriated acetonitrile and irradiated at 470 nm for 10 minutes. The NMR 

spectra showed that the formation of the heterodinuclear [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 

complex in 100 % yield as shown in Figure 6.17. The 
1
H-NMR of this intermolecular 

reaction is shown with the heterodinuclear [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 and mononuclear 

[Ru(dceb)2(2,5-dpp)]
2+

 complexes for comparison ( see Figure 6.17). 
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Figure 6.17: 
1
H-NMR spectra of the intermolecular reaction between the [Ru(dceb)2(2,5-

dpp)]
2+

 complex and [Pd(CH3CN)2Cl2] complex (Conc. = 5.3 x 10
-3 

M) in deuteriated 

CD3CN and irradiated at 470 nm for 10 minutes. 

[Ru(dceb)2(2,5-dpp)]
2+

 

+ 

[Pd(CH3CN)2Cl2] 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+

 

[Ru(dceb)2(2,5-dpp)]
2+
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A similar experiment was carried out with the bpy derivates performed by mixing 

equimolar solutions of [Ru(bpy)2(2,5-dpp)]
2+ 

and [Pd(CH3CN)2Cl2] (1:1 molar ratio v/v, 

5.3 × 10
-3 

M) in acetonitrile under nitrogen and without adding of TEA (see Figure 6.18). 

The reaction mixture changed colour from red (mononuclear complex) to purple 

(heterodinuclear complex) after 10 minutes irradiation at 470 nm (see Figure 6.18). This 

reaction mixture was also analyzed by 
1
H-NMR as shown in Figure 6.19, which indicated 

the formation of the heterodinuclear complex in 100 % yield. This experiment was also 

performed using constant stirring as well as via sonication method in the dark. The 

formation of the heterodinuclear compound was the final product seen after 10 minutes in 

the case of stirring and 5 minutes in the case of sonication.  

250 300 350 400 450 500 550 600 650 700 750 800

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
b

s
o
rb

a
n
c
e

 (
a
.u

.)

Wavelength (nm)

 0 minute

 10 minutes stirring

[Ru(bpy)
2
(2,5-dpp)](PF

6
)
2
 + [Pd(CH

3
CN)

2
Cl

2
]

  

Figure 6.18: The time dependent studies of the reaction between [Ru(bpy)2(2,5-

dpp)](PF6)2 and [Pd(CH3CN)2Cl2] (Conc. = 5.3 x 10
-3 

M, 1:1 molar ratio v/v), irradiated 

at 470 nm for 10 minutes without stirring under nitrogen atmosphere. 



Chapter 6: Photocatalytic Properties of Heterodinuclear Supramolecular Photocatalysts for the Production 

Hydrogen. 

 274

 

 

 

Figure 6.19: 
1
H-NMR spectra of the intermolecular reaction between the [Ru(bpy)2(2,5-

dpp)]
2+

 complex and [Pd(CH3CN)2Cl2] complex (Conc. = 5.3 x 10
-3 

M) in deuteriated 

CD3CN and irradiated at 470 nm for 10 minutes. 

 

Figure 6.20 shows a comparison of the absorption spectra of the intermolecular reaction 

after 10 minutes of irradiation at 470 nm without stirring under nitrogen atmosphere with 

their respective mono- and heterodinuclear complexes. The above observations show that 

[Ru(bpy)2(2,5-dpp)PdCl2]
2+ 

[Ru(bpy)2(2,5-dpp)]
2+

 

+ 

[Pd(CH3CN)2Cl2] 

[Ru(bpy)2(2,5-dpp)]
2+
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the intermolecular reaction between monomer and Pd precursor may form 

heterodinuclear complex during the photocatalytic reaction which explains the similarity 

of the TONs. 

 

 
 

Figure 6.20: Absorption spectra of the intermolecular reaction between the 

[Ru(bpy)2(2,5-dpp)]
2+

 / [Ru(dceb)2(2,5-dpp)]
2+

 and [Pd(CH3CN)2Cl2] complexes (Conc. 

= 5.3 x 10
-3 

M, 1:1 molar ratio v/v) in acetonitrile after 10 minutes of irradiation at 470 

nm, plotted with respective mononuclear and heterodinuclear complexes. 
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6.2.1.8 Plausible mechanism of an intramolecular photocatalysis of heterodinuclear 

complexes. 

 

The photocatalytic water reduction processes reported in this thesis involve three critical 

components: the photosensitizer, the sacrificial reductant, and catalytic centre. In the 

photocatalytic cycle, the photosensitizer is responsible for the absorption of visible light 

to provide the energy necessary for the endothermic water reduction process to occur. In 

the catalytic dark cycle, the catalytic centre collects the high-energy electrons from the 

light cycle and protons from water to produce hydrogen.
25

 The sacrificial reductant 

provides the electrons necessary for water reduction by replenishing the lowest singly 

occupied molecular orbital of PS* or PS
+
, depending on the mechanism of quenching.

25
 

The excited-state can be quenched through two different pathways: reductive quenching 

by the sacrificial reductant (TEA) (see figure 6.12) or oxidative quenching by the 

components of the catalytic centre. As the sacrificial reductant used, is in a large excess, 

the excited state is quenched via reductive quenching pathways. The interactions of all 

three components and their corresponding redox intermediates determine the mechanism 

and energetics of the process. At this stage no detailed mechanistic data are available, but 

a likely reaction pathway may include the following steps: a twofold photoreduction of 

the Ru(II) photocatalyst by TEA (NEt3) 
43

, and the subsequent reduction of the protons at 

the Pd/Pt center as shown according to Figure 6.21.
25

  

 

Figure 6.21, shows a general reaction pathways for photocatalytic hydrogen production in 

the presence of water for the complex [Ru(dceb)2(2,5-dpp)PdCl2]
2+

. The complex 

[Ru(dceb)2(2,5-dpp)PdCl2]
2+

 resembles the pyrazine based bridging ligand used by Sven 

and coworkers 
25c, 37

 for the generation of hydrogen form water. It is proposed that the 

reaction pathways follow the reported mechanism.
25c

 The first photoelectron transfer 

occurs in step 1 (see figure 6.21), and results in the generation of the Ru
3+ 

– 2,5-dpp(
–
) – 

Pd
2+

.
53

 The sacrificial reductant (TEA) reduced Ru
3+

 to Ru
2+ 

so that the Ru
2+

 centre 

became photoactive to absorb light. The TEA can also be used as a proton source (see 

also the decomposition of TEA under photocatalytic conditions in Eq. 6.1 – 6.4 above).
1, 

25c, 45 
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Figure 6.21: General reaction mechanism for the photocatalytic production of hydrogen 

by the intramolecular route for [Ru(dceb)2(2,5-dpp)PdCl2]
2+

. 

 

In step 2, loss of the chloride from the Pd
2+

 center leaves a vacant site at the metal centre 

which may be coordinated with solution, acetonitrile or H2O from the solution. Electron 

transfer from 2,5-dpp(
_
) to the Pd

2+
 center then takes place yielding a Pd

1+
 moiety. The 

deprotonated, photo-oxidized triethylamine can also transfer another electron to the 

singly reduced catalyst in step 3. When this sequence of steps is repeated, two electrons 

Step 1 

Step 2 Step 3 

Step 4 
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are stored in the molecule. These electrons are then utilized to reduce two protons 
37

 

originating from oxidized TEA (step 3). The free chloride ion in solution is again 

coordinated to the Pd centre to complete the photocatalytic cycle. It is stated that the Cl
- 

atom removed from the Pd centre is assumed to be an important step for reduction of 

proton to hydrogen.
25c

 Sven and coworkers reported, the DFT optimized structure of 

[Ru(tbbpy)(tpphz)PdCl2]
2+

 with a chloride ion removed, and indicated not only the 

relocation of the SOMO to the Pd center, but also the regeneration of the photoredox-

active fragment, which can once again enter into a photocatalytic cycle with TEA plays 

an important roles.
25c

 It is assumed that the all synthesised intermolecular photocatalysts 

listed in this thesis have similar photocatalytic pathways.  

 

6.3 Summary and conclusions 

 

This chapter deals with comparative studies of the photocatalytic properties of the 

heterodinuclear complexes reported in the previous chapters. It has been shown that the 

effect of an electron withdrawing group on the peripheral ligand and the nature of the 

aromatic conjugated bridging ligands influence the TON for hydrogen production. In 

general, the effect of increasing the amount of water from 0 – 10 % increases the TON 

value, but with a further increase in water (15 %) content, the amount of hydrogen forms 

begin to decrease. It has been suggested that the increase in polarity of the solvent 

increases the mobility of H
+ 

in the solution.
25c

 There is no increase in TON when partial 

and fully deuteriated heterodinuclear complexes are used. It has been reported that effect 

on TON increases when Pd is used as the photocatalytic reduction centre, as opposed to 

Pt, as the former is more easily reduced. The use of Ir(III) metal centres as a light 

absorbing unit in the heterodinuclear photocatalyst containing 2,5-bpp as a bridging 

ligand and Pd or Pt as catalytic centre produces much more hydrogen production than the 

ruthenium analogues. The time dependent irradiation studies show that the intermolecular 

reaction of [Ru(dceb)2(2,5-dpp)]
2+ 

+ [Pd(CH3CN)2Cl2] complexed after illumination at 

470 nm under catalytic condition. The intermolecular reaction suggested that the 

formation of common intermediate species as it was formed during precomplexed 

compound [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 shows more or less same TONs of hydrogen. 
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The time dependent studies of intermolecular reaction between [Ru(dceb)2(2,5-dpp)]
2+ 

+ 

[Pd(CH3CN)2Cl2] (Conc. = 5.3 x 10
-3 

M, 1:1 molar ratio v/v) suggested that the 

heterodinuclear complex formed when the mixture was irradiated at 470 nm for 10 

minutes without TEA. However, these is no evidence for formation of the heterodinuclear 

complex following the in situ reaction [Ru(bpy)2(2,5-bpp)]
2+ 

+ [Pd(CH3CN)2Cl2] which 

may explain the lower TON = 70 for the production of hydrogen for the mixture as 

opposed to that observed for the heterodinuclear [Ru(bpy)2(2,5-bpp)Pd(CH3CN)Cl]
2+

 

complex TON = 130 with 10% water. It is assumed that the all synthesised 

intramolecular photocatalysts listed in this thesis are based on the photocatalytic pathway 

as shown in Figure 6.21. 
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Chapter 7: Conclusions and Future Work 

 

Abstract: 

 

This chapter gives a brief overview o the results obtained following the syntheses, 

characterization and photocatalytic properties in the development of novel hetero-

dinuclear transition metal complexes for the generation of hydrogen. Although there was 

a discussed detailed conclusion at the end of each chapter, now we will summarize our 

results and propose future work within this area. 
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7.1 Conclusions and future work 

 

This thesis deals with the development of synthetic techniques, characterization and 

photocatalytic properties in the production of novel hetero-dinuclear ruthenium, 

palladium and platinum supramolecular systems for the generation of hydrogen from 

water. These complexes are promising photocatalysts for the dissociation of water using 

solar energy. The general composition of these supramolecular photocatalysts is a light 

absorber, bridging ligand and catalytic centre. This work has also focused on the 

intramolecular electron transfer processes, compared to the intermolecular electron 

transfer processes. 

 

Chapter 3, 4 and 5 showed that the traditional method for the synthesis of inorganic 

transition metal complexes containing the bridging ligands 2,5-dpp, 2,5-bpp, 2,6-bpp and 

bisbpy are very successful for both mononuclear and hetero-dinuclear complexes. 

However, the synthesis of cyclometallated heterodinuclear complexes with 2,5-bpp and 

2,6-bpp in chapter 4 required stirring for 48 hours at refluxing conditions. It has reported 

that the µ-bis-chloro complexes dissociates and coordinate with acetonitrile ligand after 

recrystallisation which is shown in the 
1
H-NMR and CHN analyses. The anchoring ester 

group analogues of these complexes were also synthesised. The synthesis of platinum 

coordinated cyclometallated complexes with 2,5-bpp as the bridging ligand was not 

successful. The synthesis of the bridging ligands was based on a literature method with 

little modification. The overall percentage yield after purification of the mononuclear and 

heterodinuclear complexes containing the above bridging ligands ranged from 56 – 98 %. 

These complexes were characterized by using 
1
H-NMR and 2D-COSY 

1
H-NMR. The 

absorption, luminescence and lifetimes of these supramolecular photocatalysts have also 

measured. For the simplicity in the 
1
H-NMR spectra and to see the effects on the lifetime 

decay of the complex, the partial and fully deuteriated analogues of these complexes were 

prepared. The results in chapter 3 suggests that the increment in the lifetime for the 

deuteriated mononuclear complex [Ru(bpy)2(D10-2,5-dpp)]
2+

 compared to non-

deuteriated mononuclear complex [Ru(bpy)2(2,5-dpp)]
2+

 indicates that the excited state 

3
MLCT is based on the bridging ligand 2,5-dpp.    
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The photocatalytic properties of these supramolecular complexes were studied in chapters 

3, 4 and 5. A comparison of their photocatalytic properties was also discussed in chapter 

6. The headspace analysis of the photocatalytic reaction was performed using Gas 

chromatography. The compound containing 2,5-dpp as a bridging ligand with dceb as 

peripheral ligand [Ru(dceb)2(2,5-dpp)PdCl2]
2+

 is a very promising photochemical 

molecular device for the generation of hydrogen with TON = 403 after 18 hours 

irradiation at 470 nm with 5% water while the platinum analogue generates only, TON = 

14. The bpy analogues of the 2,5-dpp ligand with PdCl2 and PtCl2 moiety do not produce 

hydrogen. Interestingly, It was found that intermolecular photocatalysis between the 

mononuclear complex [Ru(dceb)2(2,5-dpp)]
2+

 and [Pd(ACN)Cl2] generates a TON = 464 

with 5% water, which is explained by the formation of the intramolecular complex during 

photocatalysis, as discussed in chapter 6. It was shown in chapter 3 that the increase in 

water also increases the TON of hydrogen up to 5 %. [Ru(dceb)2(bisbpy)PdCl2]
2+

 is the 

most effective and a promising photocatalyst for the generation of hydrogen using water 

and solar energy. A TON of 513 was observed after 18 hours irradiation at 470 nm with 

5% water. [Ru(dceb)2(bisbpy)PtCl2]
2+

 gave a TON = 256 under similar conditions. The 

effectiveness of the ester analogues as efficient photocatalysts is attributed to their 

excited states photophysical properties and the stabilisation of the ground state of dceb 

ligand compare to the bpy ligand. 

 

In chapter 4, The photocatalytic activity of the heterodinuclear complex [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

 (TON = 130 with 10% water) showed promising results with the 

production of hydrogen under visible light irradiation. Interestingly, the mononuclear 

complex [Ru(bpy)2(2,5-bpp)]
2+

 mixed with [Pd(CH3CN)2Cl2] shows a TON = 70 with 

10% water which is half the TON compared to heterodinuclear complex [Ru(bpy)2(2,5-

bpp)PdCl(CH3CN)]
2+

. It is possible that the active intramolecular complex is not formed 

in situ due to cyclometallation of the complex. The heterodinuclear complex 

[Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 and mononuclear complex with the palladium 

precursor shows no activity to produce hydrogen from water using visible light 

illumination. It has been suggested in chapter 6 that the steric repulsion between the Pd 
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dz
2 

orbital and neighboring α-hydrogen atom present on the pyridine ring, and the 

incoming H
+ 

found steric hindrance to reduce by Pd(I) species.  

 

Chapter 6 deals with a comparative study of the photocatalytic properties of the listed 

heterodinuclear complexes in the previous chapters. It has been shown that the effect of 

an electron withdrawing group on the peripheral ligand and aromatic conjugated bridging 

ligands increases the TON of hydrogen. In general, increasing the amount of water 

increases the TON from 0 – 10% and then drops. It is possible that the increase in 

polarity of the solvent increases the mobility of H
+ 

in the solution and further increases in 

the polarity and decreases the solubility of the photocatalysts. There is no increase in 

TON when partial and fully deuteriated heterodinuclear complexes were used. The TON 

increases when a Pd centre was used as a photocatalytic reduction centre due to ease of 

oxidation compared to the Pt metal centre. The use of the Ir(III) metal centre as a light 

absorbing unit in the heterodinuclear photocatalyst containing 2,5-bpp as a bridging 

ligand and Pd or Pt as a catalytic centre produces much more hydrogen than the 

ruthenium analogues. It is assumed that the all synthesised intermolecular photocatalyst 

listed in this thesis are based on the photocatalytic pathway mentioned in Figure 6.13.    

 

The future work in this area will involve further exploration in to the optimal conditions 

for the photocatalytic water reduction to proceed. The ester analogues of these 

heterodinuclear complexes will be in mobilized on nickel oxide surfaces to perform 

experiments for photocatalysis without using sacrificial electron donors. Further 

investigations will also be carried out into the photoelectrochemical reduction of water 

using these complexes.  
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Appendix A 

 

A.1 Gaussian Calculation 

All calculations were carried out with the Gaussian 09 program suite.
1
 The compounds 

[Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 and [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 (figure I.1 

and I.2) were optimized using Becke’s three parameter functional B3LYP
2
. The 

MWB28
3
 basis was used for the heavy Ru and Pd atoms while Pople’s 6-31G(d)

4
 was 

used for the remainder. Tight convergence criteria were applied for the geometry 

optimization process and local minima were confirmed by a frequency calculation 

(absence of imaginary frequencies). All calculations were carried out in the presence of a 

solvent sphere which was modeled by the IEF-PCM
5
 method in acetonitrile (ε = 

35.688000). Although the maximum displacement value did not converge for Ru-Bpp-

PdCl(ACN) a stationary point was found on the basis of negligible forces (< 1/100 of the 

threshold value). 

 

Figure I.1: 3D structure calculation for [Ru(bpy)2(2,5-bpp)PdCl(CH3CN)]
2+

 with 

Gaussian 09 programme. 
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Figure I.2: 3D structure calculation for [Ru(bpy)2(2,6-bpp)PdCl(CH3CN)]
2+

 with 

Gaussian 09 programme. 

 

 

 

 

 

 

 

 

 

 

 

 



 289

A.2 Bibliography 

 

__________________                                                                                                           

[1] Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 

Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 

Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 

Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, 

T.; J. A. Montgomery, J.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; 

Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; 

Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 

Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, 

C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; 

Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 

Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; 

Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J. & Fox, D. 

J. Gaussian 09, Revision A.02, 2009.  

[2] Becke, A. D. J. Chem. Phys., 1993, 98, 5648-5652; Lee, C. T.; Yang, W. T. & 

Parr, R. G. Phys. Rev. B: Condens. Matter Mater. Phys., 1988, 37, 785-789; 

Miehlich, B.; Savin, A.; Stoll, H. & Preuss, H. Chem. Phys. Lett., 1989, 157, 200-

206. 

[3] Fuentealba, P.; Preuss, H.; Stoll, H. & Vonszentpaly, L. Chem. Phys. Lett., 1982, 

89, 418-422; Vonszentpaly, L.; Fuentealba, P.; Preuss, H. & Stoll, H. Chem. Phys. 

Lett., 1982, 93, 555-559; Fuentealba, P.; Stoll, H.; Vonszentpaly, L.; 

Schwerdtfeger, P. & Preuss, H. J. Phys. B, 1983, 16, L323-L328; Stoll, H.; 

Fuentealba, P.; Schwerdtfeger, P.; Flad, J.; Vonszentpaly, L. & Preuss, H. J. 

Chem. Phys., 1984, 81, 2732-2736; Fuentealba, P.; Vonszentpaly, L.; Preuss, H. 

& Stoll, H. J. Phys. B, 1985, 18, 1287-1296; Wedig, U.; Dolg, M.; Stoll, H. & 

Preuss, H. Veillard, A. (Ed.) Quantum Chemistry: The Challenge of Transition 

Metals and Coordination Chemistry Reidel and Dordrecht, 1986; Dolg, M.; 



 290

Wedig, U.; Stoll, H. & Preuss, H. J. .Chem. Phys., 1987, 86, 866-872; Igelmann, 

G.; Stoll, H. & Preuss, H. Mol. Phys., 1988, 65, 1321-1328; Dolg, M.; Stoll, H. & 

Preuss, H. J. Chem. Phys., 1989, 90, 1730-1734; Schwerdtfeger, P.; Dolg, M.; 

Schwarz, W. H. E.; Bowmaker, G. A. & Boyd, P. D. W. J. .Chem. Phys., 1989, 

91, 1762-1774; Dolg, M.; Stoll, H.; Savin, A. & Preuss, H. Theo. Chim. Acc., 

1989, 75, 173-194; Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H. & Preuss, 

H. Theo. Chim. Acc., 1990, 77, 123-141; Dolg, M.; Fulde, P.; Kuchle, W.; 

Neumann, C. S. & Stoll, H. J. Chem. Phys., 1991, 94, 3011-3017; Kaupp, M.; 

Schleyer, P. V.; Stoll, H. & Preuss, H. J. Chem. Phys., 1991, 94, 1360-1366; 

Kuchle, W.; Dolg, M.; Stoll, H. & Preuss, H. Mol. Phys., 1991, 74, 1245-1263; 

Dolg, M.; Stoll, H.; Flad, H. J. & Preuss, H. J. Chem. Phys., 1992, 97, 1162-1173; 

Bergner, A.; Dolg, M.; Kuchle, W.; Stoll, H. & Preuss, H. Mol. Phys., 1993, 80, 

1431-1441;  Dolg, M.; Stoll, H. & Preuss, H. Theo. Chim. Acc., 1993, 85, 441-

450; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.; Schwerdtfeger, P. & 

Pitzer, R. M. Mol. Phys., 1993, 78, 1211-1224; Dolg, M.; Stoll, H.; Preuss, H. & 

Pitzer, R. M. J. .Phys. Chem., 1993, 97, 5852-5859; Kuchle, W.; Dolg, M.; Stoll, 

H. & Preuss, H. J. Chem. Phys., 1994, 100, 7535-7542; Nicklass, A.; Dolg, M.; 

Stoll, H. & Preuss, H. J. Chem. Phys., 1995, 102, 8942-8952; Leininger, T.; 

Nicklass, A.; Kuchle, W.; Stoll, H.; Dolg, M. & Bergner, A. Chem. Phys. Lett., 

1996, 255, 274-280; Cao, X. Y. & Dolg, M. J. Chem. Phys., 2001, 115, 7348-

7355; Cao, X. Y. & Dolg, M. J. Mol. Struc. (Theochem), 2002, 581, 139-147. 

[4] Ditchfield, R.; Hehre, W. J. & Pople, J. A. J. Chem. Phys., 1971, 54, 724; Hehre, 

W. J.; Ditchfield, R. & Pople, J. A. J. Chem. Phys., 1972, 56, 2257; Harihara, P. 

C. & Pople, J. A. Theor. Chem. Acc., 1973, 28, 213-222; Harihara, P. C. & Pople, 

J. A. Mol. Phys., 1974, 27, 209-214; Gordon, M. S. Chem. Phys. Lett., 1980, 76, 

163-168; Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; 

Defrees, D. J. & Pople, J. A. J. Chem. Phys., 1982, 77, 3654-3665; Binning, R. C. 

& Curtiss, L. A. J. Comput. Chem., 1990, 11, 1206-1216; Blaudeau, J. P.; 

McGrath, M. P.; Curtiss, L. A. & Radom, L. J. Chem. Phys., 1997, 107, 5016-

5021; Rassolov, V. A.; Pople, J. A.; Ratner, M. A. & Windus, T. L. J. Chem. 



 291

Phys., 1998, 109, 1223-1229; Rassolov, V. A.; Ratner, M. A.; Pople, J. A.; 

Redfern, P. C. & Curtiss, L. A. J. Comput. Chem., 2001, 22, 976-984. 

[5] Miertus, S.; Scrocco, E. & Tomasi, J. Chem. Phys., 1981, 55, 117-129; Miertus, S. 

& Tomasi, J. Chem. Phys., 1982, 65, 239-245; Pascualahuir, J. L.; Silla, E. & 

Tunon, I. J. Comput. Chem., 1994, 15, 1127-1138; Cossi, M.; Barone, V.; Cammi, 

R. & Tomasi, J. Chem. Phys. Lett., 1996, 255, 327-335; Barone, V.; Cossi, M. & 

Tomasi, J. J. Chem. Phys., 1997, 107, 3210-3221; Barone, V.; Cossi, M. & 

Tomasi, J. J. Chem. Phys., 1997, 107, 3210-3221; Mennucci, B. & Tomasi, J. J. 

Chem. Phys., 1997, 106, 5151-5158; Mennucci, B.; Cances, E. & Tomasi, J. J. 

Phys. Chem. B, 1997, 101, 10506-10517; Barone, V. & Cossi, M. J. Phys. Chem. 

A, 1998, 102, 1995-2001; Cossi, M.; Barone, V.; Mennucci, B. & Tomasi, J. 

Chem. Phys. Lett., 1998, 286, 253-260; Barone, V.; Cossi, M. & Tomasi, J. J. 

Comput. Chem., 1998, 19, 404-417; Cammi, R.; Mennucci, B. & Tomasi, J. J. 

Phys. Chem. A, 1999, 103, 9100-9108; Cossi, M.; Barone, V. & Robb, M. A. J. 

Chem. Phys., 1999, 111, 5295-5302; Tomasi, J.; Mennucci, B. & Cances, E. J. 

Mol. Struct., 1999, 464, 211-226; Cammi, R.; Mennucci, B. & Tomasi, J. J. Phys. 

Chem. A, 2000, 104, 5631-5637; Cossi, M. & Barone, V. J. Chem. Phys., 2000, 

112, 2427-2435; Cossi, M. & Barone, V. J. Chem. Phys., 2001, 115, 4708-4717; 

Cossi, M.; Rega, N.; Scalmani, G. & Barone, V. J. Chem. Phys., 2001, 114, 5691-

5701; Cossi, M.; Scalmani, G.; Rega, N. & Barone, V. J. Chem. Phys., 2002, 117, 

43-54; Cossi, M.; Rega, N.; Scalmani, G. & Barone, V. J. Comput. Chem., 2003, 

24, 669-681. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 292

Appendix B   

 

Publications 

  

1) “Reinvestigating 2,5-di(pyridin-2-yl)pyrazine ruthenium complexes: selective 

deuteration and Raman spectroscopy as tools to probe ground and excited-state 

electronic structure in homo- and heterobimetallic complexes”  

Martin Schulz, Johannes Hirschmann, Appu Draksharapu, Gurmeet Singh Bindra, Suraj 

Soman, Avishek Paul, Robert Groarke, Mary. T. Pryce, Sven Rau, Wesley R. Browne 

and Johannes. G. Vos, Dalton Trans., 2011, 40, 10545–10552.  

 

2) “The effect of peripheral bipyridine ligands on the photocatalytic hydrogen production 

activity of Ru/Pd catalysts”  

Gurmeet Singh Bindra, Martin Schulz, Avishek Paul, Suraj Soman, Robert Groarke, 

Jane Inglis, Mary T. Pryce, Wesley R. Browne, Sven Rau, Brian J. Maclean and Johannes 

G. Vos, Dalton Trans., 2011, 40, 10812–10814.  

 

3) “The role of bridging ligand in hydrogen generation by photocatalytic Ru/Pd 

assemblies”  

Gurmeet Singh Bindra, Martin Schulz, Avishek Paul, Robert Groarke, Suraj Soman, 

Jane Inglis, W. R. Browne, Michael Pfeffer, Sven Rau, Brian J. Maclean, Mary T. Pryce 

and Johannes G. Vos, Dalton Trans., 2012, DOI: 10.1039/C2DT30948C. 

 

4) “Effect of bridging ligand on photocatalytic hydrogen production by Ru-Pd complexes 

incorporated by 5-bisbipyridine as a bridging ligand”  

Gurmeet Singh Bindra, Suraj Soman, Jane Inglis, Mary T. Pryce, Brian J. Maclean and 

Johannes G. Vos, (manuscript under preparation). 

 

5) “Novel iridium-Pt/Pd complexes for photocatalytic hydrogen generation from water 

using blue light (470nm) and UV light (350nm)”  



 293

Suraj Soman, Gurmeet Singh Bindra, Jane Inglis, Avishek Paul, Martin Schulz, Mary 

T. Pryce and Johannes G. Vos, (manuscript under preperation).  

 

6) “High yield synthesis for the preparation of heteroleptic Ir(III) polypyridyl 

complexes”  

Suraj Soman, Hamid M. Y. Ahmed, Laura Cleary, Gurmeet Singh Bindra, Wesley R. 

Browne, Mary T. Pryce, Johannes G. Vos, (manuscript under preparation)  

 

Posters Presented  

 

1) The Design of new photocatalytic systems for the generation of hydrogen from H2O 

using solar energy.  

Gurmeet Singh Bindra, Michael Pfeffer, Suraj Soman, Jane Inglis, Avishek Paul, 

Martin Schulz, Mary Pryce, Johannes G. Vos and Sven Rau presented at University of 

Groningen, March 2011, Netherlands. 

 

2) The novel photocatalytic systems for the generation of hydrogen from water using 

solar energy.  

Gurmeet Singh Bindra, Suraj Soman, Jane Inglis, Martin Schulz, Avishek Paul, Mary 

Pryce, Johannes G. Vos, and Brian J. MacLean will be presenting at ISACS4 July 2011 at 

MIT, Boston, USA. 

 

3) Dinuclear photocatalysts for hydrogen production from water.  

Gurmeet Singh Bindra, Avishek Paul, Suraj Soman, Robert Groarke, Martin Schulz, 

Mary Pryce,
 
Sven Rau, and Johannes G. Vos will be presenting at ISACS4 July 2011 at 

MIT, Boston, USA. 

 

4) Harvesting Solar Energy for the generation of H2.  

Suraj Soman, Gurmeet Singh Bindra, Avishek Paul, Danilo Dini, Mary T. Pryce and 

Johannes G. Vos, 2010 Annual EPA Conference held at Cork Park, Dublin, Ireland.  

 



 294

5) Novel Iridium-Pt/Pd Photocatalysts for Intramolecular & Intermolecular Catalytic H2 

Generation from H2O. 

Suraj Soman, Gurmeet Singh Bindra, Avishek Paul, Martin Schulz, Mary T. Pryce and 

Johannes G. Vos, Photochemistry and Photochemical Techniques 16-18th May 2011, 

University College Dublin, Trinity College Dublin, Ireland.  

 

6) Temperature dependent and solvent dependent photophysics of novel Ir-Pt/Pd 

dinuclear complexes.  

Suraj Soman, Robert Goarke, Gurmeet Singh Bindra, Jane Inglis, Mary T. Pryce and 

Johannes G. Vos, Photochemistry and Photochemical Techniques 16-18th May 2011, 

UCD, Ireland (also presented in International Symposia on Advancing the Chemical 

Sciences: Challenges in Renewable Energy (ISACS4), MIT, Boston, USA, 2011 July).  

 

7) Novel Iridium-Pt/Pd Photocatalysts for Intramolecular & Intermolecular Catalytic H2 

Generation from H2O using Blue Light (470nm) & UV Light (350nm).  

 

Suraj Soman, Gurmeet Singh Bindra, Jane Inglis, Avishek Paul, Martin Schulz, Mary 

T. Pryce and Johannes G. Vos, International Symposia on Advancing the Chemical 

Sciences: Challenges in Renewable Energy (ISACS4), MIT, Boston, USA, 2011 July.  

 

8) Effect of metal centers on spectroscopic and catalytic properties of metal complexes. 

Robert Groarke, Suraj Soman, Gurmeet Singh Bindra, Martin Schulz, Mary T. Pryce 

and Jonannes G. Vos, 19th International Symposium on the Photophysics and 

Photochemistry of Coordination Compounds, Strasbourg, France, 2011 July.  

 

 

 

 

 

 



 295

 

 

This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



 298

 

 

This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



 306

 
 

 

 

 

 

 

 

 

This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright



This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright
This text redacted due to 3rd party copyright




