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Abstract 

 

In this thesis, the use of high performance liquid chromatography (HPLC) for the analysis, 

assessment and characterisation of photocatalytic behaviour. The Ru(II) compounds are 

coordinated at peripheral ligands to create at Ru(II) centre, while bridging ligands are used to 

connect the ruthenium centre to the Pt catalytic centres in order to create intramolecular 

systems. The properties of these platinum-containing compounds were compared with the 

mononuclear ruthenium precursor, without a platinum centre, in terms of photostability and 

catalytic activity. These intramolecular platinum containing compounds are aimed at create 

photocatalysts in combination with terminal halogen atoms (iodide or chloride).  UV-vis 

absorption and 1H-NMR analysis were carried out to provide further detailed qualitative and 

structural information as a result of the photocatalytic experiments terminal, halogen atoms 

(iodide or chloride) and range of techniques where discussed, to provide further detailed and 

structural information.  UV-vis absorption and 1H-NMR analysis were carried out to provide 

further detailed information about the possible chemical changes taking place after 

irradiation as a result of the photocatalytic experiments.  

      In Chapter 1, a number of relevant topics are discussed and the studies presented in this 

thesis in order to explain our research targets and experimental techniques.  

     In Chapter 2, the introduction to HPLC, analytical HPLC, HPLC setup, mobile phases and 

UV-Vis Spectroscopy used and 1H NMR spectroscopy are discussed and sample 

preparation for photoanalysis with TEA and without TEA were explained. 

     In Chapter 3 stability towards visible light by the complexes [(bpy)2Ru(2,3dpp)]2+ (A-I), 

[(bpy)2Ru(2,3dpp)PtCl2]2+ (A-II), and [(bpy)2Ru(2,3dpp)PtI2]2+ (A-III) were carried out.   

Without TEA all three compounds the compounds are mostly photostable, but in the 

presence of TEA decomposition of the compounds is observed.   In Chapter 4, for the 

compounds [(phen)2Ru(2,3dpp)]2+ (B-I), [(phen)2Ru(2,3dpp)PtCl2]2+ (B-II), and 

[(phen)2Ru(2,3dpp)PtI2]2+  (B-III), compounds B-I and B-II are photostable and B-III is 

partially photostable.  In the presence of TEA, changes in the coordination of the bridging 

ligands are observed.  In Chapter 5 compounds [(dceb)2Ru(2,3dpp)]2+ (C-I), 

[(dceb)2Ru(2,3dpp)PtCl2]2+ (C-II), and [(dceb)2Ru(2,3dpp)PtI2]2+ (C-III) are discussed. In the 

presence of irradiation, compounds C-I and C-III are photoreactive while that compound C-II 

is photostable. The stability of irradiation in the presence of TEA compounds C-I, C-II and C-

III are degrading fast. In Chapter 6 a general overview of the work carried out is discussed.   
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Chapter-1 

 

Introduction- The Chemistry of Ruthenium (II) 

Complexes for the Study of Photochemical  

Devices.  

 

Chapter one serves as an introduction to the work carried out in the thesis. The 

area of supramolecular chemistry and a brief overview of excited states are 

discussed.  The photochemical behaviour of a number of ruthenium polypyridyl 

compounds and the chemistry of ruthenium complexes is reviewed.  An 

assessment of the theoretical background of the mechanism of photocatalytic 

hydrogen production is discussed using some examples of dinuclear Ru/Pd 

photocatalysts. 
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1 Introduction 

 

In the late fifties, the interest in the ruthenium(II) co-ordination compounds 

research started, especially when [Ru(bpy)3]Cl2 (bpy is 2,2’-bipyridyl) was 

discovered as a (photo)stable and strongly luminescent molecule with an 

emission that is based on  triplet metal-to-ligand charge transfer (3MLCT) 

transitions [1]. During the further development of studies of the photophysical and 

photochemical properties of these compounds it was quickly realised that these 

properties could be utilised for the development of solar driven devices such as 

photovoltaic cells, photocatalysts for water splitting [2], and reduction of CO2 [3]. 

Starting from that time, this interest has ramped up and successively led to the 

development of solar energy conversion devices that are based on the enhanced 

electron transfer properties of excited ruthenium polypyridyl sensitisers attached 

to semiconductor surfaces such as Graetzel cells [4,5,6,7].  

Investigations on ruthenium-polypyridyl compounds are not only restricted to the 

fields of photo-catalysis and solar energy conversion [8][9][10], but also 

incorporated in other fields such as bio [11,12,13], and chemical sensors [14,15], 

molecular electronics [16,17,18], nonlinear optics [19,20] and optical storage [21]. 

Moreover, they have also a relevant role in development of supramolecular 

chemistry[22,23,24,25,26,27,28,29].  

One of the greatest concerns for humanity in the modern age is the problem of 

obtaining clean and affordable energy sources. Fossil fuel started with using the 

coal in the previous centuries and developed to the petroleum in the industrial 

revolution in later centuries. This can be considered as the actual commence of 
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the modern advancing and development for humans. However, they are being 

depleted around the world in an ever increasing pace. In addition, the combustion 

of fossil fuels leads to increased CO2 concentration in the atmosphere and is one 

of the main contributors to climate change [30]. Ideally, such alternative energy 

sources should have no impact on the world climate or - at least - less impact 

than fossil fuels. Sunlight is the main source of energy on earth [31,32]. It 

provides sufficient energy in the form of light and heat to sustain life on earth and 

for plants to carry out the photosynthetic processes which leads to the production 

of all other forms of energy [33,34]. The direct usage of solar energy has been the 

subject of interest of scientists for many decades and extensive studies in a 

number of different fields have been carried out. Electric solar panels based on 

photovoltaic cell technology have been used for decades now in many 

applications, however, their efficiency has not been improved greatly since their 

advent in the nineties of the previous century. Also although the cost of 

production is going down competition with fossil fuel is still a problem [35]. 

Importantly, the cost for storing electricity is very high, and commercially available 

batteries have many shortcomings including poor mobility and low capacity. Also 

the production process is not environmentally friendly.  Many industries and 

applications can not directly use electricity and still require chemical fuel to 

operate [36]. 

Photocatalysis on the other hand can provide a more efficient source of energy 

through the production of hydrogen directly using photocatalytic compounds 

together with solar energy. Hydrogen is seen as a game changer for our future 

renewable energy consumption. It has been regarded as a strong alternative form 

of clean and storable energy [37]. With its very high energy-density/mass ratio 
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(120 MJ/kg), hydrogen has a huge potential to replace fossil fuels directly 

especially in the transport. Important is also that the only by-product of hydrogen 

combustion is water vapour which is extremely environmentally friendly [38,39]. 

Over the last few decades the development of photocatalytic systems for 

hydrogen generation and CO2 reduction have been investigated in great detail 

and it should be possible to design efficient and stable photocatalysts capable of 

carrying these processes. Several different approaches have been taken, 

including the use of photocatalysts immobilised on semiconductors and solution 

based intermolecular and intramolecular approaches (Fig1-1) [40,41,35]. Note 

that the solution based systems require sacrificial agents to regenerate the 

photosensitiser. 

 

 

 

Figure 0.1:  Inter vs intramolecular photocatalysis. PS = photosensitiser.  S = 

sacrificial agent [35]. 
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If solar energy is to be used in these studies, photosensitisers need to be 

developed that can absorb visible light. Therefore, the use of metal based light 

absorbers has taken a central stage. Over the last number of years the DCU 

group has been investigating the design and optimisation of intramolecular 

photocatalytic assemblies for the generation of hydrogen from water [42].  

In these, studies ruthenium polypyridyl compounds are used as light absorbers 

while Pd and Pt centres, connected to the light absorber via a bridging ligand see 

Fig (1.1) are used [35].   The photo- and catalytic stability of such compounds are 

investigated using high performance liquid chromatography and nuclear magnetic 

resonance, together with UV/vis absorption and emission techniques. It is 

realised that ruthenium is an expensive metal but the wide range of synthetic 

techniques available allows for the generation of a range of different compounds 

to develop the design principles that will ultimately control efficient photocatalyst 

which will be based for example on cheap first row transition metals.  

In the following sections a brief overview of the excited state and photochemical 

behaviour of a number of ruthenium polypyridyl compounds will be given. This will 

be followed by an overview of the compounds to be studied in this thesis. 

 

1.1 Excited state properties of ruthenium polypyridyl compounds 

 

The unique combination of physical and chemical properties of ruthenium 

polypyridyl compounds, such as high chemical stability, selective excited state 

reactivity, long-lived excited states, and well defined redox properties has caught 

the attention of many research workers [43,44,45]. The importance of electron 
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transfer can be assessed by considering the different molecular orbital 

arrangements shown in Figure (1.2) for different types of metal compounds.  

 

Figure 0.2: Different possible arrangements of the molecular orbitals in d6 metal 

compounds[46]. 

In brief the three types can be considered as; 

Ligand based molecular orbitals:  in this type, the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied orbital (LUMO) are ligand based 

orbitals and both are of the π-type. A complex with this arrangement acts as an 

organic compound. Energy and electron transfer processes are difficult to assess 

because both of these orbitals are strongly localized on the same part of the 

molecule and the difference in energy level is not significant. 

Metal based orbitals in this type, both HOMO and LUMO are based on the metal 

atoms.  The properties of these two orbitals are explained by the ligand field 

theory, and since the eg (LUMO) has an anti-bonding character, its population will 
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lead to the breaking of the metal-ligand bond and may lead to loss or 

rearrangement of the ligands. 

Mixed metal/ligand based orbitals. This is the most interesting arrangement 

among the three different types, in this type, the HOMO is metal based while the 

LUMO in ligand based.  As a consequence, upon excitation the electron can 

transport from the metal to the ligand (MLCT process) relatively easily and adds 

to the electron and energy transfer processes [46].  

In Figure (1-2), three different orbital arrangements are shown, involving different 

arrangements of metal and ligand based orbitals. In Case A, the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO) are ligand 

based orbitals and both are π-type. Therefore, a complex with this arrangement 

would act as an organic compound since energy and intramolecular electron 

transfer processes would be localized on the organic part of the molecule. 

In Case B, both HOMO and LUMO orbitals are metal based. As the LUMO has an 

anti-bonding character, its population will lead to decomposition of the metal-

ligand bond and potential loss or rearrangement of ligands.  

The most interesting arrangement is described in Case C. In this arrangement the 

HOMO is metal based while the LUMO in ligand based. Consequently, upon 

excitation the electron can transfer from the metal to the ligand (MLCT process) 

and expand to further electron and energy transfer processes. 

The important electronic processes occur through excitation of these compounds 

which are illustrated by the prototype [Ru(bpy)3]2+ that is mainly based on the 
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arrangement shown in Case C. As an example the absorption and emission 

spectra of the prototype are shown in Figure 1.3 [47]. 

 

Figure 0.3: Absorption spectrum of [Ru(bpy)3](PF6)2 in acetonitrile showing MLCT, 

ligand centred (LC) and metal centred (MC) transitions Inset:  molecular orbital 

diagram, where the notation (L or M) indicate where the orbital is mostly localized. 

The d-orbitals, which are mostly localized on the metal, are split into three lower 

(t2g) and two higher (eg) orbital energy levels for the presence of the field 

generated by the bpy-ligands[48]. 

The strong field complex [Ru(bpy)3]2+ with three bidentate bipyridine ligands 

consists of an octahedral structure with its electrons in the low-spin t2g 

configuration. In contrast to other octahedral compounds, the unoccupied π*-

orbitals of the ligands are lower in energy than the unoccupied eg-orbitals of the 

Ru centre as shown in Figure 1.4. 
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Therefore, the energy that is required for a MLCT transition, which is critical for 

the electron transfer from the Ru(II) photocentre to the catalytic centre during the 

catalytic process, is lower than for the MC transition. Hence, the MLCT transition 

occurs at higher wavelength (visible light), which is a characteristic aspect with a 

view to its application in a photocatalytic system and is also responsible for its 

intense colour[45]. 

 

Figure 0.4: Schematic energy level diagram of (a) a typical octahedral transition metal 

complex and (b) [Ru(bpy)3]2+[45] 

[Ru(bpy)3]2+ is a d6 complex with octahedral geometry. Its absorption spectrum is 

as shown in Figure 1-3 dominated by the two bands at 240 nm and 450 nm (most 

intense) due to promotion of an electron from a  metal orbital to * ligand orbitals 

(MLCT processes). Ligand centred (LC) bands at 185 nm and 285 nm arise from 

promotion of an electron from  to * ligand based orbital. This is a typical C type 

compound as shown in Figure (1-2). The weak shoulders observed at 320 and 

350 nm are a sign of the presence of the metal centred transitions (MC) from M 
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to M* [49], the flexibility of the synthetic chemistry of ruthenium polypyridyl 

compounds allows the facile variation of the chelating ligands [50,51,52,53]. This 

mainly produces a change of the energy level of the ligand centred LUMO in the 

complex, with consequent modulation of absorption/emission energies, redox 

potentials and excited state lifetimes [8,9,10,54,55]. 

The excitation with light at wavelength 450 nm (as in Figure 1-3) stimulates one 

electron from a metal d-orbital to the ligand antibonding π*-orbital. For a 

ruthenium complex the singlet excited state (1MLCT), formed immediately upon 

excitation, expands rapidly into emissive metal to ligand charge transfer triplet 

excited state (3MLCT) of a lower energy level through intersystem crossing [56].  

This 3MLCT state is described as a Ru(III) centre coordinated to a reduced di-

imine radical anion ligand [57], owed to the strong spin-orbit coupling effect of 

ruthenium. 

The quantum yields of the formation of the lowest lying excited state are almost 

unity, showing that intersystem crossing (ISC) from the upper singlet excited 

states (obtained by excitation) to the lowest triplet state is very fast and efficient. 

The radiative (kr) and non-radiative (knr) decay pathways of the 3MLCT excited 

state are also shown in the Jablonski diagram in Figure (1-5) [56]. 

Basically, photochemical processes are generally initiated by photo-induced 

ligand exchange. For transition metals compounds ligand exchange is related to 

the breaking of metal-ligand bonds. Consequently, the photolability of compounds 

is generally associated with the presence of antibonding metal centred (MC) 

orbitals. 
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Figure 0.5: Jablonski diagram of [Ru(bpy)3]2+ [58]. 

 

Ruthenium polypyridyl compounds energy diagram is outlining the energy levels 

involved in photochemical processes as in Figure (1.6) shown below. 

In this category, the excitation from the metal based ground state to a singlet 

metal-to-ligand charge-transfer state (1MLCT) and rapid intersystem crossing 

(takes picoseconds) leads to population of a relatively long lived 3MLCT state. 

The detailed work on ruthenium polypyridyl compounds has identified the 3MC 

(metal centred) orbital to be responsible for the photocomposition [59,60,61]. For 

photoactive compounds, the population of the antibonding 3MC state from the 

3MLCT state takes place at room temperature. 

The photolability of the compounds is generally related to the energy difference 

between the deactivating 3MC state and the emitting 3MLCT level, (See Figure 

1.6).  
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Figure 0.6:  Electronic levels in [Ru(bpy)3]2+[46]. 

 

It was observed by Meyer and co-worker that such photo processes are 

influenced by used solvent strong ligands such as acetonitrile and coordinating 

counter ions increase the quantum yield for ligand loss. Therefore, 

[Ru(bpy)3](PF6)2 exhibits little or no decomposition in CH2Cl2. But in the presence 

of Cl- or NCS- ions, formation of species such as [Ru(bpy)2Cl2] is observed [46]. 

The photostability of [Ru(bpy)3](PF6)2 is much decreased in coordinating solvents 

such as acetonitrile and bpy (2,2’-bipyridyl) loss may develop [59,60,61]. The 

formation of intermediates containing monodentate coordinated bpy ligands has 

been detected using 1H NMR coupled with electronic spectroscopy [62]. 

These studies show that the energy difference between the 3MLCT and the 3MC 

energy levels is an important factor, that extend the control of the photochemical 

processes.   

 It can be noted that the photophysical and photochemical properties of these 

compounds are dependent on the nature of their low–lying excited states.  The 
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presence of an electron-accepting α-diimine ligand in the coordination sphere 

permits for charge transfer, through electronic transitions directed to the diimine 

ligand.  

 Ruthenium compounds are one of the most studies family of compounds in the 

inorganic metal compounds and belongs to the second row transition metals. The 

unique combination of physical and chemical properties of ruthenium polypyridyl 

compounds, such as high chemical stability, selective excited state reactivity, 

long-lived excited states, and well defined redox properties caught the attention of 

many research workers [63,64]. The popularity of ruthenium polypyridyl 

compounds is based on the special arrangement of the energy levels of the outer 

orbitals (Figure 1.2) 

 

1.2 Photocatalysis  

 

Photocatalytic compounds are considered a trial to mimic photosynthetic 

processes in living organisms that is why it has the term “artificial photocatalysis”.  

The basic concept is to design molecular systems that are capable of absorbing 

light in the region of solar emission and initiating an electron-transfer process that 

delivers the energy to a catalytic centre, that in turn uses this energy to carry out 

photocatalytic processes produce hydrogen gas from water. 

The basic design of any hydrogen producing photocatalytic molecular system 

should include the following four main components: 

 A photoredox-active centre, which is considered a photosensitizer that is able of 

absorbing electromagnetic radiation of the sun. 
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   A catalytic centre, where protons (H+) are reduced to hydrogen gas.  

   A linker that is able to carry out electron transfer process from the photo-centre to 

the catalytic centre and  

 A sacrificial electron donor needed to be present in excess in order to supply 

electrons for the re-reduction of the photosensitiser.  

Examples for those sacrificial donors include triethylamine TEA, triethanolamine 

TEOA, ethylenediaminetetraacetic acid EDTA or N,N-dimethylaniline DMA those 

compounds decompose after the initial electron transfer which is naturally 

irreversible. The by-products of their decomposition may affect the efficiency of 

the photocatalytic system and eventually inactivate it, that is why they are 

considered to be one of the major drawbacks of the concept of electrocatalysis. 

Two typical examples of the photocatalytic systems are depicted in Figure (1.7) 

highlighting the different functional components of the molecular system. These 

compounds will be further discussed in other chapters. 

 

 

 (a)             Photoredox active centre 

 

 
Electron transfer bridge 

 

 
Electrocatalytic

centre 
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Figures 0.7a and 1-7b:  (Example) the three components of photocatalyst Ru/Pt 

are highlighted: By excitation of the photocentre charge is transferred via the 

bridging-ligand to the catalytic centre. 

 

 

1.3 Mechanism of photocatalytic hydrogen production using the 

example of a dinuclear Ru/Pd complex  

 

Dinuclear Ru/Pd complexes are one example of dinuclear photocatalytic 

molecular devices that involve intramolecular charge transfer. As pointed out 

earlier, the term intramolecular charge transfer denotes that the photon-induced 

electron transfer movement happens inside a molecular assembly[65]. This 

assembly is composed of three main parts or centres with different photochemical 

properties and functions as shown in Figure 1.8. The Photosensitiser (PS), the 

  (b)           Photoredox active centre 

 

 

 
Electrocatalytic 

centre 
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Catalytic center (Cat) and a linker moiety that connects the two functional centres 

called the bridging ligand (B) [66]. We will discuss the important properties of 

each functional component of the molecular assembly in the following parts. 

 

 

 

Figure 1.8: Intramolecular approach. Sac = sacrificial reductant, PS = 

photosensitiser, Cat = catalytic centre, B = bridging ligand [66]. 

 

As apparent from their names, the photosensitizer is the centre that is responsible 

for interaction with the incident photon. This interaction induces an electronic 

transition to an excited state. This electron is then transferred to the bridging 

ligand, which should have a π orbital of lower energy to create energy gradient 

and allow spontaneous movement of electrons in the right direction from the 
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photosensitizer to the catalytic centre. One of the earliest examples of molecular 

binuclear photocatalytic assemblies is Compound 1, 

[(tbbipy)2Ru(tpphz)PdCl2](PF6)2 where the peripheral ligands are tbbipy = 4,4′-di-

tert-butyl-2,2′-bipyridine and bridging ligand is tpphz = tetrapyrido[3,2-a:2′,3′-

c:3″,2″-h:2′″,3′″-j]phenazine [67]. The Ru atom is located in the photosensitizer 

while Pd is in the catalytic centre (See Figure 1-9).  

 

 

 

Figure 1.9: The basic mechanism of photocatalytic hydrogen production with 

Compound 1 as photocatalyst. Light is absorbed by the Ru(II) moiety with 

subsequent electron transfer to the catalytic metal centre (Pd/Pt) mediated by 

bridging ligand (tpphz) in acetonitrile[67] . 

The vectorial electron transfer process that occurs in this compound upon 

irradiation can be summarised in the following scheme [65]: 
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Scheme 1.1 (a): Reaction of the Photocatalytic assembly and hydrogen 

production 

 

 

Scheme 1.1 (b): Decomposition of TEA. 

 

 

 

 

 

In the scheme shown, for the molecular assembly to produce hydrogen, an 

efficient vectorial electron transfer must happen, starting from the light absorbing 

ruthenium centre, through the bridging ligand and the palladium moiety that 
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serves as the catalytic centre and so bring the oxydised Ru (III) centre back to the 

ground state after the electron migration to the bridging moiety. TEA (which is the 

sacrificial agent) is necessarily for the reduction of the reduced Ru (III) atom in 

the light absorbing centre allows for the making the next photo excitation process. 

The use of sacrificial agents such as TEA can be problematic since it can be 

involved in the photocatalytic process. As shown in Scheme 1b above, TEA 

decomposes after the first electron transfer and produces both protons and 

electrons in dark reactions. During the decomposition process, two protons and 

one electron are produced. As noted before these compounds are quite reactive 

species and they may contribute in the decomposition of the photocatalytic 

molecule itself [65]. 

1.3.1 Role of the catalytic centre in the photocatalytic assembly 

 

Tschierlei et al carried out detailed investigations on the photophysical properties 

of the molecule to acquire more information about its electronic properties. These 

investigations included time resolved resonance Raman and picosecond (ps) 

transient absorption. Those experiments were conducted in acetonitrile as a 

solvent and in the absence of the sacrificial agent so that the photophysical 

properties of the assembly is evaluated under non-catalytic conditions. Scheme 2 

is a comparative study of the photophysical properties of the mononuclear 

precursor Complex 1a and the dinuclear photocatalyst Compound 1 as shown in 

Figure 1.9.[68]. 
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Scheme 1.2: Electron transfer dynamics of compound 1 and its precursor 

complex 1a. Localisation of the electron in the photoexcited state is illustrated by 

shaded areas [68]. 

 As appears in Scheme 1.2 initially, the first singlet metal-to-ligand charge-

transfer excited states (1MLCT) are formed in the light absorbing centre on the 

tbbipy (peripheral) /phenanthroline (bridging) moieties. This initial excited state 
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undergoes relaxation to a triplet 3MLCT state and it is localised solely on the 

phenanthroline moiety of the bridging ligand tpphz. This transition from the singlet 

to triplet (from the photosensitizer to the bridging ligand)[68]  occurs in 0.8 ps for 

the complete photocatalytic compound 1, and 1.2 ps for the precursor 1a. This 

difference is not very significant, which can be attributed to the fact that the 

transfer occurs away from the catalytic centre and it has small effect on it. It is 

worth nothing also is that this transition from the peripheral ligand to the 

phenanthroline unit of the bridging ligand occurs quickly upon the light absorption, 

which can be attributed to the structural design features of the compound. The 

bridging ligand was chosen to exhibit an excited state that has lower energy 

compared to the excited state populated on the peripheral ligands. The difference 

in decay times between the two compounds starts to be significant in case of the 

decay of the triplet excited state that is formed on the bridging ligand. The decay 

of the phenanthroline triplet excited state involves the intra-ligand-charge-transfer 

(ILCT) to the phenazine unit of the bridging ligand. The decay time is measured 

for compound 1a was 240 ps, while for compound 1 it was 5 ps. These results 

prove that the Pd(II) centre has a major effect on the electronic properties of the 

bridging ligand. It applies a strong driving force on the bridging ligand to form the 

phenazine localised ILCT state from the phenanthroline-centred triplet excited 

state. This ICLT state decays further over 310 ps in the case of compound 1 to 

produce the long-lived ligand to metal charge transfer (LMCT) state on the Pd(II) 

catalytic centre. The electron paramagnetic resonance spectroscopy confirmed 

the presence of an excited electron on the phenazine part of the bridging ligand. 

The last step in the process is the reduction of the Pd(II) centre which is proven 

by observing the inhibition of the catalytic activity of 1 upon addition of Cl− ions. 
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Because the reduction of the Pd centre involves the production of Cl− , the 

addition of Cl− ions is expected to inhibit the catalytic activity [67].  

1.3.2 The effect of wavelength 

In the previous section, it was apparent that during the photoexcitation of 

Compound 1, the peripheral ligands are populated with the first photo-induced 

excited state. Also, it is essential for the catalytic activity is that the population of 

the bridging ligand occurs so that the photoinduced electron transfer to the 

catalytic centre happens. The differences in the excited states energies between 

the peripheral and the bridging ligands are important to create an energy gradient 

that allows a fast electron transfer in the right direction, but the strength of their 

electronic coupling is also important. NH4PF6 is the only material that is suitable 

for these studies. 

 

Figure 1.10: Structures of photocatalysts (2, 3) [35,69].  

One example is that of Compounds 2 and 3 shown in Figure (1-10). The 

absorption properties of the two Compounds are very similar. The bridge contains 

in both cases, a pyrazine unit, that has the lowest MLCT state based most 
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probably on the bridging ligand [70], However, when the compounds are 

irradiated at 470 nm , turn over number (TON) numbers of 308 and 254 are 

obtained, indicating that the photocatalytic process is different. When both 

compounds are irradiated at 350 nm TON numbers of 65 and 16 are obtained for 

compounds 2 and 3 respectively. This observation clearly shows that the nature 

of the irradiation can have a strong influence on the photocatalytic behaviour of 

the compounds. 

Bernhard and coworkers have carried out a large range of detailed studies about 

intermolecular mechanism of excitation transfer in Ir(III) complexes in which they 

found that com pounds (2 and 3) have high stability as photosensitisers. This 

increased photostability[71,72] is observed for different iridium complexes acting 

as photocatalysts for the photogeneration of hydrogen through an intermolecular 

mechanism of excitation transfer. This stability is a product of the greater ligand-

field stabilisation energy of the third row elements imparts an important 

advantage to Ir(III) complexes over Ru(III) as observed in the comparison 

between compounds 2 and 3. For these studies Ru(II) is the mostly used 

standard material available.  For a second row element, direct population of the 

triplet metal centred (3MC) excited state can result in ligand expulsion followed by 

decomposition, which is not the case for the Ir(III) based analogues [73] 

1.3.3 Role of the peripheral ligands in the photocatalytic assembly 
 

The peripheral ligands are an important part of the photosensitizer centre in the 

photocatalytic assembly, they coordinate the metal centre, so that, the electronic 

properties of the ligands alongside the nature of the metal determine the energy 

of the excited state and the absorption wavelength. These ligands should be 



24 
 

designed to be at the higher end of the energy gradient so that they can promote 

the vectorial electron transfer from the light harvesting unit to the catalytic centre 

by the bridging ligand, which is chosen to exhibit a lower energy excited state so 

as to be the lower end of the energy gradient. Also, the electronic coupling 

between the peripheral ligands and the bridging ligands should be favourable for 

populating the bridge orbitals and should drive the electron transfer from the 

peripheral ligands to the bridging ligand instead of decaying the excite state of the 

peripheral ligand to the ground state without carrying out the electron transfer. 

That is why, compounds in which the direct population of 3MLCT states on the 

bridging ligand occurs have more photocatalytic activity. 

One example for that is Compounds 4 and 5 shown Figure (1.11). The absorption 

properties of the two peripheral ligands are similar, For Compound 4 bpy is used 

as usual, but for Compound 5 two ester groups are bound to the peripheral ligand 

as shown in Figure 1.11. Although the two ligands seem very similar they have a 

very different photocatalytic behaviour. The bridge contains in both cases, a 

pyrazine unit, that has the lowest MLCT state based most probably on the 

bridging ligand at about 530 nm[74]. 

 

Figure 1.11: Structure of the photocatalyst (4, 5) [35]. 
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For Compound 4, there is no photocatalytic activity and no hydrogen evolution 

was observed. But in case of Compound 5, upon the addition of an ester group to 

the peripheral ligands the TON value was determined to be 400 in 18 h 

irradiation. That suggests that esterification causes the formation of peripheral 

ligands with improved π-acceptor properties. This leads to lower π*-energy levels 

for the peripheral ligands and improving electronic coupling with the bridging 

ligand.  

 

1.3.4 The Role of the bridging ligand for photocatalytic assembly 

 

The bridging ligand is the connecting bridge between the photosensitizer centre 

and the supramolecular catalytic moiety both covalently and also electronically via 

the conjugated π-electron system. The bridging ligand is coordinating with the 

metal in the centre of the photosensitizer and the metal of the catalytic centre. 

Therefore, it should contain two bidentate coordination sites at both ends. The 

interaction between the units of the photocatalytic supramolecular assembly 

depend heavily on the size, shape, and electronic nature of the bridge. The 

bridging ligand is designed bearing several considerations in mind. It should be of 

a suitable length to allow single direction photoinduced electron transfer, and also 

limiting the reverse electron transfer. As mentioned before, it is optimum that the 

design of the molecule ensures that the 3MLCT state is populated on bridging 

ligand rather than on the peripheral ligands. 
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Figure 1.12: Structure of the photocatalyst (6, 7) [35]. 

Figure 1.12 is a good example of the experiments that shows the effect of the 

bridging ligand is Compound 6 and 7 are the most interested compounds, they 

are identical in every aspect except the bridging ligand. For Compound 6 the 

amount of hydrogen produced, TON value, was determined to be 430 after 18 

hours irradiation, while Compound 7 is completely inactive [75]. This difference is 

attributed to the location of the lowest unoccupied molecular orbital LUMO. As 

shown by Resonance Raman and density functional theory DFT calculations, 

Compound 6 orbital is based on the bridging ligand, whereas for Compound 7 it is 

localised mainly on the bipy ligands and the Ru centre. This arrangement does 

not encourage the electron transfer from the light harvesting unit to the catalytic 

centre.  

In addition to that, Rau et al. [76,77] have carried out small chemical 

modifications to the bridging ligand and assessed the resulting catalytic activity of 

Ru/Pd compounds. They added bromide to the tpphz bridging moiety of 

compound 1 to produce compound 8 which caused large decrease in catalytic 

activity (TON = 69 after 18 h) compared to 210 after 18 hours for compound 1. 
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Figure 1.13: Structure of the photocatalyst (1, 8 and 9). 

Also, for Compound 9 the pyrazine ring of tpphz was replaced by an acridine 

moiety and the photocatalytic activity was measured to be 139 which is different 

from the 210 value of the parent Compound 1. All that shows how important the 

bridging ligand is to the design of a photo catalytic assembly. 

 

1.4  Aim of the Thesis 

 

To develop highly efficient photocatalytic cells for the production of hydrogen from 

water the compounds used should have high photosensitivity and photostability. 

In order to assess those two properties, it was decided that High-Performance 

Liquid Chromatography (HPLC) would be employed to carry out a qualitative 

analysis of the developed compounds after exposing them to light for variable 
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durations of time. HPLC is a powerful analytical tool as it provides qualitative 

information about the compounds when retention time is known and elution order 

is expected. Also using a photodiode array can identify substances by their 

characteristic UV/Vis spectrum. The area under the curve for the eluted peaks 

provides accurate quantitative information about the concentrations of different 

molecules. Moreover, HPLC can separate different compounds, even closely 

related ones, it is also valuable in detecting any degradation products for the 

compounds hence evaluating their stability. Combining this powerful separation 

ability with a fraction collector for semipreparative HPLC settings allowed us to 

obtain highly pure substances which made further analysis possible using other 

techniques.  

In this study we aim to develop a number of techniques such as high performance 

liquid chromatography (HPLC) as an effective tool for the analysis, 

characterisation and the determination of the stability of a range of photocatalytic 

compounds before or after irradiation.  The compounds studied are based on a 

number of intermolecular Ru/Pt  compounds with three different bidentate (N^N) 

chelating ligands. First of all, the variation of the compounds is investigated by the 

effect that the peripheral ligands at the Ru(II) centre; 4,4'-bipyridine (bpy), 4,4’-

diethoxycarbonyl-2,2’-bipyridine (dceb) and 1,10-phenanthroline (phen) have on 

the general behaviour of the compounds. For the peripheral ligands three distinct 

sorts of fringe ligands were utilized as a part of the photo-hydrogen-evolving 

process (PHE), action of the synthesised Ru/Pt compounds and to increase 

additional data about their impact on the properties of the catalysts. The 

structures of the three types peripheral ligands see Figure (1.14).   

http://en.wikipedia.org/wiki/Bidentate
http://en.wikipedia.org/wiki/Chelation
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Figure 0.14:  Structures of the peripheral ligands bpy, phen and dceb 

 

The effect of the bridging ligands used include 2,2′:5′,2′′-terpyridine (2,5bpp),  

 2,3-bis(2'-pyridyl)pyrazine (2,3dpp)], 2,2’:5’,3’’:6’’,2’’-quaterpyridine (bisbpy) and 

2,2′:6′,2′′-terpyridine (2,6bpp).   The structures of the all bridges ligand are 

displayed in Figure 1-15. 

 

Figure 0.15: Structures of the bridging ligands 2,5bpp, 2,3dpp, bisbpy and 2,6bpp. 
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These photocatalysts are based on platinum centres as catalytic agents and the 

stability of these moieties, both mononuclear and intramolecular compounds are 

compared to those without a platinum centre corresponding to Ru(II) monomers 

as shown in Figure (1.16). It should be noted that the platinum catalytic centres 

contain halogen terminal ligands. Iodide and chloride were used to assess the 

effect of the type of the terminal ligand on the catalytic activity of the compound 

as well.  

 

 

Figure 0.16: Structures of the compounds without platinum centre (corresponding 

Ru(II) monomers) (a), the compounds with  platinum centre (b) 

  UV-vis absorption and 1H-NMR analysis was carried out also to provides more 

detailed qualitative and structural information about the possible chemical 

changes following photocatalytic experiments. 
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Methodology, Experimental, Classification and Characterisation 

of High-Performance Liquid Chromatography.  
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2.1 Introduction   

 

High performance liquid chromatography (HPLC) is a technique that is often used 

in the separation and characterisation of inorganic and organic chemistry. 

However, the DCU group has applied this technique with considerable success 

[1]. HPLC was used to monitor the tris(2,2’-bipyridyl) ruthenium [Ru(bpy)3]2+ 

reactions for the first time by Valently and Behnken in the late seventies [2], using 

UV absorption detectors at wavelength of 280 nm. The ability to developed novel 

HPLC methods to separate species with very similar structures (either isomers or 

not), along with the high sensitivity of the technique allows for the identification of 

products obtained from the photochemical reaction of complexes of the type 

[Ru(bpy)2(X)]n+ [1].  thanks to the development of an HPLC method based on a 

cation exchange column [3,4]. [i] .   

An example is the investigation of the potential of HPLC for the study and 

purification of a range of triazole based compounds such as 

[Ru(bpy)2(Hptr)](PF6)2 where Hptr is  3-(pyridine-2-yl)-1H-1,2,4-triazole, 

[Ru(bpy)2(H3M5ptr)](PF6)2 where H3M5ptr is 5-methyl-3-(pyridine-2-yl)-1H-1,2,4-

triazole and [Ru(bpy)2(Hbpt)](PF6)2 where Hbpt is 3,5-bis(pyridin-2-yl)-1,2,4-

triazole. (See Figure 2.1)   
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Figure 2.1: Structures of pyridyl triazole ligands 3-(pyridine-2-yl)-1H-1,2,4-triazole 

(Hptr), 5-methyl-3-(pyridine-2-yl)-1H-1,2,4-triazole (H3M5ptr) and 3,5-bis(pyridin-

2-yl)-1,2,4-triazole (Hbpt)) 

   The HPLC traces of two ruthenium compounds and 1H-NMR spectra are 
outlined in Figure 2.2 and Figure 2.3 below. 

   

 Figure 2. 2: Chromatograms of compounds [Ru(bpy)2(Hbpt)](PF6)2 (A)  and the 

[Ru(bpy)2(H3M5ptr)](PF6)2 (B), Columns SCX, mobile phase acetonitrile / water (80/20) 

containing 0.08 M LiClO4, detection wavelength 280 mn, Flow rate 2.0 ml /min [2]. 
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The chromatograms shown above suggest that for both complexes the pyridyl 

triazole ligands deprotonate while on the column. two different isomers are 

obtained, while for compound B only one species is produced in the synthetic 

process. The first observation indicates, that two isomers obtained for compound 

A are coordinated to the nitrogen atoms N1 and N2 of the triazole and pyridine 

ring, while at the same time compound B only shows a major peak is obtained 

since no free nitrogen atom is available because of steric reasons hinderence.  

These observations are of considerable importance in the further study of 

ruthenium containing 1,2,4-triazole compounds. Coordination through the 1HNMR 

spectroscopy the N2’ atom of compound B is confirmed, of particular interest is 

that the results show that compound A loses its proton when deprotonated on the 

HPLC, however, no deprotonation of compound B is observed. particular 

importance is that the results show that compound B loses its proton when 

deprotonated on the HPLC.   

Subsequently the separation of the isomers of compound A isomer was carried 

out using semi-preparative HPLC techniques. The compound used was 

[Ru(bpy)2(ptr)](PF6), as shown in Figure 2.2. As an example, the NMR spectra of 

both isomers, the N4 isomer and the N2 isomer are shown in Figure 2.3 below. 

Using HPLC as a purification method for the isolation of a photochemical 

intermediate obtained by photolysis was clearly established [3,4].  With the HPLC 

method applied up to 100 mg of pure compounds can be obtained.   
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Figure 2. 3: Proton NMR spectroscopy of the two separated isomers of compound 

[Ru(bpy)2(ptr)](PF6) under acid conditions. The spectra of the protonated isomers 

A, N4 and B, N2, are obtained using semi-preparative HPLC at pH of 2.37 N4 (B) 

and N2 0.60 respectively 

 

The photoactive behaviour of related ruthenium triazole compounds was also 

studied with HPLC techniques. In this study the photophysical and photochemical 

properties of the ruthenium [Ru(bpy)2(4Mptr)](PF6)2 triazole compounds were 

investigated in detail. The results indicate that the presence of coordinating 



42 
 

counter ions yields the cis-anion complex with loss of the pyridyl triazole ligand. 

However, the protonated form is photostable [5,6]. The thermal and 

photochemical properties of pyridyltriazole complexes was further investigated. 

These studies were again supported by semipreparative HPLC. A typical example 

is shown in Fig 2.4 below for the compound [Ru(bpy)2(4Mptr)](PF6)2 [5] where 

4Mptr is the 4-methyl-l - (pyridin-2-yl)-l,2,4-triazole.  

 

Figure 2.4: HPLC traces taken during the photolysis of compound 

[Ru(bpy)2(4Mptr)](PF6)2 in acetonitrile . Photolysis times, (a) 0s, b 60s, c 360s, d 

660 s, Columns SCX, Flow rate 2.0 cm3/min mobile phase acetonitrile: water 80:20 

containing 0.1 mol.dm-3 LiClO4.  Detection wavelength 280 nm. 

 

From the HPLC analysis it is clear that upon photolysis of compound 1 (peak 4) a 

number of main products are formed.  The most important of these are the two 

products [Ru(bpy)2(MeCN)2]2+ and [Ru(bpy)2(4Mptr)(MeCN)]2+, were identified by 

comparison with an authentic sample. This compound is also the expected final 
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photoproduct. From the fact that no free ligand is formed during the formation of 

Peak 2, this species is identified as [Ru(bpy)2(4Mpt)(MeCN)]2+. 

Semipreparative HPLC is therefore found to  be useful for the separation, 

identification and quantification of isomers in case of ruthenium complexes with 

asymmetrical ligands like 3-(pyridin-2’-yl)-1,2,4-triazole [3,4,5,6] 1-methyl-3-

(pyridin-2’-yl)-1,2,4-triazole or 2-(4’H-[1,2,4]triazol-3’yl)pyrazine [7,8] .and for the 

separation of isomers deriving from dimeric ruthenium complexes with ligands like 

3,5-bis(pyridin-2’-yl)-1,2,4-triazole [9,10,11,12] or 3,5-bis(pyrazin-2’-yl)-1,2,4-

triazole [3,4,5,6,13,14].      

Several other multinuclear ruthenium complexes were analysed using cation 

exchange HPLC of which compounds containing ligands such as 2-phenyl-

pyridine [15] and 2,5-bis(5’-methyl-4’H-[1,2,4]triaz-3’-yl)-pyrazine [16]. This 

technique was also used in characterising bipyridine complexes with metals other 

than ruthenium, for example, iron and nickel [17], which proves its wide ability to 

purify and characterize metal complexes with bipyridyl-based ligands.  The 

isomerisation of two possible coordination isomers for the [Ru(bpy)2(Hpytr)]2+, 

complex has been reported, the different coordination isomers where separated 

by semi-preparative HPLC [18,19], In this compound the Hpytr ligand is attached 

via either the N2 or the N4 nitrogen atom of the triazole ring as illustrated in 

Figure 2.5 
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Figure 2. 5: The Hpytr ligand is bound via either the N2 or the N4 nitrogen atom of 

the triazole ring.                  

For this experiment, HPLC was of value in the separation and identification of the 

two isomers. The HPLC traces of the photolysis of these isomers in CH2Cl2 

produced (aside the peak due to solvent) two peaks, the first was due to N2 

isomer and peak 3 was of the N4 isomer [18,19]. 

HPLC was also used in the characterisation of the products of photolysis obtained 

from irradiation of related polypyridyl compounds [13,14,20,21,22]. In particular, 

the study of the photoreactions of the dinuclear complex using HPLC. Those 

compounds include [Ru(bpy)2(bpt)Ru(phen)2](PF6)3  (bpt = 3,5-bis-(pyridin-2’-yl)-

1,2,4-triazole; phen = 1,10-phenanthroline) and its isomer 

[Ru(phen)2(bpt)Ru(bpy)2](PF6)3. This study allowed the characterisation and 

identification of the fragmentation products such as [Ru(bpy)2(CH3CN)2]2+, 

[Ru(bpy)2(CH3CN)Cl]+ and [Ru(bpy)2Cl2] and [Ru(bpy)2(bpt)]+, [13,14], while in 

case of [Ru(bpy)2(tbmbpy)]Cl2 irradiation {tbmbpy = trans-1,2-bis[4-(4’-methyl)-

2,2’-bipyridyl] ethane}, HPLC verified the process of a light-driven dimerization 

[20,21,22]. 

At present we concentrate on the use of HPLC for the separation and analysis of 

the photoreaction products produced from the irradiation of the binuclear 
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complexes of ruthenium {[Ru(bpy)2]2L]3+
 with L = bpt (see Figure 2.1) [23,24] and 

bpzt [bpzt = 3,5-bis-(pyrazin-2’-yl)-1,2,4-triazole] [3,4] and of related mononuclear 

pyrazinetriazole compounds.  The photochemistry of binuclear systems is very 

interesting because it is possible to induce intramolecular transfer of excitation 

and/or charge between the two metal centres [6,7,25,26] by irradiating the 

compound with light that has the frequencies of metal-to-ligand charge transfer 

(MLCT) transitions. [(Ru(bpy)2)2L]3+ complexes are considered as supramolecular 

systems in which the metal centres perform different functions in the 

photoactivation processes [27,28,29].   However, in this study our interest is on 

the photochemical behaviour of dinuclear compounds that are able to split water 

into its elemental components and produce hydrogen from water and solar light.  

High performance liquid chromatography (HPLC) is an essential research tool 

used for the qualitative and quantitative analysis of synthetic and natural products 

and polymers by separating different compounds to fractions depending on 

different physical and chemical properties of the substances including 

hydrophobicity, chemical composition, molecular weight, functional groups, 

charge etc. Similar to other chromatographic techniques, separation in HPLC 

results from the partitioning of the different chemicals present in the sample 

components between the mobile phase and stationary phase.  The difference 

between HPLC and other chromatographic techniques is that this process takes 

place in solution (hence called liquid) inside the chromatographic column that is 

packed with stationary phase. This stationary phase can be inorganic (usually, 

silica-based) or organic (synthetic resin, such as polystyrene–divinyle benzene 

and acrylic-based materials) porous particles, that is both mechanically and 
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chemically stable in high pressure applied on the moving liquid (mobile phase) 

which is pumped mechanically through the column. There are different types of 

HPLC according to the mobile phase composition, isocratic (in which the mobile 

phase does not change its composition) or gradient (the composition of the 

mobile phase changes by time), this significantly expands the capabilities of the 

technique [30]. Separating different components is due to their differences in 

migration rates through the stationary phase column as shown in Figure 2.6 

[31,32]. 

 

2.1.1 Classification of HPLC Methods 

 

There are different ways to categorise HPLC. This classification can be based on 

the type of the stationary phase and the separation process, three modes can be 

specified [31]. 

2.1.1.1 Adsorption Chromatography  

In this type, the stationary phase is an adsorbent (as silica gel or any other silica 

based packing) and the separation between components is based on their 

repeated adsorption- desorption steps. 

 

2.1.1.2 Partition or Distribution 

Those similar terms used to describe the equilibrium process that is attained 

between the concentration of the analyte in the mobile phase and the stationary 

phase. 
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2.1.1.3 Size Exclusion 

In this technique, the separation between species is based on their relative size 

or three dimensional shape. Where the bigger sized molecule moves faster than 

smaller, also the shape affects the relative retention times. 

2.1.1.4 Ion Exchange 

This type involves the exchange of ions, (cation, or anion) during the process of 

separation [33]. 

 

Figure 2. 6: (a) Schematic of the chromatographic process showing the migration 

of two bands of components down a column. (b) Microscopic representation of 

the partitioning process of analyte molecules A and B into the stationary phase 

bonded to a spherical solid support. (c) A chromatogram plotting the signal from a 

UV detector displays the elution components A and B. [33]. 

 2.1.1.5 Ion- Exchange Chromatography (IEC) 

In the ion-exchange chromatography [34,35], the separation theory is based on 

the exchange of ionic analytes with the ions of the same charge that is bound to 

ions of opposite charge immobilised on the surface of the stationary phase 

(Figure 2.7). Typical stationary phases which are cationic has (sulfonate), or 

anionic has (quaternary ammonium) groups bound to polymeric or silicacious 
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particles. The mobile phases consist of buffers, mostly with increasing ionic 

strength, to enhance the migration of the analytes. Among the most common 

applications are the analysis of ions and biological components such as amino 

acids, proteins/peptides, and polynucleotides.  

 

Figure 2. 7: a pore in the stationary phase in ion exchange chromatography [35]. 

Shortly after the introduction of commercial HPLC machines in 1968, ion-

exchange chromatography (IEC) was an established HPLC method [34]. 

Over the next decade, however, its applications for the separation of many 

sample types were becoming fewer compared to other HPLC methods. Recently, 

it is used only for certain “special” samples. This includes samples of biological 

origin (amino acids, oligonucleotides, peptides, proteins, and nucleic acids), 

inorganic salts, and some organometallics. 
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2. 2 Theory of Ion Exchange 

Ion exchangers as apparent in the name are insoluble solid materials that exhibit 

charge centers and replaceable counterions of opposite charge bounds by means 

of ionic bond. When the ion exchanger which is immobilised on a solid support 

(usually particles) is in contact with a solution (mobile phase) of an electrolyte, its 

counterions can be exchanged for the same amount of ions that carries the same 

charge which is contained in the electrolyte. If the exchangeable counterion 

provided by the insoluble solid substance (stationary phase) is a cation, the 

stationary phase is commonly referred to as a cation exchanger. If it is an anion, 

anion exchange is occurring and the stationary phase in this case is referred to as 

an anion exchanger [36] 

 

 

Figure 2.8:  Principle of ion exchange chromatography  [36]. 
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The separation in ion exchange chromatography is theoretically attributed to the 

reversible adsorption process of charged solute molecules to an oppositely 

charged group that is immobilized on an insoluble solid support that constitutes 

the stationary phase. The general sequence of an ion exchange experiment has 

five main stages as depicted in the scheme below. 

In the first stage the ion exchanger is equilibrated and brought to a starting state, 

in which the pH and ionic strength are relatively constant and allow the binding of 

the solute molecules with the right charge. The exchanger groups are associated 

at this stage with the exchangeable counter-ions (usually elemental anions or 

cations, such as chloride or sodium). 

The second stage is sample injection and adsorption, in which the analyte 

molecules carrying the suitable charge exchange the counter-ions and reversibly 

associate to the exchanger group immobilised at the stationary phase. The 

unwanted molecules in the sample that does not have the right charge travels 

with the mobile phase without being associated with the stationary phase, thus 

being washed out from the exchanger column and separated from the desired 

analyte using starting buffer. 

At this stage, the desired substances can be obtained from the column by 

rendering the elution parameters unfavourable for ionic bonding of the solute 

molecules thus weakening the ionic bond between the analyte and the stationary 

phase. This is normally attained by raising the ionic strength of the mobile phase 

or changing its pH. Figure 2.8 shows how desorption is achieved by gradually 

increasing the salt concentration of the eluting buffer and consequently solute 
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molecules are dissociated from the stationary phase ionic groups following their 

order of binding strengths with the stationary phase, so that the substances with 

lowest binding strength is eluted first. 

The fourth and fifth stages are reconditioning the column by removing the 

substances that have not eluted under the stage 3 experimental conditions and 

equilibration of the stationary phase back to the starting conditions for the next 

run of purification. 

The separation occurs successfully since different molecules have varying affinity 

to the ion exchanger stationary phase. These differences are in physical and 

chemical properties such as charges, charge densities, molecular weight and 

three-dimensional configuration of the molecule and their surface charge 

distribution. These interactions can be tuned by changing experimental conditions 

such as pH and ionic strength. The ionic properties of biological compounds are 

often considerably different and because ion exchange chromatography can 

separate species with very minute differences in structural properties that 

changes the overall charge, e.g. similar proteins that have only one different 

charged amino acid, this is considered a very powerful separation technique. 

Also, it is possible in ion exchange chromatography to bind the desired 

substances to the column stationary phase and let the impurities or undesired 

substances to pass through the column, or to capture the impurities and allow the 

wanted substance to pass through. However, the first approach is more practical 

since it permits a higher degree of fractionation and concentrates the desired 

product. 
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Secondary to the ion exchange process, other forms of binding might occur. 

These effects are weak and are attributed mainly to van der Waals forces and 

non-polar interactions. Ion exchange separations may be performed in a column 

in a batch format, or by expanded bed adsorption. All these techniques are 

performed following the aforementioned stages of equilibration, sample 

adsorption etc. [37]. 

 

 

2. 2.1 Ion Exchangers for HPLC 

 

In order to be a suitable and effective stationary phase material in HPLC settings, 

the material have to possess a number of physical and chemical properties, 

added to the properties that affect analyte-stationary phase retention which leads 

to a favourable flow of mobile phase and produces narrow, well-defined 

chromatographic peaks of high resolution. The more optimum those properties, 

the more efficient the column operation becomes and the better its ability to 

separate mixtures of analytes with high resolution provided that other factors that 

influence analyte-stationary phase interactions are optimised. Table1 summarizes 

the critical stationary phase physical properties that have to be fulfilled for an 

optimum and efficient column operation.  
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Table 2.1, Critical stationary phase physicochemical properties 

1  Particle size uniformity and monodispersity. 

2  Particles shape (ideally spherical) 

3  Microsize particles 

4  Particles rigidity 

5  Physical strength to resist fracture due to column pressure drop 

6  Porousity of the particles that provides access to retention sites and   
determines surface area. 

7  Inertness and chemical stability toward a wide range of mobile phase 

conditions 

 

 

A suitable ion exchange for HPLC applications should contain the following basic 

components: 

1. An ionogenic surface group.  

2. The ionogenic groups within the ion exchanger must be accessible. 

3. A favourable number (ion exchange capacity) of the ionogenic groups should 

be present. 

4. A preference of one analyte over another (ion exchange selectivity) should be 

present. 

5. The ion exchange should be reversible and follow the effects of mass action 

6. The kinetics of the in exchange (rate of exchange) should be rapid enough to 

permit a column operation. 
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Ion exchangers suitable for HPLC applications are of four basic types: 

 Organic polymeric ion exchanger 

  Bonded phase ion exchanger 

 Pellicular ion exchanger 

 Inorganic oxide ion exchanger 

 

Figure 2.9 depicts their basic physical structure of a stationary phase particle. A 

macroporous structure is obtained by the packing of microspheres. Those 

microspheres are jointed together or by the channels in the matrix. Because the 

ionogenic groups are bound to the matrix, they are accessible due to porosity. 

Which leads to a positive effect on mass transfer and column efficiency. On the 

other hand, the pellicular-type ion exchanger has its macroporous network on the 

surface, which contains the ionogenic group. This reduces thickness over the 

inert core to be about 1-3 µm rather than throughout the bead, mass transfer in 

this case is even further improved. The positive effect, however, is partially 

reversed by the subsequent decrease in the number of ionogenic groups 

available for binding and the challenging fabrication of this type of particles in a 

<10µm size with the required monodispersity and narrow particle size distribution. 
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Figure 2. 9: Types of ion exchangers. (a) microporous or gel organic polymaeric ion 

exchangers; (b) macroporous organic polymeric ion exchanger; (c) pellicular ion 

exchanger; (d) bonded phase ion exchanger [31]. 

 

2. 2. 2   Bonded Phase Ion Exchanger 

 

The introduction of the bonded stationary phase to HPLC stationary phases was 

a turning point in the advancement of HPLC. This type of stationary phase is used 

in the large majority of HPLC applications. The particles have the physical 

strength of an adsorbent and the coat provides the resolving power associated 

with a partitioning system of a stationary phase coated with a liquid layer. Since 

the bonded layer is chemically bound to the stationary phase particles via a stable 

covalent bond, it is stable enough and does not desorb during the elution of 

mobile phase. Bonded phases are fabricated by attaching hydrocarbon chains 

chemically to microsilica particles. Sometimes polar groups are added to the 

hydrocarbon, in this case, the bonded phase exhibits some of the normal phase 
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chromatographic properties. If those polar functional groups are absent, the 

stationary phaseexhibits reversed phase chromatographic features. Also, the 

hydrocarbon group can carry an ionogenic group or one can be chemically added 

to it in a subsequent reaction, then the bonded phase becomes an ion exchanger. 

The conjucation chemistry of these functional groups onto silica can be carried 

out in several ways [35,36]. One approach is based on converting the silanol by 

to silicate ester by reacting it with an alcohol as shown in Eq. 2.1. The silanol 

group will then undergo 

 

Si OH ROH Si OR                                                        Equation         (2.1) 

reactions with organochlorosilanes easily (Eq. 2.2). If an organodichlorosilane is 

used, a terminal –OH group is obtained which can then be reacted with another 

type of organochlorosilane. 

 

Si OH R3 SiCl Si O SiR3                                             Equation     (2.2) 

The silanol can be substituted by chloride, e.g., by reaction with thionyl chloride, 

and the resulting chloride is then treated with a Grignard organolithium reagent to 

give the product as shown in eq.2.3. 

 

Si OH SOCl2 Si Cl LiR Si R                            Equation     (2.3) 
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The silane chemistry in eq.3 provides a very versatile synthetic routes to the 

bonded phase ion exchangers. If aromatic groups are attached, then these can 

be sulfonated to yield a strong-acid cation exchanger [37]. 

Using silica as a solid support in Ion-exchange has many advantages over 

polystyrene based support. In addition to the difference in selectivity. The glass or 

silica core of the particles strengthen them structurally. Which reduces the 

occurrence of problems like swelling or bed settling. Generally, it is also possible 

to change buffer salts or even use mixed solvents without sacrificing column 

efficiency due to swelling of the particles. It is also possible to use high 

temperatures (up to 80°C) without a negative effect on the packings with bonded 

resin. However, extremely acidic (pH<2) or mildly basic (pH>8) solutions can lead 

to attacking the silica supporting the bonded phases and destroy the column 

resistance consequently decreasing column efficiency. 

 

2. 2. 3 Inorganic Groups. 

 

Having a charged functional group is one prerequisites of an ion exchanger. The 

nature of the charge and the type of the functional group determines the type and 

strength of the ion exchanger. Their total number (i.,e. Surface coverage of the 

particles) and availability (which is determined by the porosity of the particles) 

determines the capacity. A cationic ion exchanger has a strong acid or weak 

acidic inorganic group while an anionic exchanger has a strong base or weak 

basic group. There are many groups that have been use in ion exchangers; some 

of these are shown in Table 2. 
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Table 2.2, Functional groups used on ion exchangers. 

Anion exchangers  

Functional group 

  

Quaternary ammonium         stron

g 

-O-CH2N+(CH3)3 

Diethylaminoethyl          weak -O-CH2CH2N+H(CH2CH3)2 

Diethylaminopropyl         weak -O-CH2CHOHCH2N+H(CH2CH3)2 

Cation exchangers  

Functional group 

  

Sulfopropyl  stron

g 

-O-CH2CHOHCH2OCH2CH2CH2SO3– 

Methyl sulfonate  stron

g 

-O-CH2CHOHCH2OCH2CHOHCH2SO3– 

Carboxymethyl  weak -O-CH2COO– 

 

Sulphonic and quaternary amino groups are considered strong ion exchangers; 

while the other groups form weak ion exchangers. The extent of variation of 

ionization with pH determines the strength or weakness of the exchanger and not 

the binding strength. Strong ion exchangers are ionized completely over a large 

pH range whereas with weak ion exchangers, the degree of dissociation and thus 

exchange capacity varies markedly with pH. 
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Properties of strong ion exchangers: 

 Loading capacity does not decrease at high or low pH values due to loss of 

charge from the ion exchanger. 

 A very simple mechanism of interaction exists between the ion exchanger 

and the solute. 

 

2. 3 Basis of Retention 

 

As mentioned earlier, columns used in ion exchange chromatography are 

characterized by the presence of charged groups covalently bonded to the 

particles of the stationary phase:  anion-exchange columns exhibits a positive 

charge (normally a quaternary ammonium or amine group) and cation-exchange 

columns has a negative charge (usually sulfonate or carboxylate groups). Cation-

exchange columns are used for the separation of cations such as protonated 

bases, and anion-exchange columns are used for anionic or acidic samples [38]. 

If the stationary phase is denoted R- (cation exchanger) or R+ (anion exchanger), 

and the sample is X+ (cation) or X- (anion), the retention in ion exchange 

chromatography can be represented as follows: 

 

X+ + R-K+  X+R- + K+                  (cation exchange)                Equation    (2.4) 

X- + R+Cl-  X-R+ + Cl-                  (anion exchange)                Equation    (2.5) 
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the assumption here is that the counterion in the mobile phase is either K+ or Cl-, 

and the sample ion is monovalent. 

The concentration of the counterion affects the retention and this effect can be 

generalized for a sample ion of charge z and a monovalent counterion as follows: 

 z
ionconcentratcounterion

t
k

constant 
                                                    Equation (2.6) 

So, the increase in salt or buffer concentration in the mobile phase decreases 

retention (as seen from the inverse relationship between the concentration and 

the K) , and the effect is greater for more charged sample compounds (z 1). The 

ionic strength of the mobile phase is tuned to control analyte retention between 

0.5  k  20, so the resolution between two compounds will depend on their 

difference in charge (Eq.2.6 See above).  

2. 3.1 pH Effects 

 

Ion-exchange chromatography is used to separate and purify acids and basis. 

Because retention (Eqs.2.4 and 2.5) necessitates that the analyte molecule 

carries a charge that is opposite to that on the column, only the ionized from of 

the acid or base will be retained significantly. That is why, pH of the mobile phase 

is a very essential factor in determining the separation between compounds. As in 

high pH, acids tend to be fully ionised (hence, more able to be retained on the 

anionic exchangers). While in solution of low pH value, alkaline compounds tend 

to be ionised [38,39]. 
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2. 3.2 Salt or Buffer Types 

 

 Mobile-phase anions or cations are retained differently in terms of strength to an 

ion exchanger. Sometimes a particular salt is selected to provide stronger or 

weaker retention. Therefore, a strong displacer can reduce sample retention more 

than the same concentration of a weaker displacer. In general, the more charged 

displacers are stronger [40].  The relative strength of different displacers in anion-

exchange chromatography is F- (weak) < OH- < acetate- < Cl- < SCN- < Br- < NO3
- 

< I- < oxalate2- < SO2
2- < citrate3- (strong)  

Similarly, displacer strength in cation-exchange chromatography varies as 

Li+ (weak) < H+ < Na+ < NH4
+ < K+ < Rb+ < Cs+ < Ag+ < Mg2+ < Zn2+ < Co2+ Co2+ < 

Cd2+ < Ni2+ < Ca2+ < Pb2+ <Ba2+ (strong) [40]. 

2. 3. 3 Organic Solvents 

 

The addition of an organic solvent to the mobile phase causes the retention to 

decrease, similar to reversed-phase HPLC [32,39]. Solvents as methanol or 

acetonitrile are used usually in ion exchange to enhance selectivity. 

 

2. 3. 4 Column Type 

The ion-exchange column can be categorised to four main groups: weak and 

strong cation exchangers (WCX and SCX, respectively) and weak and strong 

anion exchangers (WAX and SAX, respectively). 
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Strong ion exchangers carry a strongly ionic group whose ionisation does not 

change over the most used pH range (2 < pH < 12) [e.g., -SO3
- groups for cation 

exchange and –N(CH3)+3 groups for anion exchange]. Weak ion exchangers lose 

their charge and the ability to retain samples for certain pH ranges (e.g., -COO- 

groups for cation exchange show a progressive loss in charge for pH< 5)  

[32,38,39].  

Most of the applications of ion- exchange chromatography (except the separation 

of biological samples) uses strong ion exchangers. Weak ion-exchange columns 

can be used as a means of changing selectivity or for reduced retention. 

2. 4 Resolution in Ion Exchange Chromatography  

This section explains the main theoretical factors that affect separation in ion 

exchange chromatography. One of the main parameters in evaluating a 

chromatographic separation in general and ion exchange chromatography is 

included is the resolution between the different compounds peaks. The resolution 

(Rs) is calculated from the chromatogram as shown in Figure 2.10 [36,37,40].  

 

Figure 2. 10: Determination of the resolution (Rs) between two peaks. 
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The definition of resolution is the distance between peak maxima compared with 

the Average base width of the two peaks. Peak widths should be determined 

using the same units so as theresolution is dimensionless. Rs is a critical measure 

of the relative separation between two peaks and can be used to determine if 

more optimization of the chromatographic procedure is needed. If Rs = 1.0 

(Fig.2.10) then 98% purity has been achieved at 98% of peak recovery, provided 

the peaks are Gaussian and approximately equal in size. Baseline resolution 

requires that Rs =1.5. At this value purity of the peak is 100%. Note: A completely 

resolved peak is not equivalent to a pure substance. This peak may represent a 

series of components that are not resolvable using the selected separation 

parameter. The resolution achievable in a system is proportional to the product of 

the selectivity, 

The efficiency and the capacity of the system are the two most important 

parameters to control column chromatography performance. The analytical 

expression for Rs is: 

sR   


 1

4

1 
   X    N    X    

1k

k
                                        Equation    (2.7) 

Selectivity expressed as Separation factor (α). 
Retention of later eluted compound expressed as Capacity factor (k.) 
Efficiency expressed as number of effective plates (N). 

 

Figure 2. 11: Separation results with different resolutions. 
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2. 4. 1 Retention Factor 

 

The capacity or retention factor k is a measure of the retention of a component 

and should not be confused with loading capacity (mg sample/ml) or ionic 

capacity (mmol/ml). The capacity factor is calculated for each individual peak. For 

example, k for peak1 in (Figure 2.11) is derived from the equation: 

 

Capacity factor k=
0

0

V

VVR                                                 Equation    (2.8) 

 

VR is the retention time of the peak, V0 is the dead time of the column. 
 

 

In the equation for Rs, k is the average of k1 and k2. The quantities V are the 

retention times of the solutes and can be measured almost always time. 

Adsorption techniques such as ion exchange chromatography can have high 

capacity factors since experimental conditions can be chosen which lead to peak 

retention volumes greatly in excess of V0. This can be seen in contrast with the 

technique of gel filtration where capacity is limited since all peaks must elute 

within the volume (Vt - V0). 
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Figure 2. 12: Hypothetical chromatogram.  

V0 = void volume. 

VR1 = elution volume for peak 1, wb1 = peak width for peak 1 

VR2 = elution volume for peak 2, wb2 = peak width for peak 2 

Vt = total volume. 

2. 4. 2 Column Efficiency 

 

The column efficiency is related to the zone broadening which occurs on the 

column and can be calculated from the expression:  

N = 16

2










w

VR  or   N = 5.54

2

2
1 













w

VR                                    Equation    (2.9) 
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(Where w and w1/2 are respectively the peak width and the peak width at half peak 

height) and is expressed as the number of theoretical plates (N) for the column 

under specified experimental conditions. 

The plate model supposes that the chromatographic column is contains a large 

number of separate layers, called theoretical plates [23,37,41].  

 Separate equilibrations of the sample between the stationary and mobile phase 

occur in these "plates". The analyte moves down the column by transfer of 

equilibrated mobile phase from one plate to the next. 

It is important to remember that the plates do not really exist; they are a figment 

of the imagination that helps us understand the processes at work in the column. 

They also serve as a way of measuring column efficiency, either by stating the 

number of theoretical plates in a column, N (the more plates the better), or by 

stating the plate height; the Height Equivalent to a Theoretical Plate (the smaller 

the better). If the length of the column is L, then the HETP is 

HETP = L / N 

A more realistic description of the processes at work inside a column takes 

account of the time taken for the solute to equilibrate between the stationary and 

mobile phase (unlike the plate model, which assumes that equilibration is infinitely 

fast). The resulting band shape of a chromatographic peak is therefore affected 

by the rate of elution. It is also affected by the different paths available to solute 

molecules, since they travel between particles of stationary phase. If we consider 

the various mechanisms that contribute to band broadening, we arrive at the Van 

Deemter equation for plate height [40]. 
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HETP = A + B / u + C.u 

Where u is the average velocity of the mobile phase. A, B, and C are factors 

which contribute to band broadening. 

A - Eddy diffusion 

The mobile phase moves through the column that is packed with stationary 

phase. Solute molecules will take different paths through the stationary phase at 

random. This will cause broadening of the solute band, because different paths 

are of different lengths. 

B - Longitudinal diffusion 

The concentration of analyte is less at the edges of the band than at the center. 

Analyte diffuses out from the center to the edges. This causes band broadening. 

If the velocity of the mobile phase is high then the analyte spends less time on the 

column, which decreases the effects of longitudinal diffusion. 

C - Resistance to mass transfer. 

The analyte takes a certain amount of time to equilibrate between the stationary 

and mobile phase. If the velocity of the mobile phase is high, and the analyte has 

a strong affinity for the stationary phase, then the analyte in the mobile phase will 

move ahead of the analyte in the stationary phase. The band of analyte is 

broadened. The higher the velocity of mobile phase, the worse the broadening 

becomes Van Deemter plots [40].  

A plot of plate height vs. average linear velocity of mobile phase. 
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Figure 2. 13: Van Deemter plot [40]. 

 

Such plots are of considerable use in determining the optimum mobile phase flow 

rate. Since the observed value for N depends on experimental factors such as 

flow rate and sample loading, it is important that comparisons are done under 

identical conditions. In the case of ion exchange chromatography, efficiency is 

measured under isocratic conditions, using a substance that does not interact 

with the matrix, e.g. acetone. One of the main causes of zone broadening in a 

chromatography bed is longitudinal diffusion of the solute molecules. The effect is 

minimized if the distances available for diffusion, in both the mobile phase and 

stationary phase, are minimized. In practice this is achieved by using small 

uniform bead sizes and important developments in ion exchange chromatography 

have been the introduction of 10 μm and 15 μm diameter particles. The highest 

efficiency is achieved with the non-porous, 3 μm diameter, designed for analytical 

and micropreparative applications. After bead size, the second major contributory 

factor to efficiency is good experimental technique. Badly, unevenly packed 

chromatography beds and air bubbles will lead to channelling, zone broadening 

and loss of resolution. Good separations require well packed columns and the 
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importance of column packing increases in direct proportion to the performance 

required. 

2. 4. 3 Selectivity 

 

The selectivity () can be defined as the ability of the chromatographic system to 

separate peaks i.e. the distance between two peaks. The selectivity factor can be 

calculated from the chromatogram (Figure 2.14) using the expression [41]. 
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                                                      Equation    (2.10) 

Good selectivity is a more important factor than high efficiency in determining 

Resolution (Figure 2.14) since Rs is linearly related to selectivity but quadratically 

related to efficiency. This means that a fourfold increase in efficiency is required 

to double the resolution under isocratic conditions. 

 

 

 

 

 

 

 

Figure 2. 14: Effects of selectivity and efficiency on retention 
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Selectivity in ion exchange chromatography depends not only on the nature and 

number of the ionic groups on the matrix but also on the experimental conditions, 

such as pH and ionic strength. It is the case and predictability with which these 

experimental conditions, and thus the selectivity, can be manipulated which gives 

ion exchange chromatography the potential of extremely high resolution. 

 

2. 4.4 Capacity 

 

The capacity of an ion exchanger is a quantitative measure of its ability to take up 

exchangeable counter-ions and is therefore of major importance. The capacity 

may be expressed as total ionic capacity, available capacity or dynamic capacity. 

The total ionic capacity is the number of charged substituent groups per gram dry 

ion exchanger or per ml of swollen gel. Total capacity can be measured by 

titration with a strong acid or base. The actual amount of electrolyte that can be 

bound to an ion exchanger, under defined experimental conditions, is referred to 

as the available capacity for the gel. If the defined conditions include the flow rate 

at which the gel was operated, the amount bound is referred to as the dynamic 

capacity for the ion exchanger [42,43]. 

Available and dynamic capacities depend upon: 

 The properties of the electrolyte. 

 The properties of the ion exchanger. 

 The chosen experimental conditions. 
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The properties of the electrolyte which determine the available or dynamic 

capacity on a particular ion exchange matrix are its molecular size and its 

charge/pH relationship. The capacity of an ion exchanger is thus different for 

different electrolytes [30,33,37].  

2.5  Experimental Section 

 

The photochemistry of compounds was monitored by HPLC, 1H-NMR and UV-Vis 

spectroscopy. 

   2.5.1 Materials 

The compounds which will be investigated were available from previous 

experiments and were synthesized by Ms Tanja Kowacs (Institute of Inorganic 

Chemistry I, University of Ulm, Germany). All samples were used as received, 

with no further purification. All solvents employed were of HPLC grade or better 

(Sigma-Aldrich). Water was prepared with water purification System model Milli-Q 

(Millipore, Bedford, MA, USA). All samples were filtered through Nylaflo® nylon 

membrane filter units of 0.45 μm pore diameter (Millipore). All mobile Phases 

were degassed prior to use. 

     2.5.2 Analytical HPLC: 
 

Analytical High Performance Liquid Chromatography (HPLC) experiments were 

carried out on using a Varian Pro Star photodiode array as detecting system in 

conjunction with Varian Star software, a Varian 230.0 pump, (model 230.01) and 

Varian detector (Model 330.71), fitted with a 20L injector loop and a strong 
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cation exchange Luna SCX column (25cm x4.6mm-100Å) provided by 

PHENOMENEX. This column is a silica-based sorbent derivatized with 

benzenesulfonic acid phase. The column is packed with 5m particles and the 

operating pH range is between 2.0 and 7.0. The 280nm was chosen as the 

detection wavelength because the most intense band in the absorption spectrum 

for the compounds studied was between 270nm and 290nm.  

   2.5.3 Mobile phases used:  
 

  Acetonitrile/water with volume ratio (50/50) mixture during 30 minutes to 

stabilise the column before use.  

 Acetonitrile/water/methanol mixture containing potassium nitrate KNO3 as 

a salt during 30 minutes (the volume ratio of mobile phase and the potassium 

nitrate concentration changeable depending on experimental conditions 

required). When the mobile phase needs to be changed the system was 

cleaned for 20-30 minutes.   

 The Column was rinsed with an acetonitrile/water with volume ratio 

(50/50) mixture (30 min at least) after use.  

All mobile phase was vacuum filtered through 0.5 µm membrane filters and then 

degassed in an Ultra Sonic batch for 15-20 minutes prior to use. The flow rate 

used was varied from between 1.5-3 mL/min and the pump pressure is highly 

depending on increasing of flow rate. 
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Figure 2. 15: Varian ProStar 230 HPLC System. 

 

     2.5.4 HPLC Setup:  
 

The pump and UV/Vis detector were switched on. After washing the column with 

HPLC Grade acetonitrile/water (50/50 v/v) with a low flow change that suited the 

mobile phase for appropriately 20-30min until the pressure had stabilised.  The 

injection loop was cleaned by placing the loop in the (load) position and injecting 

the mobile phase. This was repeated for every change of mobile phase and 

samples. The absorbance detection wavelength was 280 nm and depending on 

experiment and solvents. 
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2.5.5 Preparation of Samples for Photoanalysis 

   2.5.5.1 Photolysis of Compounds in the absence of TEA. 

 

All samples were used as received, all measurements were performed at 24 °C 

(Used Column Thermostat). Preparation of sample solutions was carried out in the 

absence of ambient light and solutions were wrapped in aluminium foil and 

carefully sealed to avoid exposure to light, and evaporation. Samples were 

always prepared fresh, immediately prior to the measurements. A 1x10-4 M 

solution of compounds in acetonitrile, or in acetone, 5 ml sample of above 

concentration solution was take for irradiation at 470 nm (blue light) as shown in 

Figure 2.16. Displaying presence of fans to avoid heating of the solutions. 

   2.5.5.2 Photolysis of Compounds in the Presence of TEA. 
 

Photolysis experiments were carried under inert conditions (N2) at room 

temperature (24 °C) under constant irradiation of the sample, Acetonitrile HPLC 

grade and TEA used were freshly distilled under argon. The samples for the LED 

light irradiation experiments were prepared in GC vials and charged in the dark 

and under an argon stream. After adding of triethylamine (V = 0.6 ml) and (V = 

0.2 ml) of degassed water. the final samples concentration in acetonitrile was 1 x 

10-4 M. Subsequently, the GC vials were irradiated with blue LED light (470 nm, P 

= 30 – 40 mW). After irradiation, 20µl samples were drawn from the vials and 

injected immediately into the HPLC apparatus. All time intervals were measured 

by the same procedure that mentioned previously. 
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Figure 2.16: shows the reactor where the catalytic solutions were irradiated by blue 

LEDs (470 nm wavelength).[15] 

 

2.6 UV-Vis Spectroscopy: 

 

The UV-vis spectra of the products obtained after separation with HPLC were 

generated by the Photodiod Array (PDA) detector attached to the HPLC software. 

2.7 1H-NMR spectroscopy: 

 

1H-NMR spectra were recorded on a Bruker Advance 600 MHz NMR 

spectrometer. Data were referenced to residual solvent absorptions. 
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Chapter 3 

An investigation of the photostability of ruthenium based 

photocatalysts, based on the 2,3-di(pyridyl-2-yl) pyrazine 

bridging ligand.  

 

The purpose of Chapter 3 is the characterisation and the investigation of the 

stability of the complexes [(bpy)2Ru(2,3dpp)]2+ (A-I), [(bpy)2Ru(2,3dpp)PtCl2]2+ (A-

II), and [(bpy)2Ru(2,3dpp)PtI2]2+ (A-III) when irradiated with visible light using 

HPLC, UV-vis spectroscopy and NMR techniques. The NMR experiments 

indicate that when the compounds are irradiated with visible light compound A-I 

and A-II are photostable after 24 hour of irradiation, while A-III shows a small 

decrease of stability at longer irradiation times. In the absence of TEA, the thee 

compounds are mostly stable. The effect of the platinum catalytic centres and the 

halogen terminal species (PtCl2 or PtI2) are also considered.  A study of the 

stability of the complexes in acetonitrile, with TEA as an electron donor in the 

presence light was carried out.   The results obtained indicate that in the 

presence of TEA compounds studied are not stable but are highly photo reactive.  

They may however have the potential of being developed as supramolecular 

photocatalysts in the future. 
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   3.1  Introduction.  

 

   As outlined in the introduction (chapter-1), the purpose of this thesis is the 

investigation of the stability of a range of ruthenium based metal complexes as 

precursors for potential photocatalysts for hydrogen generation from water using 

solar light.  The DCU group has carried out a range of experiments investigating 

the efficiency of various peripheral[1,2,3] and bridging ligands.[5,6,7,8] These 

studies are aimed at further optimisation of potential solar devices in the future. In 

this section, assessment and characterization of the three compounds containing 

the ligands shown in Figures 3.1 and 3.2 is carried out. These techniques will be 

also being used in later chapters to characterise the other groups of compounds. 

The effect of triethylamine, TEA, on the stability of these compounds will also be 

investigated.  In this study we will refer to the present group of compounds called 

Group A, where each ligand plays a different role as a photocatalytic molecular 

device.  In this particular group, the peripheral ligand utilised is 2,2’-bipyridine 

(bpy) and the bridging ligand is 2,3-di(pyridyl-2-yl) pyrazine 2,3dpp. The 

structures of the bpy bidentate (N^N) chelating ligand and the 2,3dpp bridging 

ligand are illustrated in Figures 3.1and 3.2. All compounds studied were obtained 

from earlier studies, but their stability with respect to irradiation and potential to 

act as photocatalysts have not yet been investigated. The bridging ligand 2,3dpp 

is needed to connect the ruthenium photosensitiser centre to the platinum 

catalytic centre in order to create dinuclear Ru/Pt compounds as shown in Figure 

3.3.  As shown in this Figure, one compound is a mononuclear precursor and the 

http://en.wikipedia.org/wiki/Bidentate
http://en.wikipedia.org/wiki/Chelation
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other two compounds are dinuclear complexes that can be tested as potential 

solar driven photocatalysts. 

 

 

Figure 3.1: Structures of the peripheral ligand bpy, which are used in this part.  

 

 

 

Figure 3.2: Structure of the bridging ligand 2,3-di(pyridyl-2-yl)pyrazine, 2,3dpp. 
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Figure 3.3: Structures of the dinuclear Ru/Pt compounds and Ru(II) monomers 

with 2,3dpp as bridging ligand with two bpy based peripheral ligands. 
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3.2 Results and Discussion 

3.2.1 Chromatographic HPLC Assessment.    

  

The HPLC chromatograms obtained for the mononuclear [(bpy)2Ru(2,3dpp)]2+ 

complex (A-I) species and the dinuclear compounds [(bpy)2Ru(2,3dpp)PtCl2]2+ (A-

II) and [(bpy)2Ru(2,3dpp)PtI2]2+ (A-III) compounds that are shown in Figures (3.4 

a,b,c). A strong peak is observed for all 3 compounds at retention time at 10.47, 

4.83 and 3.42 min respectively.  There are a small peaks appearing before and 

also after the main peak in compound (A-III) probably due a small amount of 

synthetic impurity as shown in Figure 3.4c.     

 

 

 Figure 3.4(a): HPLC trace for [(bpy)2Ru(2,3dpp)]2+ in CH3CN (1x10-4 M), mobile 

phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 0.12 M KNO3. 

Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=240C  
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Figure 3.4(b): HPLC trace for [(bpy)2 Ru (2,3dpp)PtCl2]2+ in CH3CN (1x10-4 M), mobile 

phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 0.12 M KNO3. Flow 

rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=240C     

 

Figure 3.4(c): HPLC trace for [(bpy)2 Ru (2,3dpp)Ptl2]2+ in CH3CN (1x10-4 M),  mobile 

phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 0.12 M KNO3. Flow 

rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=240C  
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Comparison between the three chromatograms shows a clear difference in 

retention time for the compounds as shown in Table 3.1 It also shows that 

compounds A-II and A- III have similar retention times, but are different from 

compound A-I. One proposed explanation for that difference is that the presence 

of platinum catalytic centre with highly electronegative atoms (Cl- and I-) at the 

bridging ligand of the compounds A-II and A-III affects the charge of the 

compound and renders it less positive that affect the retention behaviour on the 

column. This is further discussed in the NMR section below.  It is important to 

note that without irradiation the three compounds are stable for long periods. 

 
Table 3.1:Retention times and absorption maximum of compounds A-I, A-II and 
A-III  in mobile phase with detection wavelength at 280 nm, T=24°C  

 

Compound Retention time (min) UV/vis spectrum/ λmax (nm) 

[(bpy)2Ru(2,3dpp)]2+ 10.47 442 

[(bpy)2Ru(2,3dpp)PtCl2]2+ 4.83 415, 508. 

[(bpy)2Ru(2,3dpp)PtI2]2+ 3.42 415, 514 

 

3.2.2 1H NMR characterisation.  

To obtain further information about the structural features of the compounds 

further analysis of three compounds was carried out using 1H-NMR. The 1H-NMR 

spectra of the monomer [Ru(bpy)2(2,3dpp)]2+ and the dinuclear compounds 

[Ru(bpy)2(2,3dpp)PtCl2]2+ and [Ru(bpy)2(2,3dpp)PtI2]2+ in acetonitrile-d3 are shown 

below in Figure 3.5.   
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These three compounds shown were obtained from [9] have been analysed 

before, but their behaviour with respect of stability with respect to TEA and 

irradiation have not been reported. It is important to note that that the doublet 

signals of H5 and H6ʹ, have only one adjacent proton that splits the signal to a 

single doublet. The presence of highly electro negative atoms such as the 

chloride and the iodide that attach to the platinum molecule may result in an 

increase the chemical shift of the adjacent proton (H5, H6’), as is shown by the 

electronegativity of the halogens in the Table 3.2 below. 

 

Figure 3.5: 1H-NMR of [Ru(bpy)2(2,3dpp)]2+ A-I (bottom), 
[Ru(bpy)2(2,3dpp)PtCl2]2+  A-II (middle) and [Ru(bpy)2(2,3dpp)PtI2]2+ A-III (top) in 
d3-acetonitrile.  
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Table 3.2 Electronegativity of Halogen atoms. [9]  

Halogen Electronegativity 

Chloride 3.16 

Iodide 2.66 

                      

The table shows that the electronegativity of the coordinated chloride ion is higher 

than its iodide equivalent. Therefore, in the case of chloride complexes, chloride 

atoms are expected to have a more significant effect on the chemical shift of the 

protons. In addition, the 1H-NMR results also show that the protons of the iodide 

compounds are more shifted upfield than the protons in chloride compound.  

 

 

Figure 3.6 Structure of photocatalytic assemblies based on PtCl2 or PtI2 as 

[(tbbpy)2Ru(tpphz)PtCI2]2+ or RuPtI2, where tbbpy=4,4’-di-tert-butyl-2,2’-bipyridine 

and tpphz=tetrapyrido[3,2-a:2’,3’c:3’’,2’’,- h:2’’’,3’’’-j]phenazine). 
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Similar arrangements have been observed for related photocatalysts. An example 

is shown in Figure 3-6 above.[10] For this platinum based photocatalysts the 

iodide analogue RuPtI2 has the highest TON values of this type with a value of 

276. This increase in hydrogen generation is most likely associated with the 

electron negativity of the Iodide moiety that is observed in the 1H-NMR at 10.13 

(Ha) and 10.06 (Hb) ppm.  DFT studies have indicated that there is a negative 

charge on the Pt centre which induces the presence of a softer iodide ligand 

respected to the chloride ion. This in agreement with other studies.[11]   

The main peaks in the spectra of compounds A-II and A-III are observed at 

around 9.30 ppm, 9.35 ppm and 9.60 ppm for Ru/PtCl2 and 9.80 ppm. 9.90 

ppm,10.25 ppm and 10.30 ppm for Ru/PtI2 can be assigned to the protons 

neighbouring the nitrogen atoms involved in the coordination of the Pt metal 

centres. No such features are observed for the mononuclear compound A-I.  For 

both dinuclear compounds, it is observed that the downfield shift is stronger in 

case of the iodide compounds compared with the values obtained for the chloride 

compound. Table 3.3 below displays the chemical shifts of H5 and H6’ for the 

monomers and dinuclear compound. 

Table 3.3: Assignment of the signals of H5 and H6’ with respect to chemical shifts 

(ppm) for the monomer and Ru/Pt dinuclear species in acetonitrile-d6. 

H5 H6’ 

monomer Ru/Pt-Cl2 Ru/Pt-l2 monomer Ru/Pt-Cl2 Ru/Pt-l2 

8.5 ppm 
9.35, 9.30 

ppm 

9.99, 

9.80 

ppm 

8.6 ppm 9.6 ppm 
10.30, 10.25 

ppm 
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This was also observed for other similar Ru/Pt compounds for example: 

[Pt(tbbpy)Cl2]  tbbpy (tbbpy = 4,4′-di-tert-butyl-2,2′-dipyridyl) and [Pt(tbbpy)I2] in 

d6-dmso confirmed the observed shifts (See figure 3.7).  

 

 

Figure 3.7: Comparison of the 1H-NMR spectra of the reference compound 

[Pt(tbbpy)Cl2] in dmso-d6, (c = 3 mM; red: X= Cl, black: X=I)[10] 

This is opposite to what is expected as a higher electronegativity atom like Cl 

should exert a stronger inductive effect on the neighbouring H atoms and cause 

them to be deshielded, thus appearing more upfield as shown in Table 3.1. The 

tetrahedral structure of platinum centre excludes the possibility of a π-stacking 

effect that explains the unusual deshielding of the neighbouring H atoms. Another 

more plausible explanation for the unusual up field shifts in case of the iodide 
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complexes is the direct deshielding of hydrogen atoms by the relatively large 

Iodine atoms in terms of atomic radius compared to Cl atoms. Another alternative 

for the differences observed is the loss of I- or Cl- anion from the Pt metal.  This 

anion loss has been observed earlier in the literature for similar RuPtPtPtRu 

pentanuclear compounds see below.  

 

Figure 3.8 Potential structure for pentanuclear photocatalysts.[12] 

 

3.2.3 UV/Vis Absorption spectroscopy 
 

As shown in Chapter 1 the UV/Vis spectra of ruthenium compounds are of 

considerable importance and can be used to consider the absorption and 

emission properties of the compounds obtained.  

UV/vis absorption properties have been studied for both the Ru(II) monomers and  

the dinuclear species for the compounds in question. The electronic spectra of 

the compounds  were taken in acetonitrile and the obtained results are shown in 

Table 3.3. The UV-Vis spectra of the three compounds together with the retention 

times are shown in Figure 3.9.  The UV/Vis spectra were obtained for compound 

(A-II) and compound (A-III)  using the Photodiod Array (PDA) detector attached to 
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the HPLC device are more similar to each other than to compound A-I as shown 

in Figure 3-9. However, it is likely that the differences observed for the two Pt  

compounds may depend on the potential interaction with the catalytic centre and 

the presence of the halogen terminal species, i.e. PtCl2 or PtI2. It also needs to be 

considered that both chloride and iodine atoms may be labile and could be 

replaced readily by solvent molecules (see Table 3.1 above).   

 

 Figure 3.9: Absorption spectra (normalized) spectra of [Ru(bpy)2(2,3dpp)]2+ (red), 

[Ru(bpy)2(2,3dpp)PtCl2]2+ (green) and [Ru(bpy)2(2,3dpp)Ptl2]2+ (black)  at T=240C 

in acetonitrile shown in Figure 3.4 a,b,c. 

The UV-Visible absorption spectra of the complexes A-II and A-III, are similar to 

each other but different from the spectrum obtained with A-I. They show two 
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absorption peaks at λmax of 415,508 nm and 415,514 nm respectively. This is in 

accordance with lowering the energy of pyrazine based MLCT states.[13,14] 

There is however no significant difference between the spectra of the iodo and 

chloro species which suggests that the nature of the halogen component has a 

relatively small influence on the lowest 1MLCT states after the stabilisation of the 

pyrazine based states. A-III shows a small red shift of the π/π* shoulder at about 

340 nm, and the Ru  2,3dpp transition is slightly stronger for compound A-II. 

The broad absorption area in the UV region (the plateau between 300 nm and 

360 nm) is assigned to ligand centred π/π* transitions of the bridging ligand.  

The results considered so far, apart from the HPLC data are, in agreement with 

those observed in the literature [7]. This is important since in the next sections the 

stability of the three compounds in acetonitrile and in the presence of 

triethylamine (TEA) will be considered. The results obtained so far indicate that in 

the dark the compounds are stable and this is especially important for the two 

dinuclear photocatalytic compounds.  

3.3 Photolysis of Compounds.  

 

The aim of this section is to study the photochemical behaviour of both the 

mononuclear and dinuclear complexes characterised previously in this chapter 

(compounds A-I, A-II and A-III, with and without a sacrificial agent. Upon 

irradiation in acetonitrile with LED 470 nm visible light are carried out, both in the 

presence of TEA and without.   Another purpose also is to investigate the stability 

of these compounds in light.  Since those compounds are under investigation as 

photocatalysts in a photocatalytic hydrogen generation cells, their photochemical 

behaviour need to be thoroughly investigated. All the compounds were irradiated 
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for up to 3 hours in acetonitrile in case of the absence of the TEA. However, in 

the presence of TEA the irradiation was carried out in much shorter times, as will 

be specified in the experiment. To minimise the influence of temperature on the 

chromatographic separation all experiments were carried out at an isothermal 

system maintained at 24oC.  

 

3.3.1 Photolysis of Compounds in Acetonitrile. 
 

All compounds were photolysed in acetonitrile, after irradiating the compounds for 

up to 3 hours, it was found that compound (A-I) is photo-reactive and compound 

(A-II) is photo stable. The compound (A-III) is slightly photo-reactive under these 

conditions. The photochemical processes were followed by characterisation with 

HPLC, UV-Vis spectroscopy and 1H-NMR spectroscopy as shown in the following 

Figures. It has been established that acetonitrile can undergo light-induced ligand 

exchange reactions. [15,16,17] 

 

3.3.1.1 Compound A-I 
 

The photolysis of the mononuclear compound A-I is addressed by using 

analytical techniques, such as, HPLC, UV-Vis spectroscopy and 1H-NMR 

spectroscopy. The results of compound A-I upon irradiation before and after the 

irradiation are outlined in Figures (3.10), (3.11) and (3.12).  
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Figure 3.10(a): HPLC trace during Photolysis of [(bpy)2Ru(2,3dpp)]2+ in CH3CN 

(mobile phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 0.12 M 

KNO3). Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 oC  

 

 

Figure 3.10(b): HPLC trace before and after Photolysis for [(bpy)2Ru(2,3dpp)]2+ in 

CH3CN (mobile phase CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 

0.12 M KNO3). Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 oC  
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These figures show that the retention time observed for (compound A-I) is 10.47 

minutes and that the retention time has not changed significantly upon irradiation. 

However, four different peaks are observed and they increase with the irradiation 

time. They appear at retention times of 2.54, 3.81, 4.24 and 6.20 minutes and the 

main peak’s area is reduced by increasing the irradiation time. The UV-Vis 

absorption spectrum of the first product is shown in Figure 3.9 in has a retention 

time of 3.81 min has a λmax at 435 nm and the second product with retention time 

of 6.20 has a λmax at 424 nm. and these are in agreement with the formation of 

the compound - [Ru(bpy)2(CH3CN)2]2+ is staple compound no other materials are 

observed. [14] The absorption spectra of the two new peaks present after 3 hours 

of irradiation are shown in Figure 3.11 below.   

 

Figure 3.11 Absorption spectra of species detected in compound A-I After 

irradiation (A) and main peak (B) in Figure 3.10 (a, b) above. Detection 

wavelength 280 nm.  



98 
 

The 1H-NMR spectroscopic experiments were carried out to obtain further 

information on the photochemical changes made in the compounds and the 1H-

NMR spectroscopic results obtained for the photolysis of compound A-I in 

acetonitrile are shown in Figure 3.12.  

 

 

Figure 3.12: 1H-NMR spectroscopy of compound A-I during Photolysis in 

acetonitrile-d3  



99 
 

In the 1H-NMR spectroscopy results obtained during 24 hours of irradiation, the 

more than a few signals are growing at 9.4 ppm, 8.8 ppm, 8.4ppm and 8.3 ppm 

while other processes are observed as well several signals are disappearing at 

8.1ppm, 7.7ppm and 7.5 ppm. These signals are found in the region expected for 

a complex with the general formula; [Ru(bpy)2(L)2]2+.  The λmax observed in the 

UV-vis spectrum in Figure 3.11 for the species with a retention time of 2.54 

minutes indicates the presence the solvent (acetonitrile).  This is not unexpected 

as this is the solvent used for the photolysis experiments The change of the 1H-

NMR result is consistent with the photolysis leading to the loss of the (2,3dpp) 

ligand with subsequent replacement by CH3CN during the irradiation time and 

that the following reaction has taken place as (See chapter 6) outlined above [14]; 

         

                            

[Ru(bpy)2(2,3dpp)]2+             

h

      [Ru(bpy)2(CH3CN)2]2+   +  2,3dpp      

 

           

This reaction can be confirmed with 1H-NMR spectrum obtained after 24 hours of 

photolysis are typical for the bisacetonitrile compound [Ru(bpy)2(CH3CN)2]2+ and 

these features are very similar to those observed in the 1H NMR spectrum for 

(Ru(bpy)2(CH3CN)2(PF6)2 in Figure 3-13. Note that the stability of compound A-1 

is much stronger that that of the reference below. 
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 Figure 3.13: 1H-NMR spectroscopy of (Ru(bpy)2(CH3CN)2(PF6)2) in d3-acetone. 

1H-NMR (600 MHz, Acetone) δ 9.60 (ddd, J = 5.5, 1.4, 0.7 Hz, 1H), 8.81 (d,J = 8.1 

Hz, 1H), 8.67 (d,J = 8.0 Hz, 1H), 8.41 (td,J = 7.9, 1.5 Hz, 1H), 8.12 – 8.07 (m, 1H), 

7.97 (ddd, J = 7.6, 5.5, 1.3 Hz, 1H), 7.87 (ddd, J = 5.7, 1.4, 0.6 Hz, 1H), 7.45 – 7.41 

(m, 1H), 2.49 (s, 3H) 

 

 

3.3.1.2 Compound A-II 

 

The photoreaction of compound A-II is investigated using HPLC, UV/Vis 

spectroscopy and 1H-NMR spectroscopy. Irradiation of the compound was carried 

out in the same conditions prescribed above for compound A-I. The compound 

was irradiated for 3 h. The HPLC results obtained after photolysis of this 

compound is shown in Figures 3.14 
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 Figure 3.14: HPLC trace during Photolysis of [(bpy)2 Ru (2,3dpp)PtCl]2+ in 

CH3CN (mobile phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 

0.12 M KNO3). Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 oC 

 

It seems somewhat surprising that the HPLC trace shown in Figure 3-14 during 

photolysis shows that under the conditions used compound is largely photostable 

for irradiation up to 3 hours period. The 1H-NMR results show that under the 

conditions used in these experiments the compound A-II is photostable for up to 

24 hours as shown in Figure 3-15. 
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 Figure 3.15: 1H-NMR during Photolysis of [Ru(bpy)2(2,3dpp)PtCl2]2+  in d3- 

acetonitrile. 

The compound was irradiated in 1H-NMR solvent (CH3CN-d3) at much higher 

concentrations. Since the concentration of NMR solution is higher than the 

amount used in the HPLC studies by at least three times, longer irradiation times 

were applied for the compound to compensate for the higher expected 

absorption. Even tough, the compound is found to be still very stable. 
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The 1H-NMR results are in agreement with HPLC results. Clearly, the results 

show that the compound A-II is photostable under the conditions used in these 

experiments. 

 

3.3.1.3 Compound A-III 
 

The compound A-III was photolysed by irradiation for up to 3 hours in acetonitrile. 

The photochemical behaviour processes were monitored by HPLC, UV/Vis 

spectroscopy and 1H-NMR spectroscopic, the results obtained are shown in 

Figures 3.16(a,b) 

 

 Figure 3.16(a): HPLC trace during Photolysis of [(bpy)2Ru(2,3dpp)PtI2]2+ in 

CH3CN (mobile phase  CH3CN: H2O: CH3OH with volume ratio 75:20:5 containing 

0.1 M KNO3). Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 oC   
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Figure 3.16(b): HPLC trace before and after Photolysis for 

[(bpy)2Ru(2,3dpp)Ptl2]2+ in CH3CN (mobile phase  CH3CN: H2O: CH3OH with 

volume ratio 75:20:5 containing 0.12 M KNO3). Flow rate: 2.0 cm3 min-1; detection 

wavelength at 280 nm, T=24 oC   

 

These figures show that compound A-III undergoes photolysis under the 

irradiation condition described for this experiment. Surprisingly, there are limited 

photo detectable degradation products produced during the irradiation time. After 

3 hours the main peak was only slightly decreasing in area under curve. The 

UV/Vis absorption spectrum of the main peak is found at 514 nm while a second 

peak is observed at 415 nm and these are shown in Figure 3.17 below. The 

features observed are the same as those measured in solution see also Table 3.3 

and therefore stability of the compound is excellent.  
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Figure 3.17: Absorption spectra of species detected in compound A-III 

Ru(bpy)2(2,3bpp)PtI2](PF6)2  in Figure 3.16  above at RT 3.25 min (main peak). 

Detection wavelength 280 nm. 

To further investigate the photolysis process, sample A-III was also followed by 

1H-NMR spectroscopy in order to try to determine any possible by products 

produced upon photolysis. The evolution of the 1H-NMR data for the sample 

during its irradiation in d3-CH3CN is shown in Figure (3.18). Between 12-24 hours 

of irradiation the 1H-NMR spectrum a number of peaks appear between 9.0 and 

9.6 ppm.  

No significant new peaks appeared in the spectrum, but there might be a 

formation of a small amount of intermediates. Observed are a number of weak 

signals one at 9.17 ppm, one signal at 8.2 and also one signal at 7.2 ppm. This 

illustrates that the photolysis of A-III does create some intermediates but these 
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cannot be determined, clearly the amounts of these species produced are too low 

to allow for definitive assignment. for further details, discussed in Chapter 6. 

 

 

Figure 3.18: 1H-NMR spectroscopy of compound A-III during photolysis in d3-

acetonitrile.    
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3.3.2 Photolysis of Compounds A-1, A-II and A-III in the Presence of 

TEA. 
 

In the last section, it has been shown that in acetonitrile the compounds A-I and 

A-III are photoreactive but that compound A-II is photostable for up to 3 hours 

under irradiation with visible light. In this section, the photostability of the 

compounds after irradiation in the presence of TEA is considered. The major 

difference between the two experiments is adding triethylamine (TEA) in the 

solvent which acts as a sacrificial reductant agent in the photocatalytic process as 

mentioned in the literature review.  Moreover, during the sample preparation, 

solutions were deaerated with argon or nitrogen prior to irradiation to mimic the 

conditions at which the photocatalytic process is conducted.   

 

3.3.2.2 Results 
 

The photochemical behaviour of A-I with TEA is outlined in Figure (3.19 a,b). 

These figures show the HPLC results of the compound A-I during the irradiation 

and display the initial and final compound after irradiation in the presence of TEA 

and MeCN. It is clear that the compound is not stable and the features observed 

are similar to those obtained for the compound in only acetonitrile, but the amount 

of decomposition observed is large under these conditions. 

 

 



108 
 

 

 

 Figure 3.19(a,b): HPLC traces obtained upon photolysis of compound 1. 

Temperature 24o C. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation from (0-5min) degassing with Ar before 

irradiation detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with 

volume ratio 75:20:5 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1 
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A small shift of the baseline is also observed due to minor variations in 

temperature during the experiments. The [(bpy)2Ru(2,3dpp)]2+ peak appears at a 

retention time of 8.55 minutes accompanied with a small amount of three different 

products is observed at 2.0, 2.57 and 3.22 minutes retention times before 

irradiation. The height of the main peak decreased within 30 seconds of 

irradiation from (14.0m AU) to (10.7m AU). It is approximately 23.57 % of peak 

height. While after 5 minutes it further decreased to (1.6m AU) which is more than 

88.58 % from the compound concentration.  

The decomposition process is resulting in appearance of two new products in the 

chromatograms during of irradiation at retention times of 3.69 and 4.14 minutes 

which found to increase by irradiation time. The absorption spectrum of the 

[(bpy)2Ru(2,3dpp)]2+ peak before irradiation and of products after 5 minutes of 

irradiation shown in figure 3.20 below, the red line of compound before irradiation, 

the red line of the product at retention time 3.60 minutes and green line of the 

product at retention time 4.10 minutes. The spectrum observed for the two new 

products with a retention time at 3.60, 4.10 min have a very similar absorption 

maximum at 442nm and can be identified from related studies as 

[Ru(bpy)2(CH3CN)2]2+. [14]   As before A-1 the ruthenium compound was 

measured before for a period of 5 minutes without the presence of TEA. The 

formation of these compounds indicates that upon irradiation a 2,3dpp ligand is 

replaced by two CH3CN molecules. further discussed in Chapter 6. After 5 

minutes of photolysis, two new products were obtained for the compound at the 

retention time at 3.60, 4.10 minutes with peak heights of 21.9 mAU and 25.7mAU 

respectively, while the HPLC result shows a near-total breakdown of the 

compound.  
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Figure 3.20: Absorption spectra features of all species identified above after 5 

minutes of irradiation (A) and Absorption spectra of the main peak (B) in Figure 

3.19. Detection wavelength 470 nm. 

 

b - Photoreaction of [(bpy)2Ru(2,3dpp)PtCl2]2+  in the presence of TEA 

The HPLC traces obtained before irradiation and upon irradiation of this compound 

A-II in the presence of TEA are shown in Figures (3.21), (3.24a,b) below. The 

[(bpy)2Ru(2,3dpp)PtCl2]2+ peak is detected at a retention time of 4.49 minutes and 

five small peaks of impurities or related compounds detected at the following 

retention times  1.72, 1.99, 2.23, 2.64 and 4.17 minutes directly before irradiation. 

The UV-spectra of these unidentified compounds in addition of the main compound 

are shown below in Figure 3.22 and 3.23. 
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Figure 3.21: HPLC traces obtained before irradiation time of compound A-II in 

CH3CN, presence of TEA (15%) and H2O(10%) detection wavelength; 470 nm, 

Mobile Phase CH3CN:H2O:CH3OH with volume ratio 75:20:5 containing 0.12 M 

KNO3 Flow rate 2.0 cm3 min-1 

 

Figure 3.22: Absorption spectra obtained from compound A-II in the reaction 

solution before irradiation. 
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Figure 3.23: Normalized absorption spectra of small peaks in solution before 

irradiation. The red line of the peak at 1.72min, the green line of the peak at 

1.99min, the black line of the peak at 2.23min, the blue line of the peak at 

2.64min and the pink line of the peak at 4.17 min. 

During the photolysis the [(bpy)2Ru(2,3dpp)PtCl2]2+ peak of the product was 

decreased from 45.3 mAU to 27.5 mAU after 30 seconds irradiation which 

represent about 39.3 % of the compound concentration with appearance of two 

new products at the retention times of 1.97, 2.16 minutes and a peak at 5.70 

minutes. On the other hand, the peaks at retention time 1.72, 2.64 and 4.17 

minutes are found to be stable with no change in their peaks during the irradiation 

time.  

The absorption spectra and the appropriate chromatogram obtained for peaks at 

1.97, 2.16 min retention time indicate a strong overlap between the different 

species after photolysis for 5 min and are therefore not that informative. the 

results is shown below in Figure 3.24(a,b) and 3.25. 
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Figure 3. 24a: HPLC traces obtained upon photolysis of compound A-II. Irradiated in 

CH3CN, presence of TEA 15% and H2O 10% using 470 nm LED irradiation from (0-5min) 

degassing with Ar before irradiation detection wavelength;470 nm,Mobile Phase 

CH3CN:H2O:CH3OH with volume ratio 75:20:5 containing 0.12 M KNO3 Flow rate 2.0 cm3 

min-1 

 

Figure 3.24b: HPLC traces obtained before and after photolysis of compound A-II. 

Irradiated in CH3CN, presence of TEA (15%) and H2O(10%) using 470 nm LED 

irradiation from (0-5min) degassing with Ar before irradiation detection wavelength; 470 

nm,Mobile Phase CH3CN:H2O:CH3OH with volume ratio 75:20:5 containing 0.12 M KNO3 

Flow rate 2.0 cm3 min-1 
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Figure 3.25: Absorption spectra features of new peaks identified above after 5 

minutes of irradiation in Figure (3.24a, b). Detection wavelength 470 nm. 

 

The presence of absorption peak at about 479 nm (retention time 2.16 min) may 

indicates the presence of [Ru(bpy)2Cl2] or associated [Ru(bpy)2ClS]+ (S= solvent)  

compounds. Other species could not be determined with certainly, but the 

presence of free (2,3dpp) bridging ligand and [Ru(bpy)2(CH3CN)2]2+ (retention 

times of 1.8 and 2.2 respectively) are likely to be present. (See also Chapter 6) 

For this part, the chromatogram explains that the A-II product is greatly unstable 

after 5 minutes of irradiation forming 3 different compounds with only 40% 

remained in the solution while the related compounds are found to be stable after 

the irradiation process. 
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C - Photoreaction of [(bpy)2Ru(2,3dpp)PtI2]2+ A-III  in the presence of TEA 

 

To investigate the photostability of the [(bpy)2Ru(2,3dpp)PtI2]2+, HPLC analysis of 

the photolysis in the presence of TEA was carried out. Traces were taken during 

the photolysis of the compound in the presence of TEA.  Surprisingly, after 5 

seconds of irradiation the main peak of A-III at Figure 3.26, was found to take a 

different shape at 3.70 min and a minor change in the retention time. 

 

 

Figure 3.26: HPLC traces obtained upon photolysis of [(bpy)2Ru(2,3dpp)PtI2]2+. 

Irradiated in CH3CN, presence of TEA (15%) and H2O(10%) using 470 nm LED 

irradiation from (only 5 seconds) degassing with Ar before irradiation detection 

wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with volume ratio 

75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1 
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 Interestingly a RuPt3Ru compound has been observed recently as shown in Fig 

3.6 [14] It is possible that this compound will decompose in 5 seconds and as a 

result a second species is obtained. Such a pentanuclear structure, was obtained 

during the synthesis of a novel supramolecular photocatalysed based on a 

RuPt3Ru catalyst (Figure 3.8). This photocatalyst is able to create high turnover 

numbers for solar hydrogen generation, of up to 650 after 56 hours of irradiation. 

It is therefore possible that within seconds the iodine bridge is that is present in 

Figure 3.6 is dissociated and a number of different species are formed. Further 

experimental work is needed to further investigate these observations.  

In addition to the degradation peak observed at around 3.70 min an increasing 

feature is observed at about 2.0 minutes in Figure 3.26. At the same time UV/Vis-

absorption spectra recorded at Figure 3.27 for the photocatalyst show two similar 

spectra. Both features have an absorbance at about 500 nm in the 3MLCT range 

and a minor feature at about 350 nm. For the A-III compound similar absorption 

features are observed at 483 nm this may indicate that if a supramolecular 

species is formed by decomposition it seems possible that two “A-III” type 

photocatalyst may be formed.   
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Figure 3.27: The absorption spectra obtained for the main peak of A-III (3.70 min) 

and the new peak (4.00 min) which appear beside the main peak within 5 

seconds. 

During the irradiation time the main peaks decrease and the new peak increases 

at retention time 2.0 minutes at outlined above. After 20 seconds the 

[(bpy)2Ru(2,3dpp)PtI2]2+  peak and the peak beside it are decreased within 20 

second of irradiation to ( 5.17mAU) and (5.67mAU) and the peak height of new 

peak is (27.4 mAU). The peak at 5.42 min of retention time did not increase or 

change during the irradiation time.  Figure 3.28a gives a very nice illustration of 

the chromatograms of compound [(bpy)2Ru(2,3dpp)PtI2]2+ , A-III, during the 

irradiation time , while  Figure 3.28b summarises the chromatogram of the 

compound before and after irradiation. Figure 3.29 shows the UV/Vis-spectra 

obtained after 20 sec of irradiation that are associated with a new peak (A) 
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observed at about 2.0 min, while a second peak is observed at about 4 min.  The 

new spectra obtained at about 2 min are in the 3MLCT range and the product 

obtained may be associated with loss of the 2,3dpp ligand and the generation of 

a [(bpy)2Ru(H2O)2]2+ or [(bpy)2Ru(H2O)(CH3CN)]2+ or [(bpy)2Ru(H2O)I]2+ or 

[(bpy)2Ru(CH3CN)I]2+ at λmax 484 nm. Alternatively the formation of the 

photocatalysts discussed earlier may be considered.[12]  The nature of the new 

peak is more difficult to determine. The presence of TEA and exposure to light 

willlead to a very fast decomposition of the compound the formation of a number 

of new compounds.   

 

 

Figure 3.28a: HPLC traces obtained upon photolysis of [(bpy)2Ru(2,3dpp)PtI2]2+.. 

Temperature 24o C. Irradiated in CH3CN in presence of TEA (15%) and 

H2O(10%) using 470 nm LED irradiation from (0-20s) degassing with Ar before 

irradiation detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with 

volume ratio 75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1 
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Figure 3.28b: HPLC traces obtained before and after 20s photolysis of 

[(bpy)2Ru(2,3dpp)PtI2]2+.  . Temperature 24o C. Irradiated in CH3CN in presence of TEA 

(15%) and H2O(10%) using 470 nm LED, degassing with Ar before irradiation detection 

wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with volume ratio 75:15:10 

containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1 

 

Figure 3. 29: Absorption spectra features of new species identified after 20 seconds 

of irradiation (A) and absorption spectra of the main peak (B) in Figure 3.28. 

Detection wavelength 470 nm. 
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3.4 Summary and conclusions 

 

In this work, the characterisation and the stability of photocatalysts of 

[(bpy)2Ru(2,3dpp)]2+, [(bpy)2Ru(2,3dpp)PtCl2]2+  and  [(bpy)2Ru(2,3dpp)PtI2]2+ 

were studied using HPLC, UV/vis absorption spectra and 1H-NMR. The 

compounds were recorded to obtain information about the structural features and 

stability of the compounds. The HPLC results indicate, there is one dominant 

peak in all compounds, for compounds A-II and A-III the HPLC results of the 

dinuclear compounds showed changes in the retention time that might be due to 

the presence of the catalytic states and the nature of the halogen containing 

peripheral species. 

The ruthenium monomers and the two dinuclear were studied using 1H-NMR 

spectroscopy and it was observed that the 1N-MR spectra of the dinuclear 

compounds show a significant change. Absorption spectra for the Ru(II) monomer 

and the dinuclear compounds have been obtained as well and all the compounds 

show clear absorption spectra. Changes in the properties of the compounds can 

be observed when the peripheral ligands at the Ru centre differ. The stability of 

the compounds has been investigated in acetonitrile. The chromatographic 

behaviour obtained indicates clearly that upon irradiation in both in acetonitrile 

and in acetonitrile containing Triethylamine further discussed in Chapter 6. The 

photochemical behaviour of the compounds has been investigated for up to 3 

hours in acetonitrile. The results obtained indicate clearly that under this condition 

irradiation the monomer is photoreactive, the dinuclear Ru/PtCl2 centre is 

photostable and the dinuclear Ru/PtI2 centre is photoreactive but at a lower 

frequency than the monomer as shown in Figure (3,30). 
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Figure 3.30: The rate of photo-degradation of compound A-I,A-II and A-III in the 
Absence of TEA. 
  
The chromatograms described in this work show that the metal complexes are 

decomposing fast in the presence of TEA under irradiation. Importantly the 

[(bpy)2Ru(2,3dpp)PtI2]2+ species seem to be the faster these compounds under 

this condition.  On the basis of the data obtained in this study, it could be said that 

TEA is a very reactive reagent that leads to the decomposition of Ruthenium 

complexes and acts as an electron donor in the presence light as shown in Figure 

(3,31). 

 

Figure 3.31: The rate of photo-degradation of compound A-I,A-II and A-III in the 
presence of TEA. 
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Chapter 4 

An investigation of the photostability of ruthenium photocatalysts, 
based on the 1,10-phenanthroline (phen) peripheral ligand and the 

2,3-di(pyridyl-2-yl) pyrazine (2,3dpp) bridging ligand 

 

In this section, the assessment and characterization of the second group of 

photocatalysts, which are composed of three complexes one mononuclear 

[(phen)2Ru(2,3dpp)]2+ (B-I) and two dinuclear  [(phen)2Ru(2,3dpp)PtCl2]2+ (B-II), 

and  [(phen)2Ru(2,3dpp)PtI2] 2+ (B-III), will be discussed. Cation exchange HPLC 

columns will be employed to separate and quantify the compounds and the 

possible photodegradation products. 1H-NMR will be used to try to identify the 

chemical changes in the structure of the molecules upon exposing it to light. Of 

the three compounds in this series compound B-I is photolabile B-II is photostable 

and B-III is partially photostable upon irradiation without the presence of TEA.  In 

the presence of TEA a very fast conversion of the compounds is observed by 

HPLC and by UV/Vis spectroscopy and as a result changes in the coordination of 

the bridging ligands are observed.  
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4.1 Introduction. 

 

In this chapter the peripheral ligands that are coordinated to Ru(II) are tricyclic 

1,10-phenanthroline (phen) compounds. It is somewhat surprising that in the 

literature there are limited Ru(II) studies including phen ligands compared the bpy 

compounds reported.[1,2,3,4,5,6].  This is partly associated with the fact that both 

ligands have similar photochemical and structural properties. Some applications 

of the [Ru(phen)3]2+ species in the area of photochemistry group have recently 

been reported.[7,8] However, the photochemical behaviour of the different 

compounds can be different  and compounds have been  reported that are 

associated with 1,2,4-triazole bridging ligands. [9,10,11].  An example of the 

photochemical assembly of a dinuclear Ru(II) assembly based on the bridging 

ligand  3,5-bis(pyridin-2-yl)-1,2,4-triazole, Hbpt, in combination with both 2,2’-

bipyridine and 1,10-phenanthroline containing complexes 

[Ru(phen)2(bpt)Rubpy)2)]3+ and [Ru(bpy)2(bpt)Ru(phen)2]3+ is shown in Figure 4.1 

below.[10] Note that the nitrogen atoms of the triazole ring are not equivalent and 

are therefore numbered. The studies carried out indicate that the emitting 3MC 

state of the bpy/phen compound is bpy based.  Furthermore, upon photolysis in 

acetonitrile only the metal centre bound to the N4 site of the triazole ring (See 

Figure 4.1) is labilised.  However, both the N1 and the N4 position of the triazole 

are photolabile in the presence of Cl- ions.  These examples indicate that by 

variation in the nature of the metal centre and/or the peripheral or bridging ligands 

variations in the photochemical behaviour may be obtained, a number of 

extensive overviews that are of interest for these compounds are listed below. 

This observation is important for the further study of the photocatalysts under 

investigation. [11,12] 
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Figure 4. 1: Structure of the 3,5-bis-(pyridy-2-yl)-1,2,4,-triazole (Hbpt) ligand and 

phen compounds  [Ru(bpy)2(bpt)Ru(phen)2)]3+ and 

[Ru(bpy)2(bpt)Ru(phen)2(bpt)]3+ [10]. 

 In the present study, bidentate complexes based on the 1,10-phenanthroline 

(N^N) chelating ligand and the bridging ligand 2,3-bis(2'-pyridyl)pyrazine (2,3dpp) 

are displayed in Figures 4.2 and 4.3. The function of the bridging ligand is to 

connect the Ru(phen)2-photosensitiser to the platinum catalytic centre in order to 

produce dinuclear Ru/Pt complexes as shown in Figure 4.4.   

http://en.wikipedia.org/wiki/Bidentate
http://en.wikipedia.org/wiki/Chelation
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Figure 4. 2: Structure of the peripheral ligand phen, which is used in this part. 

 

Figure 4. 3: Structure of the bridging ligand 2,3dpp.  

Three different compounds can be designed by different combinations of these 

ligands together with the Ru(II) and PtCl2 and PtI2 centres; one monomer and two 

binuclear organometallic complexes as illustrated in Figure 4.4. These 

compounds are designated as in Group B with phen as the peripheral, bidentate 

ligands and 2,3dpp as the bridging ligand. The structures of the monomer 

compound [Ru(N^N)2(2,3dpp)](PF6)2 (N^N = phen) and the dinuclear Ru/Pt 

compounds,[Ru(N^N)2(2,3dpp)PtX2](PF6)2 ,where X = Cl-, I-), the behaviour of 

which will be discussed in this part, are displayed in Figure 4.4. 
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Figure 4. 4: Structures of the dinuclear Ru/Pt compounds and Ru(II) monomers 

with phen as a peripheral ligand and 2,3dpp as a bridging ligand.   
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4.2  Chromatographic, 1H-NMR and UV-Vis spectra Behaviour of 

Compounds for group B.  

 

4.2.1 Chromatographic characterisation    
 

The chromatographic behaviour of the Group B compounds discussed in this 

section is similar to that observed for the compounds in Group A. In Group A, the 

peripheral ligand is composed of a bicyclic aromatic molecule, while the group B 

has tricyclic aromatic rings which suggests an increase of the aromaticity of the 

compound and consequently increasing the hydrophobicity.[9] Initially the 

retention time for those complexes was found to be higher. This increase in 

retention time was accompanied by peak tailing, poor peak separation and low 

resolution. In order to improve the retention times, the organic acetonitrile 

modifier in the mobile phase was increase to 80% from 75% to improve the 

elution and adjust the peak shape. Regardless the presence of PtCl2 or PtI2, the 

peak shape has not changed, as it does not affect the compound’s 

hydrophobicity.  

 The chromatograms obtained for the mononuclear [(phen)2Ru(2,3dpp)]2+ (B-I) 

and the dinuclear compounds [(phen)2Ru(2,3dpp)PtCl2]+2 (B-II), and  

[(phen)2Ru(2,3dpp)PtI2] 2+ (B-III) are shown in Figures 4.5 a,b,c.  
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Figure 4. 5(a): HPLC trace for [(phen)2 Ru (2,3dpp)]2+ in Mobile phase 

CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 0.10M( KNO3),Flow 

rate: 2.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC  

Figure 4- 5(b): HPLC trace for [(phen)2 Ru (2,3dpp)PtCl2]2+ in Mobile phase 

CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 0.10M( KNO3),Flow rate: 

2.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC 
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Figure 4-5(c): HPLC trace for [(phen)2 Ru (2,3dpp)PtI2]2+ in Mobile phase 

CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 0.10M( KNO3),Flow rate: 

3.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC   

 

A strong peak is observed for all compounds B-I, B-II and B-III at about 4.87, 

4.20, 3.65 min respectively.   The retention times observed are rather short for the 

mononuclear compound, especially when compared with that observed for the 

mononuclear compounds in group A.  That there is a small variation of retention 

times observed between the three compounds partly depends on the nature of 

the halogen terminal species (PtCl2, or PtI2) and this is also noted in Table 4-1. 
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Table 4-1: Retention times and absorption maximum of B compounds (I,II and III) 

in acetonitrile with detection wavelength at 280 nm, T=24°C. 

compound Retention time (min) UV/vis spectrum/ λmax 

(nm) 

[(phen)2Ru(2,3dpp)]+2 4.87 435 

[(phen)2Ru(2,3dpp)PtCl2]+2 4.20 416, 510 

[(phen)2Ru(2,3dpp)PtI2]+2 3.65 413, 515 

 

 

This Table shows that there is no significant difference of the retention time of 

peaks obtained for the supramolecular compounds in this group compared with 

those in the group A.  There is however a significant difference between the two 

mononuclear compounds A-I (Retention time = 10.26 min) and B-I, as shown in 

Table 4-1. 

 

4.2.2 1H NMR characterisation 
 

The monomer and the binuclear compounds were again dissolved in acetonitrile-

d3 and all compounds were subjected to 1H-NMR analysis. The compounds were 

treated under the same conditions as in group A. The results obtained are 

comparable with those obtained at group A as discussed above. (See Figure 4-6) 

The NMR data observed at high ppm values in the experiment with group B are in 

agreement with those shown in group A. Table 4.2 displays the chemical shifts of 

the two compounds H5 and H6’ and for the monomer, 8.62 and 8.67 ppm (A-I). 
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The two signals for compound B-II and B-III, show chemical shifts of 9.10, 9.30 

and 9.60, 9.70 ppm in Ru/PtCl2 and 9.70, 9.6 and 10.25 ppm in Ru/PtI2 

respectively.   

Table 4.2: Assignment of the signals of H5 and H6’ with respect to chemical shifts 

(ppm) for the monomers and Ru/Pt dinuclear compounds in d3-acetonitrile.  

H5 H6’ 

monomer 
Ru/Pt-

Cl2 
Ru/Pt-l2 monomer 

Ru/Pt-

Cl2 
Ru/Pt-l2 

8.62 
9.30, 

9.10 

9.85, 

9.75 
8.67 

9.70 - 

9.60 

10.30, 

10.25 

 

 

 These spectra are consistent with the hypothesis that the presence of platinum 

catalytic centres at the bridging ligand and the nature of the halogen terminal 

species in the dinuclear compounds will substantially affect the properties of the 

2,2’-bipyridyl complexes of the A-group as discussed in chapter 3.[13]  

 

 

 

 



134 
 

 

Figure 4.6: 1H-NMR of [Ru(phen)2(2,3dpp)]2+ B-I (bottom),  

[Ru(phen)2(2,3dpp)PtCl2]2+ B-II (middle) and [Ru(phen)2(2,3dpp)PtI2]2+ B-III (top) 

in d6-acetonitrile.   

4.2.3 UV-Vis Absorption spectroscopy 
 

UV/vis absorption spectra have been studied for the B-I monomer and the 

dinuclear compounds B-II and B-III. The spectra were measured using acetonitrile 

as a solvent. The UV-Vis spectra of the three compounds are shown in Figure 

4.7. The UV-Vis spectrum of [Ru(phen)2(2,3dpp)]2+, compound, B-I, shows a 

broad peak with an irregular plateau region between 340 and 470 nm (λmax = 

465 nm). This observation is in agreement with other similar phen containing 
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compounds. [5,10]   The spectrum shows a considerable change upon 

introduction of the Pt sections of the compounds as shown. It is clear that the 

absorption of the other two other molecules [Ru(phen)2(2,3dpp)PtCl2]2+ B-II and 

[Ru(phen)2(2,3dpp)PtI2]2+ B-III are similar.   Both compounds show 2 separate 

absorptions in the visible region, the first one is observed at λmax= 340 nm a 

second feature at λmax= 515 nm. These features can be identified as ruthenium 

based 1MLCT transitions.[5,14]  However, for B-I, there is only a broad 1MLCT 

absorption at 415 nm as was also observed for A-I. This indicates that the 

photophysical and photochemical properties of these two compounds are 

considerable different when compared with the mononuclear compound    B-I.  

 

Figure 4.7: Absorption spectra (normalised) of [(phen)2Ru(2,3dpp)]2+, [(phen)2 Ru 

(2,3dpp)PtCl2]2+ and [(phen)2 Ru (2,3dpp)PtI2]2+ in CH3CN shown in Figure (4.3 

a, b, c). 

4.3  Photolysis of Compounds in Acetonitrile without TEA. 
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The purpose of this section is to discuss the photochemical behaviour of the 

same complexes characterised previously in this chapter (compounds B-I, B-II 

and B-III). Upon irradiation with LED 470 nm visible light acetonitrile is used as a 

solvent, both in the presence and absence of triethylamine (TEA) as a sacrificial 

reducing agent. The aim of this approach is to investigate the stability of these 

compounds in light. First the compounds are irradiated for up to 3 hours in 

acetonitrile in the absence of TEA. Subsequently, in the presence of TEA, the 

decomposition of the compounds was was carried out as shown in Section 4.3.2. 

To minimise the influence of temperature on the chromatographic separation all 

experiments were carried out at an isothermal chromatographic system 

maintained at 24 oC. The photochemical processes were followed by 

characterisation with HPLC, UV-Vis spectroscopy and 1H-NMR spectroscopy as 

discussed below. In these experiments it has be considered that acetonitrile can 

undergo light-induced ligand exchange reactions. [7,15], As observed for the 

previous group of compounds, Group A, when irradiating of the compounds of 

group B for up to 3 hours, it was found that compound B-I is photo reactive while 

compound B-II is photostable and the third compound B-III is slightly 

photoreactive under these conditions. 

 

4.3.1 Photolysis of Compounds in Acetonitrile, Compound B-I  
 

All compounds were photolysed in acetonitrile, after irradiating the compounds for 

up to 3 hours, it was found that compound B-I is photo-reactive, compound B-II is 

photo stable and the compound B-III is slightly photo-reactive under these 

conditions. The photolysis of the mononuclear compound B-I is characterised by 
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using different analytical techniques HPLC, UV-Vis spectroscopy and 1HNMR 

spectroscopy and outlined in Figure 4.8 (a, b).  

 

 

Figure 4.8(a): HPLC trace during photolysis for [(phen)2Ru(2,3dpp)]2+ B-I in 

CH3CN. Mobile phase, CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 

0.10M KNO3),Flow rate: 2.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC. 
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Figure 4.8(b): HPLC trace before and after photolysis for [(phen)2 Ru (2,3dpp)]2+ 

in CH3CN. Mobile phase; CH3CN:H2O:CH3OH with volume ratio 80:15:5 

containing 0.10M( KNO3),Flow rate: 2.0 cm3 min-1, Detection wavelength at 280 

nm, T=24 oC.   

 
 

The HPLC traces during photolysis show that in figure 4.8a-b there is decreasing 

of the main peak and three different peaks appear and increase in peak area with 

the increase of irradiation duration appearing at retention times 1.48, 2.27 and 

3.20 minutes. Since there is a significant amount of compound B-I remaining with 

a retention time of about 5 min. possible to identify the nature of this species.   As 

shown in Figure 4.7 the spectrum of B-I is centred at about 420-430nm.  The UV-

Vis absorption spectrum of the products are shown in Figure 4.9, The first species 

with a 1.28 min retention time has a λmax at 469 nm (red line), the second 

product at 2.16 min retention time has a λmax at 437 nm (green line) and the third 
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product at 3.12 min retention time has a λmax at 384 and 420 nm (black line) and 

these are in agreement with the exchange of the compounds such as   

[(Ru(phen)2(CH3CN)2]2+,  and [(Ru(phen)2(CH3CN)(H2O]2+ with the solvent, [11] 

The absorption spectra of all the new peaks present after three hours of 

irradiation are shown in Figure 4.9 below.  

 

 

Figure 4.9: Absorption spectra features of new species identified in compound B- 

I after irradiation (normalized) (A) and (No normalized) (B) in Figure 4.8. 

Detection wavelength 280 nm. 

The photolysis of B-I with increasing irradiation durations is also characterised by 

1H-NMR spectroscopy to obtain further information and monitor the appearance 
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and disappearance of peaks. The photolysis reaction of [Ru(phen)2(2,3dpp)]2+ 

suggests the loss of the bridging ligand as shown in Figures 4.10a.    

Figure 4.10a: 1H-NMR spectroscopy of compound B-I during Photolysis in 

acetonitrile-d3.   
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Figure 4-10b: 1H-NMR spectroscopy of control sample 

[Ru(phen)2(CH3CN)2(PF6)2] in d3-acetone. 

 

1H-NMR (600 MHz, Acetone) δ 10.04 (dd, J = 5.1, 1.2 Hz, 1H), 9.04 (dd, J = 8.3, 

1.3 Hz, 1H), 8.63 (dd, J = 8.2, 1.1 Hz, 1H), 8.45 (d,J = 8.8 Hz, 1H), 8.36 (dd, J = 

8.3, 5.1 Hz, 1H), 8.31 (d, J = 8.9 Hz, 1H), 8.09 (dd, J = 5.3, 1.2 Hz, 1H), 7.60 (dd, 

J = 8.1, 5.3 Hz, 1H), 2.44 (s, 3H). 

 

To investigate this observation a sample was obtained as shown in Figure 4-10b. 

The spectrum obtained from B-I Figure 4-10a indicates that after 24 hours of 

radiation, degraded products were found in the region expected from a complex 

with the general formula; [Ru(phen)2(CH3CN)2(PF6)2].  In the HPLC experiment, 

two new peaks of a compound which has a retention time between 2.8 min and 

3.25 min are observed. This feature observed in Figure 4.8 suggests, that in 

agreement with the 1H-NMR spectrum shown in Figure 4-10a, that indicates that 

this process is therefore most likely related by the irradiation of B-I; 

         [Ru(phen)2(2,3dpp)]2+             

h

      [Ru(phen)2(CH3CN)2]2+   +  2,3dpp    
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          This reaction can be confirmed with 1H-NMR spectra obtained after 24 

hours of photolysis are typical for the bis-acetonitrile compound 

[Ru(phen)2(CH3CN)2]2+ and these features are very similar to those observed in 

the NMR spectrum of control sample [(Ru(phen)2(CH3CN)2(PF6)]2 in Figures 4-

10a and 4-10b above. 

The 1H-NMR results show in Figure (4.10b), large changes in the peaks with 

chemical shifts between 9.8 and 10.2 ppm. A number of signals are disappearing 

at 8.8 ppm, 8.42 ppm and 7.4 ppm. Other signals are decreasing at 8.7 ppm, 7.85 

ppm and 7.6 ppm in increasing the irradiation duration. When these results of 

compound B-I are compared with compound A-I, it appears that this compound is 

less stable than A-I upon irradiation.  Phenanthroline compounds are less studied 

and therefore it is more challenging to establish the nature of the photoproduct. 

However, it seems likely that the end product obtained from the irradiation of B-I 

is a [Ru(phen)2(CH3CN)2]2+ type compound as is observed for A-I.  In general, 1H-

NMR results indicate that B-I is more photoactive than A-I (see Chapter 3 and 

Chapter 6) as the changes observed are more extensive and are observed earlier 

in the experiment as shown in the Figure above. Importantly it needs to be 

considered that most of compound B-II is not degraded and that most is still 

present.  

4.3.2 Photolysis of Compounds in Acetonitrile, Compound B-II 
 

The photoreactivity of compound B-II was investigated using HPLC, UV-Vis 

spectroscopy and 1H-NMR spectroscopy. Irradiation of the compound was carried 

out following the same conditions described previously for B-I. The compound 
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was irradiated for up to 3 h. The HPLC results obtained after photolysis of this 

compound are shown in Figures 4.11. 

 

Figure 4.11: HPLC trace during Photolysis of [(phen)2 Ru (2,3dpp)PtCl2]2+ , B-II, in 

Mobile phase CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 0.10M 

KNO3,Flow rate: 2.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC.   

 

The HPLC chromatograms during photolysis show that under the conditions used 

in these experiments the compound B-II is photostable upon irradiation for up to a 

3 hours period and its behaviour shows the same HPLC results and the same 

stability as that observed for compound A-II in Chapter 3.  

The 1H-NMR spectroscopic results shown in Figure 4.12 indicate that under the 

conditions used in these experiments the compound is photostable for up to 24 

hours. The compound was irradiated in 1H-NMR solvent (d3-CH3CN) had higher 
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concentrations (Almost three times the user in the HPLC). Increased 

concentrations give rise to longer irradiation times of the compounds. 

 

 

Figure 4.12: 1H-NMR of the photolysis of [Ru(phen)2(2,3dpp)PtCl2]2+  in  d3-

acetonitrile. 
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The 1H-NMR results are also in agreement with the HPLC results. Clearly, the 

results show that compound B-II is HPLC stable under the conditions used in 

these experiments. 

4.3.3  Photolysis of Compounds in acetone without TEA, Compound B-

III 
The next compound B-III was photolysed for duration of up to 3 hours in 

acetonitrile.  The photochemical behaviour processes were followed by HPLC, 

UV/Vis spectroscopy and 1H-NMR spectroscopic, the results obtained are shown 

in Figures 4.13 a,b, Figure 4.14 

 
 

Figure 4.13(a): HPLC trace during Photolysis for [(phen)2 Ru (2,3dpp)PtI2]2+ (B-III) 

in Mobile phase CH3CN:H2O:CH3OH with volume ratio 80:15:5 containing 0.10M 

KNO3 Flow rate: 2.0 cm3 min-1, Detection wavelength at 280 nm, T=24 oC.    
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Figure 4.13 (b): HPLC trace before and after photolysis of [(phen)2 Ru 

(2,3dpp)PtI2]2+ (B-III) in Mobile phase CH3CN:H2O:CH3OH with volume ratio 

80:15:5 containing 0.10M( KNO3),Flow rate: 2.0 cm3 min-1, Detection wavelength 

at 280 nm, T=24 oC.    

 

The photolysis of compound B-III was carried out under the same conditions as 

that for compound group A.  A small peak at retention time between 0.4 and 0.8 

min appeared during the irradiation of the compound. It is noticeable that the 

small peak disappeared after about 1.48 min whilst the main peak was 

decreasing in increased duration. 

The photolysis of the compound B-III is also monitored by 1H-NMR spectroscopy 

to obtain more information about the changes and the results obtained are shown 

in Figure 4.14. The 1H-NMR results show a number of peaks from about 7.4 to 

8.8 ppm and 7.2 ppm as shown in the figure, that are decreasing with increasing 

radiation time. Also, new species that can be observed between 6.8 and 7.4 ppm. 
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There is also a fluctuation in signals from 9.6 ppm to 10.4 ppm which may 

suggest the formation of an intermediate.  

 

Figure 4.14: 1H-NMR data of compound B-III during irradiation in d3-acetonitrile.    

This illustrates that the photolysis of A-III is not completed, since the irradiation 

creates create some intermediates. However, these cannot be determined at 

present, clearly the amounts of these species produced are too low to allow for 

definitive assignment. One possibility is the generation of a 

[Ru(phen)2(CH3CN)2]2+ type species as observed for the other compounds but 
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more studies need to be carried out to confirm this assessment. This feature will 

be discussed in Chapter 6. 

 

4.4 Photolysis of Compounds in the Presence of TEA. 

 

In the previous section it was shown that in acetonitrile the compounds B-I and B-

III are photoreactive but the compound B-II is photostable for up to 3 hours under 

irradiation with visible light. In this section, the stability of the compounds against 

irradiation under catalytic conditions will be studied. The main difference between 

the two irradiation conditions is the presence of triethylamine (TEA) which acts as 

a sacrificial reductant as explained in the introduction.  The samples were 

deaerated with argon before irradiation to reproduce the conditions used for the 

photocatalytic process.   

 

4.4.1 Results 
 

4.4.1.1  Irradiation of Compound B-I in the presence of TEA 

 

The photochemical reaction between compound B-I with TEA is outlined as 

shown. The chromatograms of consider the photo reaction of compound B-I in 

the presence of TEA and CH3CN. Before the irradiation process was taken place. 

The compound showed one identified peak at 6.30 minutes together with other 

negligible components as shown in Figure 4.15a. 
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  Figure 4.15: HPLC traces obtained upon photolysis of compound B-I. 

Temperature 24 oC. Irradiated in CH3CN in presence of TEA (15%) and 

H2O(10%) using 470 nm LED irradiation from (0-5min) degassing with Ar before 

irradiation detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with 

volume ratio 80:15:5 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1. 

 

It is of interest to note that without the presence of TEA compound B-I a peak at 

about 4.87 min as shown in Figure 4.8. This shows that there are considerable 

changes in the retention times in the presence of TEA in the reaction mixture. 

This is most likely related to a change in the reaction mixture.  
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Figure 4.16: HPLC traces obtained before and after photolysis of compound B-I. 

Temperature 24 oC. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation from (0-5min) degassing with Ar before 

irradiation detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with 

volume ratio 80:15:5 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1. 

 

During the irradiation the height of the main peak observed in Figure 4.16, the 

feature at 6.30 min, as slightly decreased after 30 s irradiation from (18.7 m AU) 

to (16.2m AU) approximately (13.4 %) with no significant change in the 

chromatogram. After continuous irradiation between 3 to 4 minutes, 3 new peaks 

in the range of 3-4 min irradiation appeared as HPLC traces and these were 

found to increase by irradiation time and reach their maximum with continuous 

photolysis process, followed by a significant decrease of the main product peak. 

As outlined in Figure 4.16 b this picture shows the difference between the initial 

solution and the final solution after 5 minutes of irradiation. It was found that upon 

irradiation three traces are observed without TEA between 1.7 and 3.5 min shown 
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in Figure 4.8a, without the presence of TEA, new features are observed between 

2.7 and 4 min as shown in Figure 4.16. These peaks are observed in Figure 4.16 

but the duration of the growing of these peaks is up to 180 min, indicating that 

direct irradiation is considerable slower as shown in Figures 14.8a and 14.8b. 

Nevertheless, it appears that these new species can be obtained even without the 

presence of TEA.  

 

Figure 4.17: Absorption spectra features of new species identified in compound 

B- I after 4 minutes of irradiation (normalized) (A) and (No normalized) (B) in 

Figure 4.16. Detection wavelength 470 nm.  

UV-spectra in Figure 4.17 found to have a rather broad absorption pattern λmax = 

between 420 and 480 nm, the red line of main peak before irradiation, the blue 

line of the product at 3.0 minutes, the green line of the product at retention time 

3.48 minutes and black line of the product at retention time 3.90 minutes. This 
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suggests that these 3 compounds have very similar UV/Vis absorption spectra. 

This will be further discussed later in Chapter 6.  

 

4.4.1.2  Irradiation of Compound B-II in the presence of TEA 

 

In the reaction of B-II in the presence of TEA, the initial solution was found to 

have one major sharp peak with a retention time of 4.32 min in addition to two 

early peaks of impurities or related compounds at between 2 min and 2.5 min 

representing one third the height of the main peak. As shown in Figure 4.18a.  

During the irradiation these early peaks are starting to increase and the height of 

the main peak significant decreased after 10 s irradiation from (33.7 m AU) to 

(22.1m AU) approximately (35 %). At the same time a new peak is observed at 

3.2 min and the two early peaks increasing as well.  The reaction was found to be 

very fast as only 60 second irradiation was enough to decompose up to 90 % of 

the main product. Compared with B-I product which required 4 min to decompose 

60% of the product the peaks observed in for this compound obtained at about 

60s, showing that decomposition of the species B-II is considerable faster. There 

are however also differences in the shape of these new peaks, indicating that the 

composition of these compounds is rather different as shown in Figures 4.18 and 

4.19. The UV- vis spectra of new peak, main peak and the early peaks shown in 

Figures 4.19.   
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Figure 4.18a: HPLC traces obtained upon photolysis of B-II. Temperature 24 oC. 

Irradiated in CH3CN in presence of TEA (15%) and H2O (10%) using 470 nm 

LED irradiation from (0-5min) degassing with Ar before irradiation detection 

wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with volume ratio 

75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1. 
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Figure 4.18b: HPLC traces obtained before and after photolysis of B-II. 

Temperature 24 oC. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation from (0-5min) degassing with Ar before 

irradiation detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with 

volume ratio 75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1. 

 

Surprisingly irradiation of the compound B-II is rather fast and the traces 

observed for this compound are rather different from these shown in for B-I.  For 

B-II there are HPLC traces of similar types between 2 - 3.5 min as observed for 

B-I and but no clear traces as observed for B-I are observed. The absorption 

spectra obtained from the HPLC traces are shown in Fig 4.19 shown below. It is 

clear that at least four types of spectra can be obtained. It seems that these 

spectra are complex and contain at least 2 different peaks containing maxima of 

ranging from 413 to 575 nm.  This will be further discussed in Chapter 6. 
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Figure 4.19: Absorption spectra features of new species identified in compound 

B- II after 60 seconds of irradiation (normalized) (A) and (No normalized) (B) in 

Figure 4.18. Detection wavelength 470 nm. 

 

4.4.1.3  Irradiation of Compound B-III in the presence of TEA 

 

In the case of the compound B-III as shown in Figure 4.20 the initial 

chromatogram has one sharp major peak at 3.5 min and another early forked 

peak at 2.1 min with an approximate ration 5:1. The reason for this behaviour as 

well as that observed for the compound B-II is unclear, but considering the fact 

that the photolysis as very fast, it may be the result of some irradiation by 

daylight.  As Figure 4-20a,b shows the reaction was found to be very rapid 
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compared with the other 2 photocatalyst. This may also explain the role of 

iodine/chloride atoms on the photoreaction. The reaction was carried out for only 

30 seconds, which was sufficient to decompose the compound almost 

completely. After 30 second of irradiation the early rather early peak become the 

major peak in the chromatogram with traces of the main compound observed at 

3.5 min still in the solution.  

The UV spectra of the new degraded products between 2,00 - 2.25 min due to the 

degradation of the main product which have maximum absorbance near 500 nm 

visible region as shown in Figure Figure 4.21. 

 

Figure 4. 20a: HPLC traces obtained upon photolysis of B-III. Temperature 24 oC. 

Irradiated in CH3CN in presence of TEA (15%) and H2O(10%) using 470 nm LED 

irradiation from (0-5min) degassing with Ar before irradiation detection 

wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with volume ratio 

75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1. 
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Figure 4.20b: HPLC traces obtained before and after photolysis of compound B-

III. T 24 oC. Irradiated in CH3CN in presence of TEA (15%) and H2O (10%) using 

470 nm LED irradiation from (0-5min) degassing with Ar before irradiation 

detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:CH3OH with volume 

ratio 75:15:10 containing 0.12 M KNO3 Flow rate 2.0 cm3 min-1 

 
Figure 4.21: Absorption spectra features of new species identified in compound 

B- III after 30 seconds of irradiation (normalized) (A) and (No normalized) (B) in 

Figure 4.20. Detection wavelength 470 nm. 
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4.5 Summary  

 

In this work, the characterisation and the stability of photocatalysts of 

[(phen)2Ru(2,3dpp)]2+, [(phen)2Ru(2,3dpp)PtCl2]2+  and  [(phen)2Ru(2,3dpp)PtI2]2+ 

were studied.  In this study HPLC, UV/vis absorption spectra and 1H-NMR of the 

compounds were obtained to compare the structural features and investigate the 

stability of the three compounds. In HPLC results, the retention time of the three 

major peaks are different due to the presence of the catalytic states 

(monomer/dinuclear) and the nature of the halogen (Cl2/I2) containing peripheral 

species. 

 The stability of the compounds has been investigated in 2 conditions. The first 

condition is irradiation of compounds in acetonitrile solvent for 3 hours, together 

with the 1NMR data, while the second condition was irradiation of the compounds 

in acetonitrile in the presence of TEA.  last for only few minutes.  

The obtained results indicate clearly that upon irradiation under the first condition 

the monomer is photo reactive, while Ru/PtCl2 centre is photostable and the 

Ru/PtI2 centre is photoreactive but at a lower extent than the monomer. The 1H-

NMR results are largely consistent with HPLC results as shown in Figure (4,22). 
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Figure 4.22: The rate of photo-degradation of compound B-I, B-II and B-III in the 

Absence of TEA. 

Under the second condition the metal complexes are decomposing or rearranging 

rapidly. Especially the [(phen)2Ru(2,3dpp)PtI2]2+ was found to be the fastest to 

decompose of these compounds under this condition as shown in Figure (4,23). 

 

Figure 4.23: The rate of photo-degradation of compound A-I, A-II and A-III in the 

presence of TEA. 
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 Apart from the disappearance of the three photocatalysts, some new and stable 

compounds are appearing. The HPLC studies indicate that the 3 compounds 

formed are very similar with absorption maxima from about 430 nm. It is 

furthermore unexpected that even in the presence of high concentrations of TEA 

these compounds are stable. It is possible that species form single bonds as 

shown in this diagram, where the ruthenium centre is only bound to a single bond 

associated to the bridging ligand and singly bound ligands such as S = CH3 CN, 

Cl,- I-. are possibly present as shown in Figure 22.  

 

 

 

Figure 4. 22:  Potential intermediate formed upon irradiation. S = CH3CN, Cl,- I-. 

 

On the basis of the obtained data in this study, is seems clear that it is the high 

reactivity of TEA reagent that leads to the decomposition of ruthenium 

complexes.  This will be further considered in Chapter 6. 
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Chapter 5 

An investigation of the photostability of ruthenium 

photocatalysts, based on the 4,4’-diethoxycarbonyl-2,2’-

bipyridine (dceb) peripheral ligand and the 2,3-di(pyridyl-2-yl) 

pyrazine (2,3dpp) bridging ligand  

 

In the present Chapter ruthenium based photocatalysts based on the presence of 

the peripheral ligand 4,4’-diethoxycarbonyl-2,2’-bipyridine (dceb) are discussed, 

During the sample preparation, solutions were deaerated with argon or nitrogen 

prior to mimic the conditions at which the photocatalytic process is conducted.  In 

the absence of TEA, but in acetonitrile, the compounds C-I and C-III are 

photoreactive while that compound C-II is photostable, the latter for up to 3 hours 

under irradiation.  Furthermore, the photostability of the compounds C-I, C-II and 

C-III during irradiation in the presence of TEA were measured.  When the 

compounds C-I, C-II and C-III are tested under these conditions a fast degrading 

process is observed.  
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5.1 Introduction 

As outlined in the introduction to the purpose of the investigation is to assess the 

stability of a number of photocatalysts capable of delivering hydrogen from water 

upon irradiation. These catalysts have been studied by the DCU group and it has 

been observed that the stability of the compounds and the amount of hydrogen 

formed depends on the conditions and the three components of the assembly; the 

peripheral ligand the bridging ligand and the catalytic centre. [1,2,3,4]  In 

Chapters 3 and 4 two different peripheral ligands were used; bpy and phen 

respectively and the bridging ligand is 2,3-bis(2’-pyridyl) pyrazine (2,3,dpp).  Both 

mononuclear, no catalytic centre, and dinuclear compounds are based on the 

platinum catalysts PtCl2 and PtI2.  It has been shown that there are differences 

between bpy and phen as peripheral ligand and the dceb ligand. Recent studies 

have shown that the photophysics of the assemblies are greatly dependent on the 

arrangement of the catalytic components and that photocatalysts. With the dceb 

ligand as a peripheral ligand an increased hydrogen generation with other 

photocatalyst from 80, for a “bpy” based catalyst, to 650 after 6 hours of 

irradiation for the dceb complex. [5,6,7]  Similar data were observed for another 

dceb complex with 2,2’:5’,3’’:6”,2’’’quaterpyridine, bisbpy as the bridging ligand 

and PtCl2 as the catalytic centre. For this compound hydrogen was formed at a 

rate of 513 turnover numbers over 6 hours.[8]  

In the present Chapter 5, ruthenium based photocatalysts are studied with the 

peripheral ligand 4,4’-diethoxycarbonyl-2,2’-bipyridine (dceb), as shown in Figure 

5-1, together with the 2,3 dpp bridging ligand. It should be noted that in this study 
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the 2,3 dpp ligand together with the Pt photocatalysts PtCl2 and PtI2 have been 

used in this study in order to create a range of compatible results. No catalytic 

centres are coordinated to the monomeric ruthenium 2,3 dpp compound. 

5.2 HPLC, UV-Vis and 1H-NMR Characterisation  of mononuclear and  

supramolecular Ru/Pt compounds. 

 

In this part, the characterization of the final group (Group C) is carried out and 

the photolytic properties of the compounds are assessed. This group is 

composed of three complexes, one mononuclear and two binuclear. The 

bidentate peripheral ligands that are coordinated to the Ru(II) centre as the 4,4’-

diethoxycarbonyl-2,2’-bipyridine (dceb) component. The structure of the bridging 

ligand 2, 3-bis(2'-pyridyl) pyrazine (2,3dpp) are displayed in Figure 5.1. The 

chemical structures of these complexes are displayed in Figure 5.2. As 

mentioned before, the bridging ligand is essential for the connection to the 

ruthenium photosensitiser centre to the platinum catalytic centre in order to create 

the binuclear Ru/Pt compounds. 

The binuclear compounds have different halogens attached to the Pt atom while 

the structures of the mononuclear compound [Ru(N^N)2(2,3dpp)](PF6)2 (N^N = 

dceb) C-I and the dinuclear Ru/Pt compounds [Ru(N^N)2(2,3dpp)PtX2](PF6)2 

(N^N = dceb, X = Cl-, or I-),called C-II and C-III respectively.   
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 Figure 5. 1: Structures of the peripheral ligand dceb and the bridging ligand 

2.3dpp which are used in this part.  
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Figure 5.2: Structures of the dinuclear Ru/Pt compounds and Ru(II) monomer 

with 2,3dpp as bridging ligand and with dceb type peripheral ligands.    
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5.2.1 Chromatographic characterisation    
  

The chromatographic characterisation of the group C compounds does not vary 

significantly from what was observed in previous chapters for groups A and B. 

The peripheral ligands for group C are similar in structure to Group A but has two 

additional ethyl ester moieties. It seems the HPLC experiments indicate that the 

retention time has changed considerably from group A results.  The halogen 

atoms attached to the platinum centre do not affect the peak shape because as it 

seems to have limited effect on the compound hydrophobicity. The 

chromatograms obtained for the mononuclear [(dceb)2Ru(2,3dpp)]+2 (C-I), the 

dinuclear [(dceb)2Ru(2,3dpp)PtCl2]2+ (C-II) and  [(dceb)2Ru(2,3dpp)PtI2]2+ (C-III) 

are shown in Figure (5.3 a, b, c). A strong peak is observed for all 3 compounds 

at retention times of about 4.18, 3.30 and 2.50 min.     

 

Figure 5.3a: HPLC trace for [(dceb)2Ru(2,3dpp)]2+ in CH3CN (mobile phase 

CH3CN: H2O: CH3OH with volume ratio 65:20:15 containing 0.05 M KNO3) Flow 

rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 0C. 
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Figure 5.3 b: HPLC trace for [(dceb)2Ru(2,3dpp)PtCl2]2+ in CH3CN (mobile phase  

CH3CN: H2O: CH3OH with volume ratios of 65:20:15 containing 0.05 M KNO3, 

Flow rate: 2.0 cm3 min-1, detection wavelength at 280 nm, T=24 0C. 

 

Figure 5.3 c: HPLC trace for [(dceb)2Ru(2,3dpp)Ptl2]2+ in CH3CN (mobile phase  

CH3CN: H2O: CH3OH with volume ratio 65:20:15 containing 0.05 M KNO3, Flow 

rate: 2.0 cm3 min-1, detection wavelength at 280 nm, T=24 0C. 
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The retention times of the compounds C-I - C-III are short when compared with 

the mononuclear and dinuclear compounds.  The dinuclear compound C-III show 

very short retention times. The small variation in retention times for the binuclear 

compounds may be attributed to the electron density of the attached halogen 

species (PtCl2, or PtI2).  See Table 5.1  

 

Table 5.1: Retention times and absorption maximum of compounds C-I, C-II, C-III 

in acetonitrile with detection wavelength at 280 nm, T=24 °C. 

compound Retention time 

(min) 

UV/vis spectrum/ λmax 

(nm) 

[(dceb)2Ru(2,3dpp)]+2 4.18 464 

[(dceb)2Ru(2,3dpp)PtCl2]+2 3.30 466 

[(dceb)2Ru(2,3dpp)PtI2]+2 2.50 482 

 

In order to further compare and contrast the compounds available in this study 

are listed in Table 5.2. In general, the retention times of compounds are based on 

the hydrophobicity of the material injected. As shown in Table 5-2 below the three 

mononuclear species have longer retention times. All the six dinuclear 

compounds with the highest value of 10.26 min obtained for compound A-I.  The 

data also show that for the three dinuclear compounds A-II, B-II and C-II lower 

retention times are obtained ranging from 4.48 to 4.20 to 3.30 min. Therefore, for 

compound three the Group C -III compounds (see Table 5.1) the lowest charge is 

most likely located on the binuclear compounds. However, there is a considerable 

difference in retention times between the three mononuclear compounds A-I and 
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B-I and C-I, which suggests that the nature of the peripheral ligands is of 

paramount importance, however, the absence of catalytic centres may also play a 

role. For example, this difference between the chlorine and the iodine containing 

compounds has already been discussed with respect to the 1H-NMR data. This is 

further discussed in the 1H-NMR data shown in Figures 5.10 and 5.13.  The 

differences between the chloride and iodide compounds are further studied by 

considering the UV/Vis data shown in Table 5.2.   

Table 5.2: Retention times and absorption maximum of compounds group-A, 

group-B and group-C in mobile phase with detection wavelength at 280 nm, 

T=24°C. 

Groups compounds Retention time 
(min) 

UV/vis/ λmax (nm) 

 
 

Group 
A 

[(bpy)2Ru(2,3dpp)]+2 

 

10.26 442 

[(bpy)2Ru(2,3dpp)PtCl2]+2 

 

4.48 415, 508 

[(bpy)2Ru(2,3dpp)PtI2]+2 

 

3.25 415, 514 

 
 

Group 
B 

[(phen)2Ru(2,3dpp)]+2 

 
4.87 435 

[(phen)2Ru(2,3dpp)PtCl2]+2 

 
4.20 416, 510 

[(phen)2Ru(2,3dpp)PtI2]+2 

 
3.65 413, 515 

 
 

Group 
C 

[(dceb)2Ru(2,3dpp)]+2 

 
4.18 464 

[(dceb)2Ru(2,3dpp)PtCl2]+2 

 
3.30 466 

[(dceb)2Ru(2,3dpp)PtI2]+2 

 
2.50 482 

 

The UV/vis value obtained by the 3 compounds A-I, B-I and C-I shown in the last 

row of Table 5.2 show absorption maxima of 442, 435 and 464 nm these are 
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typical  for these type compounds have MLCT bands with maxima at around 450-

500 nm [9,10,11]and indicate the presence of 3MLCT transitions.   This is as 

expected for mononuclear species of this type.  Different observations are 

obtained when considering the dinuclear compounds of A-II and A-III values of 

415 and 508 nm and 415 and 514 nm are observed, while for B-II and B-III two 

different 3MLCT transitions are observed at 416 and 510 nm and 413 and 515 nm 

and these are typical for the types of compounds observed. However, for the 

compounds C-II and C-III singlet features with absorption maxima of 466 and 482 

nm are observed as in Figure 5.5 as expected. [10] 

 

5.2.2 1H NMR characterisation. 
 

To carry out the 1H-NMR analysis for compound of group C, the mononuclear and 

the dinuclear compounds were dissolved in acetonitrile-d3 following similar 

procedures to what was carried out for Group A and B. The results obtained are, 

also comparable to those of group A and B. (See Figure 5-4) The same 

behaviour of the Iodide and chloride complexes in 1H-NMR is repeated for Group 

C, where the hydrogen adjacent to the Pt centre of the iodide complex shows a 

more upfield signal than the one adjacent to the chloride complex. Since, iodine 

has more electronegativity and should deshield the adjacent hydrogen atom, this 

observation is seen for all the compounds investigated in this section. The two 

peaks at 9.30 and 9.60 ppm in Ru/PtCl2) and 9.90 and 10.25 ppm in Ru/PtI2 

respectively.  This is consistent with the hypothesis that the presence of platinum 

catalytic centres at the bridging ligand and the nature of the halogen terminal 
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species in the dinuclear compounds will substantially affect the properties of 

compounds as discussed above.  

 

 

Figure 5.4: 1H-NMR of [Ru(dceb)2(2,3dpp)]2+ C-I (bottom), 

[Ru(dceb)2(2,3dpp)PtCl2]2+ C-II (middle) and [Ru(dceb)2(2,3dpp)PtI2]2+ C-III (top) 

in d3-acetonitrile. 
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5.2.3 UV/Vis Absorption spectroscopy 
 

UV/vis spectra were determined for the mononuclear and the dinuclear Ru(II) 

compounds. Mobile phase was used as the solvent. The UV/Vis spectra of the 

three compounds are shown in Figure 5-5.  

 

Figure 5.5: Absorption spectra (normalised) of [(dceb)2 Ru (2,3dpp)]2+ C-I, 

[(dceb)2 Ru (2,3dpp)PtCl2]2+ C-II and [(dceb)2 Ru (2,3dpp)PtI2]2+ C-III in CH3CN, 

data obtained from Figure (5.3 a,b,c). 

The absorption of the compounds group C, [Ru(dceb)2(2,3dpp)]2+ C-I, 

[Ru(dceb)2(2,3dpp)PtCl2]2+ C-II and [Ru(dceb)2(2,3dpp)PtI2]2+ C-III   show in the 

visible region only one separate absorption at λmax= 464nm, 466nm and 482nm 

respectively. Figure 5.5 and Table 5.1 indicate that C-I shows a broad band with a 
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λmax at 464 nm and a shoulder at 432 nm. The absorption band at 464 nm is red 

shifted with respect to about give full band 420 nm compared to A-I. The 

absorption spectrum of C-II shows broad absorption bands between 440 to 520 

nm with a maximum in the UV at 350 nm assigned to transitions of the 2,3-dpp 

ligand and possibly also Pt / 2,3-dpp 1MLCT transitions. 

Other than, the absorption of the A-II, A-III and B-II, B-III dinuclear compounds 

the visible region gives two separate absorptions of λmax, first a feature at 415nm 

and a second feature at 515 nm approximately, while the mononuclear 

compounds in both groups give one separate absorptions of λmax at about 464nm, 

the peaks are very similar to each other. Table 5.2 illustrates the UV/Vis 

absorption spectroscopy results. 

 

5.3.1 Photolysis of Compounds in Acetonitrile.  

 
Compounds C-I, C-II and C-III were dissolved and photolysed in acetonitrile 

without the presence of TEA and irradiated for up to 3 hours. They were analysed 

by HPLC using a mobile phase of CH3CN/H2O/CH3OH (65/20/15) % containing 

0.05 M KNO3 and detection wavelengths of 280 nm and a flow rate 2.0 cm3 min-1. 

The temperature control was set at 24οC.  It was found that compound C-I is 

photo reactive and compound C-II photo stable. However, compound C-III is 

slightly photo reactive under these conditions. The photochemical processes 

were followed by HPLC, UV-Vis spectroscopy and 1H-NMR spectroscopy. 
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5.3.1.1 Compound C-I  

The photolysis of the mononuclear compound C-I is shown in Figure 5-7 and is 

characterised by using several analytical tools such as HPLC, UV-Vis 

spectroscopy and 1H-NMR spectroscopy.  Irradiation of this compound was 

carried out under the same conditions as outlined above and is shown in Figure 

5-6 (a, b).  

 

 
 

Figure 5. 6a: HPLC trace during Photolysis of [(dceb)2Ru(2,3dpp)]2+ in acetonitrile 

(mobile phase CH3CN: H2O: CH3OH with volume ratio 65:20:15 containing 0.05 

M KNO3, Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=240C. 
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Figure 5.6 b: HPLC trace during Photolysis of [(dceb)2Ru(2,3dpp)]2+ acetonitrile 

(mobile phase CH3CN: H2O: CH3OH with volume ratio 65:20:15 containing 0.05 

M  KNO3 Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=240C. 

 

The HPLC chromatograms shown in Figure 5.6(a-b) at different time points during 

the irradiation, show clear signs of photolysis. There is constant reduction of the 

area of the main peak and two different peaks appear and keep increasing in 

area by increasing the duration of the irradiation. The UV-Visible absorption 

spectra of the all new peaks are shown in Figure 5.7. The main HPLC peaks 

appear at retention time of about 2.40 and 4.00 minutes and show UV/vis data at 

464 nm for the main peak and a new signal at 452 nm. This may indicate that 

although the differences between the main and the new peaks are considerable, 

that both species have a similar detection wavelength.  
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Figure 5.7: Absorption spectra of species detected in [Ru(dceb)2(2,3dpp)]2+ C-I 

after irradiation in Figure 5-6 (a, b) above. Detection wavelength 280 nm.  
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Figure 5. 8: 1H-NMR study of [Ru(dceb)2(2,3dpp)]2+ C-I during 24 hours photolysis 

in acetonitrile-d3.   

1H-NMR photolysis of compound C-I is shown in Figure 5-8 above. The obtained 

1H-NMR results shows some changes in chemical shift between 9.8 to 10.2 ppm 

and there are a number of signals that are increasing in height by the increase of 

the irradiation duration at 8.8 ppm, 8.42 ppm and 7.4 ppm. There are additional 

other peaks in the compounds that are decreasing as the irradiation time 

increases those can be seen at 8.7 ppm, 7.85 ppm and 7.6 ppm. When the 
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results of this group is compared with compound A-I, the compound C-I appears 

to be less stable upon irradiation. Unfortunately, not enough data are available to 

assign the various signals and further studies such as Mass spectrometry have to 

be carried out in order to fully understand the 1H-NMR spectrum after irradiation.   

Overall the 1H-NMR results indicate that C-I is more photoactive than A-I as the 

changes observed are more extensive and are observed earlier in the experiment 

as shown in Figure 5.8.  

 

5.3.1.2 Compound C-II 

The photoreactivity and stability of compound C-II is studied and the results 

obtained are shown in the Figure 5.9. The results obtained are were investigated 

using HPLC, UV-Vis spectroscopy and 1H-NMR spectroscopy 

 
 

Figure 5.9: HPLC trace during Photolysis of for [(dceb)2Ru(2,3dpp)PtCl2]2+ in 

CH3CN mobile phase CH3CN: H2O: CH3OH with volume ratio 65:20:15 containing 

0.05 M KNO3, Flow rate: 2.0 cm3 min-1; detection wavelength at 280 nm, T=24 oC.    
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Irradiation of the C-II compound was carried out in same conditions. The 

compound was irradiated for up to 3 hours.  

 The HPLC results obtained after photolysis of this compound is shown in Figures 

5.9.  As expected from the previous chapter, the HPLC trace during photolysis 

shows that under the conditions used in these experiments the compounds C-II is 

photostable for irradiation up to 3 hours period.  

The 1H-NMR spectra results shown in Figure 5-10 indicate that under the 

conditions used in these experiments C-II is photostable for up to 24 hours. The 

compound was irradiated in d3-CH3CN at higher concentrations.  Increased 

irradiation times do not give any rise to longer irradiation times. The 1H-NMR 

results are in agreement with HPLC results. Clearly, the results show that the 

compound C-II is photostable under the conditions used in these experiments. 
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Figure 5.10: 1H-NMR during Photolysis of [Ru(dceb)2(2,3dpp)PtCl2]2+  C-II in 

acetonitrile-d3.After  24 hours of radiation. 

5.3.1.3 Compound C-III 

Compound C-III was photolysed for up to 3 hours in acetonitrile.  The 

photochemical processes were followed by HPLC, UV/Vis spectroscopy and 1H-

NMR spectroscopic, the results obtained are shown in Figure 5.11 a, b. 
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Figure 5.11a: HPLC trace during Photolysis of for [(dceb)2Ru(2,3dpp)Ptl2]2+ in 

CH3CN (mobile phase  CH3CN: H2O: CH3OH with volume ratio 65:20:15 

containing 0.05 M of KNO3 Flow rate: 2.0 cm3 min-1; detection wavelength at 280 

nm, T=24oC.    

 
Figure 5.11b: HPLC trace during Photolysis of for [(dceb)2Ru(2,3dpp)Ptl2]2+ in 

CH3CN (mobile phase  CH3CN: H2O: CH3OH with volume ratio 65:20:15 

containing 0.05 M of KNO3, Flow rate: 2.0 cm3 min-1; detection wavelength at 280 

nm, T=24oC.    
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The photolysis of compound C-III was carried out under the same irradiation 

conditions as that of compounds C-I and C-II. The HPLC results at different time 

during the irradiation show that the compound clearly shows signs of photolysis.  

There is constant and quick reduction of the area of the main peak and very 

sharp peak appear at 1.87 minutes and continue increasing in the area by 

increasing the duration of the irradiation time. The UV/Vis absorption spectra of 

the new products is shown in Figure 5.12.  

 

Figure 5.12: Absorption spectra of species detected in [(dceb)2Ru(2,3dpp)Ptl2]2+  

C-III during irradiation in Figure 5-11 above. Detection wavelength 280 nm. 

 Two peaks are shown in Figure 5.12, both have a λmax of 484 and 482 nm and 

retention times of 1.87 and 2.85 min respectively. Apart from these observations 

only a number of small amount of species are present as shown in Figure 5.12. 

Taking into account the similarity of the two peaks is seems likely that the original 
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pentanuclear compound [((dceb)2Ru(2,3dpp)Ptl2)2Pt](PF6)4 is transformed into  a 

dinuclear compounds such as a [(dceb)2Ru(2,3dpp)PtlS)2](PF6)2 species, where S 

is a solvent as shown in Figure 5-13.[6] 

 

 Figure 5. 13: The structure for the pentanuclear and dinuclear compounds.[6] 
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Figure 5.14: 1H-NMR spectroscopy of [(dceb)2Ru(2,3dpp)Ptl2]2+  C-III during 

Photolysis in acetonitrile-d3.   
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The photolysis of the compound was followed up by 1H-NMR spectroscopy to 

obtain further information and results are shown in Figure 5.14. In addition, 1H-

NMR spectra indicate that after 24 hours C-III is still stable. No significant new 

peaks appeared in the spectrum. Observed are a number of very weak signals 

between 9.40-9.70 ppm with increasing radiation time as shown in the figure. 

The 1HNMR spectra illustrate that the photolysis of C-III does create some 

intermediates but these very difficult to determined. Obviously, the amounts of 

these species produced are too low to allow for definitive assignment. 

The 1H-NMR results are not in agreement with HPLC results. This is unexpected 

as the HPLC results show that the compound C-III is photoactive under the 

conditions used in these experiments.  

 

5.3.2 Photolysis of Compounds C-I, C-II and C-III in the Presence of 

TEA.  

 

The photolysis in absence of TEA has shown that only in acetonitrile the 

compounds C-I and C-III are photoreactive but that compound C-II is photostable 

for up to 3 hours under irradiation.  In this section the photostability of the 

compounds C-I, C-II and C-III after irradiation in the presence of TEA is 

measured. The major difference between the two experiments is the addition of 

triethylamine to the solvent, which acts as a sacrificial reductant agent in the 

photocatalytic process.  
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5.3.2.1 Chromatographic Analysis  

 

All compounds were dissolved in the eluent in CH3CN) and filtered by a 0.45-

micron filter prior to injection.  The compounds [(dceb)2Ru(2,3dpp)](PF6)2 (C-I) , 

[(dceb)2Ru(2,3dpp)PtCl2](PF6)2 (C-II), and [(dceb)2Ru(2,3dpp)PtI2](PF6)2 (C-III) 

were dissolved in CH3CN with TEA and H2O, were analysed using a HPLC  

mobile phase of CH3CN/CH3OH/H2O containing KNO3. Where the percentage 

depends on the compound.  HPLC detection wavelengths of 470 nm are used 

and a flow rate 2.0 cm3 min-1. The temperature control was set at 24οC. 

 

5.3.2.2 HPLC Behaviour of the Compounds Studied. 

 

The chromatographic results of the compound C-I, compound C-II and compound 

C-III discussed in this chapter are similar to that observed for the compounds 

discussed in Chapters 3 and Chapters 4. It is clear that each of the compounds 

has a rapid reaction in the presence of the sacrificial agent TEA. 
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5.3.2.3 Results and discussion 

   5.3.2.3.1 Photoreaction of [(dceb)2Ru(2,3dpp)]2+ in the presence of 

TEA 

 

The photochemical behaviour of C-I is outlined in Figure (5.15 a,b). The 

chromatographic shows that there is dominant peak at 3.27 minutes, attributed to 

compound C-I. There are however a number of small negligible peaks already 

present in the solution before irradiation.  These are found at 1.54, 2.0, 2.23 and 

5.18 minutes.  Figure (5.15 a,b). shows the HPLC results of the compound C-I 

during the irradiation and display the initial and final compound after irradiation in 

the presence of acetonitrile and TEA.  A small shift on the HPLC is also observed 

due to temperature variations. It is clear that the compound is not stable and the 

features observed are similar to those obtained for the compound in absence of 

TEA, but in the presence of TEA the amount of decomposition observed is large 

under this conditions, The peak height decreases to (65%) of concentration peak 

from (37mAU) to (24mAU) after 1 minutes and the broad peak at retention time 

(5.18 minutes) is growing up and shoulder at 4.80 minutes. In comparison with A-

I and B-I, the chromatograms show that the products formed were shown as new 

well-defined peaks before the dominant peak of the main products as Figure 3.19 

in Chapter 3 and Figure 4.16 in Chapter 4. 

In addition, in the case of C-I the degraded products were found to have broad 

poorly-resolved peaks which can be justified by the role of ester group. It should 

be noted that the ratio of components of the mobile phases used for all 

compounds are different.  At present there is no clear interpretation for the fast 

decomposition of the compounds, however, since the irradiation mixture used has 
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a considerable amount of which is basic decomposition can be expected.[ii] It is, 

therefore, likely that the peripheral ligands associated with the dceb ligands will 

present a considerable loss of ester components. In addition, the composition of 

the compounds generated is uncertain. As a result, further investigations such as 

Mass spectrometry, resonance Raman and electrochemical studies need to be 

carried out to further investigate these features. This may be the case for all three 

compounds investigated and it is unlikely that in the presence of TEA clear 

conclusions can be obtained. Therefore, the absorption spectra seen in Figure 

5.16 cannot be interpreted. 

 

Figure 5.15a: HPLC traces obtained upon photolysis of compound C-I. 

Temperature 24oC. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation; 5min degassing with Argon, irradiation 

detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:MeOH 60:20:20 

containing 0.06 M KNO3 Flow rate 2.0 cm3 min-1. 
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Figure 5.15b: HPLC traces obtained before and after photolysis of compound C-I. 

Temperature 24oC. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation 5min) degassing with Ar before irradiation; 

detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:MeOH 60:20:20 

containing 0.06 M KNO3 Flow rate 2.0 cm3 min-1. 

 

Figure 5.16 a.b: Absorption spectra of the new peak detected in compound C-I, 

RT @ 5.1 min After irradiation in Figure 5.15 above. Detection wavelength 450 

nm.   
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The 1H-NMR spectra results show in Figure 5-10 indicate that under the 

conditions used in these experiments C-II is photostable for up to 24 hours. The 

compound was irradiated in d3-CH3CN at much higher concentrations.  Increased 

irradiation times do not give any rise to longer irradiation times. The 1H-NMR 

results are in agreement with HPLC results. Clearly, the results show that the 

compound C-II is photostable under the conditions used in these experiments. 

5.3.2.3.2 Photoreaction of [(dceb)2Ru(2,3dpp)PtCl2]2+ C-II  in the 

presence of TEA 

The chromatographic features observed for the compound C-II when sacrificial 

agent was added to the irradiated solution are shown in Figure 5.17 a,b below. 

 
Figure 5.17a: HPLC traces obtained upon photolysis of C-II. Temperature 24o C. 

Irradiated in CH3CN in presence of TEA (15%) and H2O(10%) using 470 nm LED 

irradiation; 5min degassing with Ar before irradiation detection wavelength; 470 

nm, Mobile Phase CH3CN:H2O:MeOH 65:20:15 containing 0.04 M KNO3 Flow 

rate 2.0 cm3 min-1. 
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Figure 5.17b: HPLC traces obtained before and after photolysis of C-II. 

Temperature 24 oC. Irradiated in CH3CN in presence of TEA (15%) and H2O 

(10%) using 470 nm LED irradiation; 5min degassing with Ar before irradiation 

detection wavelength; 470 nm, Mobile Phase CH3CN:H2O:MeOH 65:20:15 

containing 0.04 M KNO3 Flow rate 2.0 cm3 min-1. 

 

The chromatograms of compound C-II represent the photoreaction in the 

presence of TEA and CH3CN before and after the irradiation process. The 

[(dceb)2Ru(2,3dpp)PtCl2]2+ peak is detected at a retention time of 3.31 minutes 

together with number of synthesis related impurities that increased after the direct 

mix with the TEA [ii] and water even without irradiation at (1.41, 1.54, 2.00 and 

2.10 minutes) of retention time and the absorption spectra of these species and 

main peak are show in Figure 5.18 below. After the irradiation, the impurities 

peaks increased significantly which result in more interference among them with 
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observable decrease in the main product concentration that resembles the 

degradation behaviour in A-II and B-II compounds. the absorption spectra of new 

products are show in Figure (5.18) below. However, as observed for the results 

obtained for compound C-I no significant features can be obtained as a result for 

the interaction of both the basic TEA and the contact with the HPLC column. [ii] 

 

 

 

Figure 5.18: Absorption spectra of all new peaks detected in compound C-II After 

irradiation in Figure 5.17 (a, b) above. Detection wavelength 470 nm. 
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5.3.2.3.3 Photoreaction of [(dceb)2Ru(2,3dpp)PtI2]2+ C-III  in the 

presence of TEA 

 

The chromatographic features of C-III compound can show the dominant peak at 

retention time of 3.5 min. and three related impurities at 2.1, 2.5,2.8 min 

respectively and other minor impurities at 4.4min as shown in the Figure (5.19 

a,b) and the absorption spectra of all small peaks detected and the main peak are 

show in Figure 5.20.  

 

In the C-III compound, the chromatograms are quite different from the previous 

two compounds. Hence, the chromatograms show only the dominant peak of C-III 

compounds with other impurities which did not affect by the irradiation process. 

Only the main peak decreases to reflect the decrease of the concentration or the 

destruction of the product without the appearance of the degraded products as 

the Figure 5.19 shows. Also, these results can be considered different to A-III and 

B-III that the degradation products were detected on the chromatograms, this can 

be explained by the effect of the ester groups on the retention time of the 

degradation products. 

 

Although, the chromatographic condition can detect the great change of the initial 

concentration before the irradiation and the almost completely degraded product 

(≈95%) after only 60 seconds of irradiation in the presence of TEA. However, in 

the absence of TEA the reaction is negligible after 3 hours of irradiation.  
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Figure 5.19a: HPLC traces obtained upon photolysis of C-III. Temperature 24 oC. 

Irradiated in CH3CN in presence of TEA 15% and H2O10% using 470 nm LED irradiation 

from (0-5min) degassing with Ar before irradiation detection wavelength; 470 nm, Mobile 

Phase CH3CN:H2O:MeOH 60:10:30 containing 0.06 M KNO3 Flow rate 2.0 cm3 min-1. 

 

Figure 5.19 b: HPLC traces obtained before and after photolysis of compound C-

III. T 24 oC. Irradiated in CH3CN in presence of TEA 15% and H2O 10% using 470 

nm LED irradiation 5min degassing with Ar before irradiation detection 

wavelength; 470 nm, Mobile Phase CH3CN:H2O:MeOH 60:10:30 containing 0.06 

M KNO3 Flow rate 2.0 cm3 min-1. 
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5.4   Summary and conclusion 

 

In this chapter, the characterisation and the stability of photocatalysts of 

[(dceb)2Ru(2,3dpp)]2+ C-I, [(dceb)2Ru(2,3dpp)PtCl2]2+ C-II  and  

[(dceb)2Ru(2,3dpp)PtI2]2+  C-III were studied.  

 HPLC, UV/vis absorption spectra and 1H-NMR of the compounds were obtained 

to compare the structural features and investigate the stability of the compounds 

as used in chapter 3 and chapter 4. In HPLC results, the retention time of the 

three major peaks are different due to the presence of the catalytic states 

(monomer/dinuclear) and the nature of the halogen (Cl-/I-) containing peripheral 

species. In the 1H-NMR analysis for compound of group C, the same behaviour of 

the Iodide and chloride complexes is repeated, where the hydrogen adjacent to 

the Pt centre of the iodide complex shows a more upfield signal than the one 

adjacent to the chloride complex, these results have also been observed in 

previous chapters. 

The stability of the compounds has been investigated upon irradiation 

in acetonitrile with LED 470 NM visible light, both in the presence and the absence 

of TEA as a sacrificial reducing agent. The compounds are irradiation for up to 3 

hours in case of the absence of TEA. In the presence of TEA, the irradiation was 

carried out for varying durations but within minutes. Photolysis of Compounds in 

Acetonitrile in the absence of TEA found that the compound C-I is photo reactive 

and the compound C-II photo stable. However, the compound C-III is slightly a 

photo reactive under these conditions as shown in Figure (5,20). 
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Figure 5.20: The rate of photo-degradation of compound C-I,C-II and C-III in the 
Absence of TEA. 

 

 The 1H-NMR results are largely consistent with HPLC results for C-I and C-II and 

are not in agreement with C-III, this is unexpected as the HPLC results show that 

the compound C-III is photoactive under the conditions used in these 

experiments. 

The photostability of the compounds C-I, C-II and C-III after irradiation in the 

presence of TEA is measured. The major difference between the two experiments 

is the addition of triethylamine to the solvent, the chromatographic results of the 

compounds discussed in this chapter is similar to that observed for the 

compounds discussed in Chapters 3 and Chapters 4. It was observed that each 

compound has a rapid reaction in the presence of sacrificial agent (TEA) as 

shown in Figure (5,21). 
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Figure 5.21: The rate of photo-degradation of compound C-I,C-II and C-III in the 

presence of TEA. 
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Chapter 6 

Discussions, Conclusions and Potential Progress. 

 

In this section a brief discussion about the results obtained in the thesis is given. 

The general behaviour of the compounds studied as given including the 

difficulties obtained. The behaviour of the compounds studied is described briefly 

and reasons for the decay of the varies compounds are discussed.   For future 

work the use sacrificial agents is not recommended. Instead different approaches 

need to be developed for example by reducing the concentration of these agents 

that minimise the degradation of the photocatalysts studied. Without such an 

approach it is unlikely that stable solar cells well be developed unless the 

development of surface bound devices are developed. The immobilisation of 

surface bound photocatalysts is at present one of the most interesting options. 
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6.1 introduction 

 

Over the last number of years there has been a great interest in the synthesis and 

characterisation of photosensitisers for the generation of hydrogen from sunlight. 

Most of these studies are carried out in solution and act as photocatalytic devices, 

based on the presence of a photosensitiser, a bridging ligand and a catalytic 

centre.  However, sacrificial agents are required to re-reduce the metal centres 

that have been oxidised by photocatalytic devices.  In most cases large amounts 

of sacrificial agents, such as triethylamine, TEA, are used in order to be able to 

investigate the amount of hydrogen that can be obtained. In these studies, the 

focus is more on the amount of hydrogen produced rather, than the effect that the 

sacrificial agent has on the stability of the photocatalysts. As a result, 

considerable amounts of decomposition do occur, for both the sacrificial agent 

TEA and the photocatalysts.  

 

The purpose of these studies is to use three different photocatalysts that contain 

peripheral ligands but also metal centres, so that the behaviour of the compounds 

can be investigated systematically. It was hoped that by variation of the peripheral 

ligand the stability of the photocatalysts can be studied and similar results are 

expected from the metal photocatalysts.  In this section the results obtained for 

the nine compounds are considered, compared and contrasted in order to 

suggest new directions for the improvement of the photocatalytic devices. In 

particular, the stability of the photosensitisers during irradiation was considered.  

The compounds studied are shown below in Figure 6.1.    
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Figure 6-1:Photocatalytic compounds with 2,2’-bipyridyl,(bpy) 1.10-phenanthroline 

(phen) and 4,4’-diethoxycarbonyl-2,2’-bipyridine (dceb) .  
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Because of the fast decomposition of the compounds studied by the irradiation in 

the presence of TEA it is difficult to assess the structure of the HPLC compounds 

obtained. To give an example, the behaviour of compounds based on the 1,10-

phenanthroline ligand is discussed. A problem with the compounds is the fact that 

over the years there has been very limited interest in the behaviour of l,10-

phenanthroline type complexes.  These type of compounds were studied in the 

1980-1985 period, but as a result of the increased interest of 2,2’-bipyridyl 

compounds considerable less attention has been paid to ruthenium(II) 

phenanthroline compounds. During this period the synthesis of a number of 

mixed ligands, of the type [Ru(phen)2(L)]2+ were discussed. However, no 

photocatalytic studies were carried out and mostly the synthesis and 

characterisation of the compounds obtained was carried out. The only option to 

obtain information of the compounds is by the comparison between a number of 

the synthesised bis(phen)Ru type complexes prepared by by Durham et al. as 

shown in Figure 6-1 below and the UV/Vis spectra obtained by irradiation. [1]  

 

Scheme 6-1: UV/Vis data from bis(phen) ruthenium complexes. [1] 

 

 

The results obtained in the presence of TEA study indicate that a fast 

decomposition of B-I is taking place as shown in Chapter 4, Figure 4.16 a and b. 
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and Figure 4.17a shows the presence of a number of peaks with maxima of 

between 438 and 440 nm. This suggests that the monomeric B-I species is 

possibly in agreement with the excited states of the trans and cis- species of the 

ruthenium phenanthroline compounds shown in Scheme 6-1.  As pointed out in 

the case for B-I and also for compound B-II a fast decay of the HPLC peak at 

about 4 min in the presence of TEA is observed, while a series of other features 

are observed. One unusual observation are the 3 sharp peaks that are formed 

fast during irradiation and it is possible that based these three peaks for the 

formation of the unusually shaped [Ru(phen)2(CH3CN)2]2+ compounds are 

obtained.  At this stage, however, no direct assessment can be made concerning 

the nature of these observations. But as shown in Chapter 4, Figure 4.19 a 

number of wide range of components can be considered be related to 

compounds such as [Ru(phen)2(H2O)2]2+ a species that also has a λmax value of 

about 500 nm. For other compound similar observations can be made. There are 

however a range of similar options in this case with a λmax values of between 460 

and 467 nm can be observed. This brief assessment shows that it is rather 

difficult to determine the composition of the compounds obtained used in Chapter 

4, especially when irradiation techniques containing TEA are used.  

 

In these studies, the irradiation of the compounds were divided into two 

species, without and with TEA. In addition, 1H-NMR studies were also carried out.  

Irradiation without TEA for the A section compounds was carried out for 180 min 

and indicates that compounds A-II and A-III are stable under these conditions, 

but a small fraction of the A-I species shows a small reduction. For the B section 

similar results are obtained over a 180 min irradiation, but with a reduction of 
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about 20% for B-I and the formation of a small number of small peaks for both A-I 

and B-I. While, in the compounds of group C, the results obtained after 180 min 

irradiation are comparatively similar to compound group A and group B, it was 

found that the compound C-I is photo reactive and compound C-II photo stable. 

However, compound C-III is slightly photo reactive under these conditions. But 

there is a significantly reduction on by the area of the main peak in compound C-I 

by comparison with A-I and B-I and two different sharp peaks were appeared. 

The compound C-II is completely similar to A-II and B-II, as for the compound C-

III higher frequency than A-III and B-III and only one sharp peak was appeared. 

These observations show that irradiation of the compounds irradiated without 

TEA are mostly stable.  

 

When irradiation in the presence of TEA is carried out a very different behaviour 

is observed for the A, B and C group. Within 5 minutes the main peaks observed 

at 8.55 min and 6.30 min have almost disappeared in particular for A-I and B-I, 

some new peaks are observed for both compounds. These peaks are well 

defined and UV/Vis spectra (see Chapter 3and 4, Figures 3.19 and 4.16) and 

both compounds indicate that the peaks observed may be associated with 

products such as [Ru(bpy)2(CH3CN)2]2+and [Ru(bpy)2(CH3CN)Cl]+. In the case of 

C-I, the amount of decomposition observed is large within 5 min but the 

degrading products were found to have broad poor-resolute peaks other than A-I 

and B-I (see Chapter 3 and 4 Figures 5.15). For compounds A-II and B-II again 

only irradiating for about 5 min is needed and only 1 min irradiating is needed for 

C-II (see Chapter 3 and 4 Figures 3.24, 4.18 and 5.16 respectively).  During that 

period a large number of ill-defined peaks arise and it is not possible to identify 
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conclusively how the peaks observed can be determined. The irradiation for 

compounds A-III, B-III and C-III is very fast in the presence of TEA. The results 

show a great change of the almost completely degraded products after only 20 

seconds, 30 seconds and 60 seconds respectively as shown in Chapters 3,4 and 

5 and Figures 3.26, 3.20 and 5.19). 

 

Apart from the HPLC studies 1H-NMR experiments were also carried out. 

Spectra were obtained for the compounds A-I to A-III.  Upon irradiation of 

compound A-I the spectrum obtained before irradiation, has been turned into a 

complex most likely [Ru(bpy)2(CH3CN)2]2+ as shown in Chapter 3, Figures 3.10 

and 3.9. For spectra A-II and A-III small changes were observed for compound A-

III only.  For the phenanthroline based compounds the B-I spectrum degrades 

after 24 hours and again a spectrum obtained suggest the presence of 

[Ru(phen)2(CH3CN)2]2+. But compound B-II is found the be stable over the same 

time span. The last spectrum B-III again degrades and a phenanthroline type 

compound is most likely assigned to the formation of [Ru(phen)2(CH3CN)2]2+.  

This compound may be present, but alternative species such as 

[Ru(phen)2(CH3CN)S]+ where S = solvent and their bpy analogues have also  

been observed.  This observation will be discussed below.     

 

There are surprises, during the 1H-NMR irradiation, for example, during the 

irradiation of compound A-I, as shown in Chapter 3 Figure 3.12 in the 1H-NMR 

spectra obtained the bridging ligand replaced with a non-deuteriated acetonitrile 

and compounds such as [Ru(phen)2(CH3CN)2]2+ are obtained. This is surprising 

since apart from deuterated acetonitrile no other non-deuterated acetonitrile has 
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been added.  It is therefore unexpected that the compounds obtained are not 

deuterated. However, in general the presence of non-deuteriated acetonitrile has 

been ignored and Schemes such as shown below are generally used for the 

understanding of the behaviour of a typical RuPt photocatalyst. 

 

 

Scheme 6.2:  Example of the reaction pathway for hydrogen generation by a 

RuPt photocatalyst. B = bridging ligand. 

 

This Scheme is widely used, but it is incorrect, but it is generally used for 

simplicity but the presence of TEA is more or less ignored. However, for many 

years, interest in the study of such photoinduced transfer reactions or sacrificial 

agents in metal containing complexes have been carried out.  A number of 

compounds have been studied in the 1970s. [2,3,4,5] From the 1973s on, many 

studies have been investigated, utilising organic compounds such as 

triphenylamines N,N’-dimethylaniline (DMA) and triethylamine in the investigation 

of light induced electron transfer reactions.  The main reason for these studies is 

the investigation of transition metal compounds and the potential ability of 
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compounds such as TEA to act as sacrificial donor for the study of back-electron 

transfer agents. However, these studies clearly indicate that as a result of 

irradiation, the metal compounds studied, show strong back-electron transfer 

reactions and in that case reversible photo processes are not observed. [6] 

Scheme 6.3 outlined below gives an example of how the disproportion of radicals 

formed upon the decomposition of TEA radicals during photolysis.  

 

 

 

  Scheme 6.3: A typical electron transfer arrangement after irradiation of 

Ruthenium polypyridyl complexes with triethylamine. TEA [7] 

 

 In these studies, it is also observed that the compound most formed during the 

catalytic process is acetaldehyde.[3,8]  Nevertheless, rather high concentrations 

of TEA of 1. 3 M, were used in the photocatalytic studies carried out and TEA 

remains an of the most used quencher reductants in the investigation of 

ruthenium photocatalysts. However, differences between the concentrations used 

for photocatalysts and TEA tend to be applied. I typical example of an elegant 

detailed investigation of the quenching of photocatalytic compound by TEA is 

shown in Scheme 6.4.  
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Scheme 6.4: An example of a reductive quenching of photoexcited Ru complexes 

in the presence of TEA. [9] 

 

 

6.2 Future Work. 

 

These observations clearly indicate that the use of TEA and other similar 

reductive quenching agents is not to be recommended. However, they are still 

applied extensively, regardless of the uses observed for TEA on its 

decomposition problems This problem has so far not been overcome and as a 

result the study of solar driven hydrogen generation using sacrificial agents needs 

to be reconsidered. 

 As outlined above when compounds such as B-I are irradiated in 

deuteriated acetonitrile the the 1H-NMR spectrum indicates the presence of 

[Ru(phen)2(CH3CN)2]2+ but the ligand attached is not deuteriated as shown in the 

Scheme 6.4 and the solvent of irradiation is. One interesting observation has 

been that during the photocatalytic process compounds such as acetaldehyde, 

CH3CN and other radical cations were observed as outlined in Scheme 6.4. This 

observation is explained by the fact that acetonitrile deuterons are exchanged by 
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protons from TEA in a radical reaction cascade with TEA radicals. The latter 

are formed upon reductive quenching of the excited photosensitizer. 

Interestingly deuterons, the nucleus of a deuterium atom consisting of a proton 

and a neutron. are exchanged by protons from acetonitrile and deuterons are 

exchanged by protons from TEA in a radical reaction cascade with TEA 

radicals.[9] An example of a such a reductive quenching of photoexcited Ru 

complexes is shown below in Scheme 6.4 where CH3CN is also formed is this 

process.[9] This observation is important, since d3-acetonitrile can be transformed 

into non deuteriated CH3CN  as is observed.  As a result of these reactions, 

complications are considerable and alternative solutions need to be found.  

 

In this thesis this change from deuterons to protons may yield the formation of 

useful targets for 1H-NMR studies and a number of interesting novel compounds 

have been reported. A number of the compounds studied in this thesis have 

shown that upon irradiation deuteron ability to and create, most likely, their 

transformation into non deuteriated CH3CN.  It is clear, however, that in order to 

be able to use sacrificial agents in the efficient manner, different approaches, for 

example, by reducing the concentration of these agents that minimise the 

degradation of the photocatalysts studied. In addition, different solvents, bridging 

ligands and catalytic centres are needed. Without such an approach it is unlikely 

that stable solar cells well be developed unless the development of surface bound 

devices are developed.  
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