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Abstract 

Laura O’Reilly 

Synthesis, Characterisation, Time-Resolved and Photocatalytic 

Studies of Inorganic Assemblies for Hydrogen Generation 

 

Chapter 1 introduces the research discussed in this thesis. An overview of state-of-

the-art approaches to photocatalytic hydrogen evolution is included. The focus is on 

ruthenium-platinum/palladium intramolecular systems, with a goal towards 

immobilising the complexes onto surfaces. Included in this section are the techniques 

employed, throughout the research carried-out, to probe the steps leading to hydrogen 

generation.  

Chapter 2 explores the intermolecular route towards hydrogen generation using a 

known photosensitiser, a Ru-diphenylphenanthroline (dpph) complex, 

[Ru(dpph)3](PF6)2. This photosensitiser was irradiated under multiple reaction 

conditions, systematically investigating the effect of each on the turnover number. 

Substitution of one of the of ligands with a suitable bridging ligand (BL) was achieved 

([Ru(L)3] → [Ru(L)2(BL)]), enabling synthesis of a photocatalyst capable of 

intramolecular hydrogen production ([Ru(L)2(BL)PtI2]). These complexes were 

investigated for their hydrogen production capabilities. Time resolved studies 

spanning the pico- to –millisecond time scale were carried out both at DCU and with 

collaborators in the University of Twente.  

Chapter 3 compares a known working terpyridine ruthenium photocatalytic assembly 

with a novel triazole-photocatalyst. Photocatalytic studies were performed, and in an 

attempt to probe the photochemical steps leading to hydrogen generation, time 

resolved transient absorption and time resolved infrared were carried out. The 

experiments were conducted both in solution and following adsorption of the 

ruthenium-platinum/palladium complexes onto NiO.  Together with collaborators at 

the University of Newcastle photoelectrocatalytic hydrogen evolution studies were 

performed. 

Chapter 4 introduces the use of Ru-M complexes as photosensitisers for 

photocatalytic CO2 reduction studies, where M = Re-carbonyl moiety. This chapter 

also introduces intramolecular assemblies based on porphyrin-Re-carbonyls were 

assessed for their ability to reduce CO2 to CO. Time-resolved and photocatalytic 

studies were conducted. 

Chapter 5 gives a brief literature review of boron-dipyrromethene based monomeric 

and polymer compounds. These compounds were assessed for their ability to generate 

singlet oxygen. Time-resolved IR studies together with transient absorption 

measurements were performed to probe the mechanism leading to formation of this 

cytotoxic species.  

Chapter 6 contains concluding remarks and future work for each chapter. 

 



Introduction   Chapter 1 

1 

 

Chapter 1 

1 Introduction 

 

Chapter 1 acts as an insight to the work included 

in this thesis. Introducing the basis for and the 

science behind the presented investigations. The 

status of the climate change crisis, current 

measures combating global warming and rising 

energy demands are among the discussions of 

this chapter. Also included is an overview of 

recent progress in the advancement of 

photocatalytic approaches to hydrogen 

evolution, focusing on ruthenium-

platinum/palladium intramolecular systems, 

with a goal to immobilise the complexes on 

semiconductor surfaces and using a 

photoelectrochemical approach to generate 

hydrogen. To further understand the 

mechanisms leading to hydrogen generation, 

time resolved techniques spanning the sub-pico 

– nanosecond timescale are discussed.  Current 

research achievements in p-type dye-sensitised 

photochemical cells are included. In addition, 

the techniques employed to investigate the 

complexes used throughout this thesis are 

introduced to the reader. 
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1.1 Current Energy Climate 

 
In recent years, Ireland has seen a rise in the consumption of energy from renewable 

sources. This coincides with an increase in the total energy consumption, which is 

attributed to population growth and a buoyant economy, as we emerge from the 

recession (2008-2014). A 2016 report from the Sustainable Energy Authority of 

Ireland (SEAI), entitled Energy Statistics 1990-2015, highlights that Ireland is on track 

to achieve a target of a 16% contribution of renewable energy sources to the total 

energy consumption by 2020 (Figure 1.1 graphically depicts this progression).[1] This 

target was set by 2009 Renewable Energy Directive, to achieve an overall European 

target of 20% by 2020. Globally, efforts have been made to ensure the sustainability 

of our planet for new generations. World leaders came together in 1994 when the 

United Nations Framework Convention on Climate Change took effect,[2] then again 

in 1997 the Kyoto Protocol,[3] and more recently in November 2016 when the Paris 

Agreement entered into force.[4] This was the worldwide community making 

commitments to recognising and combating the earth’s rapidly increasing 

temperatures. It indicates the level of effort and seriousness of the matter at hand. 

Although we (Ireland) are on the right path, we are not progressing fast enough. For 

instance, in the previously mentioned SEAI report, roughly 60% of Ireland’s total 

greenhouse gas (GHG) emissions are energy related. Energy related CO2 emissions 

increased by 5.8% in 2015 and with energy demands only rising, faster and more 

efficient methods of lowering these emissions are urgently required.[1] The latest SEAI 

report (2018) notes Ireland has since lowered CO2 emissions from the 2015 increase.[5] 

Although, this decrease is promising, in the recent (2018) Climate Change 

Performance Index 2019 by Germanwatch, Ireland was found to be the 49th out of 55 

countries, and the worst European country, for overall efforts towards fighting climate 

change.[6] The index considers four categories: “GHG Emissions”, “Renewable 

Energy”, “Energy Use” and “Climate Policy”.  
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Figure 1.1: Graph of primary energy consumption by fuel in Ireland 1990 – 2015. 

(Mtoe equals million tonnes of oil equivalent).[1]  

 

1.2 Green House Gases and Greenhouse Effect 

 
The Earth’s primary GHGs include carbon dioxide (CO2), nitrous oxide (N2O), 

methane (CH4), ozone (O3) and water vapour (H2O). These, among others, are 

important in our atmosphere, as they keep the Earth warm with the greenhouse effect. 

As the gases absorb and emit thermal infrared radiation, their emissions are scattered 

in all directions, with some scattering in the direction of the Earth’s surface, i.e. 

trapping the heat.[7] The impenetrability of this gaseous blanket increases with rising 

concentration of these gases, therefore intensifying the greenhouse effect. Figure 1.2 

highlights the global increase of atmospheric CO2 from ~375 ppm, in 2002, to 415 

ppm, in 2016. 
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Figure 1.2: Atmospheric Infrared Sounder (AIRS) data collected by NASA of 

atmospheric CO2 in 2002 (top left, ~375 ppm), 2010 (top right, ~395 ppm) and 2016 

(bottom, 415 ppm)[8] 

 
Anthropogenic influences, specifically the burning of fossil fuels, are a major 

contributor towards the increase in GHGs.[9] This is reflected in global temperatures 

rising at an alarming rate since the industrial revolution. Some of the damage includes, 

but is not limited to, the bleaching of coral on ocean beds[10] and melting of polar ice 

caps,[11] which in turn contributes to coastal flooding. Additionally, our excessive use 

of fossil fuels such as coal, oil and gas, as our main sources of energy, is not 

sustainable.  

Natural supplies of fossil fuels are dwindling, attributing to a rise in the cost of fuel. 

Ireland, as an example, relies heavily on imported energy (approx. 95%) and therefore, 

is one of the most vulnerable countries in Europe to energy exploitations. Although, 

fracking offers a method to produce oil or gas, with the use of high pressure, Ireland 

has passed a ban on all onshore fracking to protect the local and global environments, 

furthering efforts to use cleaner energy sources.[12] Onshore fracking would alleviate 

any vulnerability, but as fracking does not address the release of harmful gases into 

the atmosphere upon their production and consumption, the Irish government have 

imposed this ban and, also, committed to stop public spending on fossil fuels, 

furthering efforts towards an energy independent country through the use of cleaner 
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sources of fuel.[13] From a financial standpoint, the threat of increased carbon taxing 

is a further incentive to explore other methods of producing energy with cleaner by-

products. These are several pressing reasons to move away from our current sources 

of energy and progress towards clean, renewable sources and have been the motivation 

behind the intense research, from the international scientific community, for a solution 

to reduce GHG concentration and emissions.  

 

1.3 Renewable Energy 

 
Commonly known renewable energy sources include wind, tidal and solar sourced 

forms of energy. Each converting one form of energy to another, for example, wind 

turbines convert kinetic energy to another form, such as electric. Solar energy 

processes convert light to other forms of energy, photosynthesis in plants being the 

obvious example. These are intermittent sources, they do not produce a steady flow of 

energy. They can produce too little or too much (if the grid is at capacity) and in Ireland 

the grid can currently only take 20% of electricity generated by renewables. Therefore, 

wind turbines may be turned off during high winds. This is where energy storage 

becomes an issue.  

 

1.4 Hydrogen Energy 

 
Hydrogen is an ideal candidate for clean energy storage. On its consumption H2 

releases 286 kJ/mol and the only biproduct is water.[14] Thus, it is free of harmful 

emissions. Hydrogen is currently mostly generated from steam reformation, the 

Kværner process or partial oxidation, all of which are energy intensive and produce 

GHG emissions. Water splitting to produce hydrogen has been explored using electro 

and photo driving forces and the implementation of photo-/electro-catalysts has been 

found to reduce the energy required to split water (water splitting equation below, 

equation (1)). Using renewably sourced energy is paramount to making this process 

completely clean, energy efficient and financially viable to replace fossil fuels. 

 
H2O + hv → H2 + 0.5 O2  ΔG° = 238 kJ mol-1    (1) 
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1.4.1 Leeds City Gate Project 

 
In Leeds, in the UK, there is a project underway to have the city, with the population 

of 660,000 people, convert to using hydrogen energy. It is known as the H21 Leeds 

City Gate project.[15] Utilising the existing gas network routes and converting from 

natural gas pipelines to an all hydrogen gas network. In Ireland, our existing gas 

networks can only hold 5% hydrogen, so a similar upgrade would be required. One of 

the drawbacks of the project is that the hydrogen is generated by methane steam 

reformation, an energy intensive process, which releases GHGs. It is imperative, for a 

fully clean energy source, that the energy used to produce hydrogen, be obtained via 

renewable sources. The technology is currently not at the level of development to be 

considered economically viable, even if the chosen alternative releases harmful gases. 

The City Gate Project is also exploring the option of employing a carbon capture 

system, but once again, the technology is in its infancy. 

 

1.5 Solar Driven Hydrogen Production 

 
There is a considerable amount known about hydrogen and its abilities as a clean 

renewable energy candidate, as mentioned previously. This has spurred many 

investigations involving the production of hydrogen from water using cleaner and 

more energy efficient methods to advance the viability of a hydrogen economy. 

Renewable sources must be the initial energy supply for the process to improve overall 

efficiency. Solar energy (photons) is nature’s source to generate chemical energy, 

inspiring many groups, some discussed in this thesis, to use solar energy as the driving 

force for their systems. Solar energy is also one of the most abundant sources of energy 

at our disposal, with more energy being provided by the sun’s rays hitting the earth in 

an hour, than what is required to supply the world with energy for a year.[16] From the 

solar radiative spectrum, depicted in Figure 1.3, the visible region (~390-700 nm) is 

the largest portion of the sun’s rays that hit the earth’s surface. Therefore, there is great 

interest in exploiting the visible region for harvesting the sunlight’s energy.  
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Figure 1.3: Spectrum of solar irradiance, based on the American Society for Testing 

and Materials for Terrestrial Reference.[17,18] 

 

1.5.1 Catalysis and Photocatalysis  

 
Catalysis is the increased rate of a chemical reaction with the use of a catalyst. The 

catalyst is used to reduce reaction times and is unchanged after the process has 

occurred. Catalysts work by reducing the energy requirements of a reaction (activation 

energy), allowing processes to occur easier, and therefore, faster. There are two types 

of catalysis relevant to this thesis, homo- and heterogeneous catalysis. Homogeneous 

catalysis involves the catalyst being in the same phase as the reactants, i.e. both are in 

the liquid phase. Whereas, heterogeneous catalysis involves the catalyst being in a 

different phase to the reactant, mostly the catalyst is in the solid phase and the reactants 

are in the liquid or gas phase.[19] Therefore, photocatalysis is the increased reaction 

rate with energy gained from a light source. For this thesis, the photocatalysis 

discussed is that of photocatalytic water splitting, known as an artificial photosynthetic 

process. Photocatalytic water splitting can then be subcategorised further by the two 

half-reactions. The main focus of this thesis is the hydrogen evolution half-reaction, 

with the intent of improving knowledge of the electron pathways undertaken after 

excitation and achieving some progression in this research area. 
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1.5.2 Photocatalytic Systems 

 
There is an exhaustive list of parameters contributing to the overall workings of a 

photocatalytic system, most of which are explored in this thesis. This section covers 

some of the primary aspects required for high-functioning photocatalysts and 

photocatalytic systems for hydrogen evolution. First and foremost, photocatalysis 

relies on the use of an efficient photosensitiser (PS). Simply put, an efficient PS should 

strongly absorb light in the visible to near IR region, thus, benefiting from the 

abundance of photons available to be harnessed. Another main requirement is to 

efficiently supply the harnessed energy to the catalyst (CAT). In other words, ensuring 

as much of the absorbed energy as possible, reaches the catalytic unit and is not lost 

through other dissipation pathways (discussed later in this thesis). There are two 

approaches that systems can follow, either an inter- or intra-molecular approach (vide 

infra). The last main factor is to ensure the catalytic centre can utilise the supplied 

energy and reduce the activation energy of the reaction.  

Figure 1.4 depicts the basic scheme of a homogenous photocatalytic hydrogen 

production system, following the electron pathways of (a) inter- and (b) intra-

molecular approaches. From the figure, the intermolecular approach, described in (a), 

involves a separate PS and catalyst unit. The energy obtained by the PS must find its 

way to the catalytic centre and, in this scenario, the rate is determined by the diffusion 

constants and collision probability of PS and catalyst. Whereas, in (b) the 

intramolecular approach is portrayed with the presence of a bridging ligand (BL), 

linking the separate units to form a supramolecular photocatalyst. The difference 

between a supramolecule and a large molecule is most obvious when they are 

subjected to photons or electrons. A large molecule will experience delocalisation of 

a charge across entire species. Whereas, supramolecules experience an excited state 

forming on one of the subunits. When the subunits are in their separate precursor form, 

they have their own individual properties. This is due to the level of electronic 

interaction between the components of the molecule. Here, the energy is passed 

through the supramolecule via the BL to the catalyst. Although, the rate limiting 

factors of the intermolecular system, mention previously, are removed, there are 

processes, including recombination (back electron transfer), that contribute to reduced 

efficiency in intramolecular systems. This is where fine tuning of the electronic 
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properties through structural changes of the PS, BL, CAT, or even the peripheral 

ligand (PL) of the PS (ligands not directly attached to the catalyst) or CAT (ligands 

not directly attached to the PS), and a deep understanding of electron pathways, within 

the system, are fully appreciated. In solution experiments following either of the two 

approaches, a sacrificial agent (SA) replenishes the cycle of electron transfer, enabling 

the process to recur. This is done by the SA donating an electron to the excited 

photosensitiser (PS*), enabling the photosensitiser to return to the ground state.  Both 

inter- and intra-molecular approaches are investigated in this thesis. This is to confirm 

any enhancement, for photocatalytic hydrogen production, using intramolecular 

systems. The focus is the use of dinuclear supramolecular systems, investigating the 

parameters pertaining to their use for water splitting to generate hydrogen.  

 

 
Figure 1.4: Schematic of (a) intermolecular system and (b) intramolecular system. In 

both (a) and (b) of the above figure, hv is the energy supplied by light, PS is the 

photosensitiser, e- is the electron travelling, the arrows note the direction, CAT is the 

catalyst, SA is the sacraficile agent and SA+ is the reduced sacrificile agent. In (b) BL 

is the bridging ligand. 

 

1.5.3 Photoelectrocatalytic Systems 

 
Previous work from the DCU group, and others, have investigated improvements 

made by moving from an inter to an intra approach.[20,21] The overall aim, is to move 
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away from working in solution with SAs, such as triethylamine, and use 

intramolecular systems immobilised on the surface of an electrode, such as nickel 

oxide (NiO). A simplified schematic representation of photoelectrocatalytic system 

for hydrogen generation, and the corresponding electron pathway, is depicted below 

in Figure 1.5. Note, in the schematic, the sacrificial agent is removed, as the cycle can 

be replenished by a bias applied to the electrode. The system remains a photo-driven 

catalytic process. Immobilising photocatalysts to semiconducting electrodes, opens a 

plethora of new parameters, associated with the overall efficiency of the system. Many 

of these parameters are covered later in this thesis. A further detailed description of 

photoelectrocatalytic systems and how they operate is given in the following sections. 

Modifying the PL with anchoring groups to immobilise photocatalysts to electrodes, 

adds to the importance of the PL. In photoelectrocatalytic systems PL are referred to 

as the anchoring ligand, as these are the ligands that anchor the supramolecular 

photocatalyst to the electrode surface. In some instances, not all the PL ligands are 

anchored. When this is the case, the PL that is not anchored to the semiconducting 

material, is referred to as the ancillary or auxiliary ligand. Modifications of the 

peripheral groups has been investigated by our group, with the end goal of 

immobilising the photocatalyst to an electrode in a photoelectrocatalytic hydrogen 

generating system. Carboxylate or phosphonate functional groups have been studied 

for this purpose. Figure 1.6 shows an array of peripheral ligands discussed in this 

thesis. From left to right the figure displays the structures of bpy (2,2'-bipyridine), 

dceb (4,4′-di(carboxyethyl)bipyridine), bpyMeP (4,4’-bis(diethyl-(methylene)-

phosphonate)-2,2’-bipyridine) and tbbpy (4,4-di-tert-butyl-bipyridine). Bpy, as a PL, 

has been used as a reference point, for many groups, as Ru(bpy)3 is deeply understood, 

this is discussed in greater detail later in this chapter. In Figure 1.6, dceb and bpyMeP 

are the only two ligands equipped with anchoring groups for immobilisation. There 

are others anchoring groups utilised for immobilisation, that are not displayed in 

Figure 1.6. these include, but are not limited to, ligands furnished with carboxylic acid 

groups or even pyridine, where the nitrogen is capable of immobilising the 

complex.[22] 
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Figure 1.5: Schematic of intramolecular system immobilised on NiO electrode for 

photoelectrocatalysis 

 

 
Figure 1.6: Structures of peripheral ligands discussed throughout the text 

 

1.6 Photophysics and Photochemistry 

 
The system depicted in Figure 1.5, is a basic blueprint of an ideal photoelectrocatalytic 

system, for hydrogen generation, with the driving energy acquired from a light source. 

Understanding and tuning the photophysics and photochemistry of the system are 

crucial to its overall efficiency. Photophysics, put simply, is the study of processes that 

occur to a molecule after the absorption of a photon without the presence of chemical 

reactions. Whereas, photochemistry involves the processes that occur to a molecule 

after the absorption of a photon resulting in chemical reactions.[23]  
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1.6.1 Jablonski Diagram 

 
Photochemistry is based on the processes of photophysics such as those summed up 

by the schematic of the Jablonski Diagram, depicted in Figure 1.7, below. Briefly, the 

Jablonski Diagram involves the absorption of light leading to formation of excited 

states from a ground state (e.g. G0 → S1) and the possible energy releasing pathways 

taken on return to the ground state. In Figure 1.7 it is clear the different electronic 

states are assembled vertically by increasing energy, the ground state being the lowest 

energy state, anything above ground state is considered an excited state. The electronic 

states are also grouped horizontally by their spin multiplicity. The ground state, 

denoted here by G0 (may also be denoted as S0), has a singular spin multiplicity, this 

is the same for the singlet excited state, hence its name, denoted below as S1 and S2 

(S2 being a singlet excited state of higher energy than S1). The triplet state (T1) follows 

this naming pattern, it has a spin multiplicity of three. After excitation, the transitions 

between excited states by non-radiative processes are as follows; vibrational relaxation 

(VR), between vibrational levels to lowest vibrational level of same electronic level, 

depicted in the figure as S2: v2 → v1 → v0, internal conversion (IC), between the lowest 

vibrational level of a higher electronic level to a lower electronic level of the same 

multiplicity, e.g. S2 → S1 and/or inter-system crossing (ISC), between the lowest 

vibrational level of an excited electronic level to an excited electronic level of different 

multiplicity, e.g. S1 → T1. The relaxation back to the ground state by radiative, as 

fluorescence (spin-allowed), illustrated by S1 → G0 or non-radiative processes, such 

as phosphorescence (spin-forbidden, e.g. T1 → G0), non-radiative decay to the ground 

state can occur due to quenching. Kasha’s rule states that radiative emission occurs 

from the lowest electronic excited state.[24]  
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Figure 1.7: Schematic of the Jablonski Diagram. Absorbance is indicated by 

ascending solid orange arrows, radiative decay is indicated by descending solid 

arrows, non-radiative decay is indicated by descending dashed arrows. 

 
 

1.6.2 Non-Radiative Decay Processes in Intermolecular Systems 

 
Non-radiative decay processes can occur by both energy and electron transfer 

processes. In the case of intermolecular photocatalytic systems energy transfer is 

described as: 

PS + CAT + hv → *PS + CAT → PS + *CAT 

i.e. after irradiation, the excited PS transfers this excited energy to the CAT upon 

returning to the ground state. 

Whereas, electron transfer can be described as either:  

PS + CAT + hv → *PS + CAT → PS+ + CAT- (oxidative electron transfer)   

i.e. after irradiation, the excited PS transfers an electron to the catalyst. 

PS + CAT + hv → *PS + CAT → PS- + CAT+ (reductive electron transfer)  

i.e. after irradiation, the excited PS receives an electron 
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1.6.3 Intercomponent Processes in Intramolecular Systems 

 
In the supramolecular system PS-BL-CAT, intercomponent processes occur upon 

excitation. Optical electron transfer (charge transfer, CT) is a radiative process that 

can lead to the formation of new bands in an absorption spectrum when compared to 

the sum of the spectra of its components. Optical electron transfer is the delocalisation 

of a photon upon absorption and can be described as: 

PS-BL-CAT + hv → PS+-BL-CAT- 

Photoinduced electron transfer, on the other hand, is when a photon is absorbed and 

localises on the PS, following this, an electron moves through the supramolecule in a 

non-radiative manner:  

PS-BL-CAT + hv → *PS-BL-CAT → PS+-BL-CAT- 

The bridging ligand can also play a role, although, it is not entirely clear what role the 

bridging ligand has in a supraspecies. There is a relationship between the length of the 

BL and its electronic structure, with the degree of delocalisation between PS and CAT 

(when at the same centre-to-centre distance): 

PS-BL-CAT + hv → *PS-BL-CAT → PS+-BL--CAT → PS-BL+-CAT- 

Intramolecular systems avoid the need for diffusion of the PS and CAT centres, as in 

bimolecular systems the components are attached. A disadvantage, however, of intra- 

systems is back transfer of an electron, also referred to as charge recombination (CR), 

a non-radiative process: 

PS+-BL-CAT- → PS-BL-CAT 

Charge recombination competes with charge transfer and energy transfer. To avoid 

this process, the rate of CT must be faster than that of CR. 

Energy transfer in supramolecular species is similar to energy transfer between 

individual components, in the way that the excited catalyst must be of equal or lower 

energy than the excited state of the photosensitiser, thereby allowing for facile, 

downhill electron transfer. There are two main energy transfer mechanisms: Föster-

type[25] (coulombic, Figure 1.8) and Dexter-type[26] (exchange, Figure 1.9) energy 

transfer. 
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Figure 1.8: Schematic representation of Förster energy transfer mechanism 

 

Figure 1.9: Schematic representation of Dexter energy transfer mechanism 

 
The transfer mechanism used in photocatalytic systems is dependent on the parameters 

of the systems, such as, distance between PS and CAT and multiplicity of ground and 

excited states. The Förster mechanism involves long-range (1-10 nm) dipole-dipole 

interactions and collisions. The excited PS generates an electric field through an 

oscillating dipole. When the catalyst enters this field, through collision in solution as 

a separate molecule (inter) or collision from a change of orientation of the combined 

species (intra), the catalyst resonates and becomes excited. Electrons remain on their 

starting molecules or part of the supramolecule they were excited from. This 

mechanism is uncommon amongst transition metal complexes as it involves singlet-

singlet (S1→G0) energy transfer, as this transition has the high oscillator strength 
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required for this mechanism. For metal complexes, such as our systems, singlet excited 

states do not last long enough for this mechanism type to take place. The presence of 

the heavy atom allows for the spin-forbidden process, ISC from the singlet to the triplet 

state to occur. This is due to the phenomenon of spin-orbit coupling (interaction of the 

spin and momentum). Therefore, the Dexter-type mechanism is the most frequent 

pathway for transition metals as these systems experience long-lived triplet excited 

states. The Dexter mechanism is a short-range (<1 nm) simultaneous exchange of two 

electrons and requires an overlap of PS emission spectrum with the CAT absorbance 

spectrum, i.e. the spectral features occur over a similar wavelength range and 

therefore, at similar energy. The energy transfer efficiency is dependent on the degree 

of this overlap.  

 

1.6.4 Electronic Transitions 

 
Molecular orbital theory is used to describe charge transfer between metal d orbitals 

of the PS and the bonding π or anti-bonding π* ligand orbitals of the organic BL during 

photoexcitation in supramolecular organometallic systems, like the ones discussed in 

this thesis. The peripheral ligands can also be involved. The electronic transitions that 

arise from the movement of electrons between these orbitals are depicted below in 

Figure 1.10. When the charge is localised at the central metal, metal centred (MC), d-

d transitions can occur. Similarly, ligand centred (LC) transitions from the bonding π 

orbital to the anti-bonding π* orbital can occur. These types of transitions can be seen 

in the near-UV region, with neither MC or LC influencing the charge distribution 

between the metal and ligands. d-π*, known as metal to ligand charge transfer 

(MLCT), and ligand to metal charge transfer (LMCT), are indicative of a redistribution 

of electron density and are seen in the visible region. There are other important 

transitions to consider, such as, intraligand charge transfer (ILCT), CT within the same 

ligand, charge transfer to solvent (CTTS), metal-to-metal charge transfer (MMCT), in 

complexes with more than one metal, and ligand-to-ligand charge transfer (LLCT), 

also known as inter-ligand chare transfer. 
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Figure 1.10: Simplified schematic energy level diagram of organometallic complexes 

using molecular orbital theory 

 

1.7 Photoelectrocatalysis 

 
Photoelectrochemical cells (PECs), are designed to split water into H2 and O2 

simultaneously, as a one-step or a two-step (Z-scheme) process of artificial 

photosynthesis. In simple terms, PECs operate by firstly forming electron-hole (e-, h+) 

pairs, through the absorption of a photon by the photocatalyst. If this photon has 

enough energy to overcome the band gap (energy difference between the top of the 

valence band and bottom of the conduction band) of the semiconductor (SC), 

subsequently, electrons are generated in the conduction band (CB) and holes in the 

valence band (VB). Holes are travelling vacancies in the valence band. This can then 

lead to the reduction of water at the photocathode, with the use of a proton reduction 

catalyst, using the electrons generated and water oxidation at the photoanode, with an 

oxygen evolving catalyst, due to the holes generated. Figure 1.11 further illustrates the 

pathways taken, of the electrons and holes, to split water. 

There has been a lot of research into improving the efficiency of the overall 

photoelectrocatalytic process, from designing photosensitisers that absorb further out 

in the visible region, to tuning the levels of the valance and conduction bands and 

subsequently the band gap width of semiconductors. The theoretical band gap 

minimum (minimum required amount of energy, at room temperature and pH 0) for 

water splitting being 1.23 eV (~1100 nm), as the bottom of the CB has to be more 

negative than the reduction potential of water (0 eV) and the top of the VB more 

positive than the oxidation potential of water (1.23 eV), to generate H2 and O2 
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respectively.[27] In one step photoexcitation systems, the CB and VB meet these 

criteria. Whereas, in two-step photoexcitation systems, there are two photoelectrodes, 

one meeting the band gap requirements for H2 generation using the electrons from its 

CB and the other for O2 production from the holes on its VB. A redox shuttle couple 

then utilises the photogenerated holes from the VB of the H2 evolving photocatalyst, 

to oxidise the reductant, and subsequently the resulting oxidant is reduced back to 

reductant by the electrons from the CB of the O2 producing photocatalyst. One-step 

and two-step photoexcitation processes are depicted in Figure 1.11 (a) and (b), 

respectively. 

 

 
Figure 1.11: Schematic energy diagrams of photocatalytic water splitting systems with 

one-step (a) and two-step (b) photoexcitation, and PECs with n-type photoanode (c), 

p-type photocathode (d) and a tandem system using n- and p-SCs as anode and 

cathode, respectively (e)[28] 

 

1.7.1 Semiconductors 

 
The semiconducting electrodes of PECs can be doped with either acceptor or donor 

impurities. This changes the ratio of electrons to holes, shifting the Fermi level 
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accordingly, resulting in extrinsic semiconductors (SCs). The Fermi level is the level 

of the highest state filled with electrons. SCs can then be classed as p-type 

photocathode (Fermi level shifted towards VB) or n-type photoanode (Fermi level 

shifted toward CB). The potential of TiO2 was first realised in 1969 with the 

Fujishima-Honda effect,[29] and then, in 1972, the Fujishima-Honda cell, was the first 

n-type PEC to split water, using TiO2 n-type photoanode producing O2 and Pt dark 

catalytic cathode producing H2.
[30] Figure 1.11 (c) and (d), represent the different SC 

types in PECs, the dashed line in both (c) and (d) represent their corresponding Fermi 

level. By following the charge flow, water is reduced and oxidised, at the photocathode 

and photoanode respectively. N-type (negative-type) SCs are doped with a donor type 

dopant, e.g. phosphorous. The dopant then donates its valance electrons to the SC, thus 

negatively charging the SC due to the presence of more electrons to that of holes. In 

p-type (positive-type) semiconductors, the positive charge is due to a higher 

concentration of holes (h+), which are positively charged, and a lower concentration 

of negatively charged electrons (e-). This is due to the SC being doped with an acceptor 

type dopant, e.g. boron. Electrons are easily elevated from the VB of the SC leaving 

holes present in the VB. Using mesoporous NiO films as a natural p-type 

semiconductor, has been proven to be repeatedly successful for hole injection due to 

its properties of mixed valence states (Ni2+ and Ni3+), and a band gap of 3.47 eV.[31]  

 

1.7.2 Dye-sensitised semiconductors (DSCs)  

 
Dye-sensitised solar cells (DSSC) are frequently referred to as Gräzel cells, as Michael 

Gräzel and co-inventor Brian O'Regan pioneered this technology.[32] Original DSSCs 

were regenerative systems, typically n-type photoanodes sensitised with dyes that 

absorb light then exchanges electrons with aqueous electrolytes. Further development 

lead to widespread use of iodide redox couples for non-aqueous cells. The cathode is 

usually a platinum electrode, it is known as the dark catalytic cathode as the energy is 

not provided directly from light. The processes involved are the same as those 

mentioned previously. The PS, on the surface of the anodic electrode, absorbs light 

and is excited (PS → PS*). Then injection of the excited electrons into the CB of the 

anodic electrode occurs, with oxidation of the PS+, which leaves it available to accept 

electrons from a reduced redox mediator, thus, oxidising the mediator and 

regenerating the ground state PS. The injected electrons, simultaneously, travel to the 
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counter electrode. There the oxidised redox couple is reduced, thereby completing the 

circuit. The mechanism for charge transport throughout an early developed p-type dye-

sensitised semiconductor (p-DSC) system is the flip of a n-DSC. When the PS is 

excited, the PS donates holes to the VB of the p-SC, this is hole injection. Updated 

versions of the Gräzel cell combine this technology and the Fujishima-Honda cell, 

with the oxygen evolution reaction (OER) catalyst removing the need for the redox 

couple and splitting water. Similarly, a photoactive hydrogen evolution reaction 

(HER) catalyst is used instead of the redox mediator, for p-DSSCs. 

In relatively recent years, research into p-DSCs for hydrogen generation has gathered 

momentum. The quest for an ideal tandem system, with combined optimised 

photoanode and cathode, np-junction DSSC, (Figure 1.11, (e)), as opposed to single-

junction PECs, has many potential benefits which will progress photoelectrocatalysis 

to more efficient way of splitting water, producing hydrogen at the photocathode and 

oxygen at the photoanode. The efficiency of conventional n-DSSCs depends on 

several factors; the energy levels of the HOMO and LUMO of the PS, the Fermi level 

of the anodic electrode and the redox potential of the shuttle redox couple or the ease 

of energy transfer to the OER catalyst. Dye-sensitised photocathodes could be a means 

of increasing the efficiency of standard n-DSSCs. The theoretical maximum efficiency 

in DSSCs is increased by 10% when the Pt counter electrode is replaced by a dye-

sensitised photocathode, such as, dye-sensitised NiO.[33]  

There are only two reported working dye-sensitised tandem devices, by Sun and co-

workers, and both employ separately immobilised PS and CAT components onto both 

the photoanode and photocathode. The first, in 2014, uses molecular Ru and a 

molecular Co CAT on the NiO photocathode, with Ru being used for both the PS and 

CAT at the TiO2 photoanode.[34] The second system, in 2015, employs organic dyes 

as the PS for both photoanode and photocathode, this is the first account of where 

organic metal-free dyes have been used in tandem.[35] A cobaloxime type HER catalyst 

and the same Ru OER catalyst, as used in their first device, are co-immobilised to their 

corresponding semiconductors. The efficiencies of the two devices are supressed by 

the photocathodic side of the reaction. Many systems, discussed below, report 

desorption and/or degradation of the catalyst as a major contributor to low hydrogen 

evolution. This is where the idea of immobilising intramolecular species, for 

photocatalytic hydrogen generation on p-SC, comes into play. Intramolecular 
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complexes are extremely synthetically tuneable. Thus, complexes can be altered 

systematically to meet the requirements of efficient DSSCs. These requirements 

include, but are not limited to, the PS component absorbing strongly in the visible 

region, with a HOMO level shifted towards more positive position than that of the 

Fermi level of the p-SC and the electrode’s VB must be between HOMO and LUMO 

of the PS, while the CB must be more negative than the PS’s LUMO level. The PS 

element of the supramolecule, should have a long-lived excited state lifetime, while 

the bridging ligand’s LUMO level is lower than that of the PS’s LUMO level, then the 

HER component’s LUMO level lower than the BL, for directional ease of electron 

flow. When immobilised on the surface of the electrode, the photocatalyst needs to be 

stable at the conditions of the system. A simplified schematic energy diagram 

depicting charge transfer in these systems is represented in Figure 1.12. In the 

schematic, 1 corresponds to illumination of the photosensitiser which results in the 

absorption of a photon and formation of an excited photosensitiser, 2 is hole injection 

on to the valance band of the electrode creating a charge separated state, 3 is directional 

electron transfer along the bridging ligand to the catalytic centre, regenerating the PS 

to the ground state, 4 is the catalytic process of the reduction of water, forming H2.  

 

 
Figure 1.12: Simplified schematic drawing of charge transfer in supramolecular 

systems immobilised on NiO film electrodes 

 
The work presented in the following chapters, focuses on the photocathodic, 

hydrogen-evolving, half of the water splitting reaction. Therefore, only p-DSC 

systems, with a p-type photocathode as the working electrode and a metal counter 

electrode, together with photocatalysts, with the sole function of generating hydrogen, 

are discussed in detail.  
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1.8 Photocatalysts 

 
A vast amount of research has been and is on-going, to explore and design ideal 

photocatalytic systems. Many groups, including ours, follow a similar structure as to 

how investigations develop. Using design parameters, known from the literature (e.g. 

light absorption in the visible region, directional electron flow towards the catalyst, 

etc.), a possible complex is envisioned. The synthetic confines are researched and 

adapted as required, and then synthesis can proceed. Characterisation of the complex 

follows, along with studying the photophysical properties, electrochemical properties 

and other such behavioural properties. This then leads to photocatalytic solution 

experiments, determining and quantifying hydrogen production. Analysis of the 

system under hydrogen evolution conditions (as close to as possible) is performed, 

such as, stability of complex over time irradiated, rate of production over time, 

spectroelectrochemical experiments, etc. Then progressing to immobilising the 

photocatalyst onto the surface and accounting for the relative considerations once 

bound to the surface of a semiconducting electrode (e.g. stability of complex when 

immobilised). Below is a brief insight, into working ruthenium-platinum/palladium 

supramolecular photocatalysts for hydrogen generation on the surface of p-type 

photocathodes. 

 

1.8.1 Polypyridyl Ruthenium(II) photosensitisers 

Polypyridyl ruthenium(II) (Ru(II)) complexes have been extensively explored (more 

so in solution) for their capabilities as photosensitisers and in simulating natural 

photosynthesis. [Ru(bpy)3]
2+ (bpy = 2,2’-bipyridine) was first used as a photosensitiser 

by Sauvage and co-workers, in the late 1970s.[36] The complex exhibits the attributes 

required for a working photosensitiser, such as strong absorption in the visible region 

and long-lived excited states allowing for electron transfer to other molecules. 

[Ru(bpy)3]
2+ sparked global interest when it was discovered it could transfer electrons. 

Synthesis is relatively simple (depending on the ligands attached to the metal centre) 

and the tuneability of the Ru complex is limitless. Many derivatives have been 

synthesised with the intent of improving the capabilities of the photosensitiser.  
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The properties of the ligands (π-acceptor, σ-donor) dictate the properties of the Ru(II) 

complexes. The ligand properties can be assessed by investigating the free ligand and 

comparing to those of bpy. The reduction potential relates to the π-acceptor 

capabilities and the pKa correlates to the σ-donor capabilities. Reduction potential and 

pKa can be determined by cyclic voltammetry (CV) and acid-base studies, 

respectively.  The substitution of one of the 2,2’-bipyridine ligand, in a tris-bipyridine 

Ru(II) PS, for a π-acceptor ligand ([Ru(bpy)2(L)]2+), such as 2,2’-bipyrazine (bpz), 

leads to absorption further out in the visible region, increasing the utilisation of the 

solar spectrum. Although this is an obvious advantage, one disadvantage is that π-

acceptor type complexes can be less photostable. Photostability can be improved by 

increasing the energy gap between the triplet metal-to-ligand charge transfer (3MLCT) 

and triplet metal-centred (3MC) states, i.e. increasing the energy of this latter state, 

avoiding transitions to the 3MC state, as population of this state can lead to ligand 

dissociation.[37] This can be done using a σ-donor, which shifts the 3MC to higher 

energy. Ligands with strong σ-donor properties, such as, 1,2,4-triazole, can blue shift 

the absorbance and emission spectra. This is avoided by using the mixed ligand 

systems ([Ru(bpy)2(L)]2+). Many different, mono-, bi- and tridentate, organic ligands 

have been bound to the Ru centre by mono-, bis-, tris-, etc, substitution, with the 

intention of pushing the absorbance further into the red, enhancing the electron transfer 

capabilities and increasing charge separation and the lifetimes of excited states. The 

endless derivatives possible, from the initial tris complex, broadens its functionality. 

This has led researchers to investigate [Ru(bpy)3]
2+, and its derivatives, for many 

different applications, such as, a PS for anode[38] and cathode,[39] in biodiagnostics and 

in environmental optical chemical sensors. 

 

1.8.2 The Bridging Ligand, e.g. [Ru(bpy)2(L)]2+ 

 
The design of photocatalysts was then focused towards using the substitution of a bpy 

ligand, as an opportunity to incorporate ligands that are more suitable for binding a 

hydrogen catalyst, for intramolecular systems. For example, in the case of 

[Ru(bpy)2(L)]2+, where L is a suitable bridging ligand, i.e. capable of directing the 

flow of electron transfer from the photosensitiser towards the bound catalyst and that 

limits back electron transfer. Our group,[40] and many others,[41] strive to design and 

synthesise intramolecular supraspecies, as intramolecular tactics address some of the 
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limiting factors involved in intermolecular approaches, such as, diffusion rates and 

collision probability. The bridging ligand’s properties, size, shape, flexibility, 

electronic nature, can be fine-tuned to aid the photocatalytic processes.      

 

 
1a-d: 

1a: R = COOH; 1b: R = COOEt; 1c: R = CH3; 1d: R = CN. 

Figure 1.13: Structures of photocatalysts discussed throughout the text 

 
Sakai and co-workers published, in 2006, the first RuPt, hydrogen generating 

photocatalyst depicted in Figure 1.13 (1a).[42] Sakai noted the effect that simple 

structural changes had on the turnover number (TON). TON is used to describe the 

amount of hydrogen achieved by a system and is calculated by dividing the number of 

moles of hydrogen produced by the number of moles of catalyst employed by the 

system. The TON was affected by the simple increase of the electron-withdrawing 

ability of the substituent on the bridging ligand. As the withdrawing properties 

increased, the TON increased too, but remained low, i.e. TON of R = CH3 < COOEt 

< COOH < CN, with R = CH3, an electron donating group, being photo-catalytically 

inactive, to R = CN reaching a TON = 12.5.[43] The electron donating/withdrawing 

properties of the BL influences the driving force of the photoinduced electron transfer 

within the intramolecular system. When the PS is excited (PS*), its emissive 3MLCT 

state are quenched when a CAT is attached. This indicates electron transfer to the 

LUMO of an excited state, forming the charge separated (CS) state, which is 

favourable, at lower energy than the PS’s emissive 3MLCT. Sakai reports that when 

the BL has electron withdrawing substituents this is the case, and the CS state is on 

the side of the Pt CAT, easing electron transfer from the Ru PS. This is not the case 

for 1c , when R = CH3, the electron donating group, thus, hydrogen generation does 

not occur. Therefore, the stronger withdrawing effect of the CN group causes an 

increase in photocatalytic activity. This work also showed no colloids were formed 

during the photocatalytic experiments. Colloid formation may indicate the platinum 

centre had separated from the complex, meaning the photocatalyst had degraded and 
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was no longer the active catalyst. Sakai and co-workers also investigated different 

types of BL, discussed in the following sections, but few were photo-catalytically 

active.[44–46] 

 

 
Figure 1.14: Structures of complexes discussed throughout the text (continued). 

 
Rau and co-workers reported a photoinduced hydrogen evolution (PHE) active RuPd 

(Figure 1.14: 2a) assembly, in the same year as Sakai and co-workers.[47] A TON of 

56 was achieved in the presence of TEA (triethylamine) with acetonitrile as the 

solvent. In a later study (2010), water was added (10% vol) and the TON increased to 

161.[48] This shows the reaction conditions can also affect the activity of the 

photocatalyst. The same study showed a correlation between the irradiation 

wavelength and catalytic activity, indicating that localisation of the initial excited state 

is important for PHE. For this complex, it was determined that the initial MLCT 

resided on the BL side of Ru, and this resulted in more efficient electron transfer and 

therefore higher TON. When the excitation wavelength is varied, and ligand-centred 
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transitions are excited  on the peripheral ligands, the TONs for hydrogen are lower. 

Subsequently, in 2011, Rau and co-workers, altered the BL by bromine substitution 

(Figure 1.14: 2b), to investigate the effect on TON. The addition of Br leads to a 

decrease in TON, it also has a lower water tolerance. TONs reached maxima after the 

addition of only ~7% vol. of water (TON ~94), and were lower than that of the initial 

compound (max TON ~238 with H2O content of ~15 % and a TON ~175 when H2O 

content is ~7%).[49]  

Vos and co-workers reported similar conclusions in 2012, in that there is a solvent 

effect for individual complexes, along with the findings that a bridge based 3MLCT 

produces more hydrogen than a PL (peripheral ligand) based 3MLCT, with density 

functional theory (DFT) calculations supporting experimental findings.[40] DFT is 

routinely used to model experiments to both justify or to help explain experimental 

data. The 2012 study compared two very similar RuPd complexes with a different BL, 

one incorporating 2,2’:5’,2”-terpyridine (2,5-bpp) (3a) and the other, 2,2’:6’,2”-

terperidine (2,6-bpp) (4), (essentially, one straight BL (2,5-bpp) and one bent BL (2,6-

bpp), as depicted in the figure above). Only the 3a complex was observed to be 

photocatalytically active under the experimental conditions used, with no evidence for  

colloid formation.  

 

1.8.3 The Catalytic component, e.g. [Ru(bpy)2(L)(M)(X)2]2+  

 
The catalytic centre is of obvious importance, as it facilitates hydrogen production 

from water splitting. An ideal catalyst should, fundamentally, enable directional 

electron transfer, use all electrons supplied by PS and be stable under catalytic 

conditions. If the photocatalyst is unstable under catalytic conditions this could lead 

to the breakdown of the complex and possible formation of colloids, and this is 

routinely investigated to rule out colloid involvement in the production of hydrogen. 

For example, in 2007, Hammarström and co-workers, used X-ray photoelectron 

spectroscopy (XPS) and transmission electron microscopy (TEM) to determine the 

degradation of dinuclear species (Figure 1.15: 5) and the formation of colloidal Pd.[50] 

This led to Rau and co-workers to test the possibly of colloidal formation during 

photocatalysis experiments for a RuPd complex, 2a, and investigate the use of Pt as 

the catalytic metal centre (Figure 1.14: 2c).[51] Complex 2c was previously reported, 
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in 1998, by Eisenberg and co-workers[52] but Rau and co-workers used X-ray 

absorption spectroscopy (XAS), and together with mercury (Hg) poisoning 

experiments, they confirmed that 2a (RuPd) started to fall apart after 35 min of 

irradiation. Photocatalytic H2 evolution experiments in the presence of Hg, showed no 

hydrogen was produced. This indicates colloidal Pd formation is the active catalyst in 

the previous photocatalytic experiments employing 2a as the photocatalyst. Although 

lower TONs were achieved when 2c was employed, in comparison to 2a, the XAS 

experiments provided no evidence for colloid formation, and mercury poisoning did 

not affect the TON. From time-resolved transient absorption studies it was clear that 

the replacement of Pd with Pt had little effect on the mechanism of electron transfer. 

The original RuPd complex, 2a, was thought to lose one of the Cl ligands (attached to 

the catalytic metal centre) to facilitate electron transfer and hydrogen generation. The 

latter study by Rau and co-workers demonstrated that this is not the case for  complex 

2c, and the Cl ligands remained coordinated during photocatalysis. 

 

 
5 
 
 

 
Figure 1.15: Structures of complexes discussed throughout the text (continued). 

 
Brewer and co-workers reported in 2011 that with their RuRhRu trinuclear complexes 

(Figure 1.15: 6), tuning of the peripheral groups on the catalytic metal increased 

photocatalytic activity. Substituting Cl for Br, reduced the emission, indicating 



Introduction   Chapter 1 

28 

 

improved electron transfer. This was attributed to the reduced σ-donating properties 

of Br.[53,54] In these experiments the Brewer group investigated the effect of the 

peripheral ligands on the Ru end of the molecule, and this will be discussed in the next 

section. In the same year, Rau and co-workers investigated the effect of changing the 

halide group at the catalytic centre, in the RuPt photocatalyst, 2c, with substituting Cl- 

for an I- anion (Figure 1.14: 2d). The decision to increase electron density at Pt, was 

based on the premise proposed by Sakai and co-workers, that hydrogen is generated 

via water-proton and Pt dz
2-orbital interactions, thus, increasing the electron-density 

should result in more viable interactions.[44] Although, the photophysics and principal 

catalytic behaviour remained the same, regardless of the halide attached, the TON, for 

2d, increased to 272 from 7, for 2c.[55] The presence of iodine enhances electron 

density on the Pt metal, which they reported led to stabilisation of the intermediate 

species created during photocatalysis, and thereby indicating that minimal 

modifications at the catalytic centre, can have significant effects on the overall 

catalytic ability of the photocatalyst.  

 

1.8.4 The Peripheral Ligands, e.g.  [Ru(PL)2(L)(M)(X)2]2+  

 
The importance of the peripheral ligands at the Ru light-absorbing centre, has been 

known for some time. Rau and co-workers reported wavelength dependent 

photocatalytic activity for a RuPd complex.[48] Brewer explored the effect of varying 

the halide on the catalytic centre (discussed above). In the same year (2011), Brewer 

also demonstrated that altering the PL at the Ru photosensitiser (together with the 

catalytic halides), effects the TON (structures are given in Figure 1.15). They studied 

PL = bpy (6a and 6b), phen (1,10-phenanthroline) (6c and 6d) and ph2phen (4,7-

diphenyl-1, 10-phenanthroline) (6e and 6f) as PLs on the Ru centre.[53] After 5 hrs of 

irradiation for the complexes [{(PL)2Ru(dpp)}2RhBr2]
5+ (dpp = 2,3-bis (2-

pyridyl)pyrazine), H2 was generated, with TONs of 20, 31 and 140 in the order of PL 

= phen (6d) < bpy (6b) < ph2phen (6f). The photophysical features do not follow this 

trend. When PL = phen (6d), the rate constant is largest for deactivation of the 3MLCT 

through interaction of the excited state complex and the sacrificial agent DMA (N,N-

dimethylaniline), and this inhibits formation of the reduced catalyst. The increased 

levels of H2 with ph2phen as PL (6f), are thought to be due to the steric demands of 
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this PL protecting the reduced catalytic species from other side reactions, as the 

excited state rates reported, do not fluctuate significantly between the different PLs.  

 
 

 

 
Figure 1.16: Structures of complexes discussed throughout the text (continued) 

 

The same year (2011), Vos and co-workers examined the effect of the PL using a 

similar compound to Sakai’s RuPt complex with a di(pyridine-2-yl)pyrazine BL (2,5-

dpp) (7a).[45] Vos reported the use of PdCl2 at the catalytic metal, and then compared 

the photocatalytic activity for two PLs, bpy (7b), and dceb (4,4’-di(carboxyethyl)-

2,2’-bipyridine) (7c).[56] These studies showed the bpy analogue is inactive, whilst, the 

dceb analogue proved to be active with a TON of 400 after 18 h irradiation at 470 nm. 

Other work done by the DCU group, in 2015, included another of Sakai’s RuPt 

complexes, with a 2,3-dpp BL (8a),[44] which was inactive under their catalytic 
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conditions and also under our conditions. This work involved changing the halide on 

the catalytic centre from Cl to I (8b) and then the PL was changed from bpy to dceb 

in the PtI2 complex (8c). The new [Ru(dceb)2(2,3-dpp)PtI2]
2+ complex, 8c, was found 

to be an active photocatalyst, achieving a TON of 44.[21] The early-time 

photodynamics were investigated by transient absorption and resonance Raman (in 

acetonitrile). These results showed little difference between Cl or I ligands at the 

catalytic centre, but very different results are observed for bpy and dceb analogues, 

thereby indicating that the location of the excited state  following excitation differs  

for the two complexes (discussed in more detail in Chapter 2). This study also notes 

that further time-resolved investigations should be carried out in catalytic conditions, 

i.e. with the addition of SA and a proton source. The use of sacrificial agents in 

photocatalytic experiments in time-resolved studies, would enable a better 

understanding of the electron dynamics involved during hydrogen generation. The use 

of dceb, to improve catalytic activity, has the bonus feature of using the esters as 

anchoring groups for chemiabsorption on the electrodes. This approach eliminates the 

need for SA, thus lowering the risk of decomposition of the photocatalyst.  

Rau and Dietzek and co-workers, in 2015, changed the peripheral ligands on 2c from 

4,4’-bis(tert-butyl)-2,2’-bipyridine (tbbpy) to 4,4’-bis(diethyl-(methylene)-

phosphonate)-2,2’-bipyridine (bpyMeP) (2e).[57]  The intention being to deprotect the 

phosphonate groups for subsequent anchoring and enabling immobilisation of the 

complex onto the surface of an electrode, such as commonly used in DSSCs. Their 

choice of anchoring ligand was based on research published by Odobel et al, 

(discussed later in this chapter, 1.11.2).[58] They also note that the use of phosphonate 

anchoring groups does not alter the localisation of the electron after excitation, 

compared to systems furnished with COOH/COOEt anchoring groups.[21] Dietzek and 

co-workers report that complex 2e is a more active photocatalyst when compared with 

2c (37 vs 7 TON), although lower TON are achieved than similar complexes 

employing a PdCl2 catalytic moiety, such as, 7c, with TON of over 400 reported.[56] 

PtCl2 was selected over PdCl2 due to the risk of colloidal Pd formation during 

irradiation.[51] 

In 2016, Vos and co-workers looked to continue studies on the effect of the catalytic 

activity of a photocatalyst upon the introduction of PtI2, using 3a,[59] as Rau and co-
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workers had published with 2d.[55] This study also looked at the effect of the PL on 

the TON for hydrogen generation. The [Ru(PL)2(2,5-bpp)MXS]2+ complexes were 

investigated under catalytic conditions, using acetonitrile, TEA (triethylamine) and 

H2O, where PL = bpy or dceb; S = solvent; M = Pd or Pt; X = Cl or I (the corresponding 

structures are given in Figure 1.14). This work showed an improvement in TON to 

720 for the [Ru(dceb)2(2,5-bpp)PtI2]
+ dinuclear species (3d), from 100 in the bpy 

analogue (3c).[59] Huijser and co-workers, in collaboration with the DCU group, 

examined these complexes by DFT calculations and fs-ps transient absorption 

spectroscopy.[60] The results from this work show that the lowest lying (smallest 

energy gap from ground state) 3MLCT state changes from the BL to PL, when the PL 

bpy ligands are exchanged for dceb. The same is reported for the LUMO of the ground 

state. A comparison of transient absorption spectral features, of the bpy and dceb 

analogues, showed a difference in the states populated, with the increased intensity of 

the spectral features pertaining to the BL for 3c and to the PL for 3d. This assignment 

was found to agree with DFT calculations which showed that the electron density in 

3c resides on the BL and on the PL for 3d, following inter-system crossing (ISC) to 

the triplet state. This indicates that the electron flow is orientated towards the PL and 

away from the catalytic centre, when PL = dceb. Here, the PL is thought to act as the 

electron pool, contrary to original theories of the BL acting as the electron reservoir 

being the most efficient pathway for electron flow to the catalyst.  

In 2017, the DCU group have extended their investigations in this area, and studied 

the  effect of lengthening the distance between the metal centres, as the location of 

both metals on the central ring was thought to enable back electron transfer and 

recombination, thus, reducing the photocatalytic efficiency.[61] This study assessed 

inter- and intra- (Figure 1.16: 9a-d) molecular approaches, and compared hydrogen 

production with photocatalytic systems of alternating BL, PL and the M. The novel 

complexes, of this study, were designed using bisbpy (2,2’:5’,3”:6”,2”’-

quaterpyridine) as the BL; bpy and dceb as PL; and Pd and Pt as M. The study also 

reported the effect of water concentrations on catalytic activity during photocatalysis. 

The contribution includes photophysical characterisation and DFT calculations of the 

novel complexes. It is a comprehensive paper that considers all that has been reported 

over the last decade, in a bid to optimise photocatalysts for hydrogen generation by 

light driven water splitting. Experimental findings support previous findings in that 
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the addition of ester groups onto the peripheral bpy alters the flow of electrons and the 

PL acts as an electron reservoir.[60] The report is in agreement with other studies that 

Pd as the catalytic metal yields higher TONs than Pt (Cl is the halide employed for a 

more direct comparison of PdCl and PtCl, rather than create an additional difference 

with the introduction of I as the catalytic ligand).[51] The paper, also, further confirms 

each complex’s catalytic activity is solvent dependent.[40] Although, the novel dceb 

compounds, in the article, achieved high TON they were lower than that of the 

[Ru(dceb)2(2,5-bpp)PtI2]
2+ (3d), which yielded a TON of 720 after 18 h.[59] 

Investigating the substitution of the Cl halide for I and the effect on the TON and early-

time photodynamics, would be an interesting study.  

 

1.9 Other Working Photocatalysts 

There are many groups focused on progressing the research of photocatalysts for H2 

generation for large scale deployment, as discussed above. The photocatalysts 

discussed in previous sections, focus mainly on ruthenium-based photosensitisers with 

platinum or palladium catalytic centres systems (with some Ru-Rh-Ru trinuclear 

complexes). However, give a comprehensive overview of the various systems reported 

in the literature, this section touches on other system designs reported recently.  

Vos and co-workers have worked with similar design parameters, using Ir as the light 

absorber.[62] There is also continuous work, within the DCU group, to design and 

synthesise more sustainable and environmentally friendly photocatalysts, with the use 

of organic compounds or first row transition metals.[63] Park and co-workers developed 

an Ir PS that achieved TONs of a staggering 510000, with a Pt catalyst, in 

DMF/DMA/H2O solution after 18 days.[64] Park’s group have also investigated 

anchoring Ir PS and Pt CAT on to molecular organic frameworks (MOFs), and this 

system is described as “self-healing”, with steady TON and TOF (turnover frequency) 

seen up to nearly 7 days.[65] Yu and co-workers have reported high TONs of over 1500 

for a photocatalytic IrPt supramolecule.[66]  

Others, such as, Artero and Sun, and their groups, have worked towards employing 

cobaloxime as the catalytic component of the photocatalyst, with Ru as the light 

absorbing unit.[67–69] TONs achieved are comparable to many systems employing a 

noble metal as the catalytic metal centre. Song and Sun, and their corresponding 
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groups, have reported using Zn or Mg porphyrin-cobaloxime or iron hydrogenase 

mimics, as photocatalysts.[70,71] Song and co-workers also employed a metal-free PS 

component, in the form of a free-base porphyrin.[70] These noble-metal-free systems 

produce low levels of hydrogen, but they are a step in the right direction for large-

scale deployment.  

 

1.10 NiO as a p-type Semiconductor 

 
Current research on p-SC is based, almost solely, on NiO nanoparticle films. Ni is a 

first-row transition metal and is cheap and abundant. As mentioned previously, it has 

the properties required for hole injection, making it a suitable photocathodic material. 

Dye-sensitised NiO photocathodes are currently being more heavily investigated. The 

focus of the work in this thesis is using supramolecular photocatalysts (discussed 

above) anchored on to the NiO surface for photoelectrocatalytic hydrogen generation, 

referred to as dye sensitised photoelectrochemical cells (DSPECs). With an abundance 

of different groups working in this area and preparing their own NiO, along with 

commercially available NiO, there are many inconsistencies in the production of NiO 

films, with many different preparation methods to create the NiO mesoporous films, 

e.g. electrodeposition. As part of the COST Action CM1202 on Supramolecular water 

splitting workshop, Gibson and co-workers set out to investigate if the inconsistencies 

in preparation affected the film’s characteristics. Gibson and co-workers compared 

sources of NiO and examined their photoelectrochemical properties using different 

preparation methods, while maintaining the same PS and CAT.[33] They found similar 

results leading to the conclusion that these different parameters have little effect on 

the system. The study concluded all types of preparation made working p-DSCs. To 

improve the overall functionality of p-DSCs, they suggest focusing on improving both 

the current generated by, and the voltage applied to, the device. This is beyond the 

scope of this thesis but, it is important to highlight other features that contribute to the 

efficiency of the device. 

There are also different approaches for employing PS and CAT systems, i.e. using 

separate PS and CAT, with the catalyst in solution and the PS immobilised on the 

electrode surface, co-immobilisation, layer-by-layer grafting or immobilising 

supramolecular photocatalysts directly via the PS component. Each approach has their 
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individual advantages and drawbacks, discussed below. Other features to be taken into 

consideration include; choice of anchoring group; number of anchoring sites; 

difference in length of anchoring group from PS; and for cases where PS and CAT are 

separated, the different ancillary ligands. As discussed previously, when one or more 

PLs are anchored, also known as anchoring ligands, the PLs not anchored to the SC 

and not attached directly to the catalytic centre (BL), are known as the ancillary ligand. 

 

1.11 Immobilisation of Photocatalysts on Semiconductors 

 
There has been a surge of interest in dye-sensitised p-type systems in recent years, but 

very few reported photoelectro-catalytically active p-DSCs. The aforementioned, 

solution-based studies have contributed positively to the creation of active p-type 

photoelectrochemical cells (p-PECs). There are several new factors to consider when 

moving from homogenous, solution systems, to working with immobilised complexes, 

on the surface of electrodes, in aqueous conditions. These new considerations are 

discussed below, tied in with the few, thus far, tested p-DSPEC water splitting systems 

for hydrogen generation.  

 

1.11.1 Solution to Surface 

 
In 2012, Sun and co-workers introduced the use of a water reduction catalyst (WRC), 

cobaloxime, to their working system of an immobilised organic dye on the surface of 

a NiO semiconductor.[72–74] The PS and CAT homogenous system proved to be 

photocatalytically active with the inclusion of a sacrificial agent, TEOA, in a 

MeOH/H2O solution.[75] This led them to deposit the catalyst onto the electrode to 

remove the requirement for a SA. A downside of this system was the desorption of the 

catalyst leading to its instability. In 2013, Wu and co-workers attempted to address 

this issue by immobilising a supramolecular Ru-cobaloxime complex. This was the 

first publication reporting the use of a supramolecule for the photoelectrocatalytic 

generation of hydrogen. This photocatalyst was generated after the immobilisation of 

the photosensitiser component on to the NiO film, followed by the soaking of the film 

in solution containing the catalyst, which would then bond to a pyridyl group on an 

ancillary ligand.[76] This method of assembling differs from the approach taken in this 

thesis, where the supramolecule is synthesised, then immobilised on to the surface as 
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one. Our approach allows for direct control over PS to CAT ratio. Wu reports an 

increased stabilisation and the elimination of desorption issues with their assembly. 

The Wu group also contribute stability to the increased electron density of the 

anchoring ligand, when compared to Ru(bpy)2(dcb)Cl2, (dcb = 4,4′-(COOH)2bpy). 

They propose that nucleophilic attack by water molecules at the binding sites of the 

anchoring groups to the surface of the NiO film is limited due to this increased electron 

density. In addition, the anchoring ligand had previously been investigated by Wu and 

co-workers, and the optimal distance between the anchoring group and the PS centre 

was determined, which provided  electron transfer and minimal charge 

recombination.[77] This is vital for an efficient system. A further increase in stability is 

achieved by the atomic layer deposition (ALD) of a monolayer of alumina coated on 

the NiO prior to sensitisation. This slows down the CR between the reduced PS and 

the holes of the NiO by forming a barrier, and subsequently, permit directional electron 

transfer from the PS to the CAT, enhancing photocurrent density. The principles from 

these investigations are considered by us and others, discussed below, when looking 

at photocatalysts on the surface. 

 

1.11.2 Working in Acidic Conditions 

 
Odobel and co-workers reported a Ru phosphonate complex, immobilised on NiO and 

Rh catalysts in solution, to study the successful electron transfer between the PS and 

CAT in acidic conditions, with the formation of a Rh hydride.[78] Previous 

investigations by this group looked at the effect of four different anchoring ligands on 

the photoconversion efficiencies of the devices, biscarbodithioic acids, carboxylic 

acids, methyl phosphonic acids and catechol.[58] They found carboxylic acids to have 

the highest affinity for NiO, but all displayed similar photocurrent efficiencies (in 

order carboxylic acids > phosphonic acids > catechol > biscarbodithioic acids), except 

the complex with biscarbodithioic acids as anchoring groups. This study also suggests 

utilising a more π-accepting ancillary ligand in comparison to that of the anchoring 

ligand pushing the absorption further out and creating greater charge separation, thus, 

increasing CR times. Phosphonates as anchoring groups facilitate polarisation of the 

charge and have a high binding affinity, therefore, have been selected as the anchoring 

group for following studies by many research groups. Unfortunately, the 

intermolecular RuRh system was not photocatalytically active for hydrogen 
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generation but shed light on the possibility of using acidic solution for hydrogen 

production.  

The Fermi level of a semiconductor (doped or otherwise) is affected by interfacial 

interactions with electrolyte. Once immersed in electrolyte solution the Fermi levels 

of both materials equilibrate causing a phenomenon known as band bending 

(migration of charge carriers from one material to the other). The initial distribution 

ratio of charge carriers on the semiconductor is known as the flat band position and 

the flat band potential is the potential applied to the semiconductor in electrolyte 

solution to return the band edges to their flat band position. NiO has a pH dependent 

flat-band potential due to protonation and deprotonation on the NiO at the interface of 

NiO to the solution, thus, leading to a pH-dependent driving force for hole injection. 

When measured by photocurrent onset, NiO has a flat band potential of 0.47 V vs. 

NHE (normal hydrogen electrode) at pH 7[31] or by the Mott-Schottky method, 0.53 V 

vs. NHE.[79] Odobel looked at the effect of acid on the flat band potential of NiO, in 

their system of CH3CN solution with 0.1 M (Bu4N)PF6 electrolyte, in the absence of 

acid, the flat band potential was recorded at 0.484 V vs. NHE. In the presence of 5x10-

2 mM of p-cyanoanilinium acid, the flat band potential of NiO shifted to 0.764 V vs. 

NHE. Wu and co-workers report an active system using an organic PS that is 

hydrophobic at the anchoring end and hydrophilic at the free end. This creates a bilayer 

between the NiO and the acidic media, increasing stability in acidic conditions for 16 

h with no degradation of the NiO film.[80] The stability of the PS in extreme acidic 

conditions, enables a Mo-S cluster to be employed as the CAT. This approach also 

eliminates proton accumulation on the surface of NiO, therefore, bending of the 

valence band of the NiO semiconductor is inhibited and the hole injection driving force 

remains the same in the presence and absence of acid.  

 

1.11.3 Stabilisation of PS and CAT of p-DSCs  

 
Reek and Detz and co-workers used the co-immobilisation of their organic PS and Ni-

based CAT, to simplify synthetic routes compared with supramolecular systems. They 

reported that their system was inactive for photo-evolution of hydrogen and postulated 

the formation of aggregates of the complexes on the films, charge recombination or 

instability of the CAT.[81] Reisner and co-workers, in the same year (2016), used a 
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different approach of co-immobilisation/supra-assembly, with a Ni-based catalyst, on 

NiO mesoporous films. They employed a Ru tris-bipyridine derivative as the PS and 

used Zr4+ ions to link the phosphonate anchoring groups of the PS to the CAT in a 

layer by layer assembly.[39] This style of deposition maintains NiO-PS and PS-CAT 

interactions, but reduces CAT-NiO interactions, encouraging directional electron 

transfer. They found, that straight co-immobilisation was less preferential to the layer-

by-layer approach, with an increase in stability and higher photocurrents seen for the 

latter. Unfortunately, only low levels of hydrogen were achieved. The group 

postulated this to be due to poor charge transfer dynamics within the system. Meyer 

and co-workers report the novel system design of a “donor-dye-catalyst”, immobilised 

by layer-by-layer assembly on inverse opal, nanostructured indium tin oxide film.[82] 

Their system was also victim of the desorption and degradation of the catalyst under 

irradiation.  

Hammarström and co-workers investigated co-immobilisation of coumarin 343 dye (a 

benchmark dye for DSC) and an iron hydrogenase biomimic. Hammarström, 

previously investigated, bio-inspired iron catalysts by transient absorption.[83] Upon 

moving to aqueous conditions, it was deemed necessary to change the anchoring group 

from a carboxylic acid to a phosphonate group, in an effort, for a more stable 

immobilisation, as desorption of the carboxy-anchor catalyst was prevalent.[84] They, 

also, lengthened the distance from the anchoring group to the catalyst, in an attempt, 

to extend charge recombination times, between the reduced CAT and NiO holes. The 

original shorter distance suggests there was fast recombination occurring and disabling 

electron hopping transfer mechanism, thus, preventing any significant photocurrent. 

Although transient absorption measurements, for both PS-CAT mixes, proved 

sufficient electron transfer between the PS and CAT, when the phosphonate CAT and 

PS mix were examined by photoelectrochemical experiments, a gradual decrease in 

photocurrent ensued. GC-MS and attenuated total reflection infrared (ATR-IR) studies 

proved the decomposition of CAT with the release of CO ligands, contributing to the 

decrease in photocurrent over time and, therefore, reduced photoelectro-evolution of 

hydrogen. The desorption of the CAT from NiO under irradiation remained an issue 

also contributing to a decrease in activity. Stability of the PS and CAT on the surface 

is still a major issue. 
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Wasielewski and co-workers, in 2017, applied atomic layered deposition (ALD) of 

alumina oxide, as a means of increasing stability of their PS, an organic dye, on the 

surface of a NiO electrode.[85] Although, TA time-resolved studies showed ALD of 

Al2O3 did improve the stability of the dye by decreasing degradation. This means 

aggregate formation of the dye molecule on the NiO surface is avoided and CR times 

are lengthened, therefore supporting hole injection. Although these are promising 

improvements, only a TON 1.5 of hydrogen were produced with their best system. 

They suggest implementing ALD of Al2O3, before immobilising the PS, as it creates 

a type of barrier situation, and reducing the likelihood of competitive process of charge 

recombination from the NiO and dye and increases hole collection. This behaviour 

was previously observed in 2013 by Wu and co-workers, as discussed above.[76] 

 

1.11.4 Covalently bonded Supramolecular Assemblies 

 
Artero and co-workers, in 2016, were the first to use a noble-metal free, covalently 

bonded supramolecular system immobilised on NiO to produce hydrogen.[86] Using an 

organic PS covalently bound to a cobaloxime unit. They utilised a coadsorbent, 

chenodeoxycholic acid (CDCA), to avoid compound aggregation on the NiO film. 

XPS was investigated for the system after hydrogen evolution experiments, as the 

Faradaic hydrogen yield was low, thought to be due to competing processes, including 

the formation of Ni0 and change of ratio of NiIII and NiII ions, although, PS-CAT 

degeneration was not ruled out. They stress the urgency to address these processes, as 

they may be the cause for low efficiency in many other systems. In 2017, 

Hammarström and Tian and co-workers investigated another supramolecule, similar 

to the complex Artero’s group reported, in which the immobilised (on NiO electrode) 

organic PS was in situ covalently bonded to a cobaloxime-type CAT.[87] This system, 

also, generates miniscule amounts of hydrogen. They assumed that the extinction 

coefficient of the complex in solution is similar to that on NiO. In theory, the 

concentration of the dye present on the surface of the active area of the electrode, can 

be estimated, thus, the TON calculated. A TON of 0.05 was achieved, despite the 

system displaying suitable CT properties to photoelectrocatalytically produce 

hydrogen. They propose, that the second electron CT, to the CAT, has a lower driving 

force, leading to meagre CT of the second electron. They also suggested that, the low 

TON for hydrogen could be due to the inadequacy of a Co CAT component as a water 
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reduction catalyst (WRC) on the surface. Their final remarks are that creating new 

dyes and/or using alternative HER catalysts, more suitable for the charge transfer 

mechanism required, would in turn increase photocurrent ability, therefore, improving 

the H2 evolution capability.  

 

1.12 Time-resolved Spectroscopic Techniques used throughout this Thesis 

 
Time-resolved spectroscopic techniques are used in every chapter of this thesis to 

monitor the electron pathways taken within the photocatalytic hydrogen generating 

systems investigated. These techniques can lead to the assignment of excited states 

and provide the kinetic dynamics of electron transfer within a system by examining 

the spectro-temporal evolution. The systematic alteration of the complex structure 

leads to a deeper understanding of these dynamics, which can galvanise the 

progression of synthetically optimised systems. A description of the techniques used 

is provided below, in this introductory chapter. Relevant literature examples of the 

techniques being applied can be found in the pertaining chapters, where the complexes 

prepared in this thesis are investigated using these techniques.  

 

1.12.1 Transient Absorption Spectroscopy (TA) 

 
Transient absorption spectroscopy (TA) is a well-recognised technique used to follow 

the evolution of the excited state species in the UV-Near IR region. TA is a pump-

probe technique, this involves a pump pulse (laser pulse) exciting the sample from the 

ground state, the dynamics of this excitation are then probed by a secondary laser pulse 

at a set time-delay. The time-delays can be recorded over a wide timeframe depending 

on the system, from early (fs-ns) to late (ns-ms) timescale. The data collected generates 

a spectrotemporal map detailing the evolution and decay of the transients formed and 

the kinetic traces can be extracted from this map. This map shows the difference of 

the absorption of the sample, which appears with negative and positive absorption 

features, over time. The negative features, known as the ground state bleach (GSB), 

are attributed to the electronic absorbance of the ground state that is no longer present 

as it has been excited to higher energy by the initial laser pulse. Whereas the positive 

features are attributed to the excited state absorbance (ESA). TA is used in this thesis 

to investigate complexes in solution and immobilised to the surface of a p-type 
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semiconductor, NiO. Measurements were recorded across a wide time window and 

three different systems. The ULTRA system at the Central Laser Facility, Rutherford 

Appleton Laboratories in the U.K. boasts an ultrafast (<200 fs) time resolution TA 

spectrometer. The Huijser Research Group, Twente provided measurements on their 

early-time (ps) TA spectrometer. The Pryce Research Group has an Edinburgh 

Instruments Laser system, operating on the nanosecond to late (ms) timescale. These 

instruments differ in their setup but function essentially by the same pump-probe 

mechanism discussed previously. 

 

1.12.2 Time-resolved Infrared Spectroscopy (TRIR)  

 
Time-resolved infrared spectroscopy (TRIR) is a long-standing technique that 

monitors differences in the infrared region of a complex after excitation. TRIR 

fundamentally functions using the same principles as TA, with a pump-probe 

mechanism and follows the temporal evolution of the excited state species but probes 

the infrared for changes instead of the UV-NIR. Early-time TRIR is used in tandem 

with TA in this thesis on complexes in solution immobilised on the surface of NiO 

films. TRIR monitoring the mid-IR region, as carboxy groups on the dceb ligand 

absorb in this region, may add to the information gained through TA experiments. IR 

bands are sensitive to minor variations in their environment. It is then reasonable to 

postulate that further information can be acquired by probing the IR region for 

processes too sensitive to be featured in the UV-NIR region.   

 

1.13 Scope of Thesis 

 
Research into suitable molecular photocatalysts for sensitising p-semiconductors (p-

SC) is pertinent to the progression of this area. This is an opportunity to move away 

from noble metals. The use of cheaper and more readily available materials lowers the 

overall costs and raises the economic viability of the technology. The design of PSs 

that absorb further out in the visible region, increases the exploitable energy, that is 

already available, (solar irradiance spectrum (Figure 1.3)). Employing intramolecular 

photocatalysts that can absorb photons and transfer the energy to a connected catalyst 

to produce H2, on semiconductors, thereby rendering the use of sacrificial agents 

redundant. Theoretically, a tandem system or half reaction cell, becomes more 
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efficient adhering to an intramolecular approach and therefore more plausible to be 

utilised commercially. This is made possible by the systematic modification of the 

structure of the intramolecular photocatalyst, for optimal performance when 

immobilised on the surface of SCs, as the ratio of PS to catalyst is controlled.  

A notable requirement for an efficient p-type dye-sensitised photocathode is down to 

the photocatalyst’s dynamic processes. Ensuring the photocatalyst employed has a 

long-lived (µs) photoinduced charge-separated state that decelerates charge 

recombination between the reduced dye and the hole of the valence band of the NiO, 

allowing for sufficient time for catalysis to occur. Comprehending early-time 

dynamics of photocatalysts on the surface of electrodes is vital to the further 

development of these systems and key to improving efficiency.  

In this thesis, PS/catalysts and photocatalysts were synthesised and assessed for their 

ability to generate hydrogen in solution and when immobilised on NiO electrodes.   

Complexes synthesised are based on known proficient photosensitisers and hydrogen 

evolving catalysts, i.e. ruthenium-polypyridyl-platinum/palladium system. Ultimately 

the aim is to immobilise the photocatalytic units on to p-semiconductor, and to broaden 

our understanding of the requirements for efficient p-DSCs and the cell’s electron 

transport pathway using photoelectrochemical characterisation and time-resolved 

studies. As rare metals are utilised, the systems investigated are not commercially 

viable for large-scale development. They are, though, extremely useful for advancing 

our understanding of the integral aspects previously mentioned.  

This chapter provides an overview into the literature surrounding photocatalysis of 

intramolecular complexes and the progression of our understanding of such systems 

made to date. Along with an insight into the relatively novel research of p-type dye 

sensitised photoelectrocatalysis and the challenges met in the development of 

intramolecular complexes for this photoelectro- approach. This chapter also included 

an introduction to the time resolved techniques used to investigate the complexes 

discussed in this thesis, e.g. time-resolved infrared (TRIR) and transient absorption 

(TA). 

In chapter two, the effect of the experimental environment i.e. the parameters of the 

system, on photocatalytic hydrogen production using an intermolecular approach with 

a working photosensitiser, is investigated extensively. This study highlights the 
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difficulties of comparing/screening PS+Cat/photocatalysts systems under a single set 

of experimental parameters. This chapter also includes work recently published 

involving the development of novel inter- and intra-molecular complexes, based on 

diphenyl-phenanthroline peripheral ligands. These complexes are synthesised, 

characterised and their photocatalytic hydrogen generation abilities are studied. In 

addition, fs-transient absorption measurements were conducted by our collaborators 

in Twente and ns-TA was carried out in DCU to provide an understanding of electron 

transfer within the complexes over a broad timeframe.  

While in chapter 3 the high TON achieving supramolecule, 3d (discussed previously), 

along with a novel photocatalyst, utilising the dceb peripheral ligands, were 

synthesised, characterised and further investigated by time-resolved experiments, in 

the Rutherford Appleton Laboratory (RAL). The experiments were conducted both in 

solution and on the surface of a NiO film. Collaboration of the Gibson group, from 

Newcastle University, U.K., allowed for photoelectrocatalytic hydrogen evolution 

studies to be performed, including other photoelectrochemical characterisation 

techniques. This study also contributes to changing the perception of how we currently 

screen possible photocatalysts (in solution-based experiments). It is not the most 

efficient process to optimise systems under solution conditions if the end goal is to 

immobilise photocatalyst on the surface of a semiconductor.  

Chapter 4 follows on from chapter 3, in that the dinuclear Ru-triazole-Pd hydrogen 

evolution photocatalyst is repurposed by the substitution of the Pd-catalyst for a Re-

carbonyl catalyst in efforts to synthesise a CO2 reduction photocatalyst. Chapter 4 also 

looks to moving away from the employment of rare metals in photosensitisers 

(ruthenium), and towards a more sustainable photocatalyst, e.g. porphyrins. Novel 

photocatalysts are synthesised and characterised and investigated by ns-TA and for 

their photocatalytic CO2 reduction abilities. 

Chapter 5 includes a brief literature review of boron dipyrromethene (BODIPY) based 

complexes, with a focus on time resolves techniques, and the ES generated. BODIPY-

based complexes, including halogen-free- and diiodo-monomeric BODIPY 

complexes and their polymeric analogues, were investigated by both time-resolved IR 

and transient absorption. The results found the early-time electron transfer pathways 

taken within each class of complex were very different. 
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Chapter 6 contains concluding remarks and future work for each chapter and the 

overall research topic studied in this thesis. 
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Chapter 2 

2 Intermolecular to Intramolecular Photocatalytic Systems 

 

Chapter 2 provides a detailed intermolecular 

hydrogen generation study using a known Ru 

diphenylphenanthroline (dpph) complex, 

[Ru(dpph)3](PF6)2, as the photosensitiser (PS). 

This PS was irradiated under various reaction 

conditions, by altering the solvent, catalyst, 

sacrificial agent, varying the water content and 

ratios of the photosensitiser to catalyst (Cat), 

systematically. Substitution of one of the of 

diphenylphenanthroline ligands for a suitable 

bridging ligand (BL), in this case terpyridine 

(terpy) led to the isolation of  [Ru(dpph)2(BL)]), 

and the subsequent intramolecular 

photocatalyst ([Ru(dpph)2(2,5-bpp)PtI2]). The 

complexes were investigated for their 

inter/intra-molecular hydrogen production 

capabilities. A closer look at electron transfer 

within these new systems was carried out with 

collaborators in University of Twente, 

Netherlands. These studies included both early 

and late timescales. We investigated the ns to μs 

timescale, and our collaborators focused on the 

fs to ps timescale.  

 

Hydrogen‐Generating Ru/Pt Bimetallic Photocatalysts Based on Phenyl‐

Phenanthroline Peripheral Ligands 

Laura O'Reilly, Qing Pan, Nivedita Das, Kasper Wenderich, Jeroen P. Korterik, 

Johannes G. Vos, Mary T. Pryce, Annemarie Huijser 

ChemPhysChem, 2018, 19, 3084-3091  
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2.1  Aim 

 

As no standard reporting method exists for photocatalytic hydrogen generation, one 

of the objectives of this chapter, was to analyse the effect of different experimental 

parameters on the amount of hydrogen detected.   The parameter that were varied 

included; .solvent medium, sacrificial agent, percentage of water added, catalyst, 

ratios of PS to CAT, and irradiation source. This investigation was performed to 

emphasise how subtle changes can dramatically influence the amount of hydrogen 

generated, therefore highlighting the difficulty in directly comparing systems in the 

literature.  Generally, when photocatalysts are screened for their ability to generate 

hydrogen, either the turnover number (TON), turnover frequency (TOF) or volume of 

hydrogen is reported.  The latter part and main aim of this chapter was to synthesise a 

novel intramolecular photocatalyst and then investigate its hydrogen evolution 

capabilities, and using time resolved studies the photodynamic processes spanning the 

early (fs–ps) to late (ns–μs) timescales were probed.  
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2.2 Introduction 

2.2.1 Intermolecular studies using [Ru(bpy)3]2+ complexes as a photosensitiser 

 

Chapter 1 gave an overview of photocatalytic supramolecular hydrogen generating 

systems, which focused predominantly on Ru-Pt/Pd supramolecular systems. These 

assemblies have stemmed from intermolecular studies, in the hope to improve catalytic 

activity and eliminate the drawbacks associated with an intermolecular approach, such 

as the reduced efficiency because of diffusion limitations and the stability of each of 

the components. Ruthenium polypyridyl complexes have been hugely successful in 

generating hydrogen from water by both inter- and intramolecular approaches. In this 

thesis the supramolecular system is always compared to the intermolecular technique, 

to ensure there is an improvement in the catalytic activity.  

[Ru(bpy)3]
2+ (where the counter ion is Cl2 or (PF6)2) has been extensively investigated 

as a photosensitiser, for photocatalytic intermolecular hydrogen generation, under 

many different conditions. In 1977, Lehn et al. used the photosensitiser in combination 

with colloidal Pt and triethanolamine (TEOA) as the catalyst and sacrificial agent, 

respectively and reported quantifiable levels of hydrogen production.[1] The table 

below summarises the most common experimental conditions reported  from 1977 to 

present, using [Ru(bpy)3]
2+ as the PS. In these examples, varying amounts of hydrogen 

were reported. Direct comparison is difficult among these experiments, as they were 

performed by a range of research groups, using different setups and experimental 

conditions, and furthermore the hydrogen generated was reported in different ways 

(quantum yield, TON, TOF or the volume of hydrogen). However, these studies 

emphasise the influence of the experimental setup on the hydrogen production ability 

of a working photosensitiser. 
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Table 2.1: Hydrogen evolution experiments using [Ru(bpy)3]
2+ as photosensitiser in 

aqueous solution 

Catalyst 
Sacrificial 

Agent 

Electron 

Donor 
Solvent 

Hydrogen 

Reported 
Ref. 

Colloidal Pt TEOA [Rh(bpy)3]3+ Aq. Soln 22.4 ml/32 h [1] 

Colloidal Pt TEOA MV2+ 
Aq. Soln 

0.4 ml/0.5 h [2] 

Colloidal Pt EDTA MV2+ 
Aq. Soln 

12 L/24 h [3] 

Co(II) 

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

Ascorbic acid - 
Aq. Soln φH2 1×10-5 

h  
[4] 

RuO2 Ascorbic acid MV2+-EDTA 
Aq. Soln 

1 mmol/2 h [5] 

PdH(Pet3)3 Ascorbic acid - 
Aq. Soln 

1 ml/9 h [6] 

2Fe2Sa Ascorbic acid - 
CH3CN/ 

H2O 
4.3 TON 

/3 h 
[7] 

[Fe2(μ-Cl2bdt)(CO)6]b Ascorbic acid - DMF/ H2O 
200 TON (4 

μmol) /2.5 h 
[8] 

[Co(mnt)]2
c Ascorbic acid - 

CH3CN/ 

H2O 

9000 TON 

(~2.4 ml) 

/12 h 

[9] 

[(CF3PY5Me2)Co(H2O)] 

(CF3SO3)2
d Ascorbic acid - 

Phosphate 

buffer pH 7 
0.6 ml/2 h [10] 

[Co(CR)Cl2]+ e 
NaHA and 

Ascorbic acid 
- H2O 

1002 TON 

(12.27 ml) 

/21 h 

[11] 

[Co(L1)](PF6)2
f Ascorbic acid - 

Acetate 

buffer 

16300 TON 

/2 h 
[12] 

[Co(dmgH)2(DMAP)Cl]g TEOA - 
DMF/ 

HBF4 

2600 TON 

/20 h 
[13] 

a: [{(μ-SCH2)2NCH2C6H}{Fe(CO)3} {Fe(CO)2P(Pyr)3}] 

b: Cl2bdt=3,6-dichlorobenzene-1,2-dithiolate 

c: mnt = maleonitriledithiolate 
d: PY5Me2 = 2,6-bis(1,1-di(pyridin-2-yl)ethyl)pyridine) 

e: CR = 2,12-dimethyl-3,7,11,17-tetra-azabicyclo(11.3.1)-heptadeca-1(17),2,11,13,15-pentaene 
f: N,N-bis-(6-(2,2’-bipyridyl)methyl-N-2-(methyl)pyridine) 

g: DMAP=4-dimethylaminopyridine; dmgH=dimethylglyoxime  

h: φH2 = quantum yield of hydrogen production. In simplified terms, φ is the ratio of number of photons emitted to number of 
photons absorbed. 

 

It is important to note that, although direct comparison of photocatalytic systems (even 

when using similar parameters) in various laboratories globally is difficult, there has 

been significant progress in this area of research in terms of identifying the optimal 

PS and catalytic unit. Ideally there should be a set of principles/standards to aide in 

the progression of photocatalytic systems, however there is no one standard reporting 

method. Furthermore, there has been a shift in recent years towards investigating the 

effect of structural changes on electron pathways (with the aid of time resolved 
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studies) and the corresponding effect on TONs. This can lead to novel design 

approaches, that may contradict previous design strategies.[14] To devise  a standard 

reporting procedure is difficult, as a vast number of parameters can be varied in each 

experimental setup, which contributes to the overall performance of the system, and 

frequently, optimisation of the setup is unique to each photocatalyst assembly. In this 

chapter, the mononuclear Ru tris-dpph complex (dpph = 4,7-diphenyl-1,10-

phenanthroline), was investigated as a PS for hydrogen generation, due to the long-

lived lifetime created by this ruthenium complex. By altering a range of parameters 

within the experimental setup, such as, the catalyst, solvent, sacrificial agent, water 

content, PS:Cat ratio and headspace volume, it is clear that each parameter contributes 

to the overall performance of the system (determined by TON in this case). Following 

systematic variation, the TON for photocatalytic hydrogen production under the 

different experimental conditions are given in Table 2.2. These studies were 

performed not to create a standard or set of principles, but merely to highlight the 

difference in the amount of hydrogen produced with subtle variations in the 

experiment, and the difficulty in comparing systems directly when developing new 

photosensitisers. There are also questions raised about screening methods conducted 

to determine the progression of a photocatalyst from a homogeneous to a 

heterogeneous environment.  
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2.2.2 Intermolecular to Intramolecular approach 

 

As discussed, in detail, in Chapter 1, the move from inter- to intra-approaches to 

photocatalytic hydrogen generation is underway and is necessary for technology 

development and scale up. A vast amount has been learned about intra-molecular  

systems, with a focus on ruthenium-platinum/palladium assemblies.  

 

 

Figure 2.1: Structures of some intermolecular complexes used as precursors to 

bimetallic supraspecies discussed and/or investigated in this chapter; [Ru(bpy)3]; 

[Ru(dpph)3]; [Ru(dceb)3]; [Ru(bpy)2(2,5-bpp)]; [Ru(dpph)2(2,5-bpp)]; 

[Ru(dceb)2(2,5-bpp)] (bpy = 2,2’-bipyridine; dpph = 4,7-diphenyl-1,10-

phenanthroline; dceb = 4,4′-di(carboxyethyl)bipyridine; and 2,5-bpp = 2,2′,5′,2″-

terpyridine). All with PF6 as the counter ion, unless otherwise stated. 
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Investigations, by the DCU group, with collaborators in Austria, The  Netherlands and 

Germany, have suggested that efficient electron flow within a photocatalyst does not 

necessarily translate to directional flow of electrons from the photosensitising moiety 

towards the bridging unit and then to the catalyst.[14] However, this had been the 

general way of thinking for many years and it dictated photocatalyst design to fit this 

narrative.[15] The photocatalyst, discussed briefly in Chapter 1, Ru(dceb)2(2,5-

bpp)PtIX (4,4′-di(carboxyethyl)bipyridine; dceb), together with its precursor, have 

carboxy-ester groups on the peripheral bpy ligands, which have an electron 

withdrawing effect on the complex. The addition of these functional groups leads to 

an increase in TON compared to the bipyridine counterpart. Early-time transient 

absorption investigations, conducted by our collaborators in Twente, enabled us to 

determine that this photocatalytic species does not follow the same trend as that 

previously assumed, (electron transfer directly from the PS unit to the catalytic centre), 

but instead following excitation the electron resides on the peripheral carboxy units, 

which act as “an electron reservoir”. The electron then moves towards the catalytic 

unit, where hydrogen is expected to be generated from water. These studies, led to the 

thinking, that an increase in the electron withdrawing properties of the peripheral unit 

may, in turn, lead to an increase in lifetime and thus, TON. Therefore, the dceb 

peripheral ligand was substituted for 4,7’-diphenyl-1,10’-phenanthroline ligand 

(dpph) and its ability to produce hydrogen photocatalytically was investigated using, 

both inter- (in Figure 2.1) and intra-approaches (Figure 2.2). 
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2.2.3 Transient absorption spectroscopy 

 

In chapter 1 transient absorption spectroscopy (TAS) was discussed and the 

information that can be gained from the technique. This chapter recaps some of the 

relevant aspects, for the ease of the reader.  

Transient absorption (TA) spectroscopy is a hugely important technique in this area 

of research. Ultrafast TA allows for the determination of the electron pathways within 

a complex by monitoring the spectral changes following excitation. The timescale for 

experiments can range between the sub-picosecond to the microsecond, after the laser 

pulse. In this chapter, both the very early times (fs-ps) and later times (ns-μs) are 

investigated for [Ru(dpph)2(2,5-bpp)](PF6)2 (depicted above) and the corresponding 

RuPt intramolecular complex (below).  

 

Figure 2.2:Structure of novel RuPt(PF6)2 dinuclear photocatalyst. S = solvent. 

 

In 1997, McCusker and co-workers investigated the excited state properties of 

[Ru(bpy)3]
2+ by fs-TA.[16] They reported the evolution of the Franck-Condon state, a 

singlet metal-to-ligand-charge-transfer (1MLCT) state, to the 3MLCT (triplet MLCT) 

of the Ru-complex occurred within ~300 fs. The fs-TA highlighted that after the 

population of the Franck-Condon state no intermediate states were defined till the final 

triplet state. Using ns-TA, McCusker and co-workers monitored the spectrotemporal 

progress of the ground state bleach (GSB), from the initial 1MLCT state to the final 

3MLCT state, to confirm the spectral features recorded at early time points (>300 fs) 

were of triplet character. As the GSB remained in the same position and maintained 

its shape after 300 fs and up into the ns timescale, they were able to conclude the 
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3MLCT was formed (via inter-system crossing (ISC) from or near the initial Franck-

Condon state. The 3MLCT evolution was concurrent with vibrational relaxation (VR) 

and solvent reorganisation (known to occur over ~100 fs timeframe). These ultrafast 

photodynamic processes highlighted the importance of early time investigations for 

developing efficient photocatalysts. Their study, among other ultrafast electron 

transfer dynamic studies (injection of an electron into a DSSC)[17] casted doubt on the 

common practice of disregarding of higher level excited states, as it was thought the 

energy would relax to the lowest energy excited state and ISC would occur from the 

lowest energy excited state. Studies like theirs proved that other pathways could be 

manipulated on these early timeframes, leading to possibly more efficient use of 

absorbed photons. Thus, limiting these early-time electron relaxation pathways would 

contribute to an increased quantum yield. 

The DCU group together with collaborators (Huijser et al.), have probed the 

photophysical processes, at early time bases following photoexcitation, using transient 

absorption spectroscopy, for the mononuclear species; [Ru(bpy)2(2,5-bpp)] (Rubpy) 

and [Ru(dceb)2(2,5-bpp)] (Rudceb), and the dinuclear species;  [Ru(bpy)2(2,5-

bpp)PdClS] (RuPdbpy), [Ru(bpy)2(2,5-bpp)PtIS] (RuPtbpy) and [Ru(dceb)2(2,5-

bpp)PtIS] (RuPtdceb) where S = solvent; all complexes have (PF6)2 acting as the counter 

ion.[14,18,19] These complexes were discussed in chapter 1, and will be further discussed 

in this chapter in the context of the TA results reported. In the TA spectra for all 

complexes, in Figure 2.3, the negative bands are the ground state bleaches (GSB), 

whereas, the positive bands are excited state absorbances (ESA) of the photoexcited 

species generated following excitation with the laser pulse.  
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Figure 2.3: TA spectra of Rubpy (A) and Rudceb (B) monomers and RuPtbpy (C), RuPtdceb 

(D) and RuPdbpy (E) in acetonitrile, excited at 480 nm and the coresponding structures 

of the complexes investigated.[14,18,19] 

 

The spectral profile for the ESA features in the TA spectra, for complexes A, C and E 

(see Figure 2.3): appear similar for the range of Rubpy complexes studied. The ESA at 

~370 nm is related to the reduced bpy anion, bpy¯ and the ESA at ~420 nm is assigned 

to the reduced terpyridine anion, 2,5-bpp¯. Both ESA features are considered 

intraligand transitions (ligand centred (LC), π-π*). The broad ESA >500 nm is 

attributed to the transitions of triplet ligand-to-metal charge transfer (3LMCT) of the 

formally oxidised Ru(II) from the bridging ligand (BL, 2,5-bpp). The addition of Pd 
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(Figure 2.3: E) causes a redshift in this broad ESA, most likely due to the influence of 

Pd on this 3LMCT transition. The investigation of the decay kinetics of ESA and GSB 

features (the negative features recorded ~450-500 nm), for RuPdbpy, suggests that 

directional electron transfer from the 3MLCTbpy→
3MLCT2,5-bpp→catalytic centre 

occurs after the initial population of 1MLCT (singlet metal-to-ligand charge transfer) 

of both bpy and 2,5-bpp ligands followed by ultrafast (~100 fs) intersystem crossing 

(ISC) to the 3MLCT, leading to vectorial electron flow, depicted in Figure 2.4. Also 

note, vibrational cooling of the bpy is a competing process with interligand transfer 

from bpy to 2,5-bpp.  

 

 
Figure 2.4: Scheme of electron transfer in RuPdbpy

[18] 

 

Substitution of Pd by Pt at the catalytic centre (Figure 2.3: C), leads to further intricacy 

of the photodynamics. The reduced absorbance of the ESA features at <430 nm, 

attributed to the bpy and 2,5-bpp reduced anions, are assigned to a third triplet excited 

state, denoted as T3 by Huijser et al.[18] This third excited state appears to quench the 

population of the surrounding 3MLCT excited states as the absorbance intensity is 

lower at wavelengths < 430 nm, but a higher amplitude is observed for signals 

recorded at wavelengths greater than 530 nm. They speculated that the electron flow 

at this point, depicted in Figure 2.5, is a result of redistribution of the charge involving 

the T3 state and the 2,5-bpp-Pt-I moiety. When RuPtbpy is excited at higher 

wavelengths, this T3 state is more readily populated, hence the bpy and 2,5-bpp 
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3MLCT are only slightly populated as their corresponding ESA signals are 

significantly reduced.[20]  

 

 
Figure 2.5: Scheme of electron pathway for RuPtbpy with a new T3 state present after 

the addition of Pt. A = vibrational cooling (VC); B = ILCT (inter ligand charge 

transfer); C = charge transfer to the delocalised T3 state [19] 

 

Following the introduction of the ester functional groups to the terminal bpy ligands 

(dceb) the TA spectra recorded are altered significantly (in terms of the profile and 

kinetics of the TA spectra obtained),when compared to Rubpy, as seen in Figure 2.3(B 

and D). The ESA at 350 nm and the less intense ESA at 420 nm was assigned to the 

reduced dceb ligand and bridging, 2,5-bpp anion, respectively. An additional feature 

is present at 385 nm and was assigned to a 3MLCTdceb. Due to the overlapping of the 

ESA features at 350 nm and 420 nm with 385 nm, the kinetics do not follow suit at 

385 nm with that at 350 nm or 420 nm. In contrast to the bpy analogues, the addition 

of the ester groups on the dceb ligand leads to a reverse in the initial direction of the 

electron flow. Within 1 ps of excitation, the TA spectra display what is interpreted as 

3MLCT2,5-bpp→
3MLCTdceb internal conversion (IC), illustrated in the amplitude of the 

ESA band at ~350 nm increasing alongside the decreasing intensity of the ESA ~420 

nm. This bridge to peripheral ligand transfer is ultrafast, occurring on the sub-ps 

timescale. The addition of the Pt maintains this altered flow of electrons. The lack of 

kinetic interference has been seen previously for the equivalent bpy supramolecular 

assemblies, discussed above, when the catalytic centre is covalently bound to the 

mononuclear precursor. In Figure 2.6, the simplified, concluding scheme of electron 

transfer in RuPtdceb is represented. This gives an understanding to the increased TON 

achieved for the photocatalyst employing the dceb ligand, as the electron pathways 

differ vastly to the bpy analogues. A study from Dietzek et al. found that upon 
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mimicking the second reduction process (required for hydrogen generation) after the 

electrochemical reduction of the bridging ligand, the reduced bridge inhibits, rather 

than promotes, receiving the second electron.[21] For the dceb analogues, the electron 

resides on the peripheral dceb, as opposed to the bridging ligand, thus, possibly 

allowing for the second electron to be received and increasing TONs.  

 

 
Figure 2.6: Scheme of a simplified photophysical model for RuPtdceb

[14] 

 

2.2.4 4,7-diphenyl-1,10-phenanthroline as a peripheral ligand 

 

The development of the intramolecular complex investigated in this chapter stemmed 

from the knowledge gathered from the previously discussed studies, where the dceb 

peripheral ligand led to an enhancement in hydrogen generation, with the time 

resolved studies clearly showed the different photodynamics following excitation and 

longer lifetimes when compared to that of the bpy analogue. 

[Ru(diphenylphenanthroline)3]
2+ compounds have long lifetimes, and therefore 

diphenylphenanthroline was chosen as the peripheral ligand. For the bridging unit, 

2,5-bpp was selected, as it is capable of accepting electron density from terminal 

ligands. Previous studies, by the DCU group, employing this BL in photocatalytic 

assemblies produced greater amounts of hydrogen vs. the 2,6-bpp analogue or either 

of the di(pyridine-2-yl)pyrazine ligands (2,3-dpp, 2,5-dpp).[15,22,23] Both Pt and Pd 

catalytic centres are used throughout the literature, as discussed. This is due to their 
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low over potential for proton reduction.[24] The catalytic centre, PtIS (S=solvent), was 

selected as Rau et al. demonstrated its superiority over PtClS or PdClS.[25] The TA 

spectra above, of the dceb complexes, gave photophysical evidence to the thinking 

that the peripheral ligands have an influence on the early time electron dynamics, 

which in turn, impact the overall capabilities of the photocatalyst to generate 

hydrogen. The use of dpph as the terminal ligand in this chapter was influenced by 

these previously discussed studies. Using phenanthroline ligands provide a higher 

level of conjugation and the presence of the phenyl rings on dpph extends the π-

conjugation consequently prolonging lifetimes of the 3MLCT states, reaching higher 

extinction coefficients in the visible region and emission quantum yields of almost 

unity.[26–29] The presence of the phenyl groups also encourage steric hindrance, 

therefore, decreasing non-radiative rates of decay contributing to long excited state 

lifetimes. Also, as previously conveyed in Chapter 1, Brewer et al. saw an large 

increase in hydrogen production activity for their RuRuRh complexes with dpph 

peripheral ligands versus bpy and 1,10-phenanthroline (phen).[28] Brewer et al. also 

saw slight increases in hydrogen generation with their tri- and tetra-metallic 

complexes using a Pt catalytic centre (RuRuPt, Ru2RuPt), following replacement of 

the phen ligand with dpph.[30] The work in this chapter further investigates the effect 

of varying the peripheral ligand, and in this case introducing dpph ligands into the 

systems previously reported by the DCU group. 
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2.3 Experimental 

2.3.1 Materials 

 

All photocatalysis experiments where complexes were assessed for the generation of 

hydrogen were conducted under a nitrogen atmosphere. All solvents were dried and 

degassed prior to use for photocatalysis. The following preparations were made for 

solvents used in photocatalytic experiments: acetonitrile and triethylamine were 

distilled over CaH2; anhydrous THF was distilled over benzophenone and Na metal; 

ethanol was dried over magnesium turnings; methanol was distilled over magnesium 

turnings and iodine. Triethanolamine was used as purchased.  All solvents were 

supplied by the Aldrich Chemicals Co. All solvents used in UV-vis absorption, 

fluorescence, TA and time-resolved photoluminescence experiments were of 

spectrophotometric grade and were used without further purification. For ns-TA and 

time-resolved photoluminescence experiments, spectrophotometric grade acetonitrile 

was subjected to 3 cycles of freeze-pump-thaw technique to remove gas and water 

present, under an Argon gas atmosphere (argon purchased from BOC ltd). 

 

2.3.2 Equipment 

 
1H NMR and 13C NMR were recorded on a Bruker AC 400 spectrophotometer in 

deuterated solvents and were calibrated according to the deuterated solvent peak. All 

UV spectra were measured on an Agilent 8453 UV-Vis 91 spectrophotometer in a 1 

cm quartz cell using spectrophotometric grade solvents. Emission spectra were 

recorded using a LS50B luminescence spectrophotometer using a 1 cm quartz cuvette 

and spectrophotometric grade solvents. Time-resolved photoluminescence and ns 

transient absorption data were recorded using an Edinburgh Instruments LP980 

Transient Absorption Spectrometer.  

The set-up for the TAS system located in the laboratories at Twente consists of a fs-

TA setup consists of an amplified Ti:Sa system (Coherent, Legend Elite), which 

produces 800 nm laser pulses at 5 kHz repetition rate.[18] Part of this 800 nm output 

was directed into an optical parametric amplifier (Coherent, Opera) to generate the 

490 nm, 515 or 525 nm pump beam used for photoexcitation. A fraction of the 

remaining part of the fundamental 800 nm beam was guided through a delay stage and 
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focused onto a CaF2 crystal to generate a broadband white light continuum extending 

into the UV till ca. 350 nm used as the probe. The CaF2 crystal was mounted on a 

continuously moving stage to avoid thermal damage. The remaining 800 nm 

fundamental was removed by using two 700 nm short pass filters. The experimental 

time resolution equals ca. 100-150 fs. The polarizations of the pump and probe beams 

were set at magic angle (54.7°). The probe pulses were sent into a 35 cm spectrograph 

coupled to a home built 256 pixels diode array detector. The differential absorbance 

between pump on and off was determined by chopping the pump beam at 2.5 kHz.[31] 

The data were analysed using the open-source program Glotaran. 

 

2.3.3 Time-resolved studies 

 

Samples for the fs-TAS set up were prepared by dissolving the complexes in 

anhydrous acetonitrile (Sigma-Aldrich, purity >99.9 %), followed by bubbling with 

dry N2 for ~20mins and sealing. The samples were either excited at 490 nm, at 515 

nm or at 525 nm, and had optical density (OD) values of 0.30, 0.14 and 0.10, 

respectively. The pump power was kept relatively low (311014 photons/(cm2 pulse) 

for 𝜆exc = 490 nm, 511014 photons/(cm2 pulse) for 𝜆exc = 515 nm and 711014 

photons/(cm2 pulse) for 𝜆exc = 525 nm)  and was verified to be in the linear regime.  

The samples for ns-TAS were prepared in anhydrous acetonitrile (Sigma-Aldrich, 

purity >99.9 %) and degassed by 3 cycles of freeze-pump-thaw. The samples had a 

typical absorbance (OD) at 355 nm equal to 0.3-0.4 OD. 

 

2.3.4 Photocatalytic Hydrogen Generation 

 

All photocatalysis experiments were conducted under a nitrogen atmosphere and in 

triplicate. All solvents were dried and degassed prior to use, unless otherwise stated. 

Triethanolamine was used as purchased and mixed with an appropriate amount of the 

required dried solvent (for ease of handling due to the viscosity), the amount of solvent 

used was accounted for, to keep the final amount as described. This mixture was then 

subjected to Schlenk conditions. Deionised water was used throughout.  

A stock solution was made up with the photocatalyst in the required solvent:water 

ratio at a specified concentration. In the case of intermolecular studies, the same was 
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conducted, with the appropriate amount of catalyst added to the stock. This mixture 

was degassed and flushed with nitrogen, again, before the required amount was 

transferred to the corresponding, nitrogen filled vial. In a separate Schlenk tube, the 

sacrificial agent was prepared and then added to the vial. Vials were prepared in a 

separate Schlenk chamber and had been subjected to Schlenk conditions and 

maintained in a nitrogen atmosphere. The vials used were gas tight and had a septum 

on the cap to allow for a gas tight needle and syringe to withdraw 1 ml of headspace 

and inject onto the GC. Once prepared vials were sealed and stored in the dark until 

triplicate samples were ready for photolysis. The samples were exposed to a 470 nm 

(blue) LED array for a stated amount of time. Samples were placed in the dark after 

irradiation and injected on to a Shimadzu Gas Chromatograph with a BID detector. 

Standards were used to calibrate the peak area of the measured samples, to enable 

calculation of the number of moles of hydrogen generated after the experiment. The 

standards used were a mix of gases at 0.01% (100 ppm), 0.1% (1000 ppm), 1% (10000 

ppm) and 5% (50000 ppm). 

 

2.3.5 Synthesis 

 

2,2’:5’,2”-terpyridine,[15] [Ru(dpph)3](PF6)2, cis-[Pt(DMSO)2Cl2]
[32] and cis-

[Pt(DMSO)2I2],
[33] were prepared using literature methods, cis-[Ru(dpph)2Cl2].2H2O, 

[Ru(dpph)2(2,5-bpp)](PF6)2,
[15] and [Ru(dpph)2(2,5-bpp)PtIH2O](PF6)2 were prepared 

using modified literature methods.[33]  

cis-[Ru(dpph)2Cl2]·2H2O. 690 mg (2.84 mmol) of RuC13·H2O, 2 g (6 mmol) of dpph 

and 2 g LiCl in 50 mL DMF were heated at reflux temperature for 8 h. Subsequently, 

the solution was allowed to cool to room temperature. Upon the addition of 100 mL 

of acetone, the reaction mixture was stored at – 4 °C overnight. The product was 

collected by filtration and washed with ice water and 50 ml Et2O, yielding a dark 

purple solid. Yield: 1.6 g (1.4 mmol, 64 %). 1H NMR (400 MHz, (CD3)2SO): 10.44 

(2H, d), 8.27 (2H, d), 8.23 (2H, d), 8.1 (2H, d), 8.05 (2H, d), 7.86 (4H, d), 7.74 (4H, 

t), 7.72 (2H, d), 7.56 (10H, m) 7.41 (2H, d).  

[Ru(dpph)2(2,5-bpp)](PF6)2. A solution of EtOH: H2O (15 ml, 3:1) and 2,2’:5’2” -

terpyridine (30 mg, 0.14 mmol) was heated until the ligand was fully dissolved. cis-

[Ru(dpph)2Cl2]·2H2O (80 mg, 0.095 mmol) dissolved in 5 mL EtOH was slowly added 
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to the hot mixture. The reaction was heated at reflux temperature for a further 6 h. The 

reaction mixture was then allowed to cool to room temperature. Following this, the 

EtOH was removed in vacuo. The remaining H2O solution was filtered, and the 

product was precipitated by the addition of aqueous NH4PF6 to the mother liquor. The 

precipitate was collected by filtration and washed with H2O and Et2O and recrystalised 

from acetone and Et2O, affording a red solid. Yield: 68 mg (0.05 mmol, 55 %). 1H 

NMR (400 MHz, (CD3)2SO): 9.00 (2H, t), 8.82 (1H, dd), 8.47 (1H, d), 8.44 – 8.32 

(5H, m), 8.30 – 8.21 (5H, m), 7.99 – 7.93 (3H, m), 7.92 – 7.87 (3H, m), 7.85 (1H, d), 

7.81 (1H, d), 7.72 – 7.60 (20H, m), 7.56 (1H, td), 7.38 (1H, qd). Elem anal. calculated 

for C43H43F12N7P2Ru: C, 58.7; H, 3.4; N, 7.6. Found: C, 58.42; H, 3.43; N, 7.36.  

[Ru(dpph)2(2,5-bpp)PtIH2O](PF6)2.  [Ru(dpph)2(2,5-bpp)](PF6)2 (82 mg, 0.064 mmol)  

and cis-[Pt(DMSO)2I2] (49.9 mg, 0.082 mmol) were dissolved in 20 mL EtOH: 

acetone mixture (1:1) and heated at reflux temperature for 7 days. The product formed 

as a precipitate and was collected by filtration and washed with cold H2O. Yield: 47 

mg (0.028 mmol, 45 %)  As proton NMR is not always useful in the characterisation 

of these assemblies, due to the large number of aromatic protons, and isomers 

produced,[34] ESI high resolution mass spectrometry was used to characterise this 

compound, [Ru(dpph)2(2,5-bpp)PtIH2O](PF6)2, found m/z = 1338.1249. 
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2.4 Results and Discussion 

2.4.1 Intermolecular studies of [Ru(dpph)3](PF6) 

 

A range of conditions were studied for hydrogen generation using the intermolecular 

approach, and with an overall summary of the results in Table 2.2, below, using 

[Ru(dpph)3](PF6)2 as the photosensitiser. When TEOA was used as a sacrificial agent, 

zero to low TONs for hydrogen generation was observed for all catalysts tested (Exp. 

1). Upon changing the sacrificial agent to TEA, TON increased to the 100s for most 

of the catalysts studied (Exp. 2), except Exp. 2G, where no hydrogen was detected. 

Nonetheless, a significant increase in TONs was observed for the other systems tested, 

on exchanging the sacrificial agent from TEOA to TEA. Such a variation in results 

upon swapping one sacrificial agent for another is an immediate indicator of the 

shortcomings of screening systems under one set of parameters. Changing the SA 

changes the pH of the solvent mix, the solubility of the photocatalyst in this mix. These 

are just examples that can affect the electron transitions between the SA and the 

photocatalyst. Different solvents were investigated but solubility issues occurred for 

most of the solvent choices and accurate TONs could not be determined (Exp. 3). 

Altering the percentage of water present (Exp. 4) had a direct correlation with TONs, 

up until a certain percentage, beyond which solubility issues arose. Also, a larger vial 

size was tested, with a water percentage of 20% (Exp. 3DL). This experiment was to 

establish if an increased headspace allowed for higher turnover numbers as there 

would be less pressure building up within the vial during irradiation, and therefore less 

likely that the gas will be forced into the solvent or escape. This was not the case as 

lower TONs were observed for the larger vial. It is possible that the light source did 

not irradiate the entire solution, which may have resulted in lower TONs. Changing 

the ratio of photosensitiser to catalyst (Exp. 5) showed no improvement on the 1:1 

system. In addition to the samples that were irradiated under all the different 

experimental conditions, samples were also placed in the dark, and no hydrogen was 

detected in any of these samples. 
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Table 2.2: Table of experimental parameters and resulting TONs achieved, using 

[Ru(dpph)3](PF6)2 as the photosensitiser 

Exp.  Catalyst 

No. of 

Moles of 

CAT  

Ratio of 

PS:CAT 
S.A. Sol. 

H2O 

% 

Vial 

Size 
TON 

S.A. TEOA        

1C Pt(DMSO)2Cl2 1.4E-07 1:1 TEOA CH3CN 10 5 2 

1D K2[PtCl4] 1.2E-07 1:1 TEOA CH3CN 10 5 1 

1E C26H24Cl2CoP2 9.7E-08 1:1 TEOA CH3CN 10 5 <1 

1F C26H24CoI2P2 1.1E-07 1:1 TEOA CH3CN 10 5 <1 

1G Pt(DMSO)2I2 1.0E-07 1:1 TEOA CH3CN 10 5 9 

S.A. TEA        

2A Pt(DMSO)2I2 9.2E-08 1:1 TEA CH3CN 10 5 203 

2B K2[PtCl4] 8.2E-08 1:1 TEA CH3CN 10 5 286 

2C Pt(DMSO)2Cl2 7.9E-08 1:1 TEA CH3CN 10 5 161 

2D Pt(bpy)Cl2 insoluble 1:1 TEA CH3CN 10 5 - 

Sol. Solvent        

3A Pt(DMSO)2I2 1.1E-07 1:1 TEA THF 10 5 <1 

3B Pt(DMSO)2I2 insoluble 1:1 TEA EtOH 10 5 - 

3C Pt(DMSO)2I2 insoluble 1:1 TEA MeOH 10 5 - 

H2O %H2O        

4A Pt(DMSO)2I2 1.1E-07 1:1 TEA CH3CN 20 5 271 

4B Pt(DMSO)2I2 6.3E-08 1:1 TEA CH3CN 1 5 92 

4C Pt(DMSO)2I2 7.1E-08 1:1 TEA CH3CN 35 5 340 

4D K2[PtCl4] 4.7E-08 1:1 TEA CH3CN 20 5 575 

4F K2[PtCl4] 3.4E-08 1:1 TEA CH3CN 35 5 134 

4G K2[PtCl4] insoluble 1:1 TEA CH3CN 50 5 - 

4DL K2[PtCl4] 1.5E-07 1:1 TEA CH3CN 20 20 455 

Ratio PS:CAT        

5A Pt(DMSO)2I2 2.4E-07 3:1 TEA CH3CN 20 5 323 

5B Pt(DMSO)2I2 8.2E-08 1:3 TEA CH3CN 20 5 112 

5C K2[PtCl4] 4.9E-08 3:1 TEA CH3CN 20 5 467 

5D K2[PtCl4] 1.7E-08 1:3 TEA CH3CN 20 5 116 

 

Although these results appear to be promising with TONs > 500, nearly all systems 

showed signs of Pt-colloid formation (possibly due to photolysis). When colloids are 

formed, these are the active catalyst and then calculating TON based on the precursor 

catalyst is incorrect, and it is difficult to obtain consistent colloid formation. Therefore, 

when assessing systems for hydrogen when Pt is used as the catalytic centre, colloid 
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formation is a possibility in photocatalytic mixtures using either inter- or intra-

molecular approaches. 

 

2.4.2 Moving from inter- to intra-molecular assemblies for hydrogen 

generation 

 

Novel mono- and di-nuclear complexes were successfully synthesised, characterised 

and investigated for their hydrogen production abilities. Using the precursor cis-

[Ru(dpph)2Cl2].2H2O, a terpyridine BL was attached, resulting in the novel monomer 

[Ru(dpph)2(2,5-bpp)](PF6)2 (Rudpph). This enabled the addition of a Pt catalytic centre 

by cyclometallation at the end of the BL to make the dinuclear species [Ru(dpph)2(2,5-

bpp)PtIH2O](PF6)2 (RuPtdpph). 

 

2.4.2.1 UV-Vis Spectroscopy 

 

 
Figure 2.7:(a) Spectra of the absorbance (solid line) and emission (dashed line) (a) 

and (b) the corresponding photoluminescence for Rudpph (black) and RuPtdpph (red) in 

anhydrous degassed acetonitrile 

 

The electronic absorbance spectra of the both mono and dinuclear species, given in 

Figure 2.7 (a), display strong absorption bands from 250-350 nm which is indicative 

of  the dpph ligand-centred transitions (π-π*).[30] Based on earlier work, the shoulder, 

at ~315 nm  is assigned to the ligand-centred π-π* transitions of the bridging ligand, 

2,5-bpp.[18] The broad 1MLCT band, present at ~380-550 nm, undergoes a slight 

bathochromic shift (maxima at 463 nm vs. 471 nm), on the addition of the Pt 

moiety.[35] This indicates that cyclometallation with Pt slightly modifies the electronic 

levels of the ground states. This is also reflected in the difference between the 
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photoluminescence properties of the decay of the lowest 3MLCT states, of the two 

complexes (mono- and di-nuclear), to their ground state. This is discussed below. The 

electronic absorption spectra obtained are typical for Ru(II) polypyridyl complexes 

and resemble many of the spectra reported for similar complexes discussed in this 

chapter. 

 

2.4.2.2 Photoluminescence Spectroscopy 

 

When comparing the photoluminescence spectra of the two complexes, (Figure 2.7), 

it is apparent there are changes in the excited state upon the addition of the Pt centre. 

A red shift of ~20 nm is observed in the emission spectra, on comparing  Rudpph to 

RuPtdpph which indicates  a reduced gap between the excited and ground states. It is 

also apparent that the Pt centre has a quenching effect on the emission for the dinuclear 

complex. The photoluminescence lifetime (time taken for the emission of the species 

to decay) is also reduced, from 1375±20 ns for Rudpph to 795±8 ns for RuPtdpph. This 

quenching effect has been reported for other similar complexes, such as, Rudceb vs 

RuPtdceb, as seen in Table 2.3, below.[33] Also, Brewer et al. reported a reduction in 

lifetimes (110 ns to 77 ns) upon the addition of a Pt moiety to their trinuclear 

complexes to form tetranuclear species involving Ru3Pt and dpph peripheral 

ligands.[30,35] These are photophysical traits for dinuclear complexes and are proof of 

cyclometallation of the complex with the Pt moiety.  

 

Table 2.3: Comparison of lifetimes between mono- and di-nuclear complexes in 

degassed acetonitrile 

Complex Lifetime (ns) 

Rudceb 1040 

RuPtdceb 624 

Rudpph 1375 

RuPtdpph 795 
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2.4.2.3 Time-Resolved Studies 

2.4.2.3.1 Transient Absorption Spectroscopy (TA) 

 

Both the sub-ps and ns timescales were investigated to gain an insight into the 

photophysical properties of both the monomer and dinuclear assembly  following 

photoexcitation. The fs-TA studies were performed by collaborators in Twente on both 

Rudpph and RuPtdpph using a range of excitation wavelengths, including 490 nm, 515 

nm and 525 nm. The ns-TA were performed in DCU on the two complexes at 355 nm.  

 

2.4.2.3.1.1 Femtosecond to Picosecond Timescale (fs-ps) 

 

 
Figure 2.8: fs-TA spectra at various time delays for mononuclear [Ru(dpph)2(2,5-

bpp)] in anhydrous acetonitrile following excitation at (a) 490 nm and (b) 515 nm. 

The grey area represents the scaled and inverted steady-state absorbance spectrum. 

Kinetic traces at key probe wavelengths are shown in (c) following excitation at 490 

nm and (d) following excitation at 515 nm. The solid lines present a global analysis 

fit line based on a one-component sequential model.[31] Experiments were performed 

in Twente. 
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Displayed in Figure 2.8 are the fs-TA spectra and kinetic traces, conducted by our 

collaborators, of the mononuclear species Rudpph, measured using an excitation 

wavelength (𝜆exc) of 490 nm in Figure 2.8(a). The spectra are assigned to the triplet 

excited state as intersystem crossing occurs within the response of the instrument, 

<100 fs.[36,37] A scaled, inverted steady-state absorbance spectrum (grey area) is in the 

background of the negative region of Figure 2.8(a). The overlapping signal between 

430 nm and 500 nm, in the foreground, is assigned to GSB. In the positive region, 

three ESA signals can be distinguished. The broad ESA band  at greater than 500 nm 

is likely due to ligand-to-metal charge transfer transitions,[18,38] possibly with  

contributions from both the reduced 2,5-bpp[18] and dpph[39] ligands. A second broad 

ESA band centered at ~420 nm and partially overlapping with the GSB is likely due 

to ligand-centered transitions of the reduced 2,5-bpp ligand, as seen previously with 

Rudceb, as seen in Figure 2.3.[14] A third ESA band around ~355 nm is only partially 

resolved, and possibly due to ligand-centered transitions of the reduced dpph 

ligands.[40] These ESA signals indicate that after ISC both 3MLCT states localised on 

the peripheral ligands and on the bridging ligand are populated. 

Displayed in Figure 2.8(b) are the TA spectra generated following excitation of the 

mononuclear species at 515 nm. Altering the excitation wavelength can change the 

location of the Franck-Codon state and therefore, the population ratio of the 

subsequent triplet state (3MLCTdpph and 3MLCT2,5-bpp). This has been previously 

discussed in the above text in relation to similar Ru complexes.[18] The resulting 

spectra generated following excitation at 515 nm are quite similar to those recorded 

when the sampled was excited at 490 nm. A notable difference is the shape of the ESA 

at >500 nm. It is possible experiments at longer wavelengths would lead to more 

obvious spectrotemporal features, however these experiments were not performed due 

to the low absorbance of the sample.  

The kinetic traces given in Figure 2.8(c and d) depict the TA signals at specific 

wavelengths corresponding to the ESA and GSB bands evolution over time. The 

kinetics recorded at 460 nm relates to that of the GSB signal. The GSB appears within 

the instrumental response time of ca. 100 fs and then remains constant, showing that 

excited state decay is insignificant in the sub-ns experimental time window, in 

agreement with the long photoluminescence lifetime observed. The discreet broad 

band ~420 nm, assigned to the bridging ligand, 2,5-bpp, 3MLCT state, increases on an 
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early timescale. The low number of probe photons generated by the CaF2 crystal 

further in the UV (around 350-360 nm) does not allow to observe a potential 

simultaneous decrease of the ESA signal associated to 3MLCTdpph states. A global fit 

based on a one-component sequential model[31] yields time constants of 6.5±0.2 ps for 

𝜆exc = 490 nm and 5.6±0.2 ps for 𝜆exc = 515 nm. This model combines inter-ligand 

internal conversion (ILIC) and vibrational cooling (VC) as 3MLCTdpph → 3MLCTtpy 

ILIC.  

 

 
Figure 2.9: fs-TA spectra at various time delays for dinuclear [Ru(dpph)2(2,5-

bpp)PtIS] (S = solvent) in anhydrous acetonitrile following excitation at (a) 490 nm 

and (b) 525 nm. The grey area represents the scaled and inverted steady-state 

absorbance spectrum. Kinetic traces at key probe wavelengths are shown in (c) 

following excitation at 490 nm and (d) following excitation at 525 nm. The solid lines 

present a global fit based on a one-component sequential model.[31] Recorded in 

Twente. 

 

Displayed in Figure 2.9 are the corresponding data collected for RuPtdpph when 

excited at 490 nm (a and c) and 525 nm (b and d). The minimal differences between 

the spectra collected for the mono- and di-nuclear species highlight that the features 
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present for the dinuclear complex are related to Ru-based transitions. Assignment of 

the spectral features remain the same, with their shape and positioning shifting slightly 

upon the addition of the Pt centre. The first ESA, possibly due to the ligand-centred 

transitions of reduced peripheral ligands, is redshifted to 360 nm and remains, at lower 

intensity, after internal conversion (IC quantum yield less than unity). The broad band 

at ~420 nm, assigned to the ligand-centred transitions of the reduced bridge, it seems 

slightly redshifted/broadened and less intense. This feature does not follow the same 

evolutionary pathway as the mononuclear, as there isn’t as many obvious changes 

visible. This is possibly due to the delocalisation of electron density over the bridging 

ligand and the Pt centre attached. The broadening of this band leads to further 

overlapping with the GSB and explains the ~5 ps component observed in the kinetic 

traces at 460 nm. The broad band, found at wavelengths greater than 500 nm, was 

assigned to the transitions of the 2,5-bpp-Pt-I, delocalised T3 state, as seen for RuPtbpy, 

discussed above.[19] Time constants were gained using global analysis with the one 

component sequential model, acquiring the following; 4.9±0.2 ps for 𝜆exc = 490 nm, 

5.6±0.3 ps for 𝜆exc = 515 nm and 12.3±0.8 ps for 𝜆exc = 525 nm. This data likely 

represents the inter-ligand internal conversion from the dpph ligands to the 2,5-bpp 

bridge and/or Pt centre. The time constants increase with increasing excitation 

wavelength. This is indicative of the energy levels of the ligands increasing creating a 

larger energy barrier, this is further explained below.   

 

  
Figure 2.10: fs-TA spectra at various time delays for RuPtdpph in anhydrous 

acetonitrile following excitation at (a) 515 nm. The grey area represents the scaled 

and inverted steady-state absorbance spectrum. Kinetic traces at key probe 

wavelengths are shown in (b). The solid lines present a global fit based on a one-

component sequential model. Recorded in Twente 
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Data recorded following photoexcitation at 515 nm, depicted in Figure 2.10, illustrate 

similar population patterns as seen following excitation at 490 nm (Figure 2.9(a)). It 

is only when moving to an excitation wavelength that is slightly further redshifted (λexc 

= 525 nm) that the electron population distribution is altered and favours population 

of the T3 state from the peripheral dpph 3MLCT state.   

 

 
Figure 2.11: Evolution associated spectra (EAS) for Rudpph (a) and RuPtdpph (b) for 

excitation at various wavelengths. EAS1 is representative of the TA spectra prior to 

inter-ligand internal conversion and EAS2 describes the TA spectra afterwards 

(provided in the main text, dependant on excitation wavelength). A few EAS spectra 

have been scaled by the factor indicated in the legend to achieve similar GSB 

intensities. 

 

The above evolution associated spectra (EAS), for mono- (a) and dinuclear (b) 

complexes, are a means of describing the role of the photoexcitation energy for the 

species. EAS1 illustrates the TA spectra before internal conversion and EAS2 

describes afterwards. Minor changes are seen when a different excitation wavelength 
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is applied to Rudpph, therefore, indicating there is only a minor role played by the 

excitation wavelength. In Figure 2.11(a), the ESA features at <440 nm are not as 

distinct at higher wavelengths (lower energy), and the ESA broad signal at >500 nm 

has a change of shape. Consequently, the excited states in Rudpph are likely not 

equilibrated, whereas, in similar Ru(II) complexes a Boltzmann distributed population 

of 3MLCT states is detected in ~100 ps and does not follow a wavelength 

dependency.[39] In Figure 2.11(b), the differences are the spectra are more evident, 

which may indicate wavelength dependency, therefore, unequilibrated excited states 

are reflected in the EAS of RuPtdpph. When the spectra are compared, the ESA signal 

at <440 nm appear lower intensity, whereas in the region >500 nm the intensity of the 

transient signals recorded increased upon lowering the excitation energy (increased 

λexc) applied. This effect is unlikely due to an increase in population of 3MLCT2,5-bpp 

states with 𝜆exc, as an increase in signal around 420 nm is absent. An increase of 

amplitude at ~530 nm possibly reflects an increase in population of the delocalised T3 

state of the bridging ligand and catalytic moiety, 2,5-bpp-Pt-I.[19] This would also 

explain the excitation energy dependence observed for the RuPtdpph complex, 

although this does not account for all of the data collected. The T3 for RuPtdpph is 

populated within 100 fs, whereas the T3 state for RuPtbpy quenches the 3MLCT within 

~1 ps. Also, the ~100 ps process found for RuPtbpy, attributed to the electron density 

centred over the bridge-catalytic moiety, is not observed for RuPtdpph.  

 

 
Figure 2.12: Processes in RuPtdpph following ultrafast intersystem crossing into the 

triplet manifold. For simplicity the singlet potential energy surfaces and the ground 

state are not shown. The time values for internal conversion are determined by a 

competition between inter-ligand electron transfer (ILET) and vibrational relaxation, 

and are hence photoexcitation energy dependent 
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Figure 2.12 depicts a photophysical model for RuPtdpph. As previously noted, ultrafast 

ISC from the Franck-Codon state to populate the triplet MLCT states of both the 

bridge (2,5-bpp) and terminal (dpph) ligands occurs within 100 fs. In the case of 

RuPtdpph it also leads to the population of a third triplet state, denoted T3. From the 

recorded time constants, it was deduced that increasing the excitation wavelength is 

likely to increase the electron density of the T3 state (expected to be lower in energy) 

and lower population of the 3MLCTdpph (higher in energy in comparison to T3), and 

this is portrayed in the above figure. As the electron follows the easiest downhill 

pathway, the energy levels of the triplet states determine the direction of the electron 

transfer. The lower population of 3MLCT state is most likely due to the increased 

energy barrier, as excitation energy is lowered. In addition to this, the competing 

process, VR, which is known to occur over 5-15 ps,[18,38] contributes to the energy 

barrier over time. This is described as non-equilibrated population of excited states 

and although it does not fit the mono-exponential photoluminescence decay observed 

for the RuPtdpph species, it can be explained by either a dominant emissive state or the 

states bearing comparable lifetimes.   
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2.4.2.3.2 Nanosecond to Microsecond Timescale (ns-μs) 

 

 
Figure 2.13: Electronic absorbance spectra (top) and emission spectra (bottom), 

following excitation at 355 nm.  The same optical density was used for excitation of 

both the mono- and dinuclear species, which were before and after laser flash 

photolysis studies in acetonitrile after 3 cycles of freeze-pump-thaw 

 

The above spectra show (Figure 2.13) the absorbance (top) and the emission (bottom) 

of the Ru and RuPt dpph complexes before and after laser flash photolysis experiments 

following excitation at 355 nm (samples were adjusted so that the optical density was 

~0.27 at the excitation wavelength for both samples). The absorbance and emission 

spectra after the experiments are the same as those recorded prior to pulsed photolysis 

indicating that the samples do not decompose. The integration of the emission spectra 

(between 500 nm to 780 nm) emphasise the area of the emission achieved for the 

dinuclear complex (integral = 5812). This is <20% of what is achieved for the 

mononuclear species (integral = 33910). The integral, therefore, provides a value of 



Intermolecular to Intramolecular Photocatalytic Systems                          Chapter 2 

80 

 

~80% for the quenching effect caused by the addition of the Pt catalytic centre on 

RuPtdpph. 

 

 

  
Figure 2.14: ns-TA spectra of mono- Rudpph (top) and the di-nuclear complex RuPtdpph 

(bottom) at certain timepoints following excitation at 355 nm in FPT prepared by 

freeze-pump-thaw under nitrogen in acetonitrile, OD at λexc= 0.27.  

 

The above spectra (Figure 2.14) represent the ns-TA for the triplet excited states for 

the two complexes when excited at 355 nm. The spectral features observed for Rudpph 

(top) and RuPtdpph (bottom), both ESA (<430 nm and >500 nm) and GSB (430 nm – 

500 nm), reflect that of what was recorded for these complexes on fs-TA, in Twente. 

The signals have therefore been assigned to the same species. The broad band at >500 

nm, seen in each of the above spectra, is assigned to a 3MLCT with contributions from 
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both the peripheral and the bridging ligand. The signal ~420 nm, previously noted in 

the fs-TA, is masked in the ns-TA spectra. The absence of ~420 nm peak in the spectra 

pertaining to RuPtdpph is explained by the weak signal intensity of the data recorded 

leading to quite noisy spectra. Note the difference in scale of the y-axis between the 

two graphs, the UV recorded for the complexes (Figure 2.13) provides confirmation 

that the absorbance at the λexc is equivalent in mono- and di-nuclear at ~0.27 A.U. The 

decay of the ESA and recovery of the parent in the GSB are clearly visible in these 

time-resolved spectra. For the mononuclear  Rudpph complex the ESA at <430 nm, and 

the GSB appear to recover concurrently. Time constants for all the spectral features 

present, in both mono and di-nuclear complexes, are found to follow a mono-

exponential decay (or recovery in the case of the GSBs). The ESA at ~352 nm 

following excitation of the Rudpph, decays according to the photoluminescence 

lifetime (~1375 ns) within error, with τ = 1465 ns. The GSB at ~472 nm recovers over 

1307 ns while the broad band, at ~562 nm, decays over 1348 ns. The same can be said 

for the RuPtdpph complex, with a shorter lifetimes observed, compared to the 

mononuclear species, as expected due to the presence of the Pt-centre. This was 

consistent with the lifetime of the photoluminescence (~795 ns).  
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2.4.2.4 Time-Resolved Photoluminescence Spectroscopy 

 
 

 
Figure 2.15: ns-time resolved emission spectra of mono- Rudpph (top) and di-nuclear 

species RuPtdpph (bottom) at certain timepoints following excitation at 355 nm in FPT 

prepared by freeze-pump-thaw under nitrogen in acetonitrile, OD at λexc= 0.27. 

 

In conjunction with the ns-TA experiments (Figure 2.14) the time resolved 

photoluminescence spectra, in Figure 2.15, were recorded and the lifetimes (Figure 

2.7) for Rudpph and RuPtdpph. While the lifetimes were briefly introduced when 

discussing the pico-second TA results, the time resolved photoluminescence were not 

discussed.  The spectra displayed in Figure 2.15, are typical of those of ruthenium 

complexes. The emission maximum for the mononuclear and dinuclear complex occur 

at 627 and 646 nm, respectively, which is in agreement with the emission spectra in 
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Figure 2.7.  The time constants recorded for both complexes, were; Rudpph: λmax = 625 

nm, τ = 1375 ns, RuPtdpph: λmax = 645 nm, τ = 795 ns, which is in agreement with the 

TA results discussed above. 

 

2.4.3 Photocatalytic Hydrogen Generation Experiments 

 

 
Figure 2.16: Photocatalysis results following irradiation with a 470 nm LED light 

source for multiple time points of both Rudpph (blue line) and RuPtdpph (orange line) 

in 60% acetonitrile, 10% water and 30% TEA (concentration of Rudpph/(Pt(DMSO)2I2) 

or RuPtdpph ~1.7x10-5 M). TON vs time (h) (top) and turnover frequency (TOF) 

(bottom). TON is calculated by the number of moles of hydrogen generated divided by 

the number of moles of catalyst present. TOF is the TON per hour. 

 

The photocatalysis experiments was conducted using the DCU group’s standard 

method, to enable direct comparison of the complex following inter- and intra-
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molecular approaches, with Rudpph vs RuPtdpph and also vs other photocatalysts 

discussed in this chapter. Samples were irradiated using a 470 nm LED light source 

for 6 hours, yielding modest TONs of 26 for Rudpph, with Pt(DMSO)2I2 as the catalyst, 

and a TON of 54 for RuPtdpph. No hydrogen was detected with control samples which 

were left in the dark. The TOF of RuPtdpph complex surpasses the capabilities of 

Rudpph, however they still remain modest values. In the TOF graph (right), there is a 

clear lag phase in the initial generation of hydrogen with the intermolecular approach, 

which has previously been observed for other intermolecular experiments. This lag 

phase was not evident for the RuPtdpph complex, as it overcomes this by removing 

diffusion limitations and therefore is a more efficient photocatalyst. The stability of 

RuPtdpph is however limited to ~1.5 h, which may be due to the presence of the 

sacrificial agent. As a result, the overall H2 TON value plateaus after ~2 hrs.  
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2.5 Conclusion 

 

Ru- and Pt-based complexes were employed in this chapter as they have been 

successfully used for the photogeneration of hydrogen from water. This enabled 

comparison of the photocatalytic activity of the complexes synthesised in the 

conditions applied to other similar working systems. Thus, growing the library of 

knowledge surrounding photocatalytic hydrogen evolution systems. Time-resolved 

studies are an extremely useful experimental tool to explore the inner workings of 

photocatalytic systems. The information gained from both early-time and later-time 

enables essential guidelines to be drafted.  

In summary, a Ru tris-dpph-photosensitiser together with a catalytic unit has been 

examined to assess hydrogen evolution by varying the parameters of the 

intermolecular approach such as, solvent, catalyst, sacrificial agent, water percentage, 

ratio of PS to catalyst and varying headspace volume. A wide range of TONs for 

hydrogen evolution were achieved in this set of experiments, adding evidence to how 

the environment of the PS (and the catalysts) is as important as the properties of the 

PS and should also be taken into consideration.  

Novel mono- and di-nuclear complexes were successfully synthesised, characterised 

and investigated for their hydrogen generation abilities. Along with this, the 

complexes were examined by ultrafast transient absorption spectroscopy, ranging 

from the fs to μs timescale. These studies concluded that the behaviours of these 

complexes reflect that of other similar systems such as Ru/RuPtbpy. The longer 3MLCT 

lifetimes achieved, did not yield higher TONs for hydrogen generation, which may be 

due to the stability of the photocatalyst.  

The studies conducted in this chapter highlight the environmental and structural 

influence on the photocatalytic activity of a system. Although, it may be logical to 

synthetically optimise a photocatalyst to an environment that is simple to upscale, such 

as, a photocatalyst immobilised on the surface of an electrode in aqueous conditions. 

First, the processes and pathways of electrons within working photocatalysts need to 

be understood in detail. Therefore, a greater understanding is gained when comparing 

the electron dynamics within complexes when in solution vs. bound to an electrode. 

This type of investigation, such as, that carried out in this chapter, is integral to 
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progression of photocatalytic hydrogen generation technology towards global 

implementation as an alternative fuel source.     
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Chapter 3 

3 Homogenous to Heterogenous Photo-driven Systems 

                                                           
 

Chapter 3 compares a working hydrogen 

evolution photocatalyst, [Ru(dceb)2(2,5-

bpp)PtI(CH3CN)](PF6)2 (RuPt2,5-bpp), to a novel 

photocatalyst utilising a triazole bridging 

ligand (3,5-bis(2-pyridyl)-1,2,4-triazole = bpt) 

and a PdCl catalytic centre (RuPdbpt). Both 

complexes were synthesised, characterised, and 

photocatalytic hydrogen evolution experiments 

were performed. Early-time photodynamics, in 

solution and on the surface of NiO films, were 

studied and compared to similar systems, using 

time-resolved IR and transient absorption 

techniques. These studies were conducted using 

the ULTRA facility at the Rutherford Appleton 

Laboratories (RAL) in the U.K. in collaboration 

with Elizabeth Gibson’s Research Group, from 

Newcastle University, U.K. The Gibson group 

further investigated the complexes by 

photoelectro-characterisation techniques and 

their capability as p-type dye sensitised solar 

cells (p-DSSCs). 

 

 

Photoelectrocatalytic H2 evolution from integrated photocatalysts adsorbed on NiO 

N. Põldme,* L. O’Reilly,* I. Fletcher, J. Portoles, I. V. Sazanovich, M. Towrie, C. 

Long, J. G. Vos, M. T. Pryce, E. A. Gibson 

Chemical Science 2019 10 (1), 99-112 

*contributed equally to this paper and our joint first author. 
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3.1 Aim 

 
An overall aim, of this chapter, was to develop ruthenium-platinum/palladium p-type 

dye sensitised photocathodes. The focal aim, following years of research in this area 

conducted using ruthenium-platinum/palladium photocatalysts in solution, was to 

immobilise the complexes on the surface of a p-type semiconductor, such as, NiO, 

thus enabling a photoelectrocatalytic approach towards hydrogen generation. A novel 

supramolecular photocatalyst, was synthesised, and compared with a known 

photocatalyst which yielded high TON for hydrogen in solution. The early-time 

photodynamics pathways for both complexes were probed both in solution and also 

on the surface of NiO films. The utilisation of established time resolved techniques 

including  time-resolved IR (TRIR) where we monitored the carbonyl-ester groups, of 

the sensitised NiO films, together with transient absorption spectroscopy allowed us 

to probe the electron pathways in these systems, with view to progress to novel non-

noble metal containing complexes capable of photo-driven hydrogen evolution. 
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3.2  Introduction  

3.2.1 The Complexes RuPt2,5-bpp and RuPdbpt 

Chapter 1 provided a literature review into p-type dye-sensitised solar cells (p-

DSSCs). The parameters and complications involved with heterogenous systems (as 

opposed to homogeneous) were highlighted in chapter 1 of this thesis. Chapter 2 

summarised the literature relevant to the electron pathways taken within Ru-Pt/Pd 

assemblies monitored by transient absorption studies in solution. In this chapter, the 

focus is on the early-time photodynamics of the photocatalysts once immobilised on 

to the surface of a NiO film. The mononuclear (intermolecular PS) and dinuclear 

(intramolecular photocatalyst) of each species are investigated in solution and on the 

surface of NiO films for comparison. The work in this chapter has led to a publication, 

involving two of the focal complexes of this chapter. The systems discussed in the 

paper are the first published dye sensitised photocathodes employing Ru-Pt/Pd 

intramolecular photocatalysts with peripheral ester groups anchoring the complexes to 

NiO semiconductors.  

One of the complexes studied in this chapter has already been discussed in the two 

previous chapters, [Ru(dceb)2(2,5-bpp)PtI(CH3CN)](PF6)2. In Chapter 1, this 

photocatalyst is denoted as 3d and it is introduced as the RuPt complex that achieves 

the high TON of hydrogen, generated under homogeneous conditions (TON of 650 

after 6h) at DCU.[1] In Chapter 2 the complex is referred to as RuPtdceb. Chapter 2 

discusses previous time-resolved studies using RuPtdceb, conducted by the DCU group 

and with collaborators from Twente.[2] These studies are used, in Chapter 2, as a 

reference point for comparison to that recorded for RuPtdpph.
[3] These studies were used 

to understand the electron transfer pathways that led to the high TON observed for 

hydrogen generation. In this chapter RuPtdceb is known as RuPt2,5-bpp to distinguish it 

from the other photocatalysts investigated within this chapter, as all these complexes 

utilise the dceb ligand, allowing for the immobilisation onto the NiO surface.  
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Figure 3.1: Structure of [Ru(dceb)2(bpt)PdCl(H2O)]2+ where bpt = 3,5-bis(2-pyridyl)-

1,2,4-triazole. The complex is denoted as RuPdbpt throughout the text. The negative 

charge on the pyridine ring indicates the complex is deprotonated. The counter ion is 

(PF6)2. R = CO2Et. 

 
The other principal complex, featured in the publication, is the novel Ru-triazole-Pd 

photocatalyst ([Ru(dceb)2(bpt)PdCl(H2O)](PF6)2, where bpt = 3,5-bis(2-pyridyl)-

1,2,4-triazole), denoted RuPdbpt, and depicted in   

Figure 3.1. Ruthenium-triazole systems have been widely investigated by many, 

including extensive work by Vos and co-workers, due to their interesting 

spectroscopic, photophysical and electrochemical properties and pH chemistry.[4–11] 

Triazole ligands are typically strong σ-donors that create larger ligand field splitting 

avoiding population of the 3MC. Triazole type ligands are also weak π-acceptors 

causing a blue shift in absorbance compared to that of the Ru(bpy)3 parent complex. 

The blue shift usually observed in the absorbance spectra for triazole complexes can 

be counteracted by either substitution on the triazole with strong π-acceptor type 

substituents, such as, pyrazine-type units or in mixed ligand systems, e.g. 

[Ru(bpy)2(triazole-type ligand)]n+. Although, the Hbpt ligand employed in Rubpt and 

RuPdbpt furnishes the triazole with pyridine, a weak π-acceptor, the implementation of 

the carboxy-esters make the dceb ligand a better π-acceptors with lower π* energy 

than bpy, which is manifested in a red shift in absorbance.[12]  
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There are two possible coordination sites for the Hbpt ligand. In Figure 3.1, the 

Ru(dceb)2 unit is coordinated to the nitrogen on the pyridyl and the N1 of the triazole 

ring, whereas, the Pd-moiety is coordinated to the nitrogen on the second pyridyl ring 

and the N4 of the triazole ring. The coordination site also plays a role on the properties 

of the system, with the N1 coordination found to be a stronger σ-donor than the N4 site, 

attributing to a red shift in the UV-vis absorbance spectrum. In general, when 

synthesising mononuclear Ru-triazole species, coordination of the Ru-motif to the N1 

or N4 or the dinuclear RuRu complex can be formed. Therefore, care is taken with the 

synthesis to limit or separate the unwanted complexes. The presence of large 

substituents on the triazole ring, such as the pyridine on the Hbpt ligand, reduces the 

likelihood of N4 coordination. The properties of  Ru-triazole complexes are also 

determined by the protonation state of the triazole ring.[5] Deprotonation of the N4 on 

the triazole ring renders the bpt ligand a stronger σ-donor and this is observed in a 

further red shift in the UV-vis absorbance spectra. Upon addition of the second metal 

the Hbpt bridge is deprotonated, therefore, it is also important to investigate the 

deprotonated mononuclear complex for comparative purposes. Vos and co-workers 

have also investigated the interaction between two metal centres on a polypyridyl-

triazole bridge.[13–15] They established that a strong interaction exists between two 

Ru(bpy)2 units connected via a bpt bridge, and this is due to the negative charge on 

the deprotonated triazole ring.[6] In a separate publication, Vos and co-workers 

explored the early-time photodynamics of the [Ru(dcb)2-bpt-Ru(bpy)2]
3+ complexes 

immobilised on the surface TiO2, a metal oxide typically used as an anodic electrode 

for the half-reaction of water oxidation.[16] In this study carboxylic acids were the 

anchoring group utilised on one of the Ru(bpy)2 units (dcb) and discusses electron 

injection to the TiO2 as oppose to hole injection to the NiO discussed here. The hetero-

dinuclear complex, RuPdbpt in Figure 3.1, employs a palladium catalytic centre, used 

in many previous systems.[12,17–19] Rau and co-workers reported higher TON when 

using a Pd centre, although instability in solution lead to colloid formation.[20] 

Although, this may be the case when the complex is in solution, in this chapter, the 

immobilisation of the RuPd complex on to the surface of NiO was thought to possibly 

increase the stability of the photocatalyst.[16,21,22]  
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3.2.2 Time-resolved Transient Absorption of p-DSSCs 

 
Chapter 2 provided a brief literature review of relevant time-resolved transient 

absorption (TA) investigations of charge transfer within Ru-complexes in solution. 

This chapter presents a synopsis of the literature surrounding TA used to investigate 

the electron transfer dynamics of hole injection and recombination between 

immobilised Ru-complexes and the NiO film. Although there are many transition 

metal complexes or organic dyes used in p-DSSCs, some of which were discussed in 

Chapter 1, Ru-polypyridyl complexes are the focus of this chapter. This work uses Ru-

M based photocatalytic assemblies, exploiting the tuneability of this class of complex 

which have long-lived triplet excited states and electron absorption spectra that extend 

to the visible region. Along with the ease of combining the PS unit with a catalytic 

centre for full control over PS:Catalyst ratio and direct electron transport pathways 

from the PS to catalytic centre. These properties enable a full investigation of the 

contributing factors involved in the photoelectrocatalytic hydrogen generation 

process. 

 

Figure 3.2: Structures of Ru-complexes subsequently immobilised to NiO for TA 

investigations conducted by Hammarström and co-workers[23]Discussed in the text 

below. 
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In 2012, Hammarström and co-workers synthesised a ruthenium polypyridyl complex 

with a N-(1,10-phenanthroline)-4-nitronaphthalene-1,8-dicarboximide (NMI) electron 

accepting ligand and immobilised it to p-type semiconductors, NiO.[23] Dyes employed 

up to this point were predominately organic dyes with high rates of recombination of 

the photogenerated charge separated state.[24–26] Studies on such organic dyes had 

shown the use of an electron accepting unit, located away from the NiO surface, which 

increased the lifetime of the charge separated state. Their Ru(dcb)2(phen-NMI) 

complex, depicted in Figure 3.2, was designed to improve the efficiency of p-DSSCs 

by exploiting the charge transfer mechanics of ruthenium polypyridyl complexes 

(referenced throughout this thesis) and combine them with an electron acceptor unit, 

that would “pull” the excited electron away from the NiO surface, thus reducing the 

recombination rates.[27] Nanosecond TA studies confirmed this extended lifetime 

when comparing [Ru(dcb)3]
2+ with [Ru(dcb)2(phen-NMI)]2+ (where lifetimes 

increasing from ~5μs to ~43 μs) and other organic dyes (phosphorous porphyrin had 

recovered by 90% after 8 ns).[24] Although, sub-picosecond TA could provide more 

detailed information it was not carried out with these systems. 
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Figure 3.3: Structure of Ru-complexes immobilised to NiO investigated by TA 

spectroscopy, conducted by Wu and co-workers[28,29] 
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Also, in 2012, Wu and co-workers used TA, on the fs to sub-nanosecond timescale, to 

examine the effect on the recombination kinetics by adjusting the distance between 

the anchoring group and metal centre of the PS. They immobilised a Ru-complex to 

NiO films/electrodes using a carboxylic acid anchoring group on a phenylpyridine 

type ligand cyclometalated to the Ru metal of the PS unit (Ru(bpy)2-(ph)n|NiO, 

depicted in Figure 3.3).[28] TA investigations of the complexes in solution (CH3CN) 

were used as a reference. The TA spectra of the solution and NiO immobilised 

samples, showed comparable ground state bleaching (GSB) but unique excited state 

absorption (ESA) features, which were contributed to hole injection in the 

immobilised systems. Their study found that hole injection occurred with all 

complexes within ~0.5 ps and increasing the length of the anchoring ligand lead to an 

increase in the lifetime of the charge separated state, with a decrease in initial 

recombination rates from 10 ps to 50 ps (Ru(bpy)2-(ph)1|NiO to Ru(bpy)2-(ph)3|NiO) 

(there is longer lived charge separation, <2 ns, but this surpasses the timeframe of the 

experiment). The slower rates improved the performance of the system, but the 

recombination rates remained magnitudes faster than that seen for systems on 

photoanodic surface, such as TiO2, which occurs on the millisecond timescale.[30] Fast 

recombination is a consistent efficiency limiting factor surrounding p-DSSCs with a 

NiO surface.[24–26]  

To combat these fast recombination rates (holes on NiO and electron on the PS), Wu 

and co-workers (2013) altered the ancillary ligand by extending the terpyridine ligand 

on a [Ru(tpy)2]
+ photosensitiser with a naphthalenediimide (NDI) unit (Ru(tpy)2-

NDI|NiO, depicted in Figure 3.3).[29] The NDI unit acts as an acceptor for the excited 

electron, creating greater charge separation by ‘pulling’ the electron away from the 

hole on the NiO, thus reducing recombination. This work was inspired by similar 

studies conducted by Hammarström and co-workers discussed above.[23,27] TA 

experiments involving the Ru(tpy)2-NDI|NiO system, verified a reduction in 

recombination rates when  compared to the Ru-analogue  without the NDI unit (~450 

ps vs ~370 ps) but remained faster than previously reported Ru-complexes on TiO2. 

By 2014 the Wu group achieved the highest efficiency for immobilised Ru-complexes 

on NiO for p-DSSCs with efficiency of 0.104% with their complex Ru(phbpy)2-N on 

NiO.[31] TA confirmed reduced charge recombination times with this complex. 
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Figure 3.4: Structures of Ru-complexes subsequently immobilised to a NiO surface 

for TA studies conducted by Dietzek and co-workers[32] 

 
In 2015, Dietzek and co-workers used TA to investigate recombination rates for a 

series of Ru complexes when the number of anchoring groups on a Ru-

photosensitising unit is varied, together with altering the ancillary ligand, by 

introducing better π-accepting ligands.[33] Their study was based on prior findings 

from Odobel and co-workers[34] and other studies conducted by Dietzek and co-

workers[32] on Ru-bpy complexes (both are discussed in Chapter 1). Dietzek’s 2015 

studies compare similarly structured Ru-bpy derivatives, one complex uses a 4,4’-

dicarboxy-2,2’-bipyridine (dcb) anchoring ligand on [Ru(bpy)2(dcb)]2+ complex, and 

the other complex is a Ru-tris[4,4’-bis(ethylcarboxy)-2,2’-bipyridine] (Ru(dceb)3), 

(both use (PF6)
2- as the counter ion and are presented in Figure 3.4). Total reflection-

Fourier transform infrared spectroscopy (ATR-FTIR) was used to ensure samples 

were bound to the surface of NiO film. The characteristic IR bands for the anchoring 

groups employed in their systems include (C=O), seen as a broad band 1700 cm-1 

and (COO) a double band at 1600 cm-1. The comparison of these IR bands of the 

samples in solution (CH3CN) vs. bound to the NiO surface, indicated that for 

Ru(bpy)2(dcb)|NiO the stretching vibration for the C=O bond at 1600 cm-1 broadened 

and the C=O at 1700 cm-1 vanished. This indicates the complex was successfully 

adhered on the surface of the NiO. In the case of Ru(dceb)3|NiO, the C=O at 1600 cm-
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1 band is also broadened, confirming binding to the surface. The band at 1700 cm-1 is 

unchanged, therefore, there are unbound ester groups present. Transient absorption 

studies conducted on the complexes immobilised to NiO nanoparticles, indicated that 

unbound carboxy-esters, positively influence the hole injection dynamics of the 

system. This is due to the carboxy-esters lowering the 3MLCT state, thereby allowing 

the electron density to reside, mainly, on the unbound ester ligands, thus, easing hole 

transfer. The TA and DFT study by Huijser and co-workers, in collaboration with the 

DCU group, on a RuPt2,5-bpp complex, (discussed previously in chapter 2), describes a 

similar outcome of electron density residing on the PL.[2] Similarly, as discussed, the 

simple introduction of carboxy-esters, to an inactive photosensitiser (7b → 7c or 8b 

→ 8c, complex structures are found in Chapter 1), produced a photocatalytically active 

complex. Having previously illustrated the importance of PL, this relays the 

significance of ancillary ligands to the photophysics of immobilised complexes on 

NiO and the subsequent CT dynamics of the system.  

In the same year (2015), Hammarström and co-workers reported the ns-TA results, 

conducted with their Ru(dcb)2(phen-NMI)|NiO system (discussed earlier), and how 

varying the bias applied effects the recombination rates.[35] Their experiments 

indicated that at a negative bias (vs Ag/Ag+) the band gap states on the NiO fill with 

the electrons supplied, thus lowering the recombination rates. This was the first study 

to conclude an alternative pathway for recombination through the holes available in 

the band gap of the NiO, known as trap states. Trap states are essentially areas on a 

semiconductor that can cause recombination. There are deep and shallow trap states 

depending on how deep they lie in the band gap of the semiconductor. Deep traps 

states can be exploited in fast switch systems by enhancing recombination rates, or 

they can be detrimental, as they are here, and in the case of n-DSSCs, reducing the 

overall efficiency of the system.[36,37]  The Hammarström group previously determined 

that the presence of the NMI ligand on their Ru-complex, slows charge recombination. 

This is due to the NMI ligand localising  the electron further away from the NiO 

surface, thus, avoiding interfacial recombination.[23] Recombination rates are reduced 

further when a negative bias is applied as the second recombination pathway is closed, 

elongating the charge separation state. 

In 2017, Artero and co-workers noted the above discussed findings and investigated 

the effect on the early-time photodynamics of Ru-compounds furnished with a number 
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of phosphonate anchoring groups (2 or 4 groups).[38] They employ a non-conjugated 

methyl spacer, thus, limiting the electronic interference between the anchor and the 

complex (opposite to that observed with the addition of carboxy groups, e.g. dceb). 

They also studied the effect of altering the ancillary ligand by introducing better π-

accepting ligands (substitution of bpy for dppz). The addition of the anchoring groups 

has little effect on the dynamics (vs the complex without the methylphosphonate 

groups) when studied by TA in acetonitrile solution, owing to the methyl spacer 

limiting the interaction. The ESA features differ between bpy based and dppz based 

complexes, with the electron localising over the dppz ligand. TA experiments 

performed using RuP4dppz suggested that the charge localised on the dppz ligand is 

stable, attributing to a high amplitude of the charge separated state up to the ns-

timeframe of the temporal window then that of their bpy systems. All the complexes 

studied exhibited a multiexponential lifetime, with fast hole injection and a biphasic 

process of recombination. The pathways determining the two recombination rates are 

depicted in Figure 3.5. Artero reports the faster rate is related to the recombination of 

charge from the anchored ligand with the NiO and the longer-lived species is due to 

the charge being located away from the NiO surface on the ancillary ligands, as seen 

by Hammarström and Wu, discussed above. The Artero group stress that TA studies 

across wider timeframes (fs-ms) with an applied potential is necessary to further 

understanding and therefore progress within this research topic. 
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Figure 3.5: Schematic representation of (a) RuP2bpy (b) RuP4bpy and (c) RuP4dppz 

PS and how they may be immobilised to the NiO surface and the photophysical scheme 

of different pathways of charge recombination for each system.[38]  

 
The above studies all report the lack or minimal presence of the reduced PS as an 

indication of fast recombination after hole injection to the NiO. They also state that 

low hole mobility through the NiO maintains the injected hole at the interface of the 

anchored complex on the NiO film. More recently (2017), Papanikolas and co-workers 

have challenged this thinking and have found that fast recombination is not due to low 

hole mobility within the NiO film but the presence of trap states formed within the 

manufacturing process.[39] As discussed above, Hammarström and co-workers 

determined these trap states as a secondary recombination pathway.[35] The 
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Papanikolas group further probed this pathway using TA studies on the ps-timescale 

with RuP2bpy, a complex that initially localises the electron density on the anchoring 

ligand, thus contributing to fast recombination (Figure 3.5 (a)). TA was employed to 

investigate the early-time photodynamics under different applied potentials, from 

positive to negative, causing vacant electronic states to be filled at more negative 

potentials, and altering the Fermi level of the semiconductor and closing this pathway 

of recombination with the trap states, enabling testing for low hole mobility within the 

NiO film. They concluded that this pathway was the main cause of fast recombination 

rates and that the introduction of an external negative bias closes this pathway leading 

to charge separated states on the millisecond scale for many complexes already 

investigated. They insist closer attention to the surface structure and interfacial 

electronic communication is paramount to the future progress of DSSCs. 

 

3.2.3 Time-resolved Infrared Spectroscopy (TRIR) for DSSCs 

 
The research performed in this chapter investigates the unbound ester groups in 

solution by TRIR and explores if kinetic information can be obtained using C=O (in 

the ester group) as reporter ligands for the electron dynamics of the system. In 

conjunction with TRIR studies, TA studies were  also performed. For the first time, in 

1997, Heimer and Heilweil used ps-TRIR as a direct method of investigation into the 

charge transfer dynamics of electron injection of a Ru-complex onto TiO2.
[40] Utilising 

the intense IR bands of the carboxy ester groups on the Ru(dceb)2(bpy) complex 

immobilised to TiO2 films, the C=O stretching vibrations were utilised for kinetic data. 

Unfortunately, once on TiO2 no excited state features were observed following 

excitation, so extrapolating kinetic information was not possible, but this study opened 

the door to this direct method of investigation. TRIR spectroscopy has been reported 

since to investigate immobilised complexes on both n-type and p-type materials. The 

work in this chapter describes how TRIR is used to directly probe electron dynamics 

on early-timescales using the dual functioning carboxy-ester anchoring groups as 

signallers in the mid-IR region.   
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3.3 Experimental 

3.3.1 Materials 

 
All experiments were conducted following the procedures described in Chapter 2, 

unless otherwise stated below. For solution ps-TA and ps-TRIR studies and for dye 

loading on the NiO films deuterated acetonitrile was used. 

 

3.3.2 Equipment 

 
All spectroscopic and photophysical techniques were recorded and processed as 

described in Chapter 2, unless otherwise stated below. 

For ps-TA and TRIR measurements, the spectra were recorded using the ULTRA 

instrument at the Central Laser Facility in the Rutherford Appleton Laboratory in the 

U.K. The laser setup consists of two Ti:sapphire amplifiers of 1 kHz (pump) and 10 

kHz (probe), which were synchronised with a 65 MHz oscillator. The pump laser was 

tuned to 470 nm by optical parametric amplification (OPA, Light Conversion, 

TOPAS). For TA spectroscopy, the probe pulse was provided by a white light 

continuum (WLC), which was generated by focusing 800 nm into CaF2. The mid-IR 

probe pulses were generated using OPA with difference frequency mixing. The IR 

probe beam was split to form reference and probe beams which were passed through 

spectrographs onto MCT array detectors (IR Associates). High speed data acquisition 

systems (Quantum Detectors) allowed 10 kHz acquisition and processing of the probe 

and reference pulses to generate a pump-on pump-off infrared absorption difference 

signal. Spot sizes in the sample region were ca. 150 and 50 mm for the pump and 

probe, respectively, with a pump energy of 50 nJ. For all measurements, the pump 

polarisation was set to magic angle relative to the probe. 

 

3.3.3 Time-resolved studies 

 
The NiO films were prepared by the Gibson group by spraying a saturated solution of 

NiCl2 in acetylacetone onto the surface of the CaF2 window (Crystran), which was 

preheated to 450 °C on a hot plate; this was then allowed to cool slowly to room 

temperature to give a compact film of NiO. The mesoporous layer was then deposited 
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on top of the compact layer using the F108-templated precursor solution described 

below; the excess was removed by doctor blade. The film was sintered at 450 °C for 

30 min, and an additional layer of precursor solution was applied and sintered to 

increase the film thickness. CaF2|NiO windows were then left soaking overnight in a 

solution of a Ru-complex dissolved in deuterated acetonitrile. The windows were then 

rinsed and allowed to dry. All spectra were recorded in solution cells (Harrick 

Scientific Products Inc.) with CaF2 windows. For samples prepared in solution, a 200 

m path length was used. In all experiments, the cell was rastered to minimise 

localised sample decomposition but maintaining the distance between the cell and the 

laser beam. 

 

3.3.4 Quantum chemical methods  

 
Quantum chemical methods were conducted by Prof. Conor Long. The calculations 

were used to gain theoretical insight to the electronic structure of both the ground 

singlet state and the lowest energy triplet states of the RuPdbpt complex discussed in 

this chapter. Three model systems were employed as the rotational energy required is 

higher for the methyl group (C-C bond) than that of the ester (C-O), 

[Ru(bpy)2(bpt)PdCl](PF6)2, [Ru(dmcb)2(bpt)PdCl](PF6)2, and 

[Ru(dmcb)2(bpt)PdCl(H2O)](PF6)2. Density functional theory (DFT) modelled the 

ground state structures and time-dependent density functional (TD-DFT) methods 

were used to characterise the low lying electronic excited states. B3LYP[41–43] was 

used with the doublezeta quality LanL2DZ basis set.[44–46] The same general approach 

was used for all complexes. Initial structures were generated by molecular mechanics 

methods and these were optimised at the B3LYP/LanL2DZ model chemistry. Either 

the presence of acetonitrile or water was included during calculations, following the 

Polarisable Continuum Method (PCM) approach.[47–49] All calculations were 

performed using the Gaussian 16, Revision A.03 programme suite.[50] Molecular 

structures and electron-density difference maps were visualised using GaussView 

03.[51] Calculations were performed on the Fionn system at the Irish Centre for High 

End Computing. 
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3.3.5 Synthesis 

 
dceb = 4,4'-di(carboxyethyl)-2,2'-bipyridine,[52] cis-[Ru(dceb)2Cl2],

[53] cis-

[Pt(DMSO)2I2],
[1] cis-[Pd(DMSO)2Cl2], [Ru(dceb)2(2,5-bpp)](PF6).2H2O, and 

[Ru(dceb)2(2,5-bpp)PtI(CH3CN)](PF6)2, were prepared using literature methods. 

Solvents obtained were used without further purification.  

 
[Ru(dceb)2(bpt)](PF6) 2H2O. 84 mg (0.37 mmol) of 3,5-bis(2-pyridyl)-4-hydro-1,2,4-

triazole (Hbpt) were dissolved in 60 mL EtOH/water (3:1) and heated for 20 minutes. 

200 mg (0.26 mmol) of [Ru(dceb)2Cl2] in ethanol was slowly added over 30 minutes. 

The reaction was brought to reflux temperature for a further 6 h, with a total volume 

of 100 ml.  Subsequently, the ethanol was removed in vacuo. Following this, 40 mL 

of water was added to the reaction mixture. The red aqueous reaction mixture was 

filtered and an aqueous solution of NH4PF6 was added in excess to the filtrate and a 

precipitate formed. The precipitate was washed with diethyl ether and collected by 

filtration. For further purification, the filtrate was recrystallised with acetone/H2O 

(3:1), yielding a black/brown solid. Yield: 212 mg (0.17 mmol, 65%). 1H-NMR (600 

MHz, CH3CN-d3) δ[ppm] = 1.35 - 1.45 (m, 12 H), 4.39 - 4.49 (m, 8 H), 7.27 (t, 1 H), 

7.52 (dd, 1 H), 7.57 (td, 1 H), 7.72 (d, 1 H), 7.82 (dd, 1 H), 7.84 – 7.89 (m, 2 H), 7.93 

(d, 1 H), 7.99 – 8.05 (m, 3 H), 8.10 (d, 1 H), 8.13 – 8.19 (m, 2 H), 8.24 (dd, 1 H), 8.51 

(dd, 1 H), 8.97 (s, 1 H), 9.00 (s, 1 H), 9.02 – 9.05 (d, 2 H). Elemental analysis for 

C44H45F12N9O10P2Ru Calc: C 42.2%, H 3.6%, N 10.1%. Found: C 42.12%, H 3.18% 

and N 10.28%. 

  
[Ru(dceb)2(bpt)PdClH2O](PF6)2.H2O. 28mg (0.11 mmol) of cis-Pd(DMSO)2Cl2 and 

65 mg (0.05 mmol) of [Ru(dceb)2(bpt)](PF6)2 2H2O were added to 15 mL of hot EtOH 

and stirred under nitrogen until dissolved. The reaction was brought to reflux 

temperature for 24 h. A precipitate formed, and the solution was allowed to cool to 

room temperature. The precipitate was collected by vacuum filtration and washed with 

cold EtOH and diethyl ether. Yield: 58 mg (0.04 mmol, 84%). 1H-NMR (400 MHz, 

acetonitrile-d3) δ[ppm] = 1.35 - 1.45 (m, 12 H), 4.39 - 4.49 (m, 8 H), 7.29 (t, 1 H), 

7.50 (d, 2 H), 7.65 (t, 1 H), 7.70 (d, 1 H), 7.75 – 7.82 (m, 3 H), 7.83 (d, 1 H), 7.89 (d, 

1 H), 7.95 – 8.05 (m, 2 H), 8.27 (d, 1 H), 8.36 (t, 1 H), 8.51 (d, 1 H), 8.95 – 9.08 (m, 

3 H), 9.18 (d, 1 H), 9.60 (d, 1 H), 11.12 (d, 1 H). Elemental analysis for 
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C44H44F12N9O10P2RuPdCl Calc: C 38.0%, H 3.2%, N 9.1%. Found: C 37.08%, H 

2.71% and N 9.03%. 

 

3.4 Results and Discussion 

3.4.1 Studies of mono- and di-nuclear Ru-bpt/2,5-bpp complexes 

3.4.1.1 Synthesis 

 
Complexes RuPdbpt and RuPt2,5-bpp and their respective mononuclear precursors (Rubpt 

and Ru2,5-bpp) were successfully synthesised using methods in the literature or modified 

versions. The complexes were characterised by 1H-NMR and elemental analysis. The 

triazole complexes were also tested for their photocatalytic hydrogen production 

abilities and all complexes were investigated for their early-time photodynamics in 

CH3CN and on the surface of NiO. Fiona Black, from Dr. Elizabeth Gibson’s research 

group at Newcastle University, prepared the CaF2|NiO windows for the time-resolved 

studies. Nils Põldme, also from the Gibson group, carried out photoelectrochemical 

characterisation on the dinuclear complexes. Prof. Conor Long, from DCU, conducted 

quantum mechanical calculations on model RuPd triazole complexes.  

The results discussed focus on the synthesis of the novel triazole complexes. The 

dinuclear species, RuPdbpt and RuPt2,5-bpp, complexes immobilised on NiO were used 

in the photoelectro-chemical/catalytic experiments. The early-time photodynamics 

studies include Rubpt, RuPdbpt, Ru2,5-bpp and RuPt2,5-bpp and a series of other Ru-

monomer and Ru-Pt/Pd dinuclear complexes that have been previously explored for 

hydrogen generation in solution (introduced to the reader in Chapter 1). The TRIR 

data for these complexes is not discussed in this thesis, as further experiments will be 

performed in Newcastle using these complexes immobilised on NiO. 

 

3.4.1.2 1H-NMR and COSY-NMR Spectroscopy 

 
As mentioned previously, the coordination site of the Ru(dceb)2 unit on the triazole 

ring is a contributing factor to the spectroscopic and photophysical attributes of the 

mononuclear complex and subsequently the dinuclear species. Therefore, it is 

important to determine the coordination site of the novel mononuclear triazole 

complex, [Ru(dceb)2(bpt)](PF6)2 depicted in Figure 3.6, prior to the addition of the 
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second metal centre. Spectroscopic techniques, such as, 1H-NMR and COSY-NMR 

were applied to elucidate the structure of the complex.  

 

  
Figure 3.6: Structure of the mononuclear species[Ru(dceb)2(bpt)](PF6), R = COOEt. 

 
The 1H NMR spectra generated for the Rubpt complex gives the typical features of the 

dceb protons when the Ru(dceb)2 moiety is bound to the third ligand (Ru(dceb)2(LL)), 

both in the aromatic region, attributed to the bpy based protons, and in the aliphatic 

region, based on the ethyl groups present.[1] There are also two distinct sets of the 

pyridyl protons, typical for the now asymmetric triazole ligand when bound to a 

Ru(L)2 unit.[6,16] The 1H NMR of the free Hbpt ligand is shown in Figure 3.7. This was 

then compared to the 1H NMR of Rubpt in CD3CN (Figure 3.7: bottom) and that of 

similar complexes in the literature, which confirmed assignment of the doublet at 8.5 

ppm to the H6” on the free pyridyl ring (ring B, in Figure 3.6). As expected the H6’ 

proton is shifted upfield as Ru is coordinated to this ring (ring A), and the H6’ proton 

feels the ring current of the spatially adjacent dceb ligand.[54] Assignment of the 

remaining protons is easily carried out using the COSY-NMR of Rubpt, shown in 

Figure 3.8. A comparison of the chemical shifts of the assigned peaks for the Rubpt 

complex in the 1H NMR with that of the free ligand and with the chemical shifts 

reported in the literature for Ru-bpt N1 bound complexes, made it possible to 

determine that the coordination site was via the N1 of the triazole ring, and the triazole 

ring is deprotonated in the complex. As mostly negative shifts are seen for all the 

pyridyl protons due to the anionic charge on the triazole ring which results in a slightly 

upfield shift.[6] Further confirmation that the triazole ring is deprotonated comes from 

the 1H NMR of the complex with the addition of a base (NaOD). No shifts occur to 

the peaks as the complex is already deprotonated.  
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Figure 3.7: 1H NMR spectra of Hbpt in CD3CN (top) and Rubpt in CD3CN (bottom) 
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Figure 3.8: COSY-NMR spectrum of Rubpt in CD3CN 

 

 
Figure 3.9: 1H NMR spectrum of RuPdbpt in CD3CN (top) and Rubpt (bottom) 1H NMR 

spectrum for comparison.  

 
The 1H NMR spectrum of the dinuclear bpt complex, in Figure 3.9, follows a similar 

splitting pattern to that of other Ru-Pd/Pt dinuclear complexes reported in the 

literature.[1] A number of proton resonance  are shifted downfield following 
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complexation with the Pd moiety. The 1H NMR spectrum also proves the dceb ligand 

remains intact during the synthesis and purification. 

 

3.4.1.3 UV-Vis Spectroscopy 

 

 
Figure 3.10: Electronic absorbance spectra of Rubpt (blue line) and RuPdbpt (orange 

line) in acetonitrile with an OD of ~0.37 at 355 nm.  

 
The electronic absorption spectra of the deprotonated triazole Rubpt, in Figure 3.11 

(blue line), reflects that of similar heteroleptic Ru-complexes, with one or more of the 

ligands containing carboxy-ester/acid groups.[55–60] The withdrawing effect of the 

carboxy-esters on the peripheral dceb ligands will contribute to a reduced HOMO-

LUMO gap, observed as a bathochromic shift in the electronic absorption spectra vs 

Ru(bpy)2(L), where L is a triazole-type ligand.[61] Amedjkouh and co-workers reported 

that the asymmetry of the ligands also contributes to this bathochromic shift, as seen 

with a series of complexes involving [Ru(dceb)2(ppy)]PF6 type complexes, where ppy 

= phenylpyridine and is cyclometalated to the Ru-unit.[60] The asymmetry of the 

deprotonated triazole contributes to the additional features in the visible region with 

the Rubpt system when compared to the absorbance spectra of homoleptic complex, 

Ru(dceb)3.
[33] The strong σ-donor properties of the bpt ligand is also a factor in the 

redshift of the absorbance compared to other Ru(dceb)2(L) type complexes, such as 

the 2,5-bpp ligand of the Ru2,5-bpp studied in this chapter. The band from ~250-340 nm 

is attributed to the ligand centred (LC) π-π* transitions of the dceb and bpt ligands. 

The features present at >340 nm, are assigned to the 1MLCT transitions of the complex 

with the lower energy absorption possibly due to   Ru-dceb based transitions as the 
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TD-DFT calculations suggest (discussed further below). These assignments agree with 

the literature and the same assignments can be made for the dinuclear RuPdbpt species 

(orange). The electronic absorbance of the RuPdbpt complex undergoes a 

hypsochromic shift when compared to Rubpt. This is comparable with similar 

complexes with bpt type ligands as the anionic charge is delocalised over the two metal 

centres, reducing the electron density on the ruthenium metal centre, thus causing a 

blueshift of the 1MLCT features.[61]  

As discussed above, Ru-triazole complexes have multiple stages of protonation. The 

UV-Visible spectrum was used to further confirm the protonation state of the complex. 

The absorbance was monitored upon the addition of a base (TEA, as is used in the 

photocatalytic experiments), and no changes were observed. Upon deprotonation a 

redshift is expected, due to the increased σ-donating properties of the anionic ligand. 

This is additional evidence that the bridging ligand in the RuPdbpt, complex is in the 

deprotonated state.[62–64] This deprotonation enables efficient electronic 

communication between the metal centres as in other dinuclear bpt systems, such as, 

the homo- (RuRu) and hetero-metallic (Ru/Os) bpt complexes.[16]  

 

 
Figure 3.11: Electronic absorbance spectra of RuPdbpt and RuPt2,5-bpp immobilised to 

NiO and bare NiO. The insert is the that of the complexes in solution (CH3CN). 

 
Figure 3.11 represents the electronic absorption spectra of the dinuclear bpt and 2,5-

bpp species studied in this chapter. The spectra also provide an example of the changes 
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experienced in the absorbance spectra for complexes dissolved in solution (insert) and 

when immobilised on the surface of a semiconductor, in this case NiO. The absorbance 

spectra of the complexes are broadened and blue-shifted (10 nm) once on the surface 

of the NiO vs. when in solution. The extinction coefficient is assumed to remain the 

same when on the surface as it is in solution and is used to determine the amount of 

photocatalyst grafted onto the NiO. These values are of similar orders of magnitude 

with other photocatalyst loading in the literature.[65] 

 

3.4.1.4 FTIR Spectroscopy 

 

 
Figure 3.12: Graph of the FTIR spectra of RuPdbpt and RuPt2,5-bpp in KBr and on NiO 

and bare NiO. Insert is of the samples immobilised to NiO minus the bare NiO. 

 
Prior to immobilisation, both complexes exhibit typical features in the IR for the 

carboxy-esters on the dceb, with the carbonyl band at 1724 cm-1 for the triazole 

dinuclear species and 1726 cm-1 for the terpyridine analogue, as seen in Figure 3.12. 

After immobilisation, these bands both shift to 1720 cm-1, a possible indication of an 

interaction with the NiO surface and the ester moiety. The insert in the Figure 3.1 

highlights that the IR bands related to the ester remain present, even after 

immobilisation, allowing for the band, now at 1720 cm-1, to be monitored by TRIR. 

IR bands are significantly more sensitive to environmental changes than UV-Visible 

bands. 
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3.4.1.5 ps-Transient Absorption Studies 

 
 

  
 
 

  
 
 

  
 
Figure 3.13: Graphs of the absorbance difference TA spectra of Rubpt in CH3CN (A) 

and On NiO (B), RuPdbpt in CH3CN (C) and on NiO (D), Ru2,5-bpp (E) and RuPt2,5-bpp 

(F) on NiO. All with an excitation wavelength of 470 nm. The break in the graphs is 

the notch from the laser pulse. 
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Transient absorption studies were conducted on a series of Ru complexes (both 

mononuclear and dinuclear assemblies). Figure 3.13 provides the difference spectra of 

the focal complexes from this chapter. Solution (CH3CN) based experiments were also 

conducted with RuPt2,5-bpp, using both TRIR and TAS but the results are not presented 

here as this complex was previously studied by Pan et al. using TAS and was discussed 

in Chapter 2. The spectra obtained were consistent with previous reports.[2] All spectra 

exhibit a typical MLCT GSB, centred ~490 nm (or ~510 nm in the case of the triazole 

mononuclear complex), that appears within the instrumental response and an excited 

state absorbance >520 nm. This ESA broadens and experiences a redshift as it decays 

after 1 ps in nearly all cases, except for the triazole monomer A as the feature grows 

in and shifts to the red, up to 400 ps, concurrent with a further depletion and shift to 

the red of the bleach. Both features persist beyond the 3 ns experimental window. In 

Rubpt (A in Figure 3.13) this ESA is most likely due to 3LMCT, as seen with Ru2,5-bpp 

and other mononuclear complexes in solution.[2,3] In the resulting difference spectra 

for RuPdbpt, (C in Figure 3.13), the ESA band is blue-shifted compared to its 

equivalent for Rubpt (A in Figure 3.13, where Rubpt is in solution). The blueshift of the 

ESA is most likely due to the blueshift the absorbance experiences with the addition 

of the Pd moiety, therefore less overlapping of the GS and ES bands occurs. There is 

an expected decrease in the lifetime of the triplet state upon the addition of the Pd 

metal centre, observed as the ESA band decays within the 3 ns window and redshifts 

by ~40 nm as it decays.[66] Decay associated spectra (DAS) for RuPdbpt in solution, 

shown in Figure 3.14 (left), proved the lifetime to be a biexponential process, τ1 = 137 

ps, τ2 = 1830 ps. The lifetime of RuPdbpt is consistent with other triazole complexes.[62] 

The most notable point for the triazole complexes (A, B, C and D in Figure 3.13), is 

the lack of the ESA band ~380 nm normally attributed to ligand centred transitions, 

typically observed for Ru-polypyridyl complexes and seen in the spectra for the 

immobilised Ru2,5-bpp based complexes (E and F in Figure 3.13).[3,66] Lees et al noted 

this absence in the difference spectra pertaining to similar Ru-triazole based 

complexes immobilised to TiO2.
[16,62] In their photoanodic systems the electron 

transfers from the complex to the TiO2 surface occurred within the instrumental 

response, possibly explaining the absence of any ESA bands attributed to the Ru-

complex. In the TA spectra, reported by Lees et al. conducted in aqueous solution at 

pH 7, for the complex [Ru(dcb)2(L)] (where L = 3-(2-hydroxyphenyl)-5-(pyridin-2-
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yl)-1,2,4-triazole) an ESA feature ~380 nm (broader and less defined than typically 

seen) was observed. When comparing the UV-Visible spectrum of their Ru-triazole 

complex dissolved in aqueous solution pH 7 and in CH3CN, there is a notable redshift 

of the absorbance in the visible MLCT region when dissolved in acetonitrile. The 

feature ~380 nm becomes more defined and mirrors what is observed in the electronic 

absorbance spectrum of Rubpt (Figure 3.10, blue line). It is possible, that in acetonitrile-

based TA experiments of Ru-carboxy-triazole complexes, with similar electronic 

absorbance spectra that display this additional MLCT features ~380 nm, the GSB of 

this feature overlaps with the ESA of the same wavelength. Therefore, in the case of 

the Rubpt monomer examined in this chapter, minimal GSB is observed. For the 

dinuclear RuPdbpt complex, the amplitude of the bleach and the ESA may be equal and 

cancel each other out, leading to an absence of features in this region. TD-DFT 

calculations (discussed in detail below) conducted, by Prof. Long, on complexes 

analogous to RuPdbpt suggest the initial triplet state is a Ru-to-bpt 3MLCT and not Ru-

to-dceb. This could also possibly explain the absence of the ESA normally observed 

~380 nm for Ru-complexes.   

 

  
Figure 3.14: Decay associated spectra (DAS) of RuPdbpt in CH3CN (left) and 

immobilised to NiO (right) 

 
It is very apparent from the TA spectra that there is a significant reduction in lifetime 

once samples are immobilised on to the NiO surface (B, D, E and F in Figure 3.13). 

The early-time excited state features mirror those of the solution-based experiments 

with the overlying ESA for the reduced Ru-moiety, consistent with hole injection to 

the NiO surface. The difference spectra (D in Figure 3.13)  for NiO|RuPdbpt displays 

a biexponential lifetime , τ1 ≈ 30 ps and τ2 ≈ 1000 ps. The DAS, Figure 3.14 (right), 
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indicates that the shorter lifetime (τ1) is attributed to the reduced complex and τ2 is 

assigned to the 3MLCT as the shape resembles that of the complex in acetonitrile 

(Figure 3.14, left). Whereas, the DAS for NiO|RuPt2,5-bpp in Figure 3.15, show three 

species present which all involve the reduced dceb ligand with a feature at ~380 nm.[66] 

The components of the multiexponential lifetime are τ1 ≈ 2 ps, attributed to hole 

injection and the reduced Ru-complex forming,[33] τ2 ≈ 80 ps, most likely due to LMCT 

of the 2,5-bpp ligand[2] and τ3 ≈ 4 ns, assigned to the 3MLCT lifetime as is similar to 

that of the solution experiments. 

 
Figure 3.15: DAS for RuPt2-5bpp immobilised to NiO 
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3.4.1.6 Preliminary ns-TA Studies 

 

 
Figure 3.16: Electronic absorbance spectra of Rubpt, Rubpybpt and Ru2,5-bpp in 

acetonitrile before ns-TA experiments, absorbance at 355 nm is ~0.4 for all complexes. 

 
The electronic absorbance spectra pertaining to the complexes examined by ns-TA, 

which include; Rubpt, Rubpybpt and Ru2,5-bpp, are displayed in Figure 3.16. The 

preliminary ns-TA spectra are displayed in Figure 3.17 (Rubpt (top row), Rubpybpt 

(middle row) and Ru2,5-bpp (bottom row)). ns-TA was conducted in aerated acetonitrile 

(left column) and with the addition of TEA (right column), this was to investigate any 

possible changes to the excited state dynamics in the presence of a base. It was also of 

interest to examine the spectral features present at higher energy and a wider temporal 

window. These experiments follow the ns-TA procedure described in Chapter 2. The 

wavelength of excitation was 355 nm. Kinetic data was not determined for these 

experiments as the transient signals obtained were weak, and no reliable data could be 

obtained. The spectra obtained were mainly to observe a decay of the long-lived 

excited species and what changes the addition of a base has to the long-lived excited 

species. Three complexes were studies using ns-time resolved spectroscopy; Rubpt, 

Rubpybpt and Ru2,5-bpp. Investigating these three complexes allows for the facile 

comparison of the effect ligand substitution has on the spectrotemporal evolution of 

the complex.  
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Figure 3.17: Graphs of spectra collected during preliminary ns-TA studies of  Rubpt 

(top row), Rubpybpt (middle row) and Ru2,5-bpp (bottome row), conducted in acetonitrile 

(left column) and acetonitrile/TEA mix, 3:1 (right column) 

 
In all graphs, in Figure 3.17, the window of detection is shifted to lower wavelengths 

(vs the ps-TA studies), allowing the ESA at this higher energy to be observed. The top 

row displays the spectra collect for the Rubpt complex and at wavelengths <360 nm 

there is an ESA band present. This ESA band is similar in position, and shape, to that 

of the Ru2,5-bpp complex (bottom graphs), which had been assigned to the reduced dceb 

from previous TA studies by Pan et al.[2] For the Ru2,5-bpp complex (bottom graphs), 

the ESA feature related to the reduced BL for the Ru-terpy complex is not present and 

the two ESA features, at 350 nm and 385 nm, differ in intensity. These spectral 

differences are possibly explained by 355 nm being the excitation wavelength utilised 

in these experiments. Whereas, in the study by Pan et al., all ESA bands are present 

and the ESAs assigned to the reduced dceb ligands (350 nm and 385 nm), are of 
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equivalent intensity. In their study the excitation wavelength is 480 nm. Therefore, as 

discussed in Chapter 2, the initial Franck-Condon state is possibly altered, thus, the 

population distribution upon ISC to the triplet state is different. This is apparent in the 

graphs concerning the Rubpt complex, as there is a reduction in the intensity of the ESA 

at wavelengths >570 nm, previously observed in the ps-TA studies.  

On comparison of Rubpt with Rubpybpt (the graphs on the top row vs. the middle row), 

both the ESA and GSB features are inherently different. This was expected due to the 

stark difference in their electronic absorbance features (Figure 3.16). The UV-Visible 

spectrum generated by Rubpybpt is typical of Ru-polypyridyl complexes, such as, Ru2,5-

bpp. As there are less features in the visible region and the λmax (440 nm) of the lowest 

energy transition present is shifted to the blue of that of Rubpt (510 nm). This then 

follows through in the TA spectra collected for each complex as observed above. 

The addition of the sacrificial agent does not appear to have much effect on either of 

the bpt complexes (right column of Figure 3.17). It is possible that the diffusion rate 

is slower than the decay of the excited state features and therefore they do not interact. 

This could explain the low TON achieved for these complexes (Rubpt 88 and Rubpybpt 

<1 TON). For the Ru2,5-bpp species, there is the appearance on an ESA overlapping on 

the lower energy side of the GSB. This feature grows in for up to ~150 ns. It is possible 

that the change in solvent mix is reflective of the sensitive nature of the 3LMCT excited 

state of the Ru2,5-bpp complex.  
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3.4.1.7 Time-resolved IR Spectroscopy 

 
TRIR experiments in the fingerprint region were conducted in conjunction with TA 

experiments on all complexes dissolved in solution (CD3CN) and on the NiO surface. 

IR features are more susceptible to their environments than UV-Visible features, so it 

is possible for more information to be gained using this technique to follow the early-

time photodynamics using the carboxy groups as reporters. The TRIR data collected 

corroborates with that collected in the TA experiments, but no additional information 

was gained. The resulting spectra can be seen in Figure 3.18 below. 

 

 
 

 
 

 
Figure 3.18: Graphs of the absorbance difference TRIR spectra of Rubpt in CH3CN (A) 

and On NiO (B), RuPdbpt in CH3CN (C) and on NiO (D), Ru2,5-bpp (E) and RuPt2,5-bpp 

(F) on NiO. All with an excitation wavelength of 470 nm 
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For each sample the GSB of the parent carbonyl band is present, within the time 

restraints of the instrument. For the solution-based samples the excited species appears 

shifted by ~30 cm-1 to lower energy than the parent band, within the instrumental 

detection limit. This excited species is assigned to the 3MLCT, as a lesser shift (~14 

cm-1) would indicate inter-ligand (π-π*) transitions.[67]  There may be evidence of the 

excited species pertaining to ligand-centred transitions at ~1710 cm-1, at very early 

time points, overlapping with the GSB and the dominance of the 3MLCT feature, 

inhibit confirming presence of this excited state feature.  

Once again, a reduction in the lifetime of this ESA is observed upon the addition of 

the catalytic metal centre (C, D and F) and when the complex is immobilised on the 

surface of NiO (B,D,E and F) vs. in solution (A and C). The excited state lifetime of 

the carbonyl band for RuPdbpt is the shortest lived out of this series. For RuPdbpt in 

CD3CN (C), the ESA band decays and the corresponding bleach recovers (τ ≈ 2 ns). 

Whereas, for the RuPt2,5-bpp analogue, the band persists beyond the experimental 

temporal window of the instruments. The terpyridine complexes were also 

investigated at longer time delays using the TRMPS application at the RAL facility. 

The resulting spectra are displayed in Figure 3.19. These were conducted in aerated 

solutions, and display ESA absorbance over hundreds of nanoseconds, with a 

reduction in lifetime upon the addition of the Pt catalytic centre as expected.  

When each of the complexes are immobilised on the surface of NiO the GSB and ESA 

follow the same assignment as the solution-based experiments but there appears to be 

two distinct excited state features present at lower energy (~1660 cm-1 and ~1690 cm-

1) to the parent band. The higher energy band (~1690 cm-1) is similar to that observed 

in the solution-based experiments (1700 cm-1). Therefore, this band is possibly due to 

3MLCT transitions. The band at ~1690 cm-1 is not described in the literature and may 

be influenced by the presence of surface interactions. There is also a very weak second 

ESA feature present at higher energy to the bleach in the spectra of the immobilised 

samples. This feature is tentatively assigned to hole injection on to the NiO as it decays 

over the same time constants as seen in the TA (< 1 ps).   
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Figure 3.19: Graphs of TRMPS-TRIR spectra of Ru2,5-bpp (left) and RuPt2,5-bpp (right) 

in CD3CN with an excitation λ of 400 nm 
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3.4.1.8 Computational studies 

 
The model complexes [Ru(bpy)2(bpt)PdCl](PF6)2, [Ru(dmcb)2(bpt)PdCl](PF6)2, 

[Ru(dmcb)2(bpt)PdCl(H2O)](PF6)2 and [Ru(dmcb)2(bpt)PdCl](PF6) were used to gain 

theoretical insight into the dynamics of the RuPdbpt system, to support interpretation 

of the experimental studies. The dmcb ligand is utilised in place to ease the complexity 

of the calculations. The calculations were used to fabricate electron density difference 

maps, which in turn provide information on the origin of the electron. For the bpy 

based model in acetonitrile the calculations characterised the 1MLCT to be Ru-to-bpt 

CT state. Whereas, the 1MLCT of the dmcb analogue is a Ru-to-dmcb CT state, as 

seen with the RuPt2,5-bpp complex.[2] The aqueous based calculations also predict the 

1MLCT state to be Ru-to-dmcb CT in character. Calculations conducted on the triplet 

state, that is populated from this 1MLCTRu→dmcb state, determined the character of the 

triplet state is most likely Ru/bpt-to-Pd CT. As the electron density is localised over 

the Pd moiety, which possibly explains the absence of the ESA typically observed for 

the reduced peripheral ligand (~380 nm).  Figure 3.20 depicts the singlet and triplet 

excited state electron density difference maps as well as a simplified photophysical 

scheme of the electron using the dmcb system. 

 
Figure 3.20: Photophysical model for the excitation energy (blue arrow) of 

[Ru(dmcb)2(bpt)PdCl(H2O)](PF6)2 into its lowest optically accessible singlet excited 

state (black lines) then inter system crossing (ISC) to the triplet state at T8 (red lines) 

and internal conversion to the triplet surface. Electron density difference maps 

(electron density moves from blue to red) for singlet excited state is on the left and 

triplet excited state on the right. ST indicates the singlet state energy at triplet 

geometry. 



Homogenous to Heterogenous Photo-driven Systems                                   Chapter 3 

124 

 

3.4.1.9 Photocatalytic Studies 

 
The novel triazole complexes were investigated for their hydrogen generation 

capabilities under the same conditions as the terpyridine complexes.[1] Only the 

monomeric Rubpt complex was found to produce H2 (88 TON) in the presence of a 

catalyst. There was no evidence for H2 generation from the Ru-Pd analogue, even 

though calculations suggested that following excitation the electron is promoted 

towards the catalytic centre (RuPdbpt). The lack of activity is possibly due to the 

decomposition of RuPdbpt in the solution mix (CH3CN/TEA/H2O) or the short lifetime 

of the complex. It is interesting to compare this complex with RuPt2,5-bpp, as the 

terpyridine complex yields a TON of 720, under the same conditions.[19] Time resolved 

transient absorption studies indicates that following excitation of RuPt2,5-bpp the 

electron localises on the dceb peripheral ligand, and this is contrary to the directional 

flow towards the catalytic centre, however relatively high TONs for hydrogen, were 

observed. In the photoelectrocatalytic experiments the experimental parameters are 

very different when compared to the solution based photocatalytic experiments. 

Instead of organic solvent, aqueous solution is utilised, and furthermore the complexes 

are immobilised on NiO surfaces as opposed to being dissolved in solution. The TA 

and TRIR results clearly indicate that the kinetic data for the immobilised complexes 

are very different to that in solution.  
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3.4.1.10 Photoelectrocatalytic studies 

 
Photoelectrocatalytic studies were conducted by our collaborators, Nils Põldme (Dr. 

Elizabeth Gibson Research Group) at Newcastle University. Both dinuclear 

complexes immobilised onto NiO electrodes produced hydrogen under white light 

illumination with an applied bias. For these immobilised complexes the Gibson group 

investigated the assemblies under three applied voltages, -0.2 V, 0. 4 V and 0.6 V. 

Hydrogen was produced at each applied voltage as shown in Figure 3.21. No hydrogen 

was detected for FTO control experiments, and no hydrogen was detected during the 

measurements conducted in the dark.  

 

 
Figure 3.21: Graph of the amount of hydrogen gas produced over time in 

photoelectrocatalytic experiments for NiO|RuPdbpt (1) and NiO|RuPt2,5-bpp (2) with 

different applied potentials, under chopped light for the first 10 mins followed by 

continuous irradiation of white light. 

 
Although, the terpyridine dinuclear species (Figure 3.21) generated the most 

hydrogen. It is not certain that the hydrogen produced is generated exclusively from 

the photocatalyst. XPS experiments found the complex to be decomposing over the 

course of the experiment. The Pt catalytic centre is released into the solution and 

deposited on to the NiO electrode, where it is catalytically active and can contribute 

to the hydrogen generated. Whereas, the triazole dinuclear complex, was determined 

to be stable over the course of the experiment. Therefore, the values related to the 

complex are reliable. As seen in the TA and TRIR studies above, the lifetime of each 

complex is reduced, once bound to the surface. By applying a bias during 
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photoelectrocatalytic experiments the lifetime of complexes bound to NiO electrodes 

have been found to increase to >ns timescales.[39] Therefore, this may not be a 

significant factor for the photoelectrocatalytic experiments. The direction of the 

electron towards the dceb ligand, which is used as an anchoring ligand on the surface 

may be of greater concern in photoelectrocatalytic experiments. The photocurrent 

density generated for the NiO|RuPdbpt system is on par with the current best systems 

on NiO and ITO, and out performs the others in terms of faradaic efficiency. This is 

attributed to the RuPdbpt photocatalyst being an intramolecular complex rather than 

the separate immobilisation of a photosensitiser unit and catalyst moiety or layered 

deposition of the components in a step-by-step manner, seen employed in these other 

competing systems.[68] Values pertaining to the NiO|RuPdbpt and NiO|RuPt2,5-bpp 

systems are listed in Table 3.1, below. 

  
Table 3.1: Table of photoelectrocatalytic data collecteda 

 NiO|RuPdbpt NiO|RuPt2,5-bpp 

Eapp/V vs. Ag/AgCl -0.2 -0.4 -0.6 -0.2 -0.4 -0.6 

Jphoto/μA cm-2 

34.8  31.2 12.3 31.8 47.6 43.7 

Jtotal/μA cm-2 35.6 34.2 88.2 33.2 52.5 114.7 

Pphoto/% 97.8 91.2 14 95.8 90.7 38.1 

ηFar/% 88.6 67.5 32.3* 59.1 56.9 44.4* 

[H2]/μmol h-1 cm-2 0.41 0.28 0.37 0.25 0.36 0.78 

TON 46 31 41 47 68 147 

aEapp is the voltage applied during the experiment, Jphoto is the average photocurrent (standard deviations 

not displayed), Jtotal is the photocurrent plus dark current, Pphoto is the percentage of photocurrent of the 

total current and ηFar is the faradaic efficiency of H2 production calculated using Jphoto or in * values 

Jtotal, TON was calculated by the dye loading (mol cm-2) and [H2] after an hour. 
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3.5 Conclusion 

 
In summary, the novel triazole complexes were successfully synthesised and 

characterised. Photocatalytic studies were conducted on both the monomer (TON 88) 

and dinuclear analogue (TON <1) in solution. It is not clear why the amount of 

hydrogen observed in solution for the dinuclear assembly is less than that of the 

monomer, but the lifetime of the dinuclear complex may play a role.   Transient 

absorption and time-resolved IR were conducted on a number of Ru-polypyridyl 

complexes, in both acetonitrile and when immobilised on to NiO films. A general trend 

observed, is a reduction in the lifetime when immobilised on NiO, when comparing to 

the mono- and di-nuclear complexes.  

This chapter spans designing intramolecular systems to studying their dynamics and 

gaining key insights to what is required to achieve high efficiency and TON. The 

chapter focuses on the synthesis, characterisation, time resolved studies and both 

homogeneous and heterogenous photocatalysis for two ruthenium complexes. The 

results from this research led to first publication using p-DSSCs which used an  

intramolecular photocatalyst, where photocurrents and efficiencies exceed that 

currently published in the literature.  There is a lot more that must be achieved in this 

area before there is a commercially viable cell. However, studies like the ones in this 

chapter provide a deeper understanding of the parameters that are important  in 

designing assemblies for hydrogen generation and these factors can contribute towards 

progressing research in this field.  The knowledge gained here can be used in our strive 

towards designing noble-metal free photoelectrocatalytic systems for hydrogen 

generation.   
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Chapter 4 

4 CO2 photocatalytic reduction using Ru-Re and Porphyrin-Re 

assemblies 

                                                           

Chapter 4 focuses on the design of assemblies 

for CO2 reduction, and a progression from 

noble metal-based photosensitisers, towards a 

more sustainable approach using organic based 

photosensitisers such as porphyrins. In this 

chapter, the photoreduction of CO2 is 

investigated using Ru-Re and porphyrin-Re 

supramolecular assemblies. A brief synopsis of 

the state-of-the-art systems for the 

photocatalytic reduction of CO2 is provided 

within this chapter. The porphyrin based 

supramolecular systems exploit Schiff base 

chemistry, whereby the catalytic centre is 

attached to the Schiff base, which is tethered to 

the photosensitiser.  These complexes were 

successfully synthesised and characterised by 

1H NMR, IR, UV-visible spectroscopy and mass 

spectrometry. Computational Studies were 

performed on the singlet and triplet excited 

states of RuRebpt to aid in assigning the 

experimental results obtained from time 

resolved studies. The excited states are also 

investigated by time-resolved emission and 

absorption spectroscopy on the ns - μs 

timescales. 
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4.1 Aim 

 

The aim of this chapter is to move towards more sustainable photocatalytic assemblies 

for light facilitated processes such as hydrogen generation and the reduction of CO2. 

This chapter is the first in this thesis to address CO2 reduction as another approach to 

combating climate change. Therefore, it aims to provide a brief insight to the 

surrounding literature of photocatalytically active systems. The monomeric Ru-

triazole complex, examined in the previous chapter, is coupled with the known CO2 

reduction catalytic centre -Re(CO)3Cl through the reaction with the Re(CO)5Cl 

precursor. The presence of the carboxy-ester groups in the ruthenium assemblies 

ensures that immobilisation onto the NiO electrodes remains plausible with this new 

assembly.  

An overall aim of this chapter is to exchange the photosensitising unit from a Ru-

polypyridyl complex (as discussed in the previous chapters) to a porphyrin, with both 

free-base and Zn-centred porphyrins examined. The main objective was to directly 

attach the photosensitiser to a –Re(CO)3 catalytic centre using a ‘Schiff base bridge’ 

and assess the photocatalytic activity of the novel supramolecular photocatalytic 

assemblies for the reduction of CO2 to CO. Lastly, the complexes synthesised in this 

chapter, were studied by ns-μs time-resolved spectroscopy in an attempt to gain an 

insight into their excited state properties and the possible relationship with 

photocatalytic potential.   
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4.2 Introduction  

 

There are many routes to developing solutions to combat climate change in addition 

to developing routes to renewable forms of energy, such as, hydrogen. The previous 

chapters of this thesis have focused on the synthesis and the photophysical properties 

of ruthenium based inorganic assemblies for photo-/photoelectrocatalytic generation 

of hydrogen. Another approach, which also utilises solar energy, is the photocatalytic 

reduction of CO2 to form useful compounds such as CO or methanol. To date many 

systems have been designed and assessed for CO2 reduction studies, and the 

progression path for the development of such dinuclear assemblies for CO2 reduction 

reflects that of the hydrogen generation photocatalysts previously discussed in Chapter 

1. Again, the general development for these photocatalysts has been an initial focus 

on intermolecular routes and then towards supramolecular assemblies, which employ 

both a photosensitising unit and a catalytic moiety followed by immobilisation to 

semiconducting surfaces. There are several excellent reviews detailing the evolution 

of CO2 reduction catalysts.[1–3] Many dinuclear complexes have been developed 

employing Ru, Ir, Os, Re, Ni, Co, Zn and Mg metal centres.[4–7] Herein, only a few 

select systems pertaining to the work conducted in this chapter are discussed in detail. 

In 2005, the first active dinuclear photocatalyst for CO2 reduction was published by 

Ishitani and co-workers and is depicted in Figure 4.1 (top).[8] They compared a number 

of Ru-Re (PS-Cat) systems for CO2 reduction capabilities by systematically altering 

both the peripheral and bridging ligands. The resulting TA spectra generated for their 

complexes, provided an insight into the electron transfer pathways for these systems. 

For complexes where higher TON were obtained using intramolecular vs. 

intermolecular approaches, TA determined was used to confirm that the electron was 

localised on the Re-end of the bridge following excitation. This provided some 

mechanistic guidelines to follow for future systems to emulate. Furthermore, they 

reported that when more conjugated bridges were used less hydrogen (or none)  was 

generated and this was attributed to stronger electronic communication between the 

metal centres. For the complexes studied, they stated that Ru-based emission is 

indicative of low metal-metal interaction, but the reduction potential of the complexes 

is  key to the level of photocatalytic activity. High conjugation, within a system, can 

lower the reduction potential of the catalytic centre. In the same study they also 
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reported that increased TONs could be obtained by the combined use of TEOA and 1-

benzyl-1,4-dihydronicotinamide (BNAH) in the solvent (DMF) mix. The reduction of 

the excited Ru-unit is improved by using BNAH as the electron donor compared to 

TEOA, but TA studies found that if both are used, back electron transfer rates are 

reduced. This is observed as an increase in the lifetimes of the features pertaining to 

the reduced species in the TA spectra collected. 

Ishitani and co-workers also explored how the length of the unconjugated  bridging 

ligand, a variation to the peripheral ligands on the Re-centre and, the use of various 

electron donors may improve the photocatalytic system.[9–11] Using the photocatalyst 

depicted in Figure 4.1 (bottom), Ishitani and co-workers investigated (2013) 

alternative electron donors, which resulted in an increase in the TON from 207 to 

>3000 for CO. Substitution of BNAH, in the DMF/TEOA/BNAH solvent mix, with 

1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), a better reductant 

than BNAH (as it is a two-electron donor), led to higher TONs (BNAH is a one-

electron donor). This significant enhancement in the amount of CO detected highlights 

how subtle changes to either the experimental conditions or to the photocatalyst can 

greatly influence the amount of product detected, and how this research area can 

develop.  

 

 
Figure 4.1: Structure of the first active dinuclear photocatalyst for CO2 reduction 

(top) and a high TON yielding photocatalyst (bottom)[8,10] 
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In addition to a myriad of publications where Ishitani and co-workers have performed 

homogeneous photocatalysis, the group have also immobilised Ru-Re complexes to 

NiO electrodes, using methylphosphonate anchoring groups (Ru-ReP), and 

investigated them for their photoelectrocatalytic capabilities, (Figure 4.2 depicts the 

structures discussed in this section).[12,13] Their Ru-ReP complex selectively produced 

TONCO = 32 (255 nmol) and no H2, in their photoelectrocatalytic setup when the 

photocatalysts was anchored to a NiO electrode.[12] The group have also investigated 

z-scheme systems using this Ru-ReP immobilised complexes to a NiO photocathode 

coupled with an oxygen producing photoanode.[14] The activity of the system was 

determined to be supressed by the photocathodic side of the cell. This was found to be 

due to the low conductivity of NiO and desorption of the photocatalyst leading to 

inactivity at the photocathode. Further research on the photocathodic side of the 

system, enabled an improvement at the photocathode and thus, the amount of CO 

produced. The NiO-photocatalyst electrode was assembled by first immobilising the 

mononuclear RuVP species, which is furnished with both methylphosphonate groups 

and vinyl groups. Subsequently, the vinyl groups undergo electro-polymerisation with 

that on the Ru-ReV complex. This led to increased absorption and increased stability 

during irradiation. Therefore, increasing the yield of CO (507 nmol), unfortunately, 

this also led to H2 (151 nmol) and HCOOH (120 nmol) production.[13]  

 

 
Figure 4.2: Structures of the complexes immobilised to NiO by the Ishitani group[12–

14] 
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Following on from Chapter 3, the work discussed in this chapter involves the Rubpt 

mononuclear complex, but with a [Re(CO)3Cl] unit attached to the triazole bridging 

ligand, (depicted in Figure 4.3). As the dceb ligands are electron withdrawing, the 

electron was expected to be localised on the dceb peripheral ligand following ISC after 

photoexcitation, to generate the triplet state (as previously observed in the 

corresponding Ru-Pt assemblies).[15] Although, this was not the case for RuPdbpt  

complex (discussed in chapter 3), as the anionic charge on the deprotonated bpt ligand 

is shared between the catalytic centre(Pd) and the Ru-moiety. Hage et al., found for 

their [(Ru(bpy)2)2(bpt)]3+ that the negative charge on the bridge was delocalised 

between the two metal centres.[16] Brennan and co-workers, observed a similar effect 

for RuRebpybpt complex.[17] Quantum calculations determined that after excitation of 

RuPdbpt and ISC to the triplet sate, the electron density resides on the bridge of the 

complex.[18] As discussed in Chapter 3, solution-based photocatalytic experiments 

concluded that the Ru-triazole-Pd complex was not a promising photocatalyst for 

hydrogen generation. However, the photoelectrocatalytic studies (carried out 

following immobilisation) proved the RuPdbpt complex is active for hydrogen 

generation. These studies prompted us to further investigate similar complexes  for 

CO2 reduction, by employing the Re-carbonyl catalyst (RuRebpt) instead of the Pd 

hydrogen evolution catalyst (RuPdbpt). This chapter outlines the synthesis of this novel 

dinuclear complex using literature methods, and includes characterisation  and 

photocatalytic studies.[19] The complex is currently being assessed for  

photoelectrocatalytic CO2 reduction, under heterogeneous conditions as the dceb unit 

facilitates immobilisation to NiO film. 

 
Figure 4.3: Structure of the RuRe complexes examined in this chapter, RuRebpt: R = 

COOEt and RuRebpybpt: R = H, counter ion for both is PF6. In the case of the 

mononuclear analogues (Rubpt: R = COOEt and Rubpybpt: R = H), the Re-carbonyl unit 
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is not present, the structure remains the same otherwise, and the bpt is negatively 

charged with one PF6 as the counter ion.  

 

 
Figure 4.4: Structure of the novel porphyrin-based supramolecular assemblies 

synthesised in this chapter 

 

This chapter also explores novel porphyrin-metal supramolecular assemblies for 

photocatalytic CO2 reduction, (depicted in Figure 4.4). As stated in the first chapter, 

for photoelectrocatalytic systems to be commercially viable and used globally, it is 

vital to move away from complexes composed of rare metals and towards more 

sustainable designs utilising cheaper and abundant components. Porphyrin 

supramolecular assemblies, where the porphyrin unit is combined with a Re-carbonyl 

based catalyst (PorRe), have already been successful in photocatalytic CO2 reduction, 

with TONCO of  > 300 reported (Figure 4.5: top).[20] These type of assemblies are 

mostly synthesised using a porphyrin with an amine linker as the bridge to a bipyridyl-

based Re-carbonyl moiety, as depicted in Figure 4.5. They were also the first 

supramolecular complexes to be immobilised onto p-type semiconductors for the 

photoelectrocatalytic reduction of CO2 and achieved initial TON of 10 for CO 

production.(Figure 4.5: bottom).[21] This was then improved to a  TONCO of 122 with 

the co-immobilisation of the photocatalyst with 5,10,15,20-tetra(4-

carboxy)phenylporphyrinatozinc (ZnTCPP), acting as an electron reservoir for the Zn-

porphyrin-Re-photocatalyst. As the photocatalyst harvests the electrons stored on the 

monomeric ZnTCPP for the catalytic reduction of CO2. 
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Figure 4.5: Structure of the highly active porphyrin-Re complex for photocatalytic 

CO2 reduction (top)[20] and structure of the first supramolecular assembly to be 

immobilised to a p-type semiconductor (NiO) for photoelectrocatalytic CO2 reduction 

(bottom)[21] 

 

Direct attachment of the catalytic moiety to the porphyrin, by a Schiff base/imine 

reaction, has not yet been explored as an approach in developing photocatalysts for 

the reduction of CO2. It is a synthetically simplistic method of one pot type synthesis 

and the properties of the complex can be altered/tuned easily by varying the R group 

on the imine bridge/catalytic metal centre (Figure 4.4).[22] Following on from the 

previous chapters, in which hydrogen photo-evolution is the focus, a Pt/Pd catalytic 

centre can be attached in the same manner of a Schiff base/imine reaction forming a 

porphyrin-Pt/Pd photocatalyst.[23] The substitution of pyridyl groups on the porphyrin 

macrocycle, in place of the phenyl group, allows the complex to be immobilised to 

semiconducting materials. Pyridine anchoring groups have already been utilised in n-

type DSSCs with TiO2 photoanodes sensitised with porphyrin systems and on NiO p-

type semiconductors with organic photosensitisers.[24–26] The vast potential for 

synthetic tuning of these type complexes is on par with that of Ru-polypyridyl 

complexes, hence the long library of porphyrin-based assemblies to date.  
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4.3 Experimental 

4.3.1 Materials 

 

As described in Chapter 2 and Chapter 3, unless otherwise stated. 

 

4.3.2 Equipment 

 

As described in Chapter 2 and Chapter 3, unless otherwise stated. 

 

4.3.3 Synthesis 

 

The synthesis for [Ru(dceb)2(bpt)](PF6) monomer is described in Chapter 3. 

[Ru(bpy)2(bpt)Re(CO)3Cl](PF6) (RuRebpybpt) and RuRebpt were synthesised following 

literature procedures (or a modification thereof).[17] 5-(4-nitrophenyl)-10,15,20-

triphenyl porphyrin, 5-(4-aminophenyl)-10,15,20-triphenyl porphyrin[27] and the 

metalation of amino-porphyrin (Zn)[28] were carried out following  literature methods. 

Formation of the imine/Schiff base porphyrin-metal systems were conducted 

following modified literature procedures.[22]  

[Ru(dceb)2(bpt)Re(CO)3Cl](PF6) (RuRebpt). 50 mg [Ru(dceb)2bpt](PF6) was dissolved 

in 30 mL ethanol and purged with nitrogen for 30 min. A 1.1 equivalent of Re(CO)5Cl 

was added. The reaction was degassed by vacuum before being left under a constant 

flow of nitrogen. The reaction was brought to reflux temperature for 6 hours. The 

solvent was reduced and the solid was filtered by vacuum filtration and washed with 

diethyl ether. Yield 25 mg. (0.02 mmol, 40 %). 1H-NMR (600 MHz, acetonitrile-d3) 

δ[ppm] = 1.23 (t, 3 H), 1.32 (t, 3 H), 1.36 (td, 6 H), 4.27 (q, 2 H), 4.38 (q, 2 H), 4.43 

– 4.50 (m, 4 H), 7.35 (td, 1 H), 7.47 (d, 1 H), 7.50 (dd, 1 H), 7.55 (m, 2 H), 7.72 (d, 1 

H), 7.77 (dd, 1 H), 8.03 (td, 1 H), 8.04 – 8.17 (m, 5 H), 8.25 (d, 1 H), 8.48 (d, 1 H), 

8.75 (s, 1 H), 8.78 (s, 1 H), 9.05 (s, 1 H), 9.13 (s, 1 H), 10.31 (d, 1 H). 

5-(4-nitrophenyl)-10,15,20-triphenyl porphyrin (NO2-TPP). To 60 mL propionic acid, 

4-nitrobenzaldehyde (302 mg, 2 mmol, 1 equiv.) and benzaldehyde (613 μL, 6 mmol,3 

equiv.) were added and stirred for an hour at 120 °C. Dropwise freshly distilled pyrrole 

(555 μL, 8 mmol, 4 equiv.) was added and the reaction was left to stir at 120 °C for a 
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further hour. The solvent is then removed, and the crude is purified by column 

chromatography on silica column with chloroform:petroleum ether (6:4) as eluent.  

5-(4-aminophenyl)-10,15,20-triphenyl porphyrin (NH2-TPP). To 20 mL of 

chloroform NO2-TPP (80 mg, 121 mmol) and 20 mL of SnCl2 in conc. HCl were added 

along with 20 mL acetic acid. The reaction was stirred and heated at 70-80 °C 

overnight. 2 M NaOH (150 mL) was used to neutralise the solution and stop the 

reaction. The solution was then washed with water (2 x 100 mL) and dried over 

MgSO4 and filtered. Column chromatography was then used with a silica column and 

chloroform as solvent. 

Porphyrin-Re complexes. Pyridine-2-carboxaldehyde (0.012 mL, 0.125 mmol) and 

1 equiv. of the amino-porphyrin were dissolved in ethanol (15 mL) and brought to 

reflux temperature for an hour. 1 equiv. of Re(CO)5Cl was added to the reaction 

mixture, and it was stirred at reflux temperature for a further 8 hours. The solution was 

then cooled to room temperature and the solvent removed. The remaining solid was 

dried under vacuum and then washed with diethyl ether to give the pure compound.  

PorRe1: Yield 105 mg (0.102 mmol, 82%),  [M]+ ion at 1243.2659 m/z corresponding 

to C53H35ClN6O3Re 

PorRe2: Yield  90 mg (0.08 mmol, 64 %). 
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4.4 Results and Discussion 

4.4.1 Ruthenium polypyridyl based complexes 

 

 
Figure 4.6: Structure of dinuclear complex with the pyridyl triazole rings denoted A 

or B 

 

RuRebpt was successfully synthesised following modification of a literature method 

and characterised by 1H NMR, COSY NMR, elemental analysis and other 

spectroscopic techniques. Figure 4.6 highlights the ring nomenclature used throughout 

the following sections. The structure of mononuclear analogues of these complexes 

are the same as their dinuclear equivalents without the Re-catalytic unit, as seen for 

Rubpt in Chapter 3.   

 

4.4.1.1 1H NMR and COSY-NMR spectroscopy 

 

For the RuRebpt complex, it was not possible to assign all of the protons present in the 

spectrum, in Figure 4.7, due to overlapping of the peaks pertaining to dceb-based and 

bpt-based protons. The COSY NMR, depicted in Figure 4.8, is as expected based on 

similar complexes reported in the literature.[29] As many of the peaks overlap  it was 

difficult to accurately assign all resonances. If the  dceb ligand was deuterated it would 

be extremely beneficial to ensure the correct assignment of each peak. A downfield 

shift of the protons in ring B on the bpt (Figure 4.6), is an indication of metalation, as 

seen in the case of RuPdbpt in Chapter 3.  
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Figure 4.7: 1H NMR spectrum of RuRebpt in CD3CN 

 

 
Figure 4.8:COSY NMR spectrum of RuRebpt in CD3CN 

 

The COSY-NMR of the aliphatic region, in Figure 4.9, highlights the non-equivalence 

of the ester-based protons, on the dceb ligands, due to spatial interaction with the Re-

carbonyl catalyst. Although, the COSY NMR allows for coupling of the CH2 and CH3 

on one end of the dceb ligand. It is not possible to assign the protons in full to specific 

dceb ligands.  
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Figure 4.9: COSY-NMR spectrum of the aliphatic region of RuRebpt in CD3CN 

 

In the case of RuRebpybpt, the presence of structural isomers and their individual distinct 

spectra lead to a complicated 1H NMR (not shown).[17] No attempt was made to 

separate these isomers as previous studies showed no difference in the spectroscopic 

or electrochemical properties between the isomers.[17,30] 

 

4.4.1.2 IR spectroscopy 

 

The presence of the three IR bands related to Re-CO stretching (~2100-1700 nm) 

vibrations was also an indication of successful synthesis of the dinuclear species. The 

carbonyl stretching frequencies of the two RuRe complexes in acetonitrile are 

summarised in Table 4.1 with the corresponding spectra displayed in Figure 4.10. 

 

Table 4.1:The CO stretching frequencies of the RuRe complexes synthesised in this 

chapter  (IR spectra were obtained in in acetonitrile) 

Complex νCO (cm-1) 

RuRebpt 2019 1909 1887 

RuRebpybpt 2021 1911 1897 

*Rebpt 2012 1904 1879 
*In THF From reference [17]  
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Figure 4.10: Graph of the IR spectra obtained in acetonitrile for RuRebpt (orange line) 

and RuRebpybpt (blue line). Both spectra were subjected to background subtraction of 

the reference spectrum in acetonitrile. 

 

The position, and the number of IR stretching modes observed for the RuRebpybpt 

complex are in agreement with the IR spectra previously reported by Brennan with 

CO at higher frequency than that of the Re-triazole monomeric species 

[Re(CO)3(bpt)Cl]- (displayed in Table 4.1 as Rebpt).
[17] As the charge is shared across 

the metal centres in the RuRe complexes, the electron density on the Re-carbonyl 

moiety is reduced from that of Rebpt. Therefore, the carbonyl bands are located at 

higher energy as there is a reduction in the back-bonding interaction between Re and 

carbonyl ligands.[17]  

 

4.4.1.3 UV-Visible spectroscopy 

 

 
Figure 4.11: UV-Visible spectra of Rubpt (blue line) and RuRebpt (orange line), Rubpybpt 

(grey line) and RuRebpybpt (yellow line) in acetonitrile with absorbance ~0.36 at 355 

nm. 
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In Figure 4.11, the UV-Visible spectra of the mono- and di-nuclear Ru-triazole 

complexes (Rubpt, RuRebpt, Rubpybpt and RuRebpybpt) are displayed. Assignment of the 

features of the spectra are consistent with other Ru-based complexes.[17,29,31] the 

features observed below 350 nm are assigned to ligand-centred π-π* transitions, those 

above 350 nm are typical of 1MLCT transitions, with the furthest red feature assigned 

to the lowest energy 1MLCT. At a glance, there is a clear electronic effect due to the 

presence of the carboxy-ester groups on the peripheral bpy ligands in Rubpt and 

RuRebpt. The features corresponding to the LC transitions experience a red shift, from 

~290 nm to ~310 nm, upon the addition of the carboxy-ester groups. This has been 

seen in many complexes when comparing bpy and dceb analogues.[31–33] The bands in 

the region 350 – 650 nm displays the additional features observed for the Rubpt 

complex (discussed in Chapter 3) and are present in the spectrum for the RuRebpt 

complex, as seen for the equivalent dinuclear RuPdbpt complex (Chapter 3). These are 

possibly due to the electron withdrawing effect of the dceb ligands and the asymmetry 

of the anionic bpt ligand.[34,35] There is a slight redshift of the spectrum generated for 

RuRebpt on comparison with the mononuclear complex (λmax 525 nm from 510 nm). 

Although, the trend with bpt dinuclear species is normally a blueshift on comparison 

to the monomer, as seen with RuPdbpt in Chapter 3 and with the homo-dinuclear 

[(Ru(bpy)2)2(bpt)]3+.[36] This is also observed with RuRebpybpt, it is blue shifted 

compared to Rubpybpt with the addition of the Re-carbonyl unit. The blueshift is 

attributed to the distribution of the negative charge on the bpt ligand between the two 

metal centres.  
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4.4.1.4 Emission spectroscopy 

 

 
Figure 4.12: Graph of the emission spectra collected for Rubpt (blue line), RuRebpt 

(orange line), compared to that of [Ru(dceb)2(2,5-bpp)](PF6)2 (yellow line) and 

[Ru(dceb)3](PF6)2, (grey line) all in acetonitrile, with an excitation wavelength of 355 

nm and OD at this point ~0.36. The insert is a close-up of the blue and orange line. 

 

The emission spectra for the RuRebpt complex and the corresponding mononuclear 

analogue can be seen in Figure 4.12, which highlights the effect of ligand substitution 

of a dceb ligand, in Ru(dceb)3, for 2,5-bpp (Ru2,5-bpp) or bpt (Rubpt). When terpyridine 

(2,5-bpp) is introduced (Ru2,5-bpp) , the only effect is that the λmax is shifted slightly to 

the red by 20 nm. Whereas, there is a clear reduction in the emission intensity upon 

the introduction of the bpt ligand and a further red shift of the λmax from 630 nm 

(Ru(dceb)3) to 690 nm for Rubpt. When the Re-carbonyl unit is attached (RuRebpt), the 

emission is blue shifted 40 nm, in comparison with that of the parent Rubpt. The 

emission intensity is quenched, almost entirely, with the addition of the Re-carbonyl. 

RuRe complexes with emission spectra have previously been reported, by Vogler and 

Kisslinger, for a [Ru(bpy)2(bipyrimidine)Re(CO)3Cl](PF6)2 complex.[37] The emission 

of their complex was only visible in the solid state and at low temperature (77 K) and 

the λmax = 774 nm, close to the λmax of [(Ru(bpy)2)2(bipyrimidine)](PF6)4 (769 nm). 

The similar positioning of the λmax, enabled them to conclude the emission was from 

the Ru→bipyrimidine transition state. Similar observations have previously  been 

reported for the RuRebpybpt (λmax 635 nm) and the homonuclear [(Ru(bpy)2(bpt))2]
- 

(λmax 675 nm) complexes.[17,36] Table 4.2 displays the emission λmax of the Ru-based 

complexes. In both RuRe complexes (RuRebpt and RuRebpybpt), the emission λmax is 
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centred at wavelengths >600 nm (Table 4.2). This suggests the emission is based on 

the Ru-metal centre and not the Re-centre. According to Ishitani and co-workers, Ru-

based emission is indicative of limited metal-to-metal interaction, which they found 

to increase the TON in CO2 reduction experiments involving RuRe complexes.[8] 

 

Table 4.2: Table of the λmax of the emission spectra for several Ru-polypyridyl 

complexes in acetonitrile.  

Complex Emission λmax (nm) 

Rubpt 690 

RuRebpt 650 

*Rubpybpt 675 

*RuRebpybpy 635 

*RuRubpybpt 648 

*Ru(bpy)3 615 

Ru2,5-bpp 650 

Ru(dceb)3 630 

  *The values for the bpy-based complexes have been taken from ref [17]. 
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4.4.1.5 Computational Studies 

 

These studies were carried out by Prof. Conor Long in a similar manner to that 

described in Chapter 3. As seen in Chapter 3, the complexes modelled used dmcb, 

instead of the dceb ligands to simplify the calculations.  

The simulated UV-Visible absorbance spectrum for the model complex 

[Ru(dmcb)2(bpt)Re(CO)3Cl]- is displayed in Figure 4.13. The quantum calculations 

carried out on this model complex describe the lowest singlet excited state (ES1), 

populated by an excitation wavelength just below 600 nm, to be Ru-to-dmcb charge-

transfer character, involving only one dmcb ligand. Whereas, the intense transition, 

populated by photons just below 500 nm, is a Ru-to-dmcb charge-transfer state, 

involving both dmcb ligands. Ru-polypyridyl complexes undergo ISC from the singlet 

to the triplet state within the first few hundred femtoseconds, competing with IC to the 

lowest singlet state. Therefore, population of the triplet state is generally from the 

initially populated singlet state determined by the excitation wavelength. For ease of 

comparison, the triplet excited state populated by the lowest singlet excited state, was 

also investigated and found to be a Ru-to-Re charge-transfer state, with some electron 

density residing on the peripheral ligands. The simulated UV-visible spectrum of the 

triplet state, in Figure 4.14, was generated for the complex to aid with the interpretation 

of the TA recorded. The spectrum generated displays an intense absorbance in the 

mid-IR region (800-2300 nm), that is beyond the window measured in the TA studies. 

It also shows a relatively intense absorption with a λmax of ~700nm.  In the TA studies 

discussed later there is no evidence for this absorption following excitation of RuRebpt.  
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Figure 4.13: Graph of the experimental (red) and theoretical (blue) UV-Visible 

absorbance spectra in acetonitrile for RuRebpt and [Ru(dmcb)2(bpt)Re(CO)3Cl]-, 

respectively. The inserts are the electron density difference maps of the model complex 

in the singlet excited state ES1 (right) and ES8 (left). 

 

 
Figure 4.14: Graph of the simulated UV-Visible absorbance spectrum of the triplet 

excited state of the RuRe-dmcb complex in acetonitrile 

 

The above-mentioned computational studies  prompted an investigation of  the loss of 

the Cl- anion on the model complex and the effect this had on the simulated results. 

The calculations determined the Franck Condon state of this complex (without Cl-) is 

significantly Ru-to-dmcb charge-transfer in character. Population of the triplet state 

from this singlet state leads to substantial Ru-to-Re charge-transfer. The electron 

density difference maps of the singlet and triplet energies are presented in Figure 4.15. 
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The UV-Visible spectrum simulated for this state, in Figure 4.16, resembles the 

experimental electronic absorbance spectrum of RuRebpt (Figure 4.11). The TA 

spectra, which is a difference spectrum of the ground state to excited state at different 

time intervals after excitation, therefore, would be expected to be minimal as the ESA 

and GSB overlap significantly. This is comparable to the TA findings discussed in the 

next section. 

 

    
Figure 4.15: Electron density difference maps of [Ru(dmcb)2(bpt)Re(CO)3]

2- in the 

singlet excited state (left) and triplet excited state (right), where the electron density 

moves from blue to red.  

 
Figure 4.16: Graph of the simulated triplet excited state UV-Visible absorbance 

spectrum of [Ru(dmcb)2(bpt)Re(CO)3]
2+  
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4.4.1.6 ns-Transient Absorption Spectroscopy 

 

The TAS set-up was previously described in chapter 2. The sample was prepared by 

dissolving the complex in dry acetonitrile and purging with CO2 gas for ~20 min. The 

excitation wavelength employed was 355 nm, with a sample absorbance of ~0.36 at 

this wavelength.  

The TA spectra obtained following excitation of RuRebpt showed minimal spectral 

features and hence, have not been included. In these spectra there is an extremely weak 

GSB between ~400-600 nm and a very weak ESA at wavelengths >600 nm. Both 

features are too weak to extract any information from them. The lack of any prominent 

spectral features indicates that, following excitation, this complex forms a non-

emissive excited state that regenerates the parent, or a complex with an absorption 

profile similar to the parent absorbance spectrum, which could result from loss of the 

Cl ligand as indicated by the computational studies. There was no evidence in the TA 

spectra for the ‘usual’ 3MLCT that is usually observed for bpy-Ru complexes which 

persists for hundreds of nanoseconds.  

The computational studies also suggest that once the complex is in the triplet excited 

state the electron density resides, almost solely, on the Re-metal unit (Figure 4.15). 

This suggests that the reduction in emission experienced with these complexes is more 

likely due to the electron density residing at the catalytic centre.  

Similar experiments were performed using the RuRebpybpt complex,  and analogous to 

the dceb counterpart, the emission intensity of the dinuclear species is substantially 

reduced compared to the Ru-mononuclear complex. In contrast to the dceb analogues, 

transient signals were observed in the TAS experiments (Figure 4.17), following 

excitation of the sample at 355 nm in acetonitrile.  The experiments were performed 

in CO2 saturated solutions. The transient signal for this complex at 370 nm, decays 

over ~ 120 ns, which agrees with the recovery of the parent absorption  at ~ 460 nm. 

These transient features are assigned to the 3MLCT which is typical of ruthenium 

compounds. The ESA at <400 nm is attributed to the LC transitions typical of Ru(bpy)2 

complexes, such as, that seen in the TA spectra for the Ru(bpy)2(2,5-bpp) complex 

(discussed in Chapter 2).[15] There is also another ESA >500 nm, but were weak in 
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intensity. Ishitani and co-workers, observed similar TA spectra for their complex, 

depicted in Figure 4.1 (top), dissolved in argon saturated DMF, with λexc = 532 nm.[8]  

 

 
Figure 4.17: Graph of the absorbance difference TA spectra for RuRebpybpt in CO2 

saturated acetonitrile, obtained following excitation of solution with an absorbance 

of ~0.36 at 355nm. . 

 

4.4.1.7 Photocatalytic Studies 

 

Photocatalytic studies were performed on both dinuclear RuRe complexes in CO2 

saturated solvent mixtures with acetonitrile:TEOA and DMF:TEOA (2:1) under a CO2 

atmosphere. It is important, in photocatalytic studies focusing on CO2 reduction using 

metal carbonyl catalytic centres, such as the systems explored within this chapter, to 

account for the possible loss of one (or more) of the carbonyl groups on the complex, 

and that these do not contribute to the TON of any CO produced. Therefore, when 

calculating the TON of CO produced, a TON of above 3, in the case of -Re(CO)3 

systems, must be achieved for the system to be considered as photocatalytically active. 

Unfortunately, no CO was detected for either of the RuRe complexes under the 

photocatalytic conditions used. Previously in Chapter 2 the effect of the experimental 

conditions used greatly influences the TON of the product produced, therefore it is 

possible that other conditions may be more suited for these complexes. The use of BIH 

as a stronger donor would be interesting to explore. Whereas in Chapter 3, although, 

the related dinuclear RuPd complex is unsuccessful in hydrogen production under the 

selected homogenous conditions, it performs well in a p-type photoelectrochemical 

cell (p-PEC), once bound to the surface of a NiO electrode. This may be the case with 

the RuRe complexes also and there are currently being assessed for 

photoelectrocatalytic CO2 reduction in a collaborator’s laboratory.  
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4.4.2 Porphyrin based complexes 

 

The second part of this chapter focuses on replacing the ruthenium photosensitising 

unit with an organic unit, which led to the synthesis of the two compounds in Figure 

4.18 (PorRe1 and PorRe2).  This work is in the early stages of investigation and 

therefore, only preliminary results are discussed. Following the synthesis, the 

complexes were characterised using mass spectrometry, and a range of spectroscopic 

techniques including  1H-NMR, UV-vis, luminescence and others. Outlined in Figure 

4.18 is the synthetic pathway used for the porphyrin-Re complexes. Initially, the 

porphyrin unit is synthesised, which was done using a well-established process the 

Adler method, which involves heating the requisite aldehydes and pyrrole together in 

propionic acid at reflux temperatures for 8 hours.[38] During the synthesis of the target 

porphyrin, in Figure 4.18, a number of different porphyrins form, including 

tetraphenylporhyrin, mononitrobenzenetriphenylporphyrin, and the di-, tri, and 

tetranitro-porphyrin analogues, therefore column chromatography is used to separate 

the target complex. Following column chromatography, the next step involves 

reduction of the nitro-group to an amine using SnCl2. Once again, column 

chromatography is used to obtain the target compound pure. If metalation of the 

porphyrin ring is required, it can be carried out by using the corresponding metal 

acetate as a metalating agent. In this chapter, Zn is the metal centre of the porphyrin 

ring for complex PorRe2, therefore Zn acetate was utilised. At this stage column 

chromatography is employed again to separate the starting materials from product. To 

synthesis the porphyrin-imine-Re photocatalyst, a one-pot reaction is carried out, 

where an aldehyde or ketone is added to the nitroporphyrin. The Re(CO)5 is then added 

to the reaction mixture, which yields the Porphyrin-Re(CO)3 supramolecular 

assembly. 
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Figure 4.18: General reaction scheme for the synthesis of the porphyrin-Re 

complexes. (A) = propionic acid at reflux temperature for 1 h, (B) = chloroform and 

SnCl2 in HCl and acetic acid, stirred overnight at 70°C (C) = DCM:MeOH (3:1) and 

Zn acetate, stirred at room temperature for 1 h, (D) = MeOH at reflux temperature 

overnight, (note M = Zn when R = phenyl ring and M = H2 when R = H). 
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4.4.2.1 1H NMR Spectroscopy 

 

 

 

 
Figure 4.19: Graphs of the 1H-NMR spectra collected for complex 1 (top), 2 (middle) 

and 3 (bottom) (as seen in the reaction scheme above) in CD3Cl. 
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Figure 4.20: Graphs of the 1H NMR spectra of the supramolecular porphyrin-Re 

complexes PorRe1 (top) and PorRe2 (bottom) in CD3Cl. 

 

The above proton NMR spectra displayed in Figure 4.19 and Figure 4.20, 

demonstrates the synthetic pathway and the NMR spectra of the porphyrin-Re 

complexes synthesised and studied in this chapter.  
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4.4.2.2 UV-Visible and Emission Spectroscopy 

 

The UV-Visible absorbance spectra for the 2 porphyrin-Re complexes are displayed 

in Figure 4.21. The typical Soret (~350-450 nm) and Q bands are clear in the UV-vis 

spectra for both complexes.[39] The Soret band is attributed to a strong transition 

between the ground state (S0) and the second excited state (S2). The Q bands are 

attributed to quasi-allowed transitions between the ground state and the first singlet 

excited state (S1). For the free-base porphyrin, PorRe1, the characteristic 4 Q bands 

are present between 480 nm and 700 nm. Whereas, for the Zn metallated PorRe2, the 

metalation of the porphyrin centre increases the symmetry, and this is evident by the 

reduction in the number of Q bands from four to two. PorRe2 also has a further 

absorbance towards the red region in the spectrum which is not usually observed for 

porphyrins. This extreme red absorbance may be due to aggregation of the complex, 

although, reducing the concentration did not remove the absorbance centred ~800 nm.  

 

 

Figure 4.21: Graph of the electronic absorbance spectra for PorRe1 (blue line) and 

PorRe2 (orange line) in acetonitrile. 
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The emission spectra for the two supramolecular assembles are displayed in Figure 

4.22. Both complexes give rise to the typically observed emission spectra reported for 

the precursor free-base/metallo-Zn amino-porphyrin and other porphyrin-Re 

complexes.[39,40] The emission intensity however is lower for the Zn complex due to 

the presence of Zn in the porphyrin ring.[40] Both porphyrins exhibit lower intensity 

than that typically recorded for metal-free porphyrins such as TPP (not shown below). 

 

 
Figure 4.22: Graph of the emission spectra for PorRe1 (blue line) and PorRe2 (orange 

line) with an excitation wavelength of 355 nm in acetonitrile (samples are 

isoabsorptive with an absorbance of 0.2 at 355 nm). 
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4.4.2.3 Preliminary ns-Transient Absorption and Time-resolved 

Photoluminescence Spectroscopy 

 

The photophysical properties of both porphyrin-Re complexes was probed using 

nanosecond-TAS, and time resolved luminescence following excitation at 355 nm. 

Figure 4.23 displays the TA spectra collected for the PorRe1 complex and Figure 4.24 

displays that for the PorRe2 complex. Both graphs show that bleaching of the Soret 

band between ~390-450 nm occurs following excitation. As, the Soret band is intense 

spectra cannot be collected in the region 390 nm to 440 nm, therefore, the bleach is 

not displayed in either graph. Both systems give rise to transient signals on both sides 

of the GSB of the Soret band (there is some overlap of the GSB with ESA). The ESA, 

to the lower energy side of the Soret parent bleach (at ~ 470 nm), is attributed to the 

excited state Soret band in both complexes. Also evident in the transient absorption 

spectra are the GSB of the first, and most intense, Q band for both complexes, ~520 

nm for PorRe1 and ~560 nm for PorRe2. Figure 4.23 also clearly displays the excited 

state absorbance of the Q bands, all red shifted in their excited state. The band at higher 

energy to the Soret bleach, observed in both graphs, is attributed to the same excited 

species. Unfortunately, reliable kinetics could not be extracted for this feature due to 

its low intensity. The lifetime of the excited state at ~470 nm was measured for both 

complexes and found to be ~4 μs for PorRe1 and ~7 μs for PorRe2. The longevity of 

the excited state indicates that in the TA studies this species is assigned to a porphyrin-

based triplet excited state. Whereas, in the time-resolved photoluminescence 

experiments conducted with these complexes (maps of the emission decay are given 

in Figure 4.25), the signals are assigned to the singlet excited state with a lifetime of 

~13 ns PorRe1 and ~9 ns for PorRe2. Alessio and co-workers conducted similar ns-

TA studies on their mono- and tetra-Re-carbonyl appended free-base mono- and tetra-

pyridyl porphyrins, [Re(CO)3(bpy)(4’MPyP)][CF3SO3] and 

[(Re(CO)3(bpy))4(4’TPyP)][CF3SO3]4.
[41] They also observe a broad feature from 

~460 – 520 nm that overlaps with a GSB at 515 nm. Their ESA are assigned to a triplet 

species as the features decay over hundreds of microseconds, in both the porphyrin-

Re assemblies and the parent porphyrin macrocycles. 
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Figure 4.23: TA spectra collected for PorRe1 in CO2 saturated acetonitrile (using  355 

nm excitation and an absorbance of ~0.36). 

 

 
Figure 4.24: TA spectra collected for PorRe2 in CO2 saturated acetonitrile (using  355 

nm excitation with an absorbance of ~0.36). 

 

 

Figure 4.25: The time-resolved photoluminescence spectra for PorRe1 (left) and 

PorRe2 (right) with excitation wavelength of 355 nm, Dark blue → light blue is after 

excitation → 50 ns. 

 



Moving towards a sustainable model                                                             Chapter 4 

163 

 

4.4.2.4 Preliminary Photocatalytic Studies 

 

Photocatalytic studies were conducted on PorRe1 under the same conditions as the 

RuRe complexes, using solvent mixtures using with acetonitrile:TEOA and 

DMF:TEOA (2:1) under a CO2 atmosphere. When the head space in the vials was 

checked for CO, no peaks were observed in the chromatograms to indicate the 

photoreduction of CO2 to CO under the experimental conditions employed. Ishitani 

and co-workers  have reported enhanced photocatalytic activity when BIH is added to 

the DMF:TEOA solvent mix, and this was also tried, but again no CO was detected.[11] 

It is possible there is CO in the solution, or another CO2 conversion product such as 

formic acid may have been generated but the solutions were not  analysed for this.  

The UV-Visible spectra of the PorRe1 complex was monitored prior to and following  

irradiation at 407 nm in the photocatalytic experiments (Figure 4.26). It is clear from 

the spectra, that the presence of BIH results in decomposition of the complex. No 

difference was recorded between the irradiated and dark sample when the solvent mix 

contained DMF/TEOA. Metalation of the porphyrin ring, as done with PorRe2, was 

thought to increase the stability of the complex. Changes in the electronic absorbance 

spectrum of porphyrin-Re assemblies have been reported previously by Perutz and co-

workers, due to the hydrogenation of a porphyrin to a chlorin and/or ligand substitution 

on the Re-carbonyl.[20,42] These indicate that the Q band region of the spectrum is best 

to monitor changes occurring, inferring that the changes are only seen in at the Q 

bands. Whereas, in the systems studied in this chapter, the Soret band diminishes.   

 
Figure 4.26: Graph of UV-Visible spectra of PorRe1 before and after photocatalysis 

under different conditions with an irradiation wavelength of 407 nm 
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4.5 Conclusions 

 

In conclusion, this chapter compares the photocatalytic activity for ruthenium vs 

porphyrin based supramolecular assemblies for CO2 reduction. The mononuclear Ru-

triazole complex, from Chapter 3, and a Re-carbonyl catalytic centre were successfully 

combined to yield the RuRebpt photocatalyst. This was confirmed by NMR 

spectroscopy and the presence of the rhenium carbonyl was confirmed using IR 

spectroscopy. Although, TA experiments and computational methods corroborated 

that excitation of RuRebpt  populates the triplet state. The lifetime of this state is 

significantly lower than optimum for CO2 reduction, with near full recovery of the 

GSB occurring within the first 50 ns. The complex was unsuccessful in reducing CO2 

to CO under the conditions examined. As seen with the RuPdbpt complex in Chapter 

3, it is possible that the photocatalytic ability will improve under heterogenous 

conditions. 

This chapter also examined the possibility of moving away from rare metals by 

incorporating a porphyrin macrocycle as the photosensitising unit on the 

supramolecular photocatalyst. The Re-carbonyl meatal centre was attached through a 

Schiff base reaction on the imine bridge. TA experiments proved these systems have 

a long-lived triplet states. Yet, the free-base complex, PorRe1, was unsuccessful for 

CO2 reduction under the photocatalytic conditions used. It was assumed that TEOA 

alone was not sufficient to reduce the excited porphyrin, therefore, BIH was used in 

conjunction with TEOA during photocatalysis. Unfortunately, PorRe1 was found to 

decompose under these conditions. PorRe2 may be more stable, due to the metalation 

of the porphyrin ring and the presence of the phenyl group in place of a hydrogen atom 

on the imine bridge. The phenyl group was added to avoid CO2 insertion at this 

position on the PorRe1 complex. 
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Chapter 5 

5 The Photophysics of Boron-dipyrromethene (BODIPY) 

Polymers 

 

Chapter 5 introduces boron-

dipyrromethene (BODIPY) polymers. 

This chapter opens with an insight into 

the background of BODIPY based 

compounds in particular focusing on 

photo-driven applications. In this 

chapter, two  BODIPY-polymers and 

their monomeric BODIPY precursors 

are studied using both TRIR and TA 

spectroscopies spanning the pico-

second to nano-second time scales. The 

pico-second studies were conducted at 

the Central Laser Facility, at the 

Rutherford Appleton Laboratory, in the 

U.K. The polymers were assessed for 

their ability to generate singlet oxygen, 

and for hydrogen generation in solution 

and under heterogeneous conditions 

when immobilised on NiO.  The latter 

studies were carried out in collaboration 

with the Gibson Group from Newcastle 

University.  
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5.1  Aim 

 
The predominant aim of this chapter was to investigate the early-time  (picosecond) 

photodynamics of two BODIPY polymers and assess their ability to act as 

photosensitisers for both hydrogen generation and also singlet oxygen generation. 

However, to fully understand the photophysics of the polymers, the BODIPY 

precursors were also studied.  The TA and TRIR studies were carried out both in 

solution and also when the polymers were immobilised onto NiO, as the polymers 

were assessed for photoelectrocatalytic hydrogen evolution.  Usually BODIPYs have 

high fluorescence quantum yields with negligible triplet state formation unless heavy 

atoms are incorporated, however the polymers discussed here generate singlet oxygen 

and therefore have the potential to act as singlet oxygen delivery systems. 
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5.2 Introduction 

 
BODIPY dyes are derivatives of 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-

s-indacene. Structurally, BODIPYs are based on half of a porphyrin macrocycle, such 

as those discussed in Chapter 4. The BF2 unit increases the robustness and rigidity of 

the structure, which in turn increases the fluorescence yield of the complex. The π-

conjugation of the system is expressed with strong absorbances in the UV-Visible 

region. The photophysical properties and therefore, the underlying electron dynamics 

can be manipulated by varying the substituents on the BODIPY core, in the positions 

indicated in Figure 5.1. 

 

 
Figure 5.1: Structure of the BODIPY core with the indicated sites for substitution, 8 

is also referred to as the meso position. 

 
BODIPY dyes have been extensively examined since initially synthesised, reported 

by Treibs and Kreuzer in 1968,[1]  and this has led to a wide library of BODIPY-based 

compounds with varying functionalities and applications.[2,3] The optical properties of 

BODIPYs are highly tuneable through synthetic modifications on the BODIPY core, 

inciting the synthesis of a long list of compounds with varying photo-driven 

applications. These applications include bio-sensing, photodynamic therapy and solar 

energy conversion. Bio-sensing usually employs monomeric BODIPY systems, which 

utilises the high fluorescence quantum yields coupled with negligible triplet state 

formation usually observed for BODIPY dyes.[4] Whereas, applications in areas such 

as photodynamic therapy, which causes cell death through 1O2 production,  or as 

photosensitisers/photocatalysts for hydrogen generation, require BODIPY-based 

systems where population of a triplet state occurs.[5–7] Population of a triplet state via 

ISC is generally only possible in BODIPY based systems furnished with heavy atoms, 

such as, iodine, or the attachment of metal complexes.[8] However, recent multi-

chromatic BODIPY complexes have been reported where triplet states are populated 
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in the absence of toxic heavy atoms, by triplet-triplet energy transfer (TTET) or, the 

more topical process, singlet fission (SF).[9–11]  

The heavy atom effect is seen in many systems, including the Ru-based complexes 

discussed in this thesis. The presence of heavy atoms leads to the phenomenon known 

as spin-orbit coupling, which enhances ISC to the triplet state. The enhancement of 

ISC from singlet to triplet excited state results in a decrease in emission intensity.[12] 

TTET or triplet-triplet annihilation (TTA) occurs when the triplet state is populated 

by transfer from another triplet state within the molecule (intramolecular conversion) 

or between separate entities (intermolecular).[9,10,13,14] This transfer mechanism, 

therefore, eradicates the original triplet excited state (annihilation) in favour of the 

new triplet excited state on the BODIPY. Singlet fission is the process of the excited 

singlet state splitting to two triplet states within the same molecule. This occurs in the 

absence of heavy atoms and when the triplet energy levels are half or less than that of 

the excited singlet state.[11]  

Montero and co-workers recently (2018) reported the photophysics of a BODIPY 

dimer and used TA spectroscopy to identify the photodynamic pathway leading to 

formation of a triplet state, in a heavy atom free BODIPY dimer.  They proposed that  

the triplet state is populated following a singlet fission mechanism in the dye (Figure 

5.2).[11] The TA kinetic data collected for the dimer in CHCl3 was used to confirm that 

a triplet excited state (3ES)  formed, following direct conversion from a singlet excited 

state (1ES, τ1 ≈ 16.2 ps) with the grow in of the 3ESA (τ2 ≈ 391 ps) denoted as TT (for 

the separate triplet states), which relaxed to give charge separated triplet states that 

persist on the micro-second timescale (T..T, τ3 ≫ 1 ns ). They used ns-TA to 

investigate the long τ3 lifetime and found it to be 386 μs in N2 saturated CHCl3, the 

longest reported to date for a BODIPY derivative. In addition to lifetimes, a high 

singlet oxygen quantum yield (ΦΔ = 0.75) was reported, which confirms population 

of a triplet state in this dimer. 
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Figure 5.2: Structure of the dimeric-BODIPY complex studied by Montero et al (the 

BODIPYS are attached via a 2-8 orientation).[11] 

  
Gibson and co-workers have led the way for BODIPY-based photosensitisers 

immobilised onto p-type semiconducting films, such as NiO semiconductors. In 2014, 

the group examined the early-time photodynamics of a BODIPY system (Figure 5.3: 

top) in solution and when anchored onto a NiO film via the carboxy appendage.[15] 

They compared TA spectra collected for solution-based experiments to those for 

surface-based experiments (immobilised systems) (Figure 5.3). From the solution 

(CH2Cl2) based TA experiments, they were able to assign the ESA features to both a 

1ESA and 3ESA species, based on the lifetime, with the 1ESA at ~450 nm decaying 

within ~400 ps, together with a new feature at ~425 and 650 nm, assigned as to a  3ESA 

which persisted for hundreds of nanoseconds (τ425 ≈ 730 ns in air, τ425 ≈ 860 ns in 

Ar). The TA spectral features suggest that the 3ES is localised on the BODIPY moiety. 
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Figure 5.3: Structure of BODIPY dye  investigated by the Gibson group as a p-type 

photosensitiser immobilised on NiO semiconductor and the corresponding TA spectra 

collected in CH2Cl2 (block line) and immobilised to NiO (dashed line), 10 ps (top 

graph) and 2 ns (bottom graph) after excitation at 532 nm, (adapted from reference 
[15]) 

 
Once the compound was immobilised onto NiO, the spectral features reduced in 

intensity. This was also seen for the Ru-complexes discussed in Chapter 3. It is most 

likely due to a lower concentration of the immobilised sample on the NiO. The broad 

ESA, between 400-470 nm is representative of a 1ESA. Whereas, the ESA feature at 

~575 nm, present within a few ps, is comparable with the spectroelectrochemical 

studies of the complex, and suggest the generation of a reduced species. This ESA is 

present throughout the experiment and during ns-TA, and was assigned to the oxidised 

NiO and reduced complex, leading to formation of a charge separated state 

(NiO+|BODIPY-), which with a lifetime τ575nm ≈ 180 ns. The lifetime of the charge-

separated state is three times longer than that observed in the BODIPY-free analogue 

(where cyano groups replace the BODIPY moieties).[16] The group have gone on to 

investigate systematic synthetic changes to the BODIPY-dye and how this alters the 

kinetics of the system in solution and when immobilised on the surface of NiO 
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films.[17,18] The group have also employed TRIR to further probe the charge transfer 

processes of the compound, depicted in Figure 5.3, and the BODIPY-free analogue,  

both in solution and on the surface of NiO films.[19] This method enabled a deeper 

comprehension of the dynamics involved in these compounds. The TRIR data are in 

agreement with the kinetics obtained using TA spectroscopy, but no further kinetic 

information was gained for the experiments carried out. A bleach was observed at 

1543 cm-1 (which is a BODIPY-based ground state) and the corresponding ESA at 

1525 cm-1, was assigned as a triplet excited state localised on the BODIPY moiety. 

This ESA band decayed over the same time scale as observed in the TA experiments 

with a lifetime of τ ≈760 ns. The Gibson group investigated both DCM and 

acetonitrile as solvents for the TRIR study. This showed that the band representative 

of the BODIPY localised 3ES was not present in acetonitrile samples. The absence of 

this band is due to the increased polarity of acetonitrile stabilising the charge transfer 

state and populating a lower energy level.  

In this chapter, TA and TRIR spectroscopic techniques were used to probe the 

photophysical properties in the BODIPY dyes, depicted in Figure 5.4 and Figure 5.5. 

The polymeric analogues were investigated using both TRIR and TA in solution 

studies and using TA when the polymers were adsorbed on NiO films. As the use of 

BODIPY chromophores for applications in DSSCs continues to grow,[3] BODIPY-

based polymers are another approach. Since the first conjugated BODIPY-based 

polymer was reported by Herrmann and co-workers in 2009,[20] a number of BODIPY 

polymers have since been synthesised.[21] Although, there has been a number of 

publications focusing on the synthetic approaches for these polymers, no time resolved 

studies have been reported to date. The following section introduces the time resolved 

studies performed and the results tentatively suggest that the triplet states are 

populated via singlet fission (SF).      
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5.3  Materials 

 
The compounds and polymers examined in this chapter were synthesised by other 

members of the DCU group following known methods with minor adjustments to that 

reported in the literature.[22,23]  The synthetic routes for the BODIPY polymers and the 

monomeric precursors are given in the following figures: 

  

 

 

Figure 5.4: General schematic of the reaction steps for the synthesis of TMS-BODIPY 

polymer (BODIPY → Di-iodo-BODIPY → Polymer).  

 
 

 
Figure 5.5: General reaction schematic for the synthesis the HOCH2-BODIPY 

polymer (BODIPY → Di-iodo-BODIPY → Polymer).  
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5.4  Results and Discussion 

 

5.4.1 UV-Vis and Emission Spectroscopy 

 

 
Figure 5.6: UV-Vis. absorbance spectra of HO-BODIPY (blue line), TMS-BODIPY 

(yellow line), HO-CH2-di-iodo (orange line), TMS-di-iodo-BODIPY (purple line), 

HOCH2-BODIPY-polymer (grey line) and TMS-BODIPY-polymer (green line) in 

acetonitrile. 

 
Displayed in Figure 5.6 are the UV-Visible spectra for the BODIPY-dyes in CH3CN. 

The monomeric BODIPY dyes have a strong absorbance just below 500 nm. This 

absorbance is attributed to the intense S0 → S1 π-π* transition on the dipyrromethene 

core. The shoulder on the blue side of the intense feature (~465 nm) is due to vibronic 

coupling of this transition. The weaker absorbance ~360 nm is due to the weaker S0 

→ S2 π-π* transition. These absorbance features are red shifted by ~30 nm when the 

hydrogen atoms at the 6 position of the pyrrole units are replaced with iodine, yielding 

the diiodo-BODIPY. For the dyes studied the λmax of the absorbance is dependent on 

the substituents in the 2 and 6 position (H vs I). Caruso and co-workers, reported that 

the main contributing factor to the location of the λmax was in fact the bulkiness of the 

substituents on the BODIPY frame.[24] In our studies a redshift in absorbance is 

experienced with the addition of iodine at the 2 and 6 positions, as seen for other iodine 

furnished BODIPY compounds.[25] The same is observed upon polymerisation, with a 

red shift in the λmax for the polymers. The broadening of the polymeric species is due 

to increased π-conjugation and has been reported for other BODIPY-polymers.[20] 
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Figure 5.7: Graph of the UV-visible absorbance spectra for the HOCH2-polymer 

(dashed line) and TMS-BODIPY-polymer (block line) immobilised on NiO film. Insert 

are the UV-visible spectra of the polymers in CH3CN. 

 
In Figure 5.7, the UV-vis spectra for the polymers when immobilised on NiO and 

dissolved in acetonitrile solution are displayed. The spectral features are maintained 

following immobilisation but shifted to the red by ~10 nm to that of the solution 

spectra. This is shift towards the red when immobilised onto the NiO was previously 

observed with the Ru-complexes in Chapter 3. 

 

 
Figure 5.8: The emission spectra for all BODIPY-based compounds in DCM with an 

excitation wavelength of 500 nm for the non-halogenated monomers and polymer 

compounds and 520 nm for di-iodo compounds (O.D. of ~0.2 at λexc for all samples). 
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The emission spectra for the monomeric precursors and the corresponding BODIPY-

polymers are displayed in Figure 5.8. The emission maxima occur at similar 

wavelengths to that reported for other BODIPY dyes.[25] The diiodo BODIPY dyes are 

much less emissive when compared to their H-analogue, due to ISC and population of 

the triplet state. When the emission spectra for the monomeric precursors are 

compared to the polymers, the emission spectra for the polymers are further reduced 

and broadened.   

 

5.4.2 ps-TA Spectroscopy Studies 

 
The BODIPY dyes and polymers were studied using both time-resolved transient 

absorption and time-resolved infrared spectroscopy in acetonitrile and 

dichloromethane and these results are presented in this section. Additionally, the 

polymers were immobilised onto NiO, and investigated using TAS. In Figure 5.9, the 

compounds investigated were dissolved in dichloromethane, while in Figure 5.10, the 

experiments were performed in acetonitrile and the spectra are less intense, therefore 

it was difficult to extract reliable kinetic data and only the spectral features are 

discussed for these experiments in Figure 5.10.   

For the spectra displayed in Figure 5.9, Figure 5.10 and Figure 5.11, there is a GSB, 

for each BODIPY present within the instrumental response time (200 fs) and this 

bleach corresponds to the max. in the electronic absorbance spectra (as seen in Figure 

5.6) for all compounds. The GSB also overlaps with the stimulated emission (SE) of 

the BODIPY dye on the lower energy side of the GSB. The features observed in the 

spectra, in Figure 5.10, are weak when compared to the spectra in Figure 5.9 or Figure 

5.11. This may be due to solvent, excitation wavelength or the experimental setup (the 

experiments in Figure 5.10 and Figure 5.11 were carried out during different research 

trips to the Central Laser Facility). 
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A 

 
B 

 
C 

 
D 
Figure 5.9: The spectra on the left hand side depict the TA spectra collected following 

excitation of the TMS-BODIPY dyes:  (A) TMS-BODIPY (B) TMS- Diiodo-BODIPY 

(using 525 nm excitation) and that of the TMS-BODIPY-Polymer in DCM (C) and the 

TMS-BODIPY-Polymer immobilised on a NiO film (D)  (following excitation using 

520 nm). The break in the graph is due to the notch of the excitation wavelength. The 

corresponding kinetic traces at stated wavelengths for each system are displayed in 

the right hand side. 
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At a glance, the TA spectra collected for the TMS-based BODIPY dyes, and 

corresponding polymer dissolved in DCM and when absorbed onto NiO films appear 

similar (Figure 5.9). In summary, all the spectra collected exhibit GSB at ~ 540 nm, 

(within the response time of the instrument), which corresponds to the maximum 

absorbance in the electronic absorbance spectra for these compounds (UV-visible 

spectra are given in Figure 5.6). The compounds and polymers also display ESA 

features. Another feature in all the spectra is stimulated emission (SE), and this feature 

overlaps on the red side of the GSB for all BODIPYs (emission spectra are provided 

in Figure 5.8). 

Displayed in Figure 5.9: A, are the TA spectra collected up to 3 ns for the monomeric 

TMS-BODIPY. Following photolysis, in addition to the GSB, ESA features are 

observed both at 430 nm, and to the low energy side of the GSB extending from 610-

730 nm. Over the time frame of the experiment the ESA features begin to decay, 

together with a recovery of the parent bleach.  The early-time kinetics were extracted 

for this halogen free BODIPY dye by analysing the ESA features at 430 nm and 650 

nm, and both appear to follow the same kinetics. The features decay 

monoexponentially, with  τ ≈ 4 ns. Recovery of the GSB also occurs with τ ≈ 4 ns, 

concurrent with the ESA features. Based on the lifetimes, and the similarities of these 

transient signals with that in the literature, these ES are assigned to population of a 

singlet excited state.[17]  

In the case of the halogenated analogue, TMS-diiodo-BODIPY (Figure 5.9: B), 

differences are evident in the kinetics, and the spectrotemporal evolution of the signals 

are also different. Similar to the H-analogue, following photolysis, a negative bleach 

at ~ 550 nm, which corresponds to the GSB, together with an ESA at 435, 480, and a 

broad absorption spanning 560 – 730  nm is observed. The ESA at 480 nm decays with 

a τ ≈ 225 ps, which is concomitant with the rate of recovery (SE) at 560 nm, with τ ≈ 

230 ps. This indicates these features are related to the singlet excited state (1ES).  The 

broad ESA feature at wavelengths greater than 560 nm grows in with a τ ≈ 230 ps.  

This ESA persists over the timeframe of the experiment (3 ns, which is the limit of 

detection for the pico second set-up), with no decay evident. Gibson and co-workers 

have assigned a similar broad ESA, in their TA experiments where they studied 

triphenylamine-BODIPY sensitisers, to a charge separated state.[17] This is unlikely 

for the monomeric BODIPY compounds reported in this Thesis and the signals 
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observed on the nanosecond time scale are tentatively assigned to a T1 state. In 

addition to the broad ESA, over the same time frame an ESA also forms at 435 nm, 

but as it overlaps with the 1ES, reliable kinetic data  could not be determined. 

Assignment of  the ESA features to a T1 state has previously been reported by Zhao 

and co-workers for iodine-containing BODIPY compounds, which are similar to the 

BODIPYs reported here.[13] Zhao’s halogenated BODIPY compounds were examined 

by ns-TA and the excited features experience long-lived lifetimes up to ~66 μs. They 

assign the long-lived ESA features to a T1 state as a charge separated state is unlikely 

and DFT calculations conducted by the Zhao group supported this assignment. In our 

experiments, there is little recovery of the GSB feature up to 3 ns.  An isosbestic point 

is evident at 480 nm, which confirms the triplet state is formed directly from the singlet 

state. In the BODIPY system, the presence of iodine contributes to enhanced ISC from 

the singlet to the triplet state, and the feature at  435 nm is assigned to a T1 state, 

reported by Zhang an co-workers for a diiodo-BODIPY compound (discussed 

below).[26]  

It is important to note, the overlapping of features on both sides of the GSB, with the 

singlet excited state on the blue side (centred ~480 nm) and the SE on the low energy 

side. Therefore, the SE contributes to the kinetic data extracted at ~540 nm. Whereas, 

at ~530 nm there is less of a contribution from the SE, this can be seen by a comparison 

of the corresponding kinetic traces provided in Figure 5.9: B. Due to this, it was not 

possible to determine reliable kinetics for the GSB. The assignment of the spectral TA 

features to both singlet and triplet states, their related kinetics and the proposed 

mechanism followed for population of the triplet state are all characteristic for diiodo-

BODIPY compounds and agree with that reported in the literature.[13,26] 

Displayed in Figure 5.9: C, are the TA spectra for the corresponding TMS-BODIPY-

polymer (see Figure 5.4 for structure). Similar to the previous two BODIPYs 

discussed, the kinetics appear to be mono-exponential kinetics, other than the GSB 

(which is masked both SE and also an ES feature). For the TMS-BODIPY polymer 

following excitation, a negative feature is evident at ~ 545 nm which corresponds to 

the GSB, together with ESA signals at 430, 470 and a broad absorption at greater than 

600 nm.  Over the timeframe of the experiment (2 ns) the GSB reduces by ~ 30%, but 

it is difficult to determine what portion is recovery of the parent polymer or SE.  The 

kinetics for SE extracted at 600 nm translates to a rate of recovery of the SE with τ ≈ 
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206 ps. The ESA feature at 470 nm has a similar lifetime, with τ ≈ 239 ps, and is 

assigned to a singlet excited state. As this signal decays, a further ESA feature ~430 

nm grows in with  τ ≈ 221 ps. An isosbestic point is evident at 455 nm in the TA 

spectra, which indicates that the feature at 470 nm is the precursor to the long-lived 

features at 430 and at longer wavelengths greater than 600 nm. The latter forms, over 

a similar timeframe with τ ≈ 201 ps. The ESA features at 430 nm and at greater than 

600 nm persist longer than 3 ns and remain at the same intensity for the duration of 

the experiment and is attributed to population of the triplet excited state. As the decay 

of the feature at 470 nm is equivalent to the grow in of other features at 430 nm, this 

indicates population of a triplet state from the singlet state, as seen the dimeric 

BODIPY reported by for Montero and colleagues, (discussed above and is depicted in 

Figure 5.2).[11] In the halogen free dimeric BODIPY reported by Montero and 

colleagues, they suggested that the triplet state is populated via a singlet fission 

mechanism.  It is likely that the same mechanism applied for the BODIPY polymer 

discussed here but decay associated spectra (DAS), are required as this approach 

characterises the weight of each time constant. The monoexponential rates extracted 

in this Thesis refer to the conversion of the singlet excited state to a triplet, with no 

evidence for relaxation of any TT states to T..T (charge-separated states) which was 

suggested by Montero and co-workers. It is possible that the rates are homogenous 

and therefore appear as one. It is also possible that the broad ESA to the red side of 

the GSB, may be indicative of a relaxed TT to T..T charge separated state. Tentatively 

the mechanism for formation of the triplet states observed here is assigned to a SF 

mechanism but further studies are required to confirm this assignment. 

The TA spectra for the TMS-BODIPY polymer immobilised on NiO film are 

displayed in Figure 5.9: D, and while the features observed in the UV-vis spectra are 

also similar to that previously observed in solution, they are significantly reduced in 

intensity. This is possibly due to the amount of the polymer present on the film, and 

has also been observed by other groups.[15,17,19]  However, when the transient signals 

are analysed the kinetics are quite different. As observed with the solution studies, 

following photolysis a GSB is evident at ~560 nm together with an ESA at ~450 nm. 

While there appears to be a weak signal between ~650 – 700 nm, indicative of the 

reduced BODIPY unit, reliable kinetic data could not be extracted.[17] The ESA at 450 

nm is much shorter lived, than any ESA features in the solution studies for this 



Singlet Fission of BOIDPY Polymers                            Chapter 5 

184 

 

compound. A similar observation was also recorded for the Ru-complexes when 

immobilised onto NiO films, which were previously discussed in chapter 3. This 

observation, where the lifetimes for the BODIPY polymer are significantly reduced 

following immobilisation on NiO, also agrees with previous findings from the Gibson 

group (discussed above).[15,17,19] They have also reported that phenylamine-BODIPY 

dyes when anchored on NiO, form a reduced BODIPY- species following excitation, 

with an absorbance ~580 nm.[17] The ESA at 450 nm is present within the instrumental 

response time and it decays biexponentially, with τ1 ≈ 3 ps and τ2 ≈ 74 ps. This is 

possibly due to the rapid electron injection from the NiO to the polymer, followed by 

recombination.[17] Although the characteristic ESA associated with the reduced 

BODIPY anion does not appear to be present in the spectra (~580 nm), however, it is 

possible the bleach and SE mask the weak signal.[17] The recovery of the GSB at ~555 

nm was tri-exponential (τ1 ≈ 2 ps, τ2 ≈ 66 ps and τ3 >> 2 ns). This may imply formation 

of a charge-separation state giving rise to TMS-polymer-|NiO+ which recombines on 

the picosecond time scale in addition to population of the triplet state which is the 

long-lived species that is observed in solution.  
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    A                  B  
     
Figure 5.10: The TA spectra collected for (A), HOCH2-diiodo-BODIPY (B), HOCH2-

BODIPY-polymer in CD3CN using an excitation wavelength of 400 nm. The spectra 

were carried out at the Central Laser Facility, RAL, U.K., using the same setup as 

discussed in Chapter 3. 

 
The spectra displayed in Figure 5.10 were performed in CDCN, and when compared 

to the spectra in Figure 5.9 and Figure 5.11, which were performed in 

dichloromethane, the transient signals in Figure 5.10 are substantially weaker. This 

difference with solvents has previously been reported by Flamigni and co-workers. 

They reported that the  intensity of  the excited state absorption features for the 

BODIPYs in acetonitrile were much weaker in their TA studies.[27] They compared 

the TA spectra of  BODIPY dyes dissolved in CH3CN and in toluene. They found that 

the TA spectra of their dyes dissolved in CH3CN  were reduced by ~50% to that when 

the studies were performed in toluene.  They suggested the polarity of the solvent to 

play a role in the electron dynamics, with stabilisation of the excited state occurring 

with decreased solvent polarity, contributing to lower internal conversion rates. 

Following photolysis of the HO-CH2-diiodo-BODIPY a weak ESA on the high energy 

side of the GSB at ~480 nm forms together with depletion of the parent at ~520 nm. 

The ESA decays in less than 150 ps, giving rise to a further ES, at ~450 nm, that 

persists on the nanosecond time scale. SE is also evident at ~570 nm which 

corresponds with the fluorescence spectrum for this compound. As the ESA at 480 

decays, the band at 450 nm forms, and as discussed in the previous section, these 

excited state features are assigned to a 1ES that is the precursor to the 3ES which 

persists on the nanosecond time scale. 

The features of the diiodo-BODIPY complexes (in Figure 5.9, Figure 5.10 and Figure 

5.11), and the spectrotemporal evolution, signify population of the triplet state from 
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the singlet. This is most likely due to the presence of the iodine resulting in “the heavy 

atom effect” also seen with metallated complexes, such as the Ru-based complexes 

discussed in this thesis. This phenomenon has also been reported for other BODIPYs 

furnished with iodine or bromine atoms.[6,28,29] Zhang and co-workers investigated 

solvent effects on their diiodo-BODIPY derivative, with a phenyl group in the meso 

position.[26] They report similar spectral findings in their TA spectra, with a GSB ~540 

nm and three ESA features at ~346, 471 and 716 nm, in all solvents used (hexane, 

heptane, toluene, 1,4-dioxane, and dimethyl sulfoxide). The window of the spectra in 

Figure 5.9, Figure 5.10 and Figure 5.11, is cut-off at 370, 420 and 370 nm, 

respectively, therefore missing the higher energy band at ~346 nm, which they 

assigned to the 1ES. Zhang and co-workers also observed an ESA feature at 471 nm 

which shifts to higher energy (450 nm) as it decays with an isosbestic point at 453 nm. 

This isosbestic point remains for the length of the experiment, confirming that ISC 

from the S1→T1 is occurring.  

Similar features and kinetics are also observed for the HOCH2-BODIPY-polymer, in 

Figure 5.10: B, as that previously discussed for the TMS analogue. Again, following 

excitation of the polymer, an ESA is evident at 470 nm, together with a GSB (which 

is partially masked by SE). As the ES at 470 nm decays, a new band grows in at 430 

nm that persists on the nanosecond timescale. In addition, an isosbestic point is evident 

at 465 nm, which again indicates that the 1ES at 470 nm is the precursor to the 3ES at 

430 nm. The recovery of the SE at ~570 nm over 3 ns reflects the lifetime of the 

initially populated singlet state. On the time scale of the experiment the GSB at ~ 520 

nm does not appear to recover.    
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Figure 5.11: TA spectra collected following excitation of  (A) the HOCH2-BODIPY 

Polymer in d2-DCM and the corresponding kinetic traces, (excitation wavelength of 

525 nm) and (B) when the polymer was immobilised on NiO films (an excitation 

wavelength of 505 nm was used).  

 
The HO-BODIPY polymer was also studied, in dichloromethane solution and when 

immobilised on NiO (Figure 5.11). As described for the TMS-BODIPY polymer very 

similar spectral changes were observed in the TA experiments following excitation of 

the HO-BODIPY polymer. As observed with the solution studies, following photolysis 

a GSB is evident at ~ 580 nm together with an ESA at ~ 490 nm. The ESA at 490 nm 

decays over τ ≈ 234 ps, with the growth of a new band at 450 nm, together with a 

broad absorption at greater than 600 nm over τ ≈ 167 ps, the slight difference in τ 

values recorded is due to the ESA at lower energy overlapping with SE and GSB. The 

SE partially masks the GSB at ~570 nm. As observed for the TMS-polymer the 

transient species that decay on the picosecond time scale are assigned to a singlet state, 

which subsequently populate the triplet state that persists on the nanosecond time 

scale. As before the mechanism is tentatively attributed to SF, but further analysis is 

required to confirm this assignment.  

The TA spectra for the HO-CH2-BODIPY polymer immobilised on NiO film are 

displayed in Figure 5.11: B, and as observed for the TMS-BODIPY immobilised on 

NiO, the transients observed are much weaker than that in solution, and the life times 
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are significantly shorter. As observed with the TMS-polymer, following photolysis a 

GSB is evident at ~555 nm together with an ESA at ~440 nm. There is a weak signal 

between ~660 – 700 nm, but reliable kinetic data could not be extracted.  Following 

excitation, the ESA at 450 nm is present within the instrumental response time and it 

decays tri exponentially, with τ1 ≈  1.5 ps, τ2 ≈ 59 ps and τ3 >> 2 ns. This is possibly 

due to the rapid electron injection from the NiO to the polymer and recombination.[17] 

The recovery of the GSB at ~555 nm was triexponential (τ1 ≈ 1.7 ps, τ2 ≈ 58 ps and τ3 

>> 2 ns). Again, these results may indicate a charge-separated state giving rise to, 

TMS-polymer-|NiO+ that recombines on the picosecond time scale together with 

population of a triplet state that persists on the nanosecond timescale.   
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5.4.3 ns-Transient Absorption 

 

 
Figure 5.12: TA spectra obtained following laser flash photolysis (λexc 355 nm) of the 

TMS-BODIPY-polymer in acetonitrile under an argon atmosphere. The sample was 

degassed using 3-cycles of freeze-pump-thaw. The absorbance at the excitation 

wavelength was ~0.36 nm. 

 
Laser flash photolysis was performed on both polymers in acetonitrile on the 

nanosecond time scale to probe the long-lived species previously observed in the 

picosecond studies. The experiments discussed in the previous section, provided 

evidence for a transient species that persisted on the nanosecond time scale, however 

these laser flash photolysis experiments confirm that this species decays on the micro-

second time base. The spectra in Figure 5.12 demonstrate that following excitation a 

GSB occurs at 540 nm together with an ESA at ~ 440 nm. The feature at 440 nm 

decays with τ ≈ 60 s, which is the same as the life time for recovery of the parent 

bleach and is assigned to the lifetime for the 3ES. The corresponding HO-BODIPY-

polymer has a reduced lifetime for the triplet state of τ ≈ 30 s. These lifetimes are 

similar to those reported in the literature for other triplet states in dimeric BODIPYs 

where lifetimes ranging 0.2 – 45 s were reported, and these varied with both the 

solvent and also the point of attachment of the two BODIPY units on the BODIPY 

core. 
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5.4.4 ps-Time-resolved IR Spectroscopy 

 
TRIR studies were also performed on the TMS- and HOCH2-BODIPY polymers in 

deuterated dichloromethane and deuterated acetonitrile using the ULTRA facility at 

the Central Laser Facility in the Rutherford Appleton Laboratories. The spectra 

collected from these experiments are displayed in Figure 5.13 and Figure 5.14. TRIR 

is useful in providing both lifetimes and structural information. In the following 

section, only the solution studies are discussed, as no transient signals were observed 

when the polymer were immobilised on the NiO. 
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A 
 

  
B 
 

 
C 

Figure 5.13: TRIR spectra for (A) TMS-diiodo-BODIPY,  (B) TMS-BODIPY-polymer 

in CD3CN and (C) the TMS-BODIPY polymer in d2-DCM, (excitation wavelength  = 

525 nm) 
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A 

 
B 

Figure 5.14: : TRIR spectra collected for the (A) HO-CH2-BODIPY-polymer in 

CD3CN  and (B)in  d2-DCM (following λexc = 525 nm). 

 
Figure 5.13 and Figure 5.14, display the TRIR spectra collected for the TMS and HO-

BODIPY polymers, in the region 1600 – 1450 cm-1. Following excitation at 525 nm, 

a GSB is observed at ~1540 cm-1, assigned to both (C=N),  (C=C) vibrations  in all 

spectra.[29] The GSB is present within the instrumental response (200 fs) together with 

a new absorption centred at higher frequency at ~1490 cm-1.[30] In all spectra, and in 

both solvents, the stretching vibration at ~1490 cm-1 decays over ~300 ps, together 

with the formation of a new band at ~1527 cm-1 which grows in over a similar 

timeframe. The timeframe for the decay of the ES species following excitation mirrors 

that observed in the TA experiments, and therefore, the new stretching vibration at 

~1490 cm-1 is assigned to a singlet excited state, and is the precursor to the triplet state, 

assigned to the stretching vibration at ~1527 cm-1. An isosbestic point between the two 

ESA in all spectra is consistent with that seen in the TA, and confirms that the triplet 

state forms following initial population of the singlet state. The lifetime for the triplet 

state could not be determined in the TRIR studies, as it was not possible to collect data 

beyond 2.5 ns. Gibson and co-workers have previously, carried out solution studies on 
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a phenylamine-BODIPY, using TRIR, and similarly to the results for the BODIPY 

polymers presented here, observed a bleach at 1543 cm-1, together with a new band at  

1507 cm-1, which was assigned to a 1ES.[19] They reported that this 1ES decayed, with 

the formation of a band that grew in over 400 ps at 1525 cm-1 which they attributed to 

a 3ES with a lifetime of 760 ns. This lifetime is much shorter, than observed for the 

BODIPY polymer where with the aid of TA, we obtained a lifetime of 60 s.  

Both Figure 5.13 and Figure 5.14 give a comparison of the evolution of the spectral 

features of the HO- and TMS BODIPY polymers in different solvents (CD3CN vs. d2-

DCM). While the kinetics are similar in both solvents, in deuterated DCM, the 

intensity of the ESA are lower than when the experiments are carried out in 

acetonitrile. This observation has been previously reported for diiodo-BODIPY 

complexes investigated by TA in different solvents.[26] The lower intensity for the 

3ESA band in DCM solutions, may also be due to an overlapping of the GSB bleach 

with 3ES. Also included in Figure 5.13 is the TMS-diiodo-BODIPY dye. The kinetics 

and spectral features in the TRIR for the TMS-diiodo-BODIPY similar  to that of the 

polymers, with a GSB, and a stretching vibration at ~1490 cm-1 (assigned to a 1ES), 

which  decays over 400 ps, with a corresponding growth of the band at ~1527 cm-1. 

Overall the spectrotemporal evolution observed in the TRIR experiments agree with 

the TA, and the presence of the band at ~1527 cm-1 assigned to a triplet state, is 

tentatively thought to occur via a SF mechanism. However, as outlined in the TA 

section further analyses are required to confirm this mechanism. 
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5.4.5 Singlet Oxygen Studies 

 
The 1O2 quantum yield (ΦΔ) was investigated for all the BODIPY compounds in 

acetonitrile and in dichloromethane using an excitation wavelength of 470 nm and 

[Ru(bpy)3](PF6)2 as a standard (for the ruthenium standard the 1O2 quantum yields are 

known and are: ΦΔ = 0.57 in acetonitrile and ΦΔ = 0.52 in CH2Cl2). As expected, the 

quantum yield for 1O2 in the non-halogenated BODIPY monomers is very low. For 

the diiodo and polymer BODIPYs, population of the triplet state occurs and, therefore, 

1O2 is generated. Table 5.1 lists the ΦΔ obtained for the BODIPYs in both solvents. 

From Table 5.1, it is clear that the diiodo-BODIPYs yield the highest ΦΔ in this study. 

This was expected as the presence of the halogens enhance ISC, thereby populating 

the triplet state. The values obtained for the polymers are ~50% less (or lower) than 

that of the halogenated monomeric precursors. Zhang investigated a range of dimeric 

BODIPY species for singlet oxygen generation.[31] They reported that the dimeric 

species attached in a 2-2’ orientation on the BODIPY core generated  quantum yields 

for singlet oxygen, which are lower than observed in this study (ΦΔ = 0.053 in toluene, 

ΦΔ = 0.047 in CCl4 and ΦΔ = 0.04 in n-hexane). Similarly, to the studies presented in 

this thesis, an 3ESA was observed in the TA experiments, with lifetimes of 43 μs for 

2-2’ linked dimers. Zhang concluded the that the modest singlet oxygen quantum 

yields were due to the 2-2’ linking of the BODIPY dimer as this performed the worse 

out of their series of differently orientated BODIPY dimers, even though 2-2’ had a 

comparable or longer 3ES lifetimes than the other orientations in their series. The 

solvent is also known to influence singlet oxygen quantum yields and Zhang reported 

an increase in ΦΔ as the solvent polarity increased, and stated that the polar solvent 

enhanced intramolecular charge transfer to the triplet state.[31] This trend with solvent 

polarity is in the opposite direction to the BODIPY dyes studied in this chapter, with 

the ΦΔ values decreasing with the solvent polarity. However, this observation is more 

in agreement with a recent study by Montero and co-workers who published a  ΦΔ = 

0.75 in CH3Cl and only 0.25 in acetonitrile, (for the dimeric BODIPY dye in Figure 

5.2). They attributed this variation in ΦΔ to an increase in spectrotemporal evolution 

in acetonitrile, and the lower intensity of the 3ES signals inferred less molecules were 

populating the TT state.[11] The TA signals recorded in acetonitrile (Figure 5.10) 

appear less intense than those in DCM, however this is not mirrored in the TRIR, 
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therefore based on the results presented this rationale is not a plausible rationale for 

the increase in ΦΔ in a less polar solvents.  

Table 5.1: Table of corresponding 1O2 Quantum Yields for BODIPY-based complexes 

in aerated acetonitrile and dichloromethane with an excitation wavelength of 470 nm 

and absorbance at this wavelength of ~0.2, reference [Ru(bpy)3](PF6)2. 

Complex CH3CN DCM 

TMS BODIPY 0.013 0.004 

TMS di-iodo-BODIPY 0.597 1.187 

TMS-BODIPY-polymer 0.129 0.323 

HO-CH2-BODIPY  0.005 0.015 

HO di-iodo-BODIPY 0.805 1.199 

HO-CH2-BODIPY-polymer 0.232 0.540 
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5.4.6 Preliminary Photocatalytic Studies  

 
Preliminary photocatalytic experiments were conducted with HO-CH2-BODIPY. 

Following the intermolecular photocatalytic procedures described in Chapter 2, with 

a deaerated solvent mix including acetonitrile, triethylamine and water (ratio; 12:6:1) 

and an equimolar amount of K2PtCl4 as the catalyst. In these studies when the head 

space was analysed, no hydrogen was detected using GC. Recent studies within the 

group and by others,[12] indicate that these polymers decompose rapidly under the 

photocatalytic conditions used, hence the lack of hydrogen observed. However, 

preliminary experiments performed by collaborators at Newcastle, suggest that under 

photoelectrocatalytic conditions where the polymers are immobilised on NiO together 

with a Pt catalyst hydrogen is produced.  
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5.5 Conclusion 

 
In summary, time-resolved techniques were used to identify both singlet and triplet 

excited states and the related kinetics of these polymers. TA and TRIR spectroscopy 

have been used to compare the spectrotemporal evolution of both the halogen-free and 

halogenated monomeric BODIPYs and their polymeric analogues. The dyes were 

studied in both dichloromethane and acetonitrile solutions, also when immobilised on 

the surface of NiO films. This chapter demonstrates the importance of time resolved-

techniques in investigating electron transfer dynamics and assigning the various 

processes at both early and late timescales (in this case spanning ps-us time scales). 

Although, long-lived triplet lifetimes were achieved and studied for the polymeric 

systems, preliminary hydrogen photogeneration was unsuccessful, due to 

decomposition of the polymers. While the monomers do not produce singlet oxygen 

(unless there is a heavy atom present) the studies do confirm that the polymers can be 

used as singlet oxygen delivery systems. The combination of time resolved techniques 

was used to tentatively assigned the mechanism for singlet oxygen generation to occur 

via singlet fission.  
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Chapter 6 

6 Future Work 

 
Chapter 2 described a series of intermolecular photocatalytic hydrogen evolution 

experiments with a Ru-tris diphenylphenanthroline photosensitiser under varying 

conditions (catalyst; solvent mix; sacrificial agent; water content; etc.). This was part 

of a broader study, with collaborators across different research groups, on the effect 

of reaction conditions and reagents, measurement techniques and light sources on the 

outcome of photocatalytic water splitting for hydrogen evolution. A manuscript is in 

preparation.  

Chapter 3 follows on from decades of research into hydrogen generating 

photocatalysts capable of immobilisation on to NiO semiconducting electrodes to be 

employed in photoelectrocatalysis of hydrogen from water. To progress from the work 

in this chapter other photocatalysts, with systematic synthetic changes, need to be 

investigated on the surface and evaluated for their performance. This will aid further 

in understanding the electron dynamics of sensitised semiconductors. This work has 

already begun, in collaboration with the Gibson Group in Newcastle University. It is 

also of interest to conduct surface-based time-resolved studies with an applied bias, as 

this would more accurately describe the conditions of photoelectrocatalytic 

experiments.   

Chapter 4 is a mainly preliminary studies and there is a lot more research into the 

systems and their workings under varied experimental conditions for CO2 reduction in 

solution. Also, exploring the systems immobilised to a NiO electrode and investigating 

their photoelectro-capabilities. 

Chapter 5 examined the photodynamics of a range of BODIPY-based monomeric and 

polymer complexes by time-resolved techniques and for their singlet oxygen 

production abilities. There is a manuscript in preparation for these studies. Also, we 

are looking to progressing towards photocatalytic material by attaching a catalytic 

moiety either along the polymer chain or in the meso position of the BODIPY and 

allowing for the possibility of photocatalytic hydrogen generation. In turn, these 
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systems will be investigated by time-resolved techniques to gain insights into their 

electron dynamics. 

 


