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Abstract 

 

Chapter one presents a detailed literature survey which is relevant to the complexes 

which were developed for the generation of hydrogen, both photocatalytically and 

electrocatalytically in this thesis. Also discussed are the methods used throughout the 

research together with the principals of photophysics and electrochemistry. 

Chapter two begins with a short literature survey covering cobalt carbonyl 

complexes. The bonding, preparation and photochemistry of these complexes are 

discussed. Also included are cobalt complexes that have been reported in hydrogen 

generation. The synthetic procedures employed to prepare a number of alkynyl 

ligands and their cobalt hexacarbonyl and cobalt tetracarbonyl-

diphenylphosphinomethane derivatives are discussed. 1H NMR, 13C NMR, elemental 

analysis, UV-vis spectroscopy, IR spectroscopy, and fluorescence spectroscopy were 

used, where applicable. Time resolved infra-red spectroscopy experiments were also 

performed. This is the first time that time resolved studies have led to the detection 

of a CO loss species for an µ2-alkynyl cobalt carbonyl complex. The results of cyclic 

voltammetry studies are presented along with the results of both photocatalytic and 

electrocatalytic approaches for hydrogen generation. 

Chapter three begins with a concise literature survey focusing on the synthetic 

procedures which have been employed in the synthesis of boron-dipyrromethene 

(BODIPY) dyes and bis(dimethylglyoximato)cobaltIII (cobaloxime) complexes. 

Briefly discussed are the photochemical and electrochemical properties of some 

relevant BODIPY-cobaloxime systems. A number of BODIPYs photosensitisers and 

cobaloxime catalytic centres which have been used for the photogeneration and 

electrogeneration of hydrogen previously are included. The synthetic procedures 

employed to prepare two BODIPY dyes and the addition of cobaloxime to the 

ligands are discussed. 1H NMR, 13C NMR, elemental analysis, UV-vis spectroscopy, 

IR spectroscopy, and fluorescence spectroscopy were used. The results of cyclic 

voltammetry studies are presented along with the results of both photocatalytic and 

electrocatalytic hydrogen generation studies. 



xiii 

 

Chapter 4 begins with a short literature survey on the synthetic procedures which 

have been employed in the synthesis of porphyrin dyes and their attachment to 

bis(dimethylglyoximato)cobalt(III) (cobaloxime) which have been previously 

reported. Breifly discussed are the photochemical and electrochemical properties of 

some similar porphyrin-cobaloxime systems which have been reported by other 

groups. The synthetic procedures employed to prepare three porphyrin dyes and the 

additions of cobaloxime to the ligands are discussed. Again, 1H NMR, 13C NMR, 

elemental analysis, UV-vis spectroscopy and fluorescence spectroscopy were used, 

where applicable, to characterise the final pure products. The results of cyclic 

voltammetry studies are presented along with the results of both photocatalytic and 

electrocatalytic approaches for the generation of hydrogen. 

Chapter 5 begins with a short introduction to pyrene, showing some of its uses. The 

literature survey concludes with a look at platinum and palladium catalysts used in 

experiments for the photocatalytic generation of hydrogen. The synthetic procedures 

employed to prepare porphyrin photosensitisers and the platinum and palladium 

catalytic centres are discussed. Also included are synthetic procedures for 

intramolecular complexes which were endeavoured but proved unsuccessful 

throughout the study. 
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Chapter 1           

Introduction 

 

Chapter 1 serves as a general introduction. It 

introduces the main principles and methods used 

throughout this investigation. An overview of the 

compounds which were used in both the 

photochemical and electrochemical generation of 

hydrogen is discussed. Cross-coupling reactions 

are discussed along with a brief introduction to 

photophysics, laser flash photolysis, time 

resolved infra-red spectroscopy and gas 

chromatography.  
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The main aim of this thesis is to synthesise and analyse novel compounds with the 

aspiration that they could be utilised in the photocatalytic and electrocatalytic 

production of hydrogen from water. Complexes were designed utilising the 

combination of an organic photosensitiser and an earth abundant metal for use as a 

catalytic centre which could be readily synthesised in large amounts for commercial 

use. Ideally these complexes should be cheaper to produce than those presently used 

in hydrogen generation. Traditionally catalytic systems for hydrogen generation have 

been based on precious transition metals such as ruthenium, iridium, platinum and 

palladium. These systems have been shown to generate large amounts of hydrogen 

and the development of a system with non-noble metals must achieve similar results 

to be feasible for commercial development. 

1.1 Hydrogen Production 

 
One of the greatest challenges of our time is finding a renewable and sustainable 

energy source. Most pressing is that this energy source must be clean and reliable to 

both produce and use. With the rapid population increase and technological advances 

in the last century our energy demands have put an ever increasing strain on 

important natural resources. Energy has been traditionally produced by the 

combustion of fossil fuels which leads to the emission of destructive “greenhouse 

gasses” such as carbon dioxide and methane into the atmosphere. In 2005, 86% of 

the energy produced in the world was produced through the combustion of 

petroleum, coal or natural gas1. These fuels are unsustainable, environmentally 

unfriendly and, at current times, in increasingly short supply due to depletion of 

natural reserves and political pressures within the countries in which they are 

located. Further industrial growth worldwide and larger populations will only lead to 

a higher demand for energy which is supplied by these fossil fuels; however, the 

detrimental nature of the by-products to the environment dictates that this energy 

source must be supplemented or even replaced by renewable and sustainable 

resources2.  

Energy can, and has been, created through sustainable routes including; 

hydroelectricity, tide/ocean power, geothermal energy, biomass and wind power 

however the energy generated in these ways has by no means been sufficient to 
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supply the worlds demand and compete with the energy provided through the 

combustion of fossil fuels. Sunlight is one of the few potential energy sources which 

could be utilised to replace traditional energy sources as it is the most abundant 

energy source at the world’s disposal at this time. In fact the energy received by the 

earth from the sun is a four orders of magnitude greater than our current energy 

consumption. A system which would utilise this great natural and sustainable 

resource and convert it to usable energy would be the ideal answer to the current 

energy problem. 

Hydrogen is an ideal energy carrier as it produces minimal emissions when 

combusted and little or no emissions when electrochemically converted to electricity 

in a fuel cell.3 About three million joules of energy can be generated from splitting 

one litre of water.  

 

H2O H2 + 1/2 O2 energy = 237 kJ/mol 
 

Reaction 1.1- Energy produced from water splitting. 

 

Utilising sunlight to generate hydrogen as useable energy, presents itself as an ideal 

resource to resolve the problems detailed above. Hydrogen can potentially replace 

fossil fuels as the energy carrier for transportation uses and in fuel cells for electrical 

energy generation when non-renewable energy becomes unavailable. Hydrogen is 

also potentially transportable by gas pipelines or can be generated on site and the 

only product of combustion of H2 is water.4 Although hydrogen itself is the most 

abundant energy source in the universe it is not found readily in its elemental form. It 

is mainly found, on earth, bonded to oxygen to form water or locked in 

hydrocarbons. The use of the latter is less desirable as the extraction of hydrogen 

from hydrocarbons results in the release of carbon monoxide5; a highly poisonous 

gas, or carbon dioxide, one of the main causes of global warming. Utilising solar 

energy to induce the splitting of water to produce hydrogen is presently of great 

interest, especially with the further advancements in fuel cell technology of the last 

decade. Utilising hydrogen in a fuel cell has shown great potential, with low 

environmental impact. 

One of the major limiting factors in using hydrogen as a fuel is that it occupies a 

large amount of space in its gaseous form. A gram of hydrogen gas occupies about 
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11 litres (2.9 gallons) of space at atmospheric pressure, so for convenience the gas 

must be intensely pressurised to several hundred atmospheres and stored in a 

pressurised vessel.6 This means that much of the energy produced will be utilised in 

maintaining high pressures to contain the hydrogen fuel which leads to inefficiencies 

when accounting for energy produced.  Hydrogen must be stored under cryogenic 

temperatures to keep it in the liquid form. This is not practical for use in everyday 

items such as cars and for use in the home.  The technology to safely and efficiently 

store hydrogen is key to the realisation of a hydrogen economy. 

 

 

1.1.1 Photosynthesis 

 

Photosynthesis and respiration provide the blueprints for artificial photosynthetic 

infrastructures based upon the conversion of solar energy to usable energy. The 

major chemical pathway in photosynthesis is the conversion of carbon dioxide and 

water to carbohydrates and oxygen (Rxn 1.2). 

 

CO2  +  H2O [CH2O]n  +  O2
Sunlight

Plants (Energy)  
Reaction 1.2 - Photosynthetic reaction pathway. 

 

The oxygen produced is released into the atmosphere where we use it to breathe, 

burn fuels etc.  During photosynthesis the hydrogen produced is combined with 

carbon dioxide to make sugars and other organic molecules for use as energy in the 

plant. Applying the first steps used in photosynthesis forms the basis of much 

research aimed at hydrogen generation through the splitting of water. 

Photosynthesis utilises a green coloured dye known as chlorophyll as its light 

harvesting moiety. Solar energy is absorbed by a series of dyes consisting of 

chlorophylls, carotenoid polyenes and other tetrapyrrole pigments, these make up the 

antenna like light harvesting complex II (LHC II).  The resulting excitation energy is 

transferred efficiently to the chlorophyll-based primary electron donor and an 

excited-state electron transfer initiates a cascade of dark electron transfers that result 

in a movement of an electron and “hole” to opposite sides of a membrane.  Two 
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photons of light are required to transfer just one electron from PSII (photosystem II) 

through a cytochrome complex to PSI. PSII is involved in the hydrogen generation 

within the plant, where hydrogen is stored as NADPH for use as energy within the 

plant. The “hole” is passed form the donor side of PSII to the oxygen evolving 

complex (OEC). Here four oxidising equivalents are collected and the elemental 

oxygen and four protons (4H+) are formed through the dissociation of two water 

molecules. Water is split when the excited P680∙+ species in PSII attracts electrons 

from the catalytic centre which is comprised of four manganese (Mn2+) ions and one 

calcium (Ca2+) ion. This Mn4Ca cluster acts as a store of positive charge. 

On the opposite side of the membrane at PSI the four electrons which have been 

liberated during the dissociation of water are eventually used to produce energy 

stores for the organism in the form of NADPH (the protonated form of nicotinamide 

adenine dinucleotide phosphate). 

The components of PSII consist of chlorophyll-a (P680) and pheophytin-a (Pheo) 

which is a chlorophyll molecule which does not contain a magnesium ion 

coordinated to the tetrapyrrole ring. 

 

 

 
 

 

 

 

Figure 1.1 - Simple Z-scheme diagram of light reactions in photosynthesis. 
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As shown in the z-scheme shown in Fig. 1.1 the initial conversion of light occurs in 

PSII. Here the light induces an electrochemical potential which generates a radical 

pair between P680∙+ and Pheo∙-. This reducing equivalent is passed along a series of 

molecules comprising an electron transport chain and eventually delivered to P700, a 

component of PSI. Here the reducing equivalent is excited yet again by another 

photon of light and it is used to oxidise NADP to form NADPH. 

 

1.1.2 Artificial Photosynthesis 

 

Natural photosynthesis provides an ideal model to design a system which can cleanly 

and efficiently generate hydrogen for use as energy through harnessing sunlight. 

Such a system should mimic the molecular organisation of the natural photosynthetic 

process. With this in mind there would need to be two components to the system; an 

elemental oxygen evolving component (like PSII) and a component capable of 

generating elemental hydrogen (similar to PSI). For this system to be successful 

charge separation between both components must occur. A model system is 

presented in Fig. 1.2. 

 
 

 

Figure 1.2 - Schematic representation of artificial photosynthesis. PS = photosensitiser 
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Within this model efficient hydrogen production depends on the utilisation of 

supramolecular structures with precisely designed excited states and redox 

potentials. Also important are rates of electron transfer (due to competing processes) 

and the orientation of the complexes in space. Once the 4H+ ions are formed in the 

oxygen evolving process, these protons would then move through the membrane to 

the hydrogen evolving catalytic centre to produce H2. 

1.1.3 Photocatalytic Hydrogen Production 

 

This study is focused on the hydrogen evolving catalytic process, however a great 

deal of studies have been based on the oxygen evolving catalyst in recent times.7,8,9,10 

Molecules designed and synthesised for the intramolecular studies carried out in this 

study are based on the proposed model below (Fig. 1.3) 

 

 

 
 

Figure 1.3 - Proposed model of molecules designed for the generation on hydrogen from water. 

 

As with natural photosynthesis, there is a light absorbing photosensitiser and a 

catalytic centre. The photosensitiser consists of a highly conjugated system, which 

will absorb light and consequentially an electron will become excited. This newly 

excited electron will then be transferred to a bridging ligand and then on to the 

catalytic centre where it will be used to split water to produce hydrogen. The 

electron utilised from the photosensitiser is replenished using a sacrificial donor, in 

this case triethylamine (TEA). This process will occur twice to yield one molecule of 

H2. An example of a system based on this model is shown below (Fig. 1.4) 
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S

N N

M
Cl Cl

M = Pt, Pd

Photosensitiser Bridging Ligand Catalytic Centre  
Figure 1.4 - Model system for the generation of hydrogen 

 

The design of the photosensitser and bridging ligand is very important. The bridging 

ligand must be carefully designed so that the HOMO-LUMO energy difference is 

lower than that of the photosensitiser to aid the flow of electrons through the system 

without the need for external factors such as heat. This is also necessary with regard 

the catalytic centre; the HOMO-LUMO energy difference of the catalytic centre 

must be lower in energy again than the bridging ligand. 

In this study organic photosensitisers were mainly used. These molecules should be 

cheaper to produce than their transition metal counterparts and generally can also 

have a higher absorption coefficient. Due to the ease of addition of various 

substituents to organic photosensitisers, their absorbances can be tailored towards the 

near infra-red region.  

 

1.1.3.1. Dye Sensitised Solar Cells 

 

The central processes in natural photosynthesis are light-driven electron transfer 

from a special pair chromophore (porphyrin structures) to the primary acceptor, and 

the subsequent charge separation to enable the reduction of substrates e.g. water11. 

Utilising light as a source of energy is promising as the energy received by the earth 

in one hour is more than that which is consumed by the entire population in one 

year12. Using this as a basis many artificial systems have been developed which are 

involved in the photocatalytic reduction of carbon dioxide and the production of 

hydrogen.  

The photocatalytic splitting of water employs light and a semiconductor surface to 

produce hydrogen. Semiconductor surfaces such as TiO2 can produce H2 

photocatalytically using the Honda-Fujishima effect as the semiconductor is capable 
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of hydrolysing water itself. Coordination of a dye to the semiconductor surface 

allows a wider range of wavelengths be utilised.  Organometallic catalytic systems 

will play a large role in the discovery of novel methods of hydrogen generation over 

the next century, specifically low cost molecules using non-precious metals. In the 

Grätzel cell, metal containing dye molecules which are bound to a surface consisting 

of a nanocrystalline metal-oxide (e.g. NiO, TiO2). The dyes absorb visible light and 

when excited pass an electron from the valence band of the dye to the conduction 

band of the metal-oxide inducing a current of electrons. As a result of these cells 

being produced from abundant metal oxides, especially TiO2, and the use of more 

cost effective dyes, rather than expensive and rare metals, the scaling up and 

commercialisation of these types of cells is a lot more feasible. Also many DSSCs 

are known to work in diffuse light. This means that they can avail of dawn and dusk 

hours and also be more competitive in replacing fossil fuels in the non-equatorial 

regions of the world.  

Ruthenium based dyes have been the most popular photosensitiser for generating H2. 

Some of the earliest uses were reported in the late 1970’s by Lehn and his co-

workers.13 They used a ruthenium polypyridyl photosensitiser, a rhodium bipyridine 

bridging molecule, colloidal platinum as the photocatalytic centre and 

triethanolamine (TEOA) as the sacrificial agent. Another group lead by Ling Zan14 

have reported on three different ruthenium dyes, one bimetallic and two 

monometallic, which have been shown to produce H2 using methanol electron donors 

and platinum (Pt) catalytic centres. The dyes were attached to TiO2 with three 

different linkage modes; (1) a traditional carboxylic acid linkage through two 

peripheral ligands, (2) a linkage of the TiO2 to two nitrogen groups on two peripheral 

ligands, and (3) a direct metal Ru-TiO2 linkage coupled with a C-TiO2 linkage on a 

peripheral ligand. Their experimentation lead them to report that each dye showed 

different photosensitisation effects due to the different coordination of the dyes with 

the TiO2 surface. Although no turnover numbers (TONs, number of moles of H2 

produced/ number of moles of catalyst) were quoted the dye tightly linked with TiO2, 

directly through the Ru centre, had the best durability against photodegredation but 

the lowest H2 evolution efficiency, however the  two more loosely attached dyes lead 

to higher H2 evolution efficiencies and a reasonable durability. The binuclear RuII 

dye shows better photosensitisation in comparison with mononuclear RuII dyes due 
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to its greater conjugation which improves the visible light harvesting and electron 

transfer between the dye molecules and TiO2.  

 

1.1.3.2. Supramolecular Photocatalytic Systems 

 

Another approach to solar cells has been to more closely mimic the natural processes 

and organisation of photosynthesis i.e. utilising a light harvesting chromophore 

leading to charge separation with the movement of energy to catalytic centres where 

the hydrogen, and oxygen, can occur. This study is concerned with the hydrogen 

production centre and so this aspect of the solar cell is further discussed. 

A large amount of research has been based around the use of transition metals in 

catalytic centres with multi-ringed ligands as photosensitisers (the dyes).  Most of 

the research has been centered on the use of ruthenium which shows a solar energy 

to electricity conversion rate of up to 11%.15 Other systems have been based on 

iridium,16 rhenium,17 platinum,18 osmium,19,20 copper21 and iron.22  

Toshima et al.23 have used a chromophore based on ruthenium coupled with a 

platinum catalytic centre to generate hydrogen from water in visible light. The 

electron transfer system consisted of a ruthenium tris –bipyridine dichloride light 

harvesting centre with a methyl viologen dichloride bridging molecule and a metal 

cluster of platinum as the catalytic centre. They measured high electron transfer rates 

leading to a high turnover of hydrogen produced. Especially in intramolecular H2 

generation between the Ru dye and the Pt catalytic centre which demonstrate a kH2 

(hydrogen generation constant) of 0.8 when compared to the intermolecular H2 

generation between unbound Ru chromophore and a Pt catalyst with kH2 of 0.58. 

Recently Bernhard24 reported very large TONs of between 800 and 8300 when using 

an iridium dye containing a pendant pyridyl moiety with a platinum catalytic centre 

(Fig. 1.5). By varying the ligand complexed with the Ir photosensitiser it was found 

that 4,4’:2’,2’’:4’’,4’’’-quaterpyridyl (qpy) gave the highest TON of 8300 in THF 

when irradiated with blue light in the presence of 20%  H2O, and 13% TEA. 
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Figure 1.5 – Pyridyl ligands complexed to an iridium metal centre by Bernhard et al
24

 2-p-

tolylpyridine (tolpy), 2-phenylpyridine (ppy), 5-methyl-2-phenylpyridine (mppy), 2-(4-

fluorophenyl)-5-methylpyridine 

(fmppy), 2-(3,4-difluorophenyl)-5-methylpyridine (dfmpy), 4,4’-dimethyl-2,2’-bipridyl (dmbpy), 

4,4’:2’,2’’:4’’,4’’’-quaterpyridyl (qpy), 4,4’-bis(2-(pyridin-4-yl)ethyl)-2,2’-bipyridine (dethqpy) 

and 4,4’-bis(phenylethynyl)2,2’-bipyridine (dpebpy).  

 

Further examples of these systems are discussed in chapters 2, 3, 4, and 5. Many 

different dyes have been used including those from natural sources such as mulberry, 

blueberry, and jaboticaba’s skin.25 These types of cells would be even more 

environmentally friendly than those mentioned above but commercial synthesis of 

these dyes may be problematic due to their complex structures and extraction from 

their natural source is expensive. 

1.1.4. Electrocatalytic Hydrogen Production 

 

As mentioned previously molecules which have been synthesised in this study have 

been modelled using a photosensitiser, to absorb light, a bridging group, to facilitate 

efficient electron transfer, and a catalytic centre based on an earth abundant metal. 

Despite the amount of energy provided by the sun and the harnessing of it efficiently 
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is promising, sunlight is an intermittent source of energy. This means that energy 

produced would have to be stored for use at night or in diffuse sunlight situations. 

Water electrolysis is a well-established method to produce hydrogen, and oxygen, 

from water. First utilised in the late 1700’s this method involves the use of expensive 

electrodes such as platinum and carried out at high temperatures up to 100 oC. 

Developing an electrocatalytic system which produces net energy gains is the next 

step to sustainable energy which can be produced in situ and so avoids storage and 

transportation costs. 

When discussing electrocatalytic generation of hydrogen the compounds are 

immobilised on to electrode surfaces. The efficiency of these now modified 

electrodes is often discussed with respect to the nature of the complex, the electrodes 

used and also the electrolytes used.  Two techniques are commonly used to 

immobilise the compounds onto the electrode surface. One such method is drop-

casting of catalyst solutions, while the other is the use of chemical/ electrochemical 

reactions to generate covalent bonds between the catalyst and the electrode surface 

itself. Electrocatalysis with surface modified electrodes will be discussed in more 

detail. A comprehensive review has been recently published with regard to 

electrocatalytic hydrogen generation using modified surfaces.26 

 

1.1.4.1. Transition metal catalysts 

 

Surfaces modified with various transition metals has been widely investigated. Much 

of the research has been focused on the expensive and rare ruthenium compounds, 

however some groups have focused on research using more earth abundant metals or 

dimetallic systems incorporating ruthenium and a cheaper metal. The use of 

ruthenium purple (Fe4[Ru(CN)6]3) as an electrocatalyst for H+ reduction has also 

been reported.27 Ru purple was electrodeposited onto a basal-plane pyrolytic graphite 

(BPG) plate as working electrode and the cell was equipped with a spiral platinum 

wire and an Ag/AgCl reference electrode. A TON of 51 x 103 was reported after one 

hour when potentiostatic electrolysis was carried out at -0.8 V in a H3PO4 + 

NaH2PO4 (Na+ = 0.1 mol L-1) buffer solution at pH 1.5, where TON refers to the 

number of moles of H2 that a single mole of catalyst can produce during a given 

experiment. The authors suggested that the cyanide ions from the Ru purple work as 
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the active sites for proton reduction by coordinating the protons allowing them to be 

reduced to H2.   

In 1997, Abe et al.28 utilised Prussian white, K4Fe2[Fe(CN)6]3), as the catalyst in 

electrocatalytic proton (H+) reduction. The Prussian white was coated on a platinum 

(Pt) electrode and reportedly produced 12 times the amounts of H2 than the bare 

electrode alone. Potentiostatic electrolysis was carried out at -0.274 V using the 

coated platinum electrode, a spiral platinum wire and an Ag/AgCl reference 

electrode in a pH 1.35 aqueous buffer containing 0.05M KCl. 6.35 µL and 0.23 µL 

of hydrogen were produced in one hour with the coated and bare electrodes 

respectively. An experiment using the same set up with potentiostatic electrolysis at -

0.8 V vs. Ag/AgCl produced a TOF of 67 h-1, where TOF refers to TON per unit 

time. 

Cu/Pt nanoparticals have been used to modify glassy carbon electrodes with the aim 

to produce hydrogen.29 A Cu/Pt composite was fabricated on the surface of the 

electrode by electropolymerisation of poly(8-hydroxyquinoline) on the surface 

followed by incorporation of Cu2+ ions through immersing the electrode in a solution 

of CuII ions for 1 hour followed by an electrochemical reduction to -0.9 V vs. SCE. 

The copper loaded electrode was dipped in a 0.02 M PtCl4 solution for 30 min in 

order to replace the metallic copper with Pt. No TONs were quoted however it was 

observed that the onset of the catalytic current was at a more positive potential than 

that of a bare glassy carbon electrode or the electrode modified with just the Cu. 

 

1.1.4.2. Macrocyclic Complexes: 

 

Zhao et al.30 have reported electrocatalytic proton reduction by phthalocyanine 

cobalt derivatives incorporated in poly-4-vinylpyridine-co-styrene (P(VP-St)) films 

which films were coated onto a graphite electrode. The non-substituted cobalt 

phthalocyanine (CoPc), oct-cyanophthalocyanine cobalt(II) (CoPc(CN)8) and 

tetrasulfonatophthalocyanine cobalt(II) (CoPc(SO3H)4) were all investigated for their 

hydrogen generation efficiency. The reasearchers reported hydrogen generation in 

terms of TON for the series CoPc< CoPc(CN)8< CoPc(SO3H)4, with CoPc(SO3H)4 

yielding a TON of 2 x 105 h-1. Electron propagation through the polymer matrix was 

studied and it was found that the electron transfer process occurs through diffusion 
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mechanism and the diffusion coefficient decreased in the same order; CoPc< 

CoPc(CN)8< CoPc(SO3H)4.  Phthaolcyanines bearing thiophene moieties have been 

used for the electrocatalytic generation of hydrogen using water.31 2,9,16,23-tetrakis-

6-(-thiophene-2-carboxylate)-hexylthio-phthlocyaninato-zinc(II), copper(II) and 

cobalt(II) complexes were synthesised and glassy carbon working electrodes were 

modified with these CoPc, ZnPc and CuPc complexes. Electrocatalytic studies were 

carried out in 0.1 mol dm-3 NaCl in an aqueous phosphate buffer at different pHs 

with a platinum wire counter electrode and an SCE (saturated calomel electrode) 

reference electrode. The CoPc derivative showed the greatest electrocatalytic 

potential, with ZnPc having a much reduced potential while CuPc shows almost no 

activity. The author attributed the differences in activity to the redox differences of 

the complexes. CoPc has a metal-based reduction process, while ZnPc and CuPc 

have only ligand-based processes in the potential window of 0V to -1.5 V vs. SCE. 

Catalytic proton reduction occurred -1.02 V when using the CoPc modified 

electrode, representing a 0.04 V reduction in potential applied when compared to the 

bare electrode at pH 2.4 while also showing a significantly higher catalytic current. 

Lojou et al.32 developed a system which was modelled on nature but incorporated 

naturally occurring enzymes also. They have extracted two [NiFe] hydrogenases 

from the hyperthermophilic bacterium Aquifex aeolicus. Pyrolytic graphite 

electrodes have been modified with these hydrogenases, in a system utilising a gold 

wire counter electrode and an Ag/AgCl reference electrode. This set-up efficiently 

reduced protons in a 10 mM sodium phosphate/ 10 mM tris chloride buffer solution. 

The primary action of hydrogenases is to oxidise H2 when pH is lowered in acidic 

conditions, however the authors propose that they can effectively reduce protons to 

yield H2 according to the reaction scheme 1.3.  
 

Haseox + e- Hasered

Hasered + H+ Haseox + 1/2 H2 
 

Reaction 1.3- Reduction of protons in acidic conditions by hydrogenases.
32

  

 

The catalytic current generated by the hydrogenases was monitored by cyclic 

voltammetry over a range of pH 5 to 8. No catalytic current was observed at pH 8 
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however lowering the pH induced a catalytic current owing to the increased levels of 

H+ substrate. Also the E1/2 of the reduction wave was shifted to less negative values 

when the pH was decreased. The pH dependence of E1/2 is linear with a slope of 

about 0.55 V vs. SHE per pH unit. 

 

1.1.4.3. Catalysts incorporated into Polymers: 

 

Polymers have been renowned for use in electrocatalysis because of their electron 

transport improving properties which greatly enhance the regeneration of the 

electrocatalysts during redox processes. Electronic interactions between the metal-

based dπ orbitals and the polymer π or π* orbital can provide additional mechanisms 

for electron transport between metal centers and facilitate the movement of electrons 

necessary for high electrocatalytic performances.33 Nafion (Fig. 1.6) is a 

commercially available polymer which has been utilised by Abe et al. to incorporate 

ruthenium red ([(NH3)5Ru-O-Ru(NH3)4-O-Ru(NH3)5]Cl6).34 The ruthenium red was 

dispersed into a Nafion membrane and coated onto a basal-plane pyrolytic graphite 

(BPG) plate as a working electrode. A spiral platinum counter electrode and an Ag/ 

AgCl reference electrode were employed in the experiment. 
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Figure 1.6- Nafion: a sulfonated tetrafluoroethylene based fluoropolymer. 

 

A TON of 1.8 x 102 was reported after one hour electrolysis at -0.6 V in a pH 1 

phosphate buffer solution. H+ reduction occurred after formation of an 

electrochemically active species with was proposed as a Ru0 complex, which is 
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formed after the decomposition of the Ru red into two monomeric Ru complexes, 

[RuIII(NH3)5(H2O)]3+ and [RuIII(NH3)4(H2O)2]3+ noted by the slight shift in reduction 

potential from -0.2 V to -0.18 V (vs. Ag/AgCl) during the course of the repeated CV 

scanning. Abe proposed that either both or one of these mononuclear species was 

further irreversibly reduced to yield the electrocatalytically active Ru0 species. 

Zhao et al.35 have incorporated zinc phthalocyanine (ZnPc) into both a Nafion and a 

poly(4-vinylpyridineco-styrene) polymer and coated these mixtures onto basal plane 

pyrolytic graphite electrodes. 

 

N

x y

 

 

Figure 1.7- Poly(4-vinylpyridineco-styrene), P(VP-St) 

 

An Ag/AgCl reference electrode and a spiral platinum wire counter electrode were 

used together with a 0.1M NaH2PO4/H3PO4 aqueous buffer at pH 1.0. When the 

ZnPc was incorporated into a polymer it exhibited a far greater electrocatalytic 

activity compared to the bare electrode of the electrode modified with the polymer 

alone, demonstrating that ZnPc is the catalyst for the H2 generation reaction. The 

potentiostatic electrolysis was carried out at -0.9 V vs. Ag/AgCl and it was noted 

that the amount of H2 evolved after 1 h increased with the ZnPc concentration 

incorporated within the Nafion or P(VP-St) matrix but this increase levelled off 

when a concentration of 0.02 M was used. The TON values for Nafion-ZnPc, 4.33 x 

104, was almost  greayer than that of the reported value for P(VP-St) ZnPc, 2.92 x 

104, indicating the influence of the polymer backbone in the electron transfer process 

and indicating that the electron propagation through the polymer matrix is most 

probably the rate determining step in the reaction. 
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1.2 Cross Coupling Reactions 

 

Many recent studies in organometallic chemistry involve transition metals and π-

conjugated systems. Some of the most widely used synthetic methods to produce 

these desired π-conjugated systems are of the Sonogashira-Hagihara type which 

involve palladium catalysis with a copper co-catalyst to form a C-C bond. It also 

often includes the presence of phosphine as a ligand for palladium during the 

reaction mechanism. This type of C-C bond forming reaction is often referred to as 

cross coupling. Other important cross-coupling reactions include the Negishi,36 

Suzuki-Miyaura,37,38 Heck39 and Stille40 reactions but for the purpose of this study 

Sonogashira coupling reactions are the most important and will be discussed further. 

Sonogashira coupling involves the coupling of a terminal alkyne with an aryl, or 

vinyl, halide (Reaction 1.4). It is a widely used reaction for the formation of C-C 

bonds. This mechanism was first proposed by K. Sonogashira and N. Hagihara in 

1975 41 and the reaction method used has barely changed to date. The reaction is 

generally carried out using a palladium catalyst, and a copperI co-catalyst in the 

presence of an amine base (e.g. Et3N, iPr2-NH2). This particular method of C-C triple 

bond formation was based on the decidedly difficult Stephans- Castro coupling of 

arylacetylenes with iodoarenes or iodoalkenes, which required harsh temperatures 

and reaction conditions such as 4 day reflux in pyridine (115oC) or DMF (153oC).42 

The Sonogashira method proposed much milder reaction conditions, and greater 

yields of up to 85% were obtained when reacting simple molecules such as 1-

iodobenzene with an acetylene molecule. A comprehensive review of palladium 

catalysed alkylation reactions has been published.43 

 

R H + R' X R R'

Pd(PPh3)2Cl2

PPh3
CuI

 
Reaction 1.4- The Sonogashira Coupling Reaction. 

 

There are two types molecules required for this reaction, a Pd0 catalyst and the halide 

of a CuI salt as a co-catalyst. The exact mechanism for the Sonogashira coupling is 

unknown as it is very hard to isolate the intermediate organometallic complexes but 

http://en.wikipedia.org/wiki/1975
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there have been proposed mechanisms mainly based on the schematic below 

(Scheme 1.1) 
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RX = Aryl halide. 

CuX = Copper halide. 

PdLn = Palladium Catalyst. 
Scheme 1.1 - Proposed Mechanism of the Sonogashira Coupling Reaction. 

 

The first step of the reaction is the palladium complex activation of the organic 

halide by oxidative addition into the carbon-halogen bond. Here the palladium0 

proceeds from a 16 electron system to an 18 electron system palladiumII molecule. 

Transmetallation occurs with the copper acetylide produced from the base reaction 

with the terminal alkyne and the copper halide (CuX). Here the copper halide co-

catalyst is reformed as a bi-product. 

Next the palladiumII molecule is trans/cis isomerised, converting a trans orientation 

into a cis molecule. Finally the desired product is released by reductive elimination, 

regenerating the palladium catalyst as a by-product. Basic conditions are required to 

neutralise the hydrogen halide also produced as a by-product in the reaction. An 

http://en.wikipedia.org/wiki/Oxidative_addition
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Halogen
http://en.wikipedia.org/wiki/Chemical_bond
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excess of an amine serves two purposes in this reaction: it acts as a base to trap the 

halide and as a reducing agent for palladium. 

The reaction works best with vinyl iodide> vinyl triflate> vinyl bromide> vinyl 

chloride> aryl iodide> aryl triflate> aryl bromide> aryl chloride. Highest yields for 

desired product were produced when using the more expensive vinyl-iodides. Much 

research has gone into using the cheaper bromides and chlorides to produce similar 

yields.44 

Since its discovery there have been many modifications proposed including Pd 

free,45,46,47,48,49 CuI co-catalyst free,50,51 utilising microwave,52 which make the 

reaction cheaper, due to the high cost of palladium, also faster in most cases, 

however yields are often lower and the harsher conditions needed mean that these 

methods may not be ideal when compared with the current traditional methods. 

In general the methods which have been developed which do not require the use of a 

palladium catalyst, which can be expensive, often need higher temperatures or a 

higher percentage of the catalyst used. Beletskaya et al.
45 have reported using a 

nickel catalyst, [Ni(PPh3)2Cl2], which is very similar to the traditional palladium 

catalyst, to successfully synthesise a series of bi-aryl compounds containing a 

carbon-carbon triple bond. This nickel catalyst is much cheaper than its palladium 

equivalent and is more readily available. The yields achieved were between 91-

100%, however the reactions required reflux temperatures and a larger equivalent of 

CuI co-catalyst (10%) to proceed. Beletskaya has also reported that alkylacetylenes, 

which are generally less reactive in Sonogashira-Hagihara type coupling reactions, 

react very slowly however in a simple reaction between 3-bromoquinoline and 

phenylacetylene a low yield of 27% was achieved after 21 hours reflux. 

Copper complexes have also been used as the primary catalyst in the reaction. 

Copper, again, is a much cheaper alternative to palladium catalysts. Kang et al.46 

have reported using CuI as primary catalyst in 10% equivalence. A yield of 85% was 

achieved in the reaction between phenylacetylene and diphenyliodonium 

tetrafluoroborate, with room temperature stirring for 30 minutes in the presence of 

NaHCO3 base. The high yields and mild conditions are favourable but the high 

equivalence of CuI needed is not favourable as CuI promotes the cross coupling of 

the acetylene molecules, further reducing desired yields.    

Copper co-catalyst free reactions have also been reported. These reactions use a PdII 

catalyst instead of the traditional Pd0. Mery et al.50 have used bis{tert-
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butylaminomethylphosphine} (Fig. 1.8) as catalyst and achieved yields of up to 

100% when reacting arylhalides with substituted acetylenes. The reactions were 

carried out using Et3N as the base and at temperatures between -40 and 80oC.   
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Figure 1.8 - Pd
II

 catalyst utilised by Mery et al. in copper free Sonogashira coupling reactions.
50

 

 

Erdelyi et al.52 have reported the use of microwaves in the Sonogashira reaction and 

achieved yields in the range of 80-95% after only 20 mins at 120oC. They used the 

traditional palladium catalysts and copper co-catalysts. The yields and short time of 

reaction are favourable, however, high temperatures and specialised Schlenk 

glassware required to keep the reaction deaerated and water free make the synthesis 

more difficult. 

 

1.2.1 Early Methods of Sonogashira Coupling 

 

The first Sonogashira coupling reaction was reported in 1975 by Kenichi 

Sonogashira and Nobue Hagihara.41 This reaction had many important conditions 

necessary for the reaction to run; the reagents must be de-aerated and completely dry 

before use and an inert atmosphere is required throughout the duration of the. If the 

catalyst comes in contact with water it renders it useless, as an alkylhalide which 

forms possess a ß-hydrogen, which is unstable and readily decomposes to give 

palladium hydride complexes which will not catalyse the reaction53. Also oxygen 

promotes the formation of homo-coupled acetylenes during the Hay coupling 

reaction; two acetylenes coupled together, necessitating a completely air free system 

to be used as this would lead to an unnecessary by-product and further reduce the 

possible yields of the reaction. The early methods of Sonogashira coupling reactions 
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were quite expensive due to necessary palladium catalyst and were quite difficult to 

keep completely deaerated.  

 

1.2.2 New Methods of Sonogashira Coupling 

 

Raju et al.54 have reported using water as a solvent during Sonogashira coupling 

reactions. The reaction involves the addition of iodothiophene to different terminal 

alkynes using water as a solvent. The reaction used Pd/C (Pd on carbon) catalyst in 

0.026% mol. equivalence with 0.2% equivalent PPh3 and 0.05% equivalent CuI as 

cocatalysts. This is a much lower equivalent than previously reported. The yields 

reported were quite high, on average 77 - 90%. The use of water as a solvent allows 

the reaction to be more environmentally friendly as well as economical. It does not 

involve the use of toxic amines as a solvent which can be expensive for use in large 

scale synthesis. 

The use of the copperI co-catalyst has been investigated. The use of a copper salt is 

highly toxic to the environment as well as being difficult to recover after a reaction. 

It also generates homocoupling products of the terminal alkyne55 which is especially 

deterring when the terminal alkyne is difficult to synthesise or expensive. The 

reaction known as copper-free Sonogashira coupling requires the use of a large 

amount of amine base as solvent. This is almost just as hazardous to the environment 

itself and somewhat diminishes the new procedure.  

A procedure involving the use of a palladiumII catalyst was proposed by Mery et 

al.50. This catalyst (Fig. 1.8) is more stable than Pd0 and the use of a more bulky PdII 

catalyst which is a chelating bis-tert-butylphosphine ligand coordinated to PdII 

negates the need for a copper co-catalyst. The reactions carried out were one pot 

methods using an amine base as the solvent with temperatures between -40 to 80oC. 

Another advantage of this method is that the palladium catalyst was only used in 1% 

mol equivalent.  

Reactions have been tried with the use of silverI oxide56 but these reactions were 

sluggish and could not be carried out without the addition of copperI iodide for the 

reaction to proceed. 
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1.3 Principles of Photophysics 

 

Photophysics involves the monitoring of a molecule which has absorbed a photon of 

light (hν). When a sample is irradiated, a valence electron is usually promoted to a 

higher energy orbital, which induces the formation of an electronic excited state in 

the absorbing species (Scheme 1.2, Rxn 1.). There are two possible decay routes for 

this excited state;  

 the excited state species can decay to the ground state through spontaneous 

emission (Scheme 1.2, Rxn 2.), which can occur either through the emission of 

light (radiative decay) or through the conversion excess energy into heat energy 

(non-radiative decay),  

 or it can decay to ground state through  stimulated emission (Scheme 1.2, Rxn 

3.).  

 

1. R + hv R*

2. R* R + hv

R* + hv R + 2hv3.  
Scheme 1.2 - Photophysical absorption and emission routes of a molecule (R).

59
 

 

The relative weight and distribution of electrons in a molecule, when compared with 

nuclei, mean that the electrons have a lower inertia than the nuclei. Due to this, 

electrons can change their position and motion almost instantaneously. The Born-

Oppenheimer approximation states that nuclear and electronic motions can be treated 

as separate forms of motion when approximating wave functions.57 This is because 

forces on both electrons and nuclei, due to their electric charge, are of the same order 

of magnitude. When these forces are applied any changes which occur in their 

momentum must also be the same, however, due to the mass of the nuclei being 

much more than that of the electrons their velocities must be much smaller. 

Therefore the electronic wave function depends upon the nuclear positions but not 

upon their velocities, i.e., the nuclear motion is so much slower than electron motion 

that they can be considered to be fixed. 
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Using the Born-Oppenheimer approximation it is assumed that the nucleus remains 

motionless during an electronic transition, i.e. absorption or emission. When a 

photon is absorbed, an excited electronic state is not only generated, but the 

molecule also acquires some vibrational energy. According to the Franck-Condon 

principle the absorption of a photon is a practically instantaneous process, since it 

involves only the rearrangement of inertia-free electrons.58 The process of light 

absorption is on the femto second timescale and due to this there is insufficient time 

for the heavier nucleus to start any kind of motion during the absorption process but 

does so subsequently resulting in vibrations. The Franck-Condon principle is the 

approximation that an electronic transition most likely occurs without changes in the 

positions of the nuclei in the absorbing species and its environment. The resulting 

excited state is called a Franck–Condon state which is a metastable excited electron 

configuration where the nuclear geometry is the same as that in the ground state. 

After the Franck-Condon state is formed, rapid vibrational relaxation occurs to the 

lowest vibrational state of the electronic excited state. This is generally known as the 

high energy singlet excited state (Sn). 

There are several possible ways for the electronic excited state to return to its 

original ground state. Vibrational relaxation can occur to a lower excited state 

through intersystem crossing or internal conversion. Intersystem crossing occurs 

when non-radiative decay occurs between two states of different multiplicity, i.e. 

from a singlet to a triplet excited state (S1-T1) whereas internal conversion occurs 

when non-radiative decay occurs between two states of the same multiplicity, i.e. 

singlet to a lower energy singlet excited state (Sn-S1, S1-S0 or T1-T0). Radiative decay 

can also occur as the excited state decays to the ground state. This is known as 

luminescence. It occurs when an excited state loses its excitation energy in the form 

of a photon of light, hν. There are two types of emission of this light, fluorescence 

and phosphorescence. Fluorescence occurs when the decay occurs between two 

states of the same multiplicity i.e. S1-S0 whereas phosphorescence occurs when the 

decay occurs between two states of different multiplicity i.e. T1-S0. Kasha’s rule 

states that emission occurs only from the lowest energy excited state of the molecule.  

Therefore, as with the initial Franck-Condon excited state, vibrational relaxation to 

the lowest energy excited state must occur by rapid internal conversion between 

states of the same multiplicity before emission can proceed.59 It is mainly the 
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efficiency at which internal conversion occurs which controls the type of emission 

which occurs. 

 

 
Figure 1.9 - Jablonski Diagram. 

 

Fluorescence is a spontaneous and short lived process with lifetimes in the range of 1 

ps to 1 μs as this process is “spin allowed”, meaning that the electron does not need 

to change direction before decaying back to the ground state. Generally the emitted 

light is of a lower energy than that of the absorbed incident photon as the internal 

conversion(s) required to relax to the first excited state, consumes some of this 

energy. The energy loss results in the emission occurring at longer wavelengths 

compared to the ground state absorption. This difference in energy absorbed and 

energy emitted is known as a Stokes shift. A Stokes shift is defined as the difference 

in the absorbance and emission maxima of a given molecule.59 

Phosphorescence is a long lived process with lifetimes ranging from 1 μs up to 

several seconds. This is due to the process being “spin forbidden”, meaning that the 

electron needs to undergo spin conversion before decaying back to the ground state 

as it is decaying from a triplet state to a singlet state. As the T1 excited state is lower 

in energy than the S1 excited state phosphorescence will occur at longer wavelengths 

than fluorescence. Intersystem crossing to the triplet state will only occur where 

vibrational coupling occurs between the singlet and triplet excited states. This 
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vibrational coupling allows the “spin forbidden” nature of the intersystem crossing 

be overcome.  

Molecular orbital theory is used to describe the electronic transitions which occur 

during photoexcitation. The location (or distribution) of electrons about the nucleus 

will greatly affect the possible transitions which occur during photoexcitation.  

Charge transfer transitions are transitions of electrons between the orbitals of the 

metal and the orbitals of the ligands. There are two types; metal to ligand (MLCT, d-

π*) and ligand to metal (LMCT, σ or d-π) charge transfer transitions, which depend 

on where the excited electron originates. These types of transitions cause a radial 

redistribution of electron density between the metal and ligand orbitals. MLCT 

involves the movement of an excited electron in an orbital on the metal centre to an 

orbital on the ligand. This will leave the metal centre open to nucleophillic attack by 

other ligands. LMCT involves the movement of an excited electron from an orbital 

on the ligand to an orbital on the metal centre. This electron will usually transfer to a 

metal antibonding orbital. 

Ligand field transitions (or d-d transitions) arise from the transition of electrons 

between d-orbitals. These transitions cause an angular rearrangement of electron 

density. There is no change to the electron distribution between the metal and the 

ligands. This type of transition will not affect internal redox processes however it 

will affect the reactivity of the metal in relation to ligand substitution or 

isomerisation reactions. 

Intra-ligand transitions occur when an excited electron is transferred to two 

molecular orbitals which are centred on the ligand. These transitions do not effect 

charge distribution between the metal and ligands however they do affect the donor-

acceptor properties and dipole moment of the ligand. 

 

1.4. Electrochemistry 

 

Electrochemistry involves the study of chemical changes caused by the passage of 

electric current and the production of electrical energy by chemical reactions.60 As 

early as the 1800’s Nicholson and  Ritter had developed a method to split water into 

hydrogen and oxygen by electrolysis and Ritter discovered the process of 

electroplating. It was when Michael Faraday proposed his two laws of 

http://en.wikipedia.org/wiki/William_Nicholson_%28chemist%29
http://en.wikipedia.org/wiki/Johann_Wilhelm_Ritter
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Electrolysis
http://en.wikipedia.org/wiki/Electroplating
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electrochemistry in 1832, that the field of electrochemistry began to grow 

exponentially. 

An electrochemical experiment will usually consist of a working electrode, a counter 

electrode, a reference electrode and a supporting electrolyte. The working electrode 

and the counter electrode are connected by a series of wires. 

 

 
 

Figure 1.10- Schematic of an electrochemical cell. 

 

 

The potential of the working electrode is controlled with respect to the reference 

electrode. This is achieved by connecting the cell to a power supply, a potentiostat, 

which will maintain the potential of the working electrode. Due to the tightly packed 

metal atoms within the electrode surface, overlap is present between adjacent atomic 

orbitals. This leads to poorly defined electronic energy levels in the metal atoms. The 

Fermi level within the metal electrode surface refers to the energy level at which the 

available electrons lie. This energy level is not fixed and can therefore be increased 

or decreased by applying electrical energy, in the form of potential. By applying 

more negative potentials to the electrochemical cell, the energy of the electrons in 

the working electrode are raised. Once they reach a high enough level they can then 

transfer to vacant electronic states in the sample dissolved in the electrolyte. This 

generates a reduction current within the cell. By applying a more positive potential, 
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the energy of the electrons in the working electrode are now lowered. Once the 

electrodes achieve a suitable low energy it becomes favourable for the electrons in 

the solution to transfer to the working electrode. This process generates an oxidation 

current within the cell. 

 

 (i) 

 
(ii) 

 

 

 

Figure 1.11 - Representation of (i) a reduction process and (ii) an oxidation process. EF refers to 

the Fermi level within the metal electrode surface.
61
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By varying the potential difference between the working and the counter electrode an 

electrical current can be produced in the external circuit as the electrons flow 

between the surface and solution interface. The reference electrode is an electrode 

with a constant electrochemical potential and measures this current flow between the 

working and the counter electrodes. 

Two types of reaction can occur at an electrode. The first types are known as 

Faradaic processes. Faraday’s first law states that the amount of electricity passed 

through a cell is directly proportional to the amount of chemical reaction caused by 

the flow of current.61 The example given above, where charge transfer reactions 

occur between the electrode/ solution interface, is known as a Faradaic process as it 

is governed by Faraday’s first law. There are ranges of potential where no faradaic 

processes will occur as the charge transfer reactions are not thermodynamically or 

kinetically favoured. Within these regions no electrons will pass between the 

electrode and the solution however processes such as adsorption or desorption may 

occur causing the structure of the electrode-solution interface to change as the 

potential changes which may alter solution composition. These changes cause 

external current to flow even though charge does not cross the electrode- solution 

interface. Such processes are referred to as nonFaradaic processes.60 Electrode 

reactions may result in both faradaic and nonFaradaic processes taking place. 

The two techniques employed during this study are cyclic voltammetry and bulk 

electrolysis and will be discussed further in sections 1.4.4 and 1.4.5. 

1.4.1 The Electrode- Solution Interface 

 

The interfacial region between the electrode and the solution is often referred to as 

the double layer. This double layer consists of charged species which exist at the 

region of the electrode- solution interface. During an experiment the charge of the 

metal electrode is positive or negative in relation to the solution. This charge 

represents an excess of electrons within the metal and is only found in a very thin 

layer (< 1Å) on the surface of the electrode. The charge in the solution is made up of 

an excess of cations or anions in the region of the electrode surface. The bulk of the 

solution is in an isotropic environment where an electrical field does not influence 

however the solution which is in the region of the electrode- solution interface 

experiences anisotropy due to the electrical field caused by the polarisation of 
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solvent dipoles, leading to their orientation at the solution side of the interface. Due 

to this a net ionic charge builds up at the interface. Once this occurs a layer of ions 

are attracted to the electrode surface with an equal quantity and opposite sign. The 

result is a charge separation produced by the local ordering of the ions at the 

electrode/solution interface.62  

The model of the double layer was first proposed by Helmholtz in 1879. He 

proposed that the charged surface of the electrode would attract and immobilise a 

layer of counter ions using electrostatic attractions, until the charge on the surface 

had been neutralised. This model proposed that the electric potential falls from its 

value at the surface to zero in the bulk solution (Fig. 1.12). The Gouy-Chapman 

model, proposed in 1910-1913, recognised that ions are subject to random thermal 

motion and therefore could not be immobilised on the surface. To solve this problem 

they proposed that a diffuse double layer is formed in which the charge needed to 

neutralise the surface charge is spread out into solution. Using this model it was 

suggested that the electric potential falls more slowly to zero in the bulk solution 

with the distance from the surface. In 1924, realising that the two previously 

proposed models failed to adequately account for the properties of the ions 

behaviours within the double layer, Stern suggested that a combination of both 

models was the ideal answer. He advised that it was correct to propose that some 

ions would be immobilised onto the surface (specifically adsorbed) but not enough 

to neutralise the charge of the surface. This region is referred to as the Helmholtz 

layer. To neutralise the remainder of the charge a diffuse layer of ions (non-

specifically adsorbed) is present which extend out into the solution and dissipates 

due to Brownian motion.63 
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Figure 1.12- Models of the electric double layer proposed by (a) Helmholtz, (b) Gouy and 

Chapman and (c) Stern.
61

  

 

 

1.4.2. Double-Layer Capacitance and Charging Current 

 

The behaviour of the electrode-solution interface is often compared to that of a 

capacitor. A capacitor is an element of an electrical circuit comprising of two metal 

sheets separated by a dielectric material. Capacitors activities are defined by the 

equation 1.1: 
q

E
= C

 
Equation 1.1 

 

Where q is the charge which is stored on the capacitor (С), Е is the potential across 

the capacitor (V), and С refers to the capacitance of the element (F). When a 

potential is applied across a capacitor, charge will accumulate on its metal plates 

until q satisfies equation above.60 The charge forms due to an excess of electrons on 

one plate of the capacitor and an excess of protons on the opposite plate. While this 

charge accumulates a current is flowing which is known as charging current. 

The interfacial region in an electrochemical cell, the double layer, can be said to 

behave in a similar fashion to a capacitor. At an applied potential there will exist a 

charge on the electrode surface and an equal but opposite charge in the solution. 
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Changes to the applied potential across the interfacial region will modify the 

capacitance of the double layer. At a given potential, the electrode- solution interface 

is characterised by a double-layer capacitance. However, unlike real capacitors, 

changes in the applied potential across the double layer adjust the orientation of the 

solvent dipoles. This leads to adsorption and desorption of ions form the surface, 

which leads to a change in the charge stored across the interface. Therefore the 

capacitance observed in the double layer is more suitably referred to as differential 

capacitance (Cd) as this definition takes into account the voltage dependant nature of 

the capacitance in the double layer. By measuring the charging current over a given 

experiment, where no redox couples are present, we can calculate the capacitance of 

a system using the equation 1.2: 

i Cv 

Equation 1.2. 

 

Where i refers to the current and v is the potential scan rate. 

 

1.4.3. Mass Transfer 

 

Mass transfer refers to the movement of material from one location to another in the 

solution. In general it refers to the movement of ions or cations to and from the 

interfacial region in the cell. Faraday’s law relates the charge passed during an 

experiment to the number of moles of species electrolysed according to equation 

1.3.: 

 

Q = nFN 
Equation 1.3. 

 

Where Q is the charge, N is the number of moles of species electrolysed, F is 

Faraday’s constant and n is the number of valence ions in the species.63 The 

differential form of this equation relates to current: 
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dQ
dt

= i = nF
dN
dt  

Equation 1.4. 

 

Therefore the current (i) is directly proportional to the rate of electrolysis. Once 

molecules have been electrolysed they must be transported back to the bulk solution 

in order to maintain electrolysis. This means that the rate of electrolysis and the 

current directly depend on the rate of mass transfer between the interfacial region 

and the bulk solution. This means that mass transfer can have a large effect on the 

rate of the reaction occurring at the electrode surface and is quite often the rate 

determining step in the reaction itself. The three principal modes of mass transfer 

are: 

 Migration: The movement charged ion or cation due to the presence of an 

electrical field. 

 Diffusion: The movement of material under the influence of a gradient of 

potential, such as concentration. During electrolysis a large excess of inert 

electrolyte is present in the solution so the current through the external circuit 

will be balanced by the passage of ions through the solution between the 

working and the counter electrodes. 

 Convection: The movement of species due to mechanical (hydrodynamic) 

processes such as stirring inducing motions in the liquid. 

The effects of mass transfer can be minimised through experimental technique. For 

example migrational mass transfer can be limited by using an inert supporting 

electrolyte at a concentration much higher than that of the electroactive compound 

and convection mass transfer can be minimised by preventing any vibrations within 

the electrochemical cell during an experiment. 

 

1.4.4. Cyclic Voltammetry 

 

Cyclic voltammetry is an electrochemical technique which can be used to investigate 

the chemical reactivity of a given species. In a cyclic voltammetry experiment the 

working electrode potential is raised or lowered linearly as a function of time. When 

a set potential is reached, the working electrode's potential incline, or decline, is 
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inverted to another set potential. The current at the working electrode is plotted 

versus the applied voltage to give a cyclic voltammogram. When a given sample is 

dissolved in a suitable electrolyte, this method can be used to investigate the 

electrochemical properties of the sample as this experiment results in the occurrence 

of oxidation or reduction reactions in electroactive species according to the potential, 

and a capacitive current due to double layer charging.64 During an experiment the 

potential applied between the working electrode and the counter electrode is ramped 

to a set potential. During this time the current induced is measured between the 

working electrode and the counter electrode. The current measured will increase as it 

reaches the reduction potential of the sample and will then decrease as the 

concentration of sample close to the interface is diminished. 

 

 

 

Figure 1.13 –A cyclic voltammogram waveform and a typical cyclic voltammogram showing the 

location of the reduction/ oxidation peak maximum (Ep) and the peak current of the process 

(Ip). 

 

1.4.4.1. Reversible and Irreversible Systems: 

 

If an electrochemical process is considered to be reversible, the rate at which the 

electron transfer occurs between the working electrode and the solution redox species 

must occur quickly and without substantial thermodynamic barriers. As shown in the 

cyclic voltammogram in Fig. 1.13, once the initial sweep between the two set 

potentials ends a second sweep in the reverse direction begins immediately. For 

example, consider an electrochemical cell where a species M can be reduced (R) 

according to the equation (reaction 1.4):  
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M + n e- R 
Reaction 1.4. 

 
where n represents the stoichiometric number of electrons for the process. If the reaction 

occurs quickly i.e. the rate of electron transfer is rapid at the electrode surface, so that 

species M and R immediately adjust to the ratio dictated by the Nernst equation it is said 

to be a reversible reaction. The Nernst equation (Eqn. 1.3) can be used to determine the 

equilibrium reduction potential of a half-cell in an electrochemical cell and to determine 

the total voltage for a full electrochemical cell. It can therefore be used to relate the half-

cell potential of a process such as the one shown above to the concentrations of both 

species of the redox couple. 

 

 

E = Eo + RT
nF

Ln
[Ox]
[Red]

  
Equation 1.2- The Nernst Equation 

 

where E is the potential, Eo is the formal potential, R is the gas constant (J mol-1 K-1) 

and T is the temperature (K), n is the number of electrons transferred and F is the 

Faraday constant (96485 C mol-1).  

For a reversible electrochemical reaction: 

 The voltage separation between the peaks must satisfy the following equation:  

 

ΔE = Epa – Epc = 59/n 
Equation 1.4. 

 

 The positions of the peaks must not alter when then scan rate is altered. 

 The ratio of the peak currents must equa1: 

 

ipa

ipc
= 1

 
Equation 1.5. 

 

http://en.wikipedia.org/wiki/Reduction_potential
http://en.wikipedia.org/wiki/Half-cell
http://en.wikipedia.org/wiki/Electrochemical_cell
http://en.wikipedia.org/wiki/Voltage
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 And the peaks currents must be proportional to the square root of the scan rate. 

 

Electron transfers reactions which are not fast because of one kind of complication 

or another are referred to as electrochemically irreversible reactions. The cyclic 

voltammogram produced from such a process will show no re-reduction/ re-

oxidation peak. The process may be irreversible as the species produced may 

subsequently react in a chemical step after the initial oxidation/ reduction. Referred 

to as an EC reaction, where E is any electrode processes and C is any chemical 

processes. The E process leads the production of a chemically active ion, which goes 

on to react (in a C process), causing depletion of the initial ion produced leading to 

an irreversible redox process. 

 

1.4.5. Bulk Electrolysis 

 

Bulk electrolysis involves holding the working electrode at a constant potential while 

the current is monitored over time. It employs coulometry which is a method which 

determines the amount of matter transformed during an electrolysis reaction by 

measuring the amount of electricity (C) consumed or produced during the 

experiment. The results of the experiment are presented as the total charge (C) 

passed, plotted versus time. Employing this technique can elucidate the number of 

electrons passed through the working electrode during a given reaction by relating 

them to Faraday’s first law of electrolysis which states that the mass of a substance 

altered at an electrode during electrolysis is directly proportional to the quantity of 

electricity transferred or the charge (C) at that electrode.60 Therefore the number of 

moles of a given substance altered during a bulk electrolysis experiment can be 

calculated using the equation 1.6: 

 

n = (q/F)/z 

Equation 1.6. 

 

where n is the number of moles of a substance altered (mol), q is the total charge 

passed through the substance (C), F is Faraday’s constant (C mol−1), and z is the 

valency number of ions of the substance. 

http://en.wikipedia.org/wiki/Working_electrode
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Electrolysis
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Electrode
http://en.wikipedia.org/wiki/Electrolysis
http://en.wikipedia.org/wiki/Quantity_of_electricity
http://en.wikipedia.org/wiki/Quantity_of_electricity
http://en.wikipedia.org/wiki/Ion
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1.5. Gas Chromatography 

 

Gas chromatography is a technique which can be used to separate compounds due to 

differences in their apportioning behaviour between the mobile gas phase and a 

stationary phase, in the column. The instrument itself consists of a flowing gaseous 

carrier gas (equivalent to a mobile phase in liquid chromatography), an injection 

port, a column containing the stationary phase and a detector. The carrier gas is 

usually an inert gas such as nitrogen or helium to which the sample to be separated is 

introduced through the injection port. This mixture now flows through to the column 

using an applied pressure. The column is usually kept at a in a thermostatically 

controlled oven as separation is dependent on temperature as well as the affinity of 

the sample for the stationary phase and pressure applied. 

 

 
 

Figure 1.14 - Simplified schematic of a gas chromatograph used in this study. A = TCD, B = 

FID, N2 = Carrier gas, H2 and Air used in FID.  

 

 The stationary phase is located within the column. The level of  interaction of the 

components in the sample mixture with the stationary phase of the column will lead 

to different retention times for each component in the sample. Once the components 
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have been separated, they leave the column and reach a detector where they are 

analysed. 

A Varian GC CP-3800 was utilised in this study. Nitrogen is used as a carrier gas as 

it is inert and has a high chromatographic efficiency. A portion of the headspace in 

each sample vial, which will contain the H2, is injected through an injection port on 

the GC where it is mixed with the carrier gas (N2). At first the two columns within 

the GC are arranged in parallel (Fig. 1.15). The sample firstly travels through a 

Hayesep porous polymeric column. The stationary phase consists of a divinyl 

benzene (DVB) and acrylonitrile (ACNI) copolymer. This column is used to separate 

CO2 and light hydrocarbons which may be present in the sample, therefore should 

there be smaller molecules such as H2 and O2 and CO present they are not retained 

on this column. As these molecules do not interact with the stationary phase they are 

eluted very rapidly and move to the molecular sieve column. The CO2 is retained for 

longer as it interacts with the stationary phase. 

 
Figure 1.15 - Schematic of GC-CP3800 in parallel mode. 
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Once the smaller components have left the porous polymer column the GC switches 

to bypass mode (Fig. 1.16) Bypass mode involves the switching of V2 to ensure that 

when the CO2 elutes from the polymer column it does not flow to the molecular 

sieve column. CO2 is very similar in size to the 5Å pore size of the molecular sieves 

at 3.23 Å and will become difficult to remove from this column should it be 

introduced. The CO2 passes through the detectors at this point. 

 

 

Figure 1.16 - Schematic of GC-CP3800 in bipass mode. 

 

Once the CO2 has eluted the GC is switched back into “series” mode and the other 

gases are introduced onto the molecular sieve column. The gases now interact with 

the pores within the molecular sieves and are retained on the column for different 

amounts of time, depending on their molecular size. Once eluted from the column 
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the gases are analysed by two detectors. The gases first pass through a thermal 

conductivity detector (TCD). 

 

1.5.1. TCD Detector 

 

A TCD detector responds to changes in the thermal conductivity of the column 

effluent and compares it to a reference flow of the carrier gas. As everything will 

have its own varying thermal conductivity to that of the carrier gas, it can be used to 

detect all materials. It consists of an electrically heated filament which is kept in a 

temperature controlled cell. When the sample elutes from the column and the 

thermal conductivity of the column effluent changes, the filament will heat up (if the 

conductivity if reduced) or cool down (if the conductivity is increased) to 

compensate. This changes the resistance of the system. This change in resistance is 

identified by a wheat stone bridge circuit which produces a measurable current in 

response to this change. A wheat stone bridge is an electrical element used to 

measure an unknown electrical resistance (Fig. 1.17) by balancing two “legs” of a 

bridge circuit, one of which includes the unknown component. 

 

 
 

Figure 1.17- Schematic of a wheatstone bridge. Rx = unknown resistance to be measured, R1, R2, 

R3 = resistors of known resistance, resistance of R2 is adjustable, VG = galvanometer. 

 

The reference flow will pass across the R1/ R2 leg while the resistance generated by 

the column effluent will flow across the R3/ Rx leg. When the column effluent flows, 
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the resistance Rx changes, this change is measured as a voltage signal. If the ratio of 

the resistance in the R1/ R2 leg is known and equal to the resistance of the R3/ Rx leg 

then the voltage between the two midpoints, B and D, will be zero and therefore no 

current will flow through the galvanometer (Equation 1.7). If the bridge is 

unbalanced and R1/ R2 does not equal R3/ Rx the direction of the current flowing 

through VG indicates whether R2 is too high or too low in resistance to balance the 

new resistance present in Rx. The resistance in R2 is then varied until the current 

passing through VG is zero again. At the point of balance:  

 

R2/R1 = Rx/ R3 

 

Therefore, Rx = (R2/R1)R3 

Equation 1.7. 

 

As this detector is a non-destructive detector the sample remains unaltered after 

analysing. After leaving the TCD the sample then passes through a flame ionisation 

detector in our GC system.  

 

1.5.2. FID Detector/ Methaniser 

 

A flame ionisation detector (FID) is used to detect hydrocarbons. This means that it 

cannot detect CO or CO2 should they be present in the sample. For this reason, 

samples studied in this thesis are first passed through a methaniser. The methaniser 

is a component used to convert small molecules, such as CO or CO2, into methane, 

ready for analysing by the FID. As this process occurs after they have eluted from 

the column their relative retention times will be retained. The conversion occurs with 

the aid of a nickel catalyst. The carbon oxides are reacted with hydrogen in the 

presence of Rainey nickel catalysts. (Rainey nickel catalysts are a fine powder of a 

nickel- aluminium alloy). The exact mechanism for these catalysts is not fully 

understood but it is thought that the reaction occurs on the surface of the catalyst and 

that the hydrogen atoms are bound to the metal first. 



41 
 

The FID detector itself is used to detect ions which are provided by burning, or 

ionising, the sample in a hydrogen-air flame. This flame burns at an extremely high 

temperature and will pyrolyse most hydrocarbons producing positively charged ions 

and electrons. These ions are detected by two electrodes which provide a potential 

difference (Fig. 1.18). The ions are therefore attracted to the collector plate and 

induce a current to flow. The current measured corresponds to the proportion of 

reduced carbon atoms in the flame. The detector then responds to the number of 

carbon ions (atoms) hitting the detector collector plate. 

 

Figure 1.18 - Schematic of a flame ionisation detector (FID). 

 

The eluent of the column (A) enters the detector oven (B) and is mixed with the 

hydrogen (C) and oxygen (D) used to fuel the flame. The mixture travels through the 

nozzle (E) where a positive bias is applied. The bias helps to repel the carbon ions 

once formed by pyrolysis. The flame (F) pyrolyses the sample and the ions are 

repelled towards the collector plates (G) which is connected to a highly sensitive 

ammeter. This ammeter detects the current induced when the ions hit the plate and 

sends a signal (H) to an amplifier and on to a computer. The waste is the feed out of 

the detector through a vent (I). An FID is a destructive detector as all sampled are 

completely pyrolysed during detection.  



42 
 

1.6. Laser Flash Photolysis/ Time Resolved Infra-red Spectroscopy 

 

Laser flash photolysis involves the irradiation of a sample with a short, high intensity 

pulse of light, from a laser source or a discharge lamp. This will produce a high 

concentration of excited state species in the short time interval. The method was first 

developed by Norrish and Porter65  in 1950. This technique is usually paired with 

either UV or IR spectroscopic monitoring, which allows the reaction kinetics to be 

determined. Employing UV-Vis detection, excited state species can be observed 

however this type of detection will not allow any structural information to be 

observed. When laser flash photolysis is coupled with time resolved infra-red studies 

the technique becomes much more comprehensive. 

Time resolved infra-red spectroscopy (TRIR) involves the observation of a transient 

species evolving over time using IR detection. The application of laser flash 

photolysis, which is usually in the UV region, to a species will generate 

intermediates in solution and any photoproducts yielded can be monitored over time 

using IR spectroscopy. IR detection will allow any structural changes in the transient 

species over the course of the experiment to be observed. This technique is 

particularly useful when characterising the excited transient species of 

organometallic compounds as organometallic compounds contain functional groups 

with characteristic frequencies which are very susceptible to molecular structural 

changes. By monitoring these distinct frequencies (e.g. M-CO stretches), transient 

species can be elucidated. 

TRIR involves a “pump and probe” technique where the laser pulse excites 

(“pumps”) the sample and the IR spectroscopy will effectively “probe” the 

generation of excited state transient species. 

TRIR systems such as the ULTRA Laser System at the Central Laser Facility in 

Rutherford Appleton Laboratories (RAL) offer pump and probe spectroscopy with 

picosecond time resolution. This particular system allows the observation of short 

lived (ps) intermediated formed in solution immediately after laser flash photolysis. 

It utilises a cryogenically cooled Ti: Sapphire laser “pump” amplifier which provides 

50 fs duration of laser pulses at a 10KHz repetition rate,66 and < 1ps monitoring of 

mid-IR region serves as the “probe”. All TRIR studies discussed later were carried 
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out at RAL and a full description of the TRIR spectroscopy instrumentation is 

available in annual reports published by the Central Laser Facility at RAL 67. 

 
A. Second harmonic generator. B. Optical parametric amplifier. C. Difference frequency generator. 

 

Figure 1.19- Simple Schematic of the ULTRA Laser system in the Central Laser Facility in 

Rutherford Appleton Laboratories. 

  

The “pump” beam is generated from a Ti:sapphire laser which produces a 50 fs pulse 

of 800 nm light at a repetition rate of 10kHz. This beam is then split to form two 

beams of 800 nm light. The “pump” beam is passed through a second harmonic 

generator which produces a beam of twice the energy of the incident beam. This 400 

nm beam then passes through an optical parametric amplifier and on through the 

sample exciting it.  

The “probe” beam is passed through an optical parametric amplifier where it is split 

into variable wavelengths of light for use in the IR detection. This beam is the split 

into two again. One beam is passed through the sample, analysing any intermediates 

or photoproducts formed, while the second beam is passed straight to the detector to 

analyse and remove any background noise which is generated during the experiment. 

1.7. Time-Correlated Single Photon Counting 

 

Time-correlated single photon counting (TC-SPC) is a technique used to measure 

fluorescence lifetimes. More accurately it is used to measure fluorescence decay by 

measuring the precise time of emission of single fluorescent photons.  In this way a 

measurement of how long a particular molecule takes to emit this photon can be 

ascertained. As different molecules within a compound will emit photons at slightly 

varying times following their simultaneous excitation, the decay is measured as a 
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rate rather than a specific length of time. Once the length of decay of these molecules 

has been observed and measured repeatedly, and these data points are combined, an 

exponential decay curve can be generated which is typical of these processes.  

 

 
 

Figure 1.20–Schematic of a simple time-correlated single-photon counting instrument. 

 

A laser source firstly emits a flash of light which causes the fluorescent sample to 

become excited and emit a photon of light from its excited state species. Two 

photomultiplier (PM) tubes are now employed. PM1 (Fig. 1.20) monitors the light 

emitted from the excitation source, once it observes a photon, which acts as the 

“start” signal, it begins to build up a charge on a capacitor in a time-to-analogue 

converter (TAC) which will only discipate once a signal reaches it from PM2 (Fig. 

1.20). This activates the time sweep of a TAC. PM2 then monitors the emitted 

fluorescent photons from the sample. As it is not possible to measure the length of 

time between signals for all photons emitted from the sample after the laser pulse, 

once the first photon is registered by PM2 during the sweep of the TAC it initiates a 

http://en.wikipedia.org/wiki/Exponential_decay
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“stop” signal in the TAC. A TAC measures the time interval between its start and 

stop pulses and generates an analogue output pulse precisely proportional to the 

measured time between signals. Thus the longer a molecule takes to emit a photon 

the higher the voltage released by the TAC. Therefore for a given sample we will 

have a precise measurement of how long it has been since the sample was excited. 

This process is repeated to build up the time correlation. These signals are accepted 

by a multi-channel pulse height analyser (MCA). The MCA converts the voltage 

signal received from the TAC to a time channel. Each of these time channels is a unit 

division on the time axis which can be varied from up to 0.2 ns down to a few 

microseconds per channel by the user. Each of the measurements of time between 

excitation and emission is referred to as a “count”. The number of counts in each 

channel is directly proportional to the fluorescent intensity and so a probability 

histogram of counts versus time is generated. The data collected consists of the sum 

of counts due to photon emission from the excited species and also includes counts 

due to random background. Deconvolution methods are required to extract the 

intrinsic decay information.  
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Chapter 2                 

µ2-Alkyne-Cobalt 

Carbonyl Complexes 

 

 

Chapter 2 gives a brief introduction to the chemistry 

of metal carbonyl complexes. This is followed by a 

more in-depth look at cobalt carbonyl complexes, 

including their uses, photochemistry and 

electrochemistry. Some examples of the use of 

cobalt systems and carbonyl complexes in hydrogen 

production experiments are examined. The UV-Vis, 

emission, IR, picosecond time resolved IR studies, 

quantum yields of CO loss and cyclic voltammetry 

using the compounds synthesised in this chapter are 

also discussed. The chapter concludes with both 

photocatalytic and electrocatalytic generation of 

hydrogen studies.  
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Aim 

 

With an aim to develop novel non-noble metal containing complexes capable of 

generating H2 photochemically and/ or electrochemically (μ2-alkyne) cobalt carbonyl 

complexes were synthesised and tested for their H2 producing efficacies. With the aim 

of shifting the absorbances of the complexes further towards the visible region of the 

spectrum highly conjugated ligands were produced and coordinated to cobalt 

hexacarbonyl and tetracarbonyl metal centres with the hopes that the metal centre would 

efficiently catalyse the water splitting reaction. The addition of diphenylphosphino 

moieties allowed for further stability of the complexes.  

The photochemistry of the complexes was investigated through UV-Vis, IR and 

picosecond time resolved IR studies. Two complexes μ2-ethynylpyrene Co2(CO)6 and 

μ2-pyrene-ethynylferrocene Co2(CO)6 showed evidence of CO loss during picosecond 

time resolved IR studies, which is the first time this process has been reported in 

solution using time resolved IR techniques. The quantum yields of CO loss for these two 

complexes were determined at various wavelengths. Their electrochemistry was also 

investigated using cyclic voltammetry. 
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2.1. Introduction 

 

Organometallic chemistry is a branch of chemistry which links both organic and 

inorganic chemistry, and focuses on molecules containing a metal-carbon bond. The 

metal component of the bond can generally be a lanthanide, actinide or a transition 

metal from groups 3-12 of the periodic table but group 1 complexes are also possible. 

This type of bonding can introduce new and unique excited states which can lead to 

different reactivity and photochemical properties of a molecule.  

During excitation, various absorptions can be observed which are specific to 

organometallic molecules1. Examples of these absorptions include metal to ligand 

charge transfer (MLCT), which are electronic transitions which occur when an excited 

electron is donated from the metal centre, which is acting as a reducing agent, to a lower 

energy excited state on the coordinated ligand. This can only occur when the energy of 

the excited state accepting the electron on the ligand is sufficiently lower in energy than 

that of the donating metal orbital. Another possible transition is ligand to metal charge 

transfer (LMCT). This is the opposite of MLCT, i.e. the ligand acts as the donor 

molecule, donating an electron to a lower energy excited state on the metal centre.  

These transition metal complexes, due to their partially filled d-sublevels, give rise to 

unique properties such as variable valencies which often produce highly coloured 

compounds. They also exhibit unusual magnetic properties such as paramagnetism due 

to unpaired d-electrons. Another very important property of transition metals, which is 

utilised in this study, is the ability of these partially filled d-orbitals to bond to neutrally 

charged ligands. 

2.1.1. Metal Carbonyls 

 

The CO (carbonyl) group is an unsaturated ligand, with a carbon oxygen multiple bond, 

capable of forming organometallic complexes when coordinated with transition metals. 

It has a filled σ orbital and two filled π orbitals with two lone pairs of electrons. It is 

known as a soft ligand as it is  
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quite easy to polarise and predominantly undergoes covalent bonding. It also undergoes 

back bonding with metal dπ electrons using its unoccupied CO π* orbital. These two 

orbitals overlap to form the M-C π bond.2 Carbon monoxide is known as an σ donor, π 

acceptor ligand as it has the ability to accept electron density from metal centres and this 

stabilises its bonding with metals which have low oxidation states (highly electron rich). 

The complexes formed may be stable as homoleptic compounds, which means that they 

contain only -CO ligands such as cobalt carbonyl (e.g. Co(CO)8), but the more common 

metal carbonyls contain a mix of different ligands, like [Ru(CO)3Cl(glycinate)].  

2.1.1.1. The Bonding of Metal Carbonyls: 

 

The bonding of metal carbonyls consists of two components which gives rise to a partial 

triple bond (σ)2(πx)2(πy)2. The first component occurs when the two electrons in the lone 

pair of the carbon are coordinated directly to a d-orbital of the transition metal centre in 

a σ bond. Due to the addition of these two electrons to the metal centre, the metal centre 

itself becomes more electron rich.  

The second component is known as π- back-bonding. Due to the electron rich nature of 

the metal, as a result of σ bonding, a filled metal d-orbital may now interact with an 

empty π-orbital (-CO π*) of the carbonyl ligand. Due to the symmetry within the 

molecule this means that some of the electrons which had previously been located in a 

metal orbital can now move to the ligand’s antibonding orbital which reduces the 

electron density on the metal. This type of bonding is very important in the metal-ligand 

bonding where there is an unsaturated ligand involved. 

Backbonding in CO increases the ligand field splitting parameter Δ, which means that 

the bond between the M-L is very strong. The components involved in M-CO bonding 

are illustrated below (Fig. 2.1). 

 

http://en.wikipedia.org/wiki/Homoleptic
http://en.wikipedia.org/wiki/Nickel_carbonyl
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Figure 2.1- Schematic representation of the bonding in metal carbonyls, arrows indicate the 

migration of electrons. 

 

As well as the previously discussed M-CO bond, many metal carbonyl complexes will 

have a carbon monoxide group bound between two metal centres. This bridging of the 

CO ligand is generally limited to the first row transition metals. When this occurs it is 

generally accepted that the bridging CO ligand will donate only one electron to each of 

the metal centres, forming a σ bond with each. 

 

2.1.1.2. Variants of CO Bridging: 

 

Organometallic complexes prefer to have an 18 electron configuration. Due to this they 

will form single or double bonds with a ligand to achieve this configuration. 

CO has three principal coordination modes (Fig. 2.2). 
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Figure 2.2 - Coordination modes of M-CO bonding 

 

Larger metals generally prefer the terminal, unbridged coordination of the carbonyl to 

the metal. This is due to the bond distance between the metal centres and the angle of 

the metal to carbon to metal bond of a CO-bridge . 

Unsymmetrical/ semi bridging of the CO group is also possible with the M-C bond 

which is like an intermediate between the terminal and bridging coordination modes. 

This can be due to the presence of sterically hindering bulky constituents distorting the 

bond angles of the CO-bridges. These large substituents force the CO bridge to move to 

a distorted position to allow space. 
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Figure 2.3 - Unsymmetrical M-CO Bonding 

 

 

Each metal centre can coordinate with other metal centres and carbonyl species in 

different ways, as shown in Fig. 2.4. 
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Figure 2.4 - Examples of coordination of -CO in various metals 

 

2.1.2. Cobalt Carbonyl 

 

Dicobalt octacarbonyl is the simplest closed shell cobalt carbonyl which exists in its 

solid state in the form shown below (Fig. 2.5, 1) with two bridging carbonyl bonds and 

three terminal carbonyl groups on each Co centre, however when in solution it exists in 

equilibrium in the structure shown below18 (Fig. 2.5, 2) with no CO bridging ligands. 
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Figure 2.5 - Cobalt carbonyl bonding, 1. solid state, 2. in solution. 
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Cobalt carbonyls have been the source of much research in the area of carbon monoxide 

-releasing molecules (CORMs). The therapeutic effects of CO in the body include 

vasodilation of veins and arteries3, inhibition of apoptosis4, preventing inflammation5 as 

well as others6,7. They have also been utilised as catalysts in ring forming reactions such 

as a precursor in the Pauson- Khand reaction. The Pauson-Khand reaction is a cobalt 

mediated cycloaddition reaction involving co-cyclisation of an alkyne, an alkene and 

carbon monoxide. The reaction was originally carried out by simply heating a mixture of 

a Co2(CO)6(alkyne) and alkene in a hydrocarbon solvent, however increasing interest 

has been shown for the mechanism and enantioselectivity of this reaction.8,9 Although it 

is generally accepted that the first step in the Pauson-Khand reaction involves loss of 

CO and subsequent alkene coordination to one of the two enantiotopic Co atoms, the 

full and exact mechanism is yet to be elucidated. However, it has been generally 

observed10 that the coordinating alkene will position itself nearest the less sterically 

hindering and therefore less bulky ethynyl substituent and that C-C bond formation 

occurs between this ethynyl carbon and the alkene. This generally results in the bulky 

ethynyl substituent in the α-position of the formed cyclopentanone, next to the C=O 

bond. Use of cobalt carbonyls as pure catalysts in the Pauson-Khand reaction have also 

been investigated.11,12 

2.1.3. Alkyne Bonding with Cobalt Carbonyl 

Alkyne bonds consist of a carbon-carbon triple bond. This triple bond consists of a σ-

bond and two π-bonds localised between the two carbon atoms in the bond and also two 

π* orbitals which are directed away from the triple bond. Alkyne bonds are often 

utilised in organometallic chemistry for the complexation of metal carbonyl complexes. 

When bonding, the alkyne has a perpendicular arrangement in relation to the metal-

alkyne bond (Fig. 2.6).1 Due to the two perpendicular mutually degenerate π-orbitals, 

which are located at right angles to one another on the ligand, two cobalt molecules can 

bond to the ligand at once, hence the bonding will occur in the bridging fashion shown 

below (Fig. 2.6)1 . The reaction of an alkyne with the dicobalt octacarbonyl complex 

results in the replacement of the two bridging carbonyl groups to form the 

organometallic complex. 
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                     RC≡CR’ + Co2(CO)8 →(μ2-RC≡CR’)Co2(CO)6 + 2CO↑ 

Reaction 2.1- Reaction of an alkyne with dicobalt octacarbonyl. 
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Figure 2.6- Coordination of dicobalt hexacarbonyl, Co2(CO)6 (showing axial and equatorial 

ligands), to an alkyne bond releasing carbon monoxide. 

 

This bridging arises due to a donation of electrons from the two bonding π orbitals of 

the alkyne group to the unfilled metal d-orbitals of the cobalt metal centres and also the 

donation of electrons from the filled metal d-orbitals into the empty anti-bonding π 

molecular orbitals of the alkyne.13 

The structure of  (μ2-alkyne)Co2(CO)6 complexes is based on a tetrahedrane Co2C2 core 

with external R groups on each carbon and three terminal carbonyl groups on each 

cobalt centre. The (μ2-alkyne)Co2(CO)6 complex has 12 skeletal electrons required for 

localised bonds along its six bonds which include four Co-C bonds, one C-C bond and 

one Co-Co bond. In this localised bonding model the Co-Co bond can be considered to 

be a formal single bond however it shows some singlet diradical character in ab initio 

and DTF calculations.14 
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Sly15 reported the first x-ray crystallography study on diphenylacetylene dicobalt 

hexacarbonyl which is one of the first molecules to be studied which exhibits multi-

point attachment of a single organic molecule to more than one metal atom. The study 

revealed that the diphenylacetylene dicobalt hexacarbonyl molecule has a six fold 

coordination about the cobalt atoms in a distorted octahedral configuration with the C-C 

bond of the acetylene approximately normal to the Co-Co bond in a distorted tetrahedral 

arrangement. This gives the molecule an approximate C2ν symmetry except for the 

benzene rings. 

More recently a theoretical study of the alkyne-bridged complex, (μ2-C2H2)Co2(CO)6, 

indicated a large electron density about a Co-Co antibonding orbital and also Co-π* 

back bonding.16 Previous attempts to explain the bonding in the molecule using quantum 

theory of atoms in molecules (QTAIM), although useful, had given only a partial 

picture. To further describe the molecule restricted Hartree-Fock (RHF), Kohn-Sham 

(RKS) and complete active space (CAS) measurements were employed.  The occupation 

of bonding and antibonding orbitals in the CAS wavefunction suggests that the Co-Co 

and Co-CO bonding may be more complex than initially inferred. Utilising QTAIM 

analysis on the ground state singlet CAS, Platts et al.16 discovered that, surprisingly, 

there is no bond critical point (bcp) in the region between the Co nuclei. Four Co-Calkyne 

bonds were present along with all expected Co-CCO, C-C, C-O and C-H bcps. These 

measurements indicated the presence of two 3-membered metallocycles in the Co2C2 

core, sometimes referred to as a “butterfly arrangement”. A value for δ(Co,Co) of 0.26 

was calculated from the CAS wavefunction, where a value of 1 would indicate a single 

bond. Thus, the atomic overlap data suggests a weak but nonzero overlap between 

cobalt atoms. 
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Figure 2.7 - "Butterfly arrangement" in μ2-C2H2Co2(CO)6 complexes indicating two 3-membered 

metallocycles in the tetrahedrane Co2C2 core. 

 

Based on the work of Espinosa17 in which they employed a diagnostic tool to explore 

bonding interactions based on energy densities, the ratio of potential to kinetic energy 

densities was calculated at bond critical points. A value of greater than two indicated 

shared or covalent interaction, while a value of less than one indicated closed-shell 

interaction. Between these extremes, a “transit” region of incipient covalent bonding is 

proposed. Using the CAS wavefunction measurements, Platts et al.16 calculated values 

for this ratio of 1.34 at the midpoint of the Co-Co vector, a value within the “transit” 

region described, which they suggested was due to some covalent character in the metal-

metal region. They concluded that the ab initio and DFT calculations indicated that the 

ground state electronic structure of the alkyne-bridged complex was again, best 

described as a singlet diradical, with partial occupation of both bonding and antibonding 

orbitals between the two Co atoms. 

2.1.4. Photochemistry of μ2-Alkyne Cobalt Carbonyl Complexes 

 

Photochemistry is the study of the reactions which occur within a molecule or group of 

molecules following irradiation or photoexcitation. This involves the use of light, 

whether ultraviolet, visible or infra-red, to excite electrons within a molecule’s ground 

state into higher energy excited states. The excess energy now within the molecules 
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before they return to the ground state can meet the activation energy required for various 

reactions to occur. 

Metal carbonyl complexes are among the most photoreactive transition metal complexes 

known18. The most common photoreactions which occur in metal carbonyl molecules 

are ligand substitutions of either the larger ligand (L) or the CO itself with a new 

substituent (Y)18. 

 

M(CO)n(L)x
hv

M(CO)n-1Y(L)x     +    CO

M(CO)n(L)x
hv

M(CO)n(L)x-1Y    +    L  
 

Scheme 2.1 - Ligand substitution reactions in metal carbonyls
18

. 

 

The new substituents (Y) should be good π-acceptors as with the loss of –CO, which 

itself has a great stabilising effect on the metal centre, the bonding could become very 

unstable if the new substituent is not a good π-acceptor. The quantum yield of this 

substitution reaction may also be wavelength dependant, leading to different quantum 

yields of CO loss at various wavelengths of irradiation. 

It is well known that (μ2-C2H2)Co2(CO)6 compounds undergo replacement of one or 

both axial CO groups upon heating with monodentate tertiary phosphines, phosphites 

and arsines19. Upon reaction with bidentate ligands such as fluorocarbon and 

hydrocarbon bridged compounds a similar reaction occurs but with loss of two or four 

CO equatorial molecules. They coordinate about the metal atoms either by bridging two 

cobalt atoms in the same molecule or by chelating to one of them (Fig. 2.8). 

 

Co CoOC

OC

OC CO

CO

CO

Co CoOC

OC

L L

CO

CO

Co CoOC

OC

OC L

L

COR

R'

R

R'

R

R'
 

Figure 2.8 - Coordination of ligands with cobalt carbonyl following heating. 
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TRIR (time resolved infra-red) studies were carried out to investigate the reactive 

photoproducts upon laser flash photolysis of the cobalt hexacarbonyl complex, 

Co2(CO)6(PMePh2)2 by Marhenke et al.20 Upon photolysis at wavelengths between 308 

and 365nm two photoproducts were formed. The first was a loss of a single CO 

molecule which resulted in the formation of Co2(CO)5(PMePh2)2 through dissociation. 

The other was homolytic cleavage of the metal-metal bond which resulted in the 

formation of a ∙Co(CO)3(PMePh2) radical (Rxn. 2.2). 

                                                     hν 

Co2(CO)6(L)2                                     Co2(CO)5(L)2  +  ∙Co(CO)3L 
 

Reaction 2.2 - Two photoproducts produced from the irradiation of Co2(CO)6(L)2, L = PMePh2.
20 

 

 

There are two possible routes for the Co2(CO)5(L)2 (L= PMePh2) photoproduct to 

follow. Under an atmosphere of CO, upon irradiation the photogenerated CO loss 

product Co2(CO)5(L)2 recombines with CO to reform the starting material; 

Co2(CO)6(L)2. An alternative route is when an excess of ligand (L) is present in the 

experiment. Under these conditions Co2(CO)5(L)2 is again formed and the CO removed 

is replaced by another ligand resulting in the formation of Co2(CO)5(L)3. 

1. Co2(CO)6(L)2 -CO
Co2(CO)5(L)2   +    CO

hv
Co2(CO)6(L)2

2. Co2(CO)6(L)2 -CO

hv
Co2(CO)5(L)2   +    L Co2(CO)5(L)3

 
 

Scheme 2.2 – Two possible reaction routes of Co2(CO)5(L)2, L = PMePh2.
20

 

 

When the second product; the ∙Co(CO)3L radical is formed there are also a number of 

possible photoproducts which can be formed when it is involved in further reactions. In 

the presence of excess ligand (L) this species can produce ·Co(CO)2(L)2 via a ligand 

substitution reaction. This product can then react with another ·Co(CO)3L radical to 

produce Co2(CO)5(L)3. Under an atmosphere of CO the ·Co(CO)3L radical can produce 
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a tetracarbonyl species; ·Co2(CO)4. This tetracarbonyl can then undergo a combination 

reaction with the initial radical species ·Co(CO)3L to form the complex Co2(CO)7L. 

 

1. Co(CO)3L -CO

hv
Co(CO)2L   +   L Co(CO)2L2

2. Co(CO)3L -CO

hv
Co(CO)2L   + Co(CO)3L Co(CO)4

-L

-CO

Co(CO)3L

Co2(CO)7L 
Scheme 2.3 - Two possible reaction routes of ∙Co(CO)3(L), L = PMePh2.

20
 

 

Photolysis experiments have been reported by Moskovich et al.21 which indicates that 

when Co2(CO)8 is subjected to a microsecond UV pulse at room temperature, TRIR 

studies in heptane show the formation of both Co(CO)4 and Co2(CO)7 solvated species 

which decay over short periods of time (~40 µs). 

Draper et al.22 investigated the photochemistry of a cobalt carbonyl system and have 

reported the importance of the wavelength of excitation on the photoproducts produced. 

Pulsed photolysis of a (µ2-RC2H)Co2(CO)6 (R = H, C6H5) species with an excitation 

wavelength of 340 nm in the presence of a trapping ligand (trapping ligand= C5H5N or 

PPh3) showed the formation of the appropriate pentacarbonyl species. Upon prolonged 

photolysis of this pentacarbonyl the disubstituted tetracarbonyl was also produced. 

These experiments concluded that photochemical CO loss is achievable.  
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Figure 2.9 - General structure of a (µ2-RC2H)Co2(CO)6  compounds.
22

 

 

Upon irradiation with monochromatic light at 355 nm there was no evidence of –CO 

loss in the spectra. However there was a depletion was observed in the parent absorption 

spectra following excitation.  

When irradiated with monochromatic light at 532nm in the presence of a trapping ligand 

there was evidence for the loss of CO, with confirmation of the pentacarbonyl 

photoproduct through IR spectroscopy.  

Coleman et al.23 synthesised a series of pyrene-thiophene dyads along with their 

Co2(CO)6 derivatives (Fig. 2.10) 
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Figure 2.10 - Pyrene-thiophene dyads and Co2(CO)6 derivatives synthesised by Coleman et al.23
  

 

The UV-Vis spectra of these compounds showed strong absorbances in the region 320 - 

450 nm. These absorptions were attributed to π-π* transitions by the authors. Weaker 

less defined absorptions were observed in the region of 580 - 600 nm, with the dicyano 
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derivative absorbing further towards the red ~700 nm, and these absorption bands were 

attributed to weak d –d transitions.  

Room temperature emission studies showed that complexation with the Co2(CO)6 

moiety results in significant quenching of the ligand based emission bands, which was 

assigned to energy transfer from the luminescent pyrene moiety to the non-luminescent 

cobalt metal centre.  When low temperature (77 K) emission studies were carried out 

this quenching process was much less efficient. Steady state photolysis experiments 

were carried out with λex > 520 nm for 10 min in the presence of a PPh3 (used as a 

trapping agent). The experiment resulted in the bleaching of the parent absorption bands 

concomitant with the generation of new product bands which were assigned to the 

pentacarbonyl photoproduct (μ2-C2H2)Co2(CO)5PPh3. Subsequent irradiation with λex > 

400 nm for 15 min resulted in further bleaching of the parent bands and an increase in 

the absorbance of the new bands formed which correspond to the pentacarbonyl species. 

Bands were also observed at 1984, 1968 and 1941 cm-1 which were attributed to the 

tetracarbonyl species μ2-C2H2 (Co2(CO)4(PPh3)2. 

Boyle et al.24 utilised picosecond time resolved IR (TRIR) to probe the photochemistry 

of three (µ2-alkyne)Co2(CO)6 complexes (Fig 2.11). Upon photolysis at 400 nm and 532 

nm it was proposed that each of the complexes formed a triplet diradical species with 

lifetimes in the range of 38 - 71ps, after which time the original parent complex was 

reformed. In these picosecond TRIR studies no evidence was obtained for a CO loss 

species. Hence to ensure that any possible CO loss photoproducts, which may be 

produced in the  time resolved IR experiment, were not absorbing in either a region 

similar to that of the photoproduct or under the new bands formed due to the triplet 

diradical species. PPh3 was added to the solutions used in the time resolved IR 

experiment as a trapping agent for the pentacarbonyl species, if produced. However this 

experiment yielded the same  previously observed triplet diradical excited state and once 

again yielded no CO loss products.  
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Figure 2.11 - (µ2-alkyne)Co2(CO)6 complexes studied by Boyle et al.24 

 

Results from steady-state photolysis experiments, using a triphenylphosphine (PPh3) as 

a trapping ligand, however showed evidence for CO loss photoproduct (µ2-

alkyne)Co2(CO)5PPh3. 

Bitterwolf et al.25 synthesised a series of Co2(CO)6(alkyne) complexes where the alkyne 

= (I) H2C2, (II) (C2H5)2C2, (III) (C6H5)2C2 and (IV) C6H5C2H. They have shown that 

photolysis of these compounds in frozen Nujol at 90 K results in loss of CO to give 

Co2(CO)5(alkyne) in which CO loss appears to be from the axial position.  Upon 

annealation to 140 K a second isomer was observed, which was presumed to have a 

vacancy in the equatorial position, or regeneration of the starting material. PPh3 trapping 

ligands were used and the loss of CO ligands from the molecules were measured using 

low temperature IR. Photolysis into the MLCT or ligand field bands of the cobalt 

tetrahedrane compounds studied resulted in the loss of CO to form one or two species in 

which the tetrahedrane core was retained. Hexacarbonyl compounds were found to 

generate one species upon photolysis which results in the reduction of symmetry of the 

molecule from C2ν symmetry to 7, Cs (axial loss of CO) or 8, C1 (equatorial loss). Upon 

photolysis it was apparent that axial CO loss occurred forming the Co2(CO)5(alkyne) 

photoproduct. Upon annealation to 140 K isomerisation to a structure where the CO loss 

was apparently equatorial was observed (Table 2.1). Pentacarbonylphosphine species 
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appear to give two photoproducts; both the axial and equatorial CO loss products 9, 10 

(Fig. 2.12). 
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Figure 2.12 - Photoproducts of  Co2(CO)6(alkyne) and Co2(CO)5(alkyne) complexes proposed by 

Bitterwolf et al.25  

 

Compound* Parent Spectrum (cm-1) Photoproduct (cm-1) 
Annealed 

Photoproduct (cm-1) 

7 
2099, 2058, 2032, 2027, 
2016 

2084, 2080, 2034, 
2019, 2011, 1980 

2084, 2043, 2019, 
2014, 2000 

8 
2088, 2047, 2023, 2013, 
2002 

2070, 2018, 2004, 
1999, 1996 

2073, 2032, 2006, 
2001, 1988 

9 2095, 2057, 2030, 2026 
2077, 2029, 2015, 
1976 

2080, 2042, 2018, 
1998 

10 2091, 2056, 2028, 2025 
2073, 2028, 2013, 
2005, 1975 

2076, 2042, 2017, 
2012 

 
Table 2.1 - IR spectral data for the Co2(CO)6(alkyne derivatives (cm

-1
) in a frozen Nujol matrix at 

90 K. (Note: a free CO band was observed at 2032cm
-1

 in all cases). * See Fig 2.12 for structures of 

compoinds 7 – 10. 
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Campeil et al.26 have reported the synthesis of a series of cobalt hexacarbonyl 

ferrocenylalkynes complexes and their phosphine derivatives. Ferrocene itself has 

established synthetic versatility and is an electron donating group which is linked via an 

electron rich backbone to a polyaromatic acceptor moiety. When the ferrocene moiety 

was linked via an alkyne groups to an adjacent organometallic moiety it resulted in 

electronic interactions between the two metal centres which illustrates potential for 

tuneable redox chemistry within the complexes. The incorporation on one or two 

Co2(CO)6 units along the alkyne backbone lead to a reduction in triple bond character, 

which was observed through a downfield shift in the proton and carbon NMR spectra of 

the products. The coordination of phosphine derivatives resulted in the replacement of 

two carbonyl groups from the cobalt centre. The use of 1,1-

bis(diphenyldiphosphino)methane (dppm) resulted in coordination of the molecule 

through the two phosphine moieties. This coordination with the poorer π-accepting 

phosphines resulted in a shift of the carbonyl bands to lower frequencies in the IR 

spectrum.  

2.1.5. Cobalt Systems Used in Photocatalytic Hydrogen Generation 

  

A new area of research in hydrogen generation is the use of cheaper, more abundant 

metals coordinated to dyes, such as cobalt phthalocyanines (CoPc) which when 

irradiated with high energy photons are capable of catalytically generating H2 from 

water. Cobalt is a very attractive metal for use as the catalytic centre in hydrogen 

generation experiments due to the fact that it is relatively cheap and also it readily 

coordinates to a wide variety of ligands.  

Cobalt catalysis for hydrogen generation over the last decade has been primarily focused 

on releasing hydrogen from sodium borohydride27,28 due to its high storage capacity for 

hydrogen, about 10 wt% of H2 stored in a NaBH4 system at ambient temperature and 

atmospheric pressure28, and its great stability in alkaline solution. The catalyst 

themselves which have been reported have been mainly based on Co3O4
29 or cobalt-

boride30, 31. 
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However, the main focus of this study is to generate hydrogen from the widely available 

and environmentally sound source; water. The use of cobalt carbonyl complexes to yield 

hydrogen from water has not been widely explored to date, however there have been a 

few reported cases of the use of cobalt derivatives to yield reasonably high turnover 

number (TON) of hydrogen, where TON refers to the number of moles of H2 produced 

divided by the number of moles of catalyst (or photosensitiser) used in the experiment. 

A comprehensive review of cobalt complexes used in the production of hydrogen has 

been recently published.32 

Lehn et al.33 investigated the intermolecularphotocatalytic efficiency of a simple 

catalyst; CoCl3 under visible light irradiation using the photosensitiser [Ru(Bpy)3]2+ 

(bpy = 2,2’-bipyridine) (Fig. 2.13 ) in aqueous solution. The reduction of CO2 to CO and 

H2 formation were examined. 
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Figure 2.13- Photosensitiser molecules tested be Lehn and co-workers.
33

 

 

CoCl3 and Ru(Bpy)3
2+ were dissolved in a solution of acetonitrile/water and a 

tripropylamine electron donor, in a 3:1:1 ratio. This mix successfully reduced CO2 to 

yield CO and water to yield H2. H2 TONs of 9 were achieved based on CoCl3 after 20 

hours of irradiation at λ < 400 nm. When a 10% (in relation to CoCl3) equivalent of bpy 

was added to the solution, [Co(Bpy)3]2+ is generated in situ which promotes the 

production of hydrogen and hinders the reduction of CO2. The generation of a CoI 
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species is a key intermediate in the reduction reaction and is most likely formed upon 

reduction of CoII by the photoreduced ruthenium photosensitiser. The hinderance of CO2 

reduction shows the prominence that occupation of the coordination sites of the cobalt 

centre has on the process. 

McNamara et al.34 have demonstrated that cobalt-dithiolene complexes (Fig. 2.14) are 

capable of producing H2 generation TONs > 2700 photocatalytically upon irradiation 

using visible light, and also possess a strong electrocatalytically induced current at 

minimal overpotentialsof ~ 0.4 Vand a Faradaic yield of > 95% for all complexes. 
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Figure 2.14 – Cobalt dithiolene complexes studied by McNamara et al.34
 

 

Photocatalytic hydrogen generation experiments were carried out using Ru(Bpy)3
2+ as a 

photosensitiser group and ascorbic acid as the sacrificial donor using 520 nm LEDs for 

irradiation. TONs of 2700, 2300, 6000 and 9000 were achieved after 20 hours 

irradiation for 13, 14, 15, and 16, respectively with the activity of 16 placing it among 

the most active H2 generating photocatalysts reported. The systems were highly active 

for 6 – 10 hours before decomposition of the catalyst and the chromophore alike resulted 

in a gradual decrease in the rate of hydrogen generation. While decomposing continues 

throughout the photolysis experiment leading to system activity decline at higher 

catalyst concentrations H2 is still being produced after 20 hours. In general, total system 

cessation was observed after 24 hours of irradiation. 



73 

Singh et al.35 successfully synthesised a cobalt complex of N,Nbis(2-pyridinylmethyl)-

2,2’-bipyridine-6-methanamine (DPA-Bpy) (Fig. 2.15) and studied both its 

electrocatalytic and photocatalytic hydrogen production efficiencies in aqueous media.  
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Figure 2.15- Cobalt DPA-Bpy complexes studied by Singh et al.35
 

 

The photocatalytic generation of H2 using complex 18 was also measured using a 450 

nm LED light strip. 1.0M acetate buffer at pH 4.0 with 0.1M ascorbic acid, 0.5 mM 

[Ru(bpy)3]2+ and 5.0 mM complex at 22oC. Ru(Bpy)Cl3 was added to act as a 

photosensitiser molecule. The generation of H2 ceased after 3 hours and a TON of 

>1600 was measured relative to the catalyst concentration. About 90% of the H2 was 

produced in the first hour and a TOF of 1500 h-1 was measured. 

 

More examples of cobalt complexes used in the photocatalytic generation of hydrogen 

will be discussed in Chapter 3 and Chapter 4. 

 

2.1.6. Carbonyl Systems Used in Photocatalytic Hydrogen Generation 

 

No literature has appeared on the use of cobalt carbonyl compounds for the 

photocatalytic generation of hydrogen, which are the compounds used in this study. 

Numerous studies have focused on the use of Fe36,38,39 and Rh37 carbonyl compounds for 

H2 generation and furthermore reasonable turnover numbers have been shown. 

Iron carbonyl compounds have been investigated as possible biomimetic photocatalytic 

centres for the generation of hydrogen as they resemble the active sites in [FeFe] 
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hydrogenases, catalysts which are used in the reduction of hydrogen in the 

microorganisms. Na et al. demonstrated that hydrogen could be intermolecularly 

produced using visible light with a ruthenium photosensitiser and an iron carbonyl 

catalytic centre, 19 (Fig. 2.16)36.  

 

 
 

Figure 2.16 - Fe-CO based catalytic system and Ru(bpy)3 used by Na et. Al.
36

. (i) Reductive 

quenching, (ii) Intermolecular electron transfer, (iii) Catalytic proton reduction. 

 

A [Ru(bpy)3]2+ photosensitiser was used along with ascorbic acid which acted as a 

sacrificial donor as well as a reducing agent to regenerate the [Ru(bpy)3]2+. Using IR 

detection it was observed that following irradiation, the catalytic centre in 19(1) 

decomposed after 1 hour. A phosphine ligand, tris(N-pyrrolyl)phosphine (P(Pyr)3), was 

introduced to the iron carbonyl centre for compounds 19(2) and 19(3) which improved 

the photostability of the catalytic centre. Laser flash photolysis was used to verify 

photoinduced electron transfer processes of the three-component systems. A TON of 

0.78 was observed for 19(1) after 3 hours when irradiated at 25 °C using an Xe lamp 

(500 W) with a Pyrex-glass filter (λ > ca. 400 nm) in a 1:1 ACN/ H2O solution. 19(2) 

and 19(3) were monitored under the same conditions and yielded TONs of 4.3 and 1.7 

respectively. IR monitoring of 19(2) and 19(3) showed that they were more photostable 

than 19(1) however they were found to decompose after 2.5 hours of irradiation. These 
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results indicate that not only did the addition of a phosphine ligand to the iron carbonyl 

catalytic centre improve the compounds photostability but also increased its catalytic 

activity. 

An attractive alternative to the expensive Ru photosensitisers mentioned above are 

porphyrin systems as they are free from noble metals, and both catalyst and 

photosensitiser are biologically inspired. Some compounds which fit this description 

have been synthesised by Song and his co-workers.38 Within these complexes the Fe-CO 

catalytic centre is covalently linked to the tetraphenylporphyrin (TPP) or 

zinctetraphenylporphyrin (ZnTPP) ring, 20. They observed that there was a marked 

quenching of the fluorescence emission when the Fe-CO catalytic centre was 

coordinated to the TPP ring when compared to the spectra obtained for the porphyrins 

on their own. They believe that this is most likely due to strong intramolecular electron 

transfer from the photoexcited state of the porphyrin macrocycle to the covalently 

bonded Fe-CO moiety. 
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Figure 2.17- Covalently linked porphyrin and Fe-CO catalytic centre synthesised by Song et al.38
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Recently Li et al. have reported the synthesis of datively linked Fe-CO catalytic centre 

with a ZnTPP ring39. 
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Figure 2.18 - Porphyrin photosensitisers and Fe-CO catalytic centres used by Li et al

39
. 

 

Due to the strong fluorescent emission from ZnTPP it was employed as a sensitive probe 

for excited-state quenching, which would be due to an electron or energy transfer 

occurring from the singlet excited state of ZnTPP (1ZnTPP*) to the Fe-CO catalytic 

centre. The addition of the Fe-CO centre to the ZnTPP photosensitser did in fact quench 

the fluorescence significantly when compared to ZnTPP on its own. The design of this 

complex is such that once electron transfer has occurred intramolecularly the ZnTPP and 

the Fe-CO complex can separate as they are not covalently linked. This will aid the 

reduction of the charge recombination and energy transfer when compared with similar 

covalently linked dyads such as those synthesised by Song and co-workers.  
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Rhodium carbonyls (RH-COs) have been used as catalytic centres for the photoinduced 

generation of hydrogen when bound to an osmium bis(terpyridyl) light harvesting 

chromophore through the diphosphine ligand.36 The Rh-CO centre binds to the 

diphosphine ligands in a bidentate manner (Fig. 2.19). 
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Figure 2.19 - Rhodium carbonyl catalytic centre synthesised by Miyake et al.36
  

 

When a solution of trifluoromethanesulfonic acid (HOTf) and sodium ascorbate (NaHA) 

amd the compound in 1:1 ACN/ H2O was irradiated with visible light (λ > 380 nm) for 

18 hours  a TON of 36 was observed. 

2.1.7. Electrochemistry of μ2-Alkyne Cobalt Carbonyl Complexes 

 

The presence of alkynyl bridges is known to facilitate long distance electronic 

interactions through π delocalisation and the degree of these interactions between 

substituent ligands can be measured by electrochemical methods.40 When Co2(CO)6 

moieties are integrated in a bidentate fashion to these alkynyl groups they are known to 

undergo an irreversible reduction (of the type electrochemical-chemical (EC)) forming 

the radical anion [μ2-C2H2Co2(CO)6]
∙- which results in the decomposition of the parent 

species. 41 This leads to metal-metal bond cleavage and the formation of a variety of 



78 

decomposition products. These products can give rise to oxidation peaks after this first 

1e- reduction. However, reversibility of these reductions has been achieved, through 

increasing the scan rate of the experiment or decreasing the temperature of the 

experiment.41,42 Some of the decomposition products are assumed to be Co2(CO)4
- 

RC2R’Co(CO)3 and free cobalt however these products have been difficult to isolate and 

study as the electrode often becomes fouled with these products which renders it 

unusable.41 The nature of the ligand substituent on the alkynyl bridge can also greatly 

influence the reversibility of this process. As the electron withdrawing capability of the 

capping group decreases, the reduction potential of the process shifts more negative 

leading to the lifetime of the primary radical anion increasing and the redox process 

approaches chemical reversibility.43 Oxidation processes in (μ2-C2H2)Co2(CO)6 

complexes are reasonably well understood.40,41,42 An irreversible oxidation is known to 

occur at potentials ~1.0V vs. SCE at room temperature. When temperatures are lowered 

to -30oC this wave becomes partially reversible at faster scan rates. Again, as with the 

reduction process, the generation of the radical cation [(μ2-C2H2)Co2(CO)6]
∙+ leads to 

fouling of the electrode, rendering it unusable.44 

The addition of electron donating phosphino moieties (DPPM, DPPA etc.) to the Co-Co 

metal centre increases the stability of the metal-metal bond through controlling electron 

density at the metal centres also increasing the lifetimes of the radical anions and 

cations.44 As this type of group donates electrons to the metal centre it also allows for 

easier oxidation at lower potentials, however in contrast it increases the potential at 

which the metal can become reduced. It has been reported it is necessary to apply more 

negative potentials of up to 0.5 - 0.6 V to observe a reduction when compared to a (μ2-

C2H2)Co2(CO)6 complex.44 The increase in stability of the Co-Co metal bond and 

increased lifetimes of the radical cations and radical anions has been known to lead to 

reversibility of both the reduction and oxidation processes. 

A study by Marcos et al.41 has been published investigating the effects of various 

phosphino ligands on the electrochemistry of (μ2-C2H2)Co2(CO)x-L complexes using a 

polycrystalline Pt working electrode, a Pt gauze counter electrode, a silver wire quasi-

reference electrode and a 0.2 M TBAPF6 in THF solution as supporting electrolyte. 

Owing to the electron donating nature of the phosphino ligand it was noted that the E1/2 
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of the reduction processes in the series occurred at increasingly lower potentials in the 

order L =  24 > 25 > 27 > 28 > 26 (Fig. 2.20). However it was observed that the 

reduction processes for 25 and 26 are irreversible at room temperature (0.1 Vs-1 scan 

rate) but dppa and dppm complexes are almost reversible. It was concluded that the EC 

mechanism that follows reduction in each of the complexes is much slower in dppa/ 

dppm as ia/ic ≈ 0.95 at 0.1 Vs-1 scan rate. As the basicity of the two phosphines on 26 

and 28 are similar (pKa 26 = 4.57 and pKa  28 = 4.31) it was observed that the chelation 

by 28 produces a less effective donation of electrons from the phosphine leading to 

E1/2
ox = 0.51 V for 26 and E1/2

ox 28 = 0.75 V. 
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Figure 2.20- μ2-C2H2Co2(CO)x-L complexes investigated by Marcos et al.41
 L = CSiMe3, L' = C-

C≡CSiMe3. 

 

The addition of two phosphino ligands will increase the stability of the Co-Co bond 

more than the substitution of a single metal centre and this was observed by Marcos as 

the disubstituted complexes gave a more reversible process during oxidation at room 
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temperature. 25 and 26 produced ia/ic ≈ 0.8 V at 0.1 V s-1 scan rate and 27 and 28 

produced ia/ic = 1 at the same scan rate.  

The nature of the phosphino ligand can greatly alter the electrochemical activity of the 

cobalt carbonyl complex, as previously mentioned, but it can also affect the electronic 

coupling between the two Co centres. Complexes with more than one dicobalt unit have 

been studied.45 Two complexes with only one dicobalt (29 and 30) unit were compared 

to two complexes with two dicobalt units (31 and 32) (Fig. 2.21) in 0.2 M TBAPF6 in 

DCM. The oxidations in all complexes were reversible at room temperature however it 

was found that complexes 29 and 30 must be cooled to -30oC for their reduction 

processes to become reversible. When two dicobalt processes are present on the one 

complex such as with 31 and 32 two distinctive oxidation and two distinctive reduction 

processes are observable. The greater the separation between these two oxidation/ 

reduction peaks is indicative of a greater interaction between the two metal centres. It 

was noticed that the more basic and less sterically hindering dmpm ligand seemed to 

decrease these interactions when directly compared to the dppm ligand complex. It was 

concluded that the dmpm group hindered efficient mixing of the filled metal fragments 

and the alkyne-based orbitals. 
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Figure 2.21- Complexes with one dicobalt centre (29, 30) and two dicobalt centres (31, 32) studied 

by Macazanga et al.45
 Phosphino group; PMe2 = dmpm, PPh2 = dppm. 

 

The nature of the alkynyl substituents can also greatly affect the reversibility of the 

reduction process also. Marcos et al.41 established that the SiMe3 capping ligand, when 

coupled with a dppm ligand on the Co metal centre experiences a nearly completely 

reversible reduction at room temperature showing that it also influences the stability of 
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the metal carbonyl and influences the length of the lifetime of the radical anion. In 

contrast McAdam and his group46 reported an irreversible reduction in complexes of the 

formula (µ2-RC≡CH)Co2(CO)4(dppm)R, where R = Ph, Fc, at 25oC despite employing 

the same phosphino group. 

 

2.1.8. Cobalt Systems Used in Electrocatalytic Hydrogen Generation 

 

The use of cobalt for electrocatalytic hydrogen generation is at the forefront of much 

research. Due to its well established redox chemistry and relative ease of reduction, 

incorporating cobalt into various ligand structures is a step towards a sustainable 

hydrogen production system. 

As mentioned previously, Singh et al.35 have successfully synthesised a cobalt complex 

of N,Nbis(2-pyridinylmethyl)-2,2’-bipyridine-6-methanamine (DPA-Bpy) (Fig. 2.15) 

and studied both its electrocatalytic and photocatalytic hydrogen production efficiencies 

in aqueous media. Using a three electrode set up in pH 7.0, 1.0 M NaH2PO4 buffer with 

a glassy carbon working electrode, an Ag/AgCl reference electrode, and a Pt wire 

counter electrode, three reversible redox processes are observed at 0.35 V, -0.94 V, and 

-1.53 V (vs. SHE) in the cyclic voltammogram of complex 17 in CH3CN which are 

assigned to CoIII/II, CoII/I, and CoI/0 respectively, while in this region the ligand does not 

show any electrochemical behaviour. Complex 2 shows two reversible processes at 0.15 

V and -0.90 V (vs. SHE) corresponding to CoIII/II and CoII/I respectively. When the 

working electrode was changed to a mercury pool electrode the CV showed no 

significant current at potentials more positive than -1.6 V vs. SHE for a bare electrode 

experiment. The modification of the electrode with complex 18 induced a strong current 

at -1.2 V concomitant with the formation of hydrogen bubbles. This demonstrates that 

complex 18 is capable of generating hydrogen at a neutral pH and that the CoII/I 

reduction must occur for water to be split. Bulk electrolysis experiments were carried 

out at a potential of -1.4 V vs. SHE and a current efficiency of 99 ± 1% was achieved, 

while when electrolysis was carried out at -1.3 V the current efficiency measured was 98 

± 2% after 1 hour.  
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Cobalt phthalocyanines (CoPc) have been at the centre of a great deal of research in 

recent times due to their absorbances in the visible spectrum and their highly efficient 

intermolecular electron transfer processes. When cobalt is incorporated into the ring 

structure both metal and ring based redox processes are observed (addition of Zn or Cu 

results in only ring based processes). Varying the substituents on the ring can vary the 

redox chemistry of the complexes. The addition of an electron withdrawing substituent 

can facilitate an easier reduction of the complex, with the opposite effect occurring 

when an electron donating group is attached. Koca et al.47 have reported a study on the 

addition of various substituents to the ring of a cobalt phthalocyanine. They have 

synthesised a number of fluorinated aryloxy phthalocyanine metal derivatives. The 

addition of these fluorinated aryloxy groups to the phthalocyanine ring improves their 

solubility in organic solvents as it is well documented that phthalocyanines are sparing 

soluble in many solvents.48  
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Figure 2.23 - CoPc complexes studied by Koca et al.47
 

 

The addition of the fluoro substituents resulted in small changes in the reduction 

potentials observed with CoPc2’s first reduction occurring at -0.21 V vs. SCE compared 
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to CoPc1 at -0.28 V due to the more electron withdrawing nature of the pentafluoro 

groups on CoPc2. Due to the distance between the Co metal centre and the decafluoro 

groups in CoPc3 the electron withdrawing ability is somewhat diminished resulting in a 

reduction at -0.39 V. The CoPc complexes were incorporated into Nafion polymer on 

the surface of the glassy carbon electrode. The addition of HClO4 into the CoPc1/2/3 

cell triggers the appearance of a new irreversible cathodic wave which is attributed to 

the electrocatalytic hydrogen evolution reaction. For electrocatalytic measurements a 

glassy carbon working electrode was employed along with a platinum wire counter 

electrode and an SCE reference electrode.  An aqueous phosphate buffer was employed 

as supporting electrolyte. A catalytic current was induced at -0.90 V, -1.00 V and -1.02 

V for CoPc1, CoPc2 and CoPc3 respectively while this current was not seen for the 

electrode coated in Nafion alone until -1.25 V at pH 4.2. CoPc1 demonstrated the 

greatest efficacy with CoPc2 producing a slightly smaller catalytic current. CoPc3 

produced a catalytic current ~ 1/3 less strong than that of CoPc1 and CoPc2. This may 

be due to its aggregation tendencies preventing the protonation of the complex. 

CoPcs bearing tetrakis-[4-((4’-trifluoromethyl)phenoxy)phenoxy] groups have also been 

investigated.49 These tetrakis-[4-((4’-trifluoromethyl)phenoxy)phenoxy] groups are 

electron withdrawing substituents and greatly affect the reduction potentials of the 

processes in the Pc (Fig. 2.24). 
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Figure 2.24 - CoPcs bearing tetrakis-[4-((4’-trifluoromethyl)phenoxy)phenoxy] groups investigated 

by Koca et al.49
 

 

This CoPc was compared to its H2, Zn and Cu counterparts (however all redox processes 

were assigned to the ring in these complexes). CoPc undergoes one two-electron 

reduction and two one-electron reductions at −0.26 V, −0.63 V and −1.44 V vs. SCE 

respectively using a platinum electrode in DCM (TBAP supporting electrolyte) with the 

reduction at -0.63 V assigned to an aggregated species and the process at -0.26 V 

assigned to CoII/I and the final reduction at -1.44 V is a ring based, generating CoPc-. 

While the hydrogen generating catalytic current starts at −1.31 V and −1.25 V 

respectively using a bare glassy carbon electrode and with the ZnPc derivative in 

aqueous phosphate buffer at pH 9.20 containing HClO4, it starts at −0.88 and −1.08V 

using CuPc and CoPc modified electrodes. Both CuPc and CoPc show strong catalytic 

currents at these potentials, however CoPc induces a current almost twice as strong as its 

copper counterpart. This strong catalytic current together with the overpotential decrease 
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of the catalysis, ΔEOP= 0.43V for CuPc, and 0.23V for CoPc, these complexes show 

great potential for use in the commercial generation of hydrogen. 

A tetradentate polypyridyl ligand supported CoII complex has been synthesised by Bigi 

et al.50 The complex exhibits a reversible reduction wave at -0.81 V vs. SCE which is 

assigned to the CoII/I process. When TFA is added to the solution a catalytic current is 

triggered near this CoII/I process which yields H2 with 99% efficiency indicating that the 

increase in current is due to a catalytic H2 generating process. The turnover frequency 

(TOF- which refers to the TON per unit time) calculated for this complex was 40 h-1 

with an overpotential of 0.4 V measured. 

Utilising cobalt-dithiolene complexes (Fig. 2.14) McNamara and his group have 

demonstrated that they are capable of producing TONs of >9000 photocatalytically and 

these complexes possess a strong H2 generating electrocatalytic current induced at 

minimal overpotentials with Faradaic yields of >95% for all complexes.34 All of the 

complexes were active as electrocatalysts when electrolysed in a solution of p-toluene 

sulfonic acid (65 mM) and 0.1 M KNO3 in a 1∶1 solution of CH3CN∶H2O. 0.2 mM of 

catalyst was electrolysed for 1 hour at −1.0 V vs. SCE. A catalytic current is observed at 

a more cathodic potential than the reversible redox couple for CoL2
− ∕CoL2

2− which 

generates the active species. 

 

Complex E1/2 (V) Epc (V) ΔEop (V) 

13 -0.64 -1.21 0.57 

14 -0.70 -1.32 0.62 

15 -0.51 -0.97 0.46 

16 -0.04 -1.37 1.33 
 

 

Table 2.2- Electrochemical results presented by McNamara et al.34 (V vs. SCE) determined from 

cyclic voltammetry in 1∶1 CH3CN∶H2O at a glassy carbon electrode with 0.1 M KNO3. Catalytic 

experiments were achieve using CH3CN and TFA as a proton source. See Fig. 2.14 for structures of 

complexes. 
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The results in Table 2.2. show the E1/2 values of the CoL2
− ∕CoL2

2− couples for each 

complex. The overpotential between the reduction process and the top of the catalytic 

wave was measured and it is clear that although 16 required the least potential to be 

reduced the onset of the catalytic curve begins at the most negative potential. In contrast 

15 is deemed to be the most efficient electrocatalyst as the onset of the catalytic curve is 

at less negative potential and the overpotential is the smallest of all 4 complexes at 0.46 

V. 

More examples of cobalt complexes used in the electrocatalytic generation of hydrogen 

will be discussed in Chapter 3. 

 

2.1.9. Carbonyl Systems Used in Electrocatalytic Hydrogen Generation 

 

No literature has appeared on the use of cobalt carbonyl compounds for the 

electrocatalytic generation of hydrogen which is the basis of this chapter however a few 

groups have studied related carbonyl complexes that may be used as electrocatalysts. 

Donovan et al.51 have employed cyclopentadienyl metal carbonyl dimer complexes 

incorporating a variety of metals (M = Fe, Ru, Mo, W) to investigate the effect of these 

different metals on the electrocatalytic abilities of the complexes to reduce protons from 

weak acids (Fig. 2.25). 

Fe Fe

O
C

C
O

OC

CO
Ru Ru

O
C

C
O

OC

CO

Mo Mo

CO

OCOC

CO
CO

OC
W W

CO

OCOC

CO
CO

OC

37
38

39 40  
 

Figure 2.25- Cyclopentadienyl metal carbonyl dimer complexes studied by Donovan et al.51
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A three electrode system was employed including a glassy carbon working electrode, 

platinum wire counter electrode and silver external reference electrode (10 mM AgNO3 

in electrolyte solution). 0.10 M tetra-n-butylammonium hexafluorophosphate (Bu4NPF6) 

in anhydrous acetonitrile was used as supporting electrolyte and 0.01 M of various 

acids. Electrolysis was carried out at -2.4 V. The iron metallocentre was deemed to be 

the best candidate as an electrocatalysts as it succeeded in reducing acids as weak as 4-

tert-butylphenol with a pKa of 27.5 in acetonitrile. The iron complex underwent an 

irreversible two electron reduction at -1.91 V (vs Fc+/Fc) forming [CpFe(CO)2]-. 

Turnover numbers were not reported for these catalysts as they were assumed to be quite 

low due to the rate of decomposition of the carbonyls, catalyst peak height during cyclic 

voltammetry is employed to gauge the quality of the catalyst. It is reported that the peak 

height of the Fe dimer is roughly 1/3 higher than that produced by the Ru dimer 

indicating a larger flow of electrons in the Fe complex.  

[Fe,Fe] hydrogenase complexes which are derived from nature have been used as model 

complexes of a system for use in the electrocatalytic generation of hydrogen using a a 

variety of weak acid as the proton source.52 bis(Thiolate) and dithiolate-bridged diiron 

carbonyl complexes based on these model systems have been synthesised (Fig. 2.26). 

Electrochemical experiments were carried out using a vitreous carbon working 

electrode, a platinum counter electrode, and jacketed silver wire reference electrode 

using both tetra-butylammonium perchlorate (TBAClO4) and TBAPF6 in THF as 

supporting electrolytes. The first reduction of the complexes in an Ar purged solution 

showed that for both the bis(thiolate) and dithiolatebridged complexes that the process 

was only partly reversible. When the reduction was repeated in a CO purged solution 

this process becomes reversible suggesting this process involves CO dissociation. The 

following two reductions were irreversible in both cases and lead to the formation of 

daughter products, observed through re-oxidation. Using 41 (Fig. 2.26), H2 formation 

using p-toluene sulfonic acid (HOTs) as the proton source was deemed to be the most 

efficient as the acid is strong enough to protonate the 41
- after the first reduction. 

Varying the acid concentration of from 0 to 10 mM increased the catalytic current 

intensity.  
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Figure 2.26- bis(thiolate) bridged diiron carbonyl complex studied by Borg et al.52
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2.2. Experimental 

 

2.2.1. Materials 

 

All experiments were carried out under an atmosphere of nitrogen using standard 

Schlenk techniques. All solvents were supplied by the Aldrich Chemicals Co. 

Dichloromethane, chloroform, pentane, heptane and hexane were dried over MgSO4 

prior to use. Methanol used was distilled over magnesium turnings and iodine before 

use. Diisopropylamine was distilled over sodium hydroxide prior to use. All solvents 

used in UV-vis absorption, Fluorescence, IR and TRIR and cyclic voltammetry (CV) 

experiments were of spectrophotometric grade and were used without further 

purification. Photocatalytic experiments were carried out in anhydrous THF or ACN 

distilled over CaH2 and all triethylaime dried over sodium before use.  All 

electrochemistry experiments were carried out in anhydrous DCM and all solutions were 

purged with argon for 20 min prior to use. All mobile phases for column 

chromatography were dried over MgSO4 before use. Column chromatography was 

carried out using neutral silica gel pH 6.5 – 7.5 or neutral aluminium oxide. Silica Gel 

(Merck) was used as received. All other chemicals were obtained commercially and 

were used without further purification. All solutions were deoxygenated by purging with 

argon or nitrogen for ~5-10 min before synthesis. Argon gas used to degas samples for 

CV and electrocatalytic studies was purchased from BOC Ltd. 

2.2.2 Equipment 

 

IR spectra were recorded on a Perkin-Elmer 2000 FT-IR spectrophotometer (2 cm-1 

resolution) in a 0.1 mm sodium chloride liquid solution cell using spectrophotometric 

grade hexane or dichloromethane. 1H-NMR and 13C-NMR were recorded on a Bruker 

AC 400 spectrophotometer in CDCl3 and were calibrated according to the deuterated 

solvent peak. All UV spectra were measured on an Agilent 8453 UV-Vis 
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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. All cyclic voltammetry or 

bulk electrolysis experiments were carried out using a CH Instruments CHI600a 

potentiostat. The electrode used during the experiments were a glassy carbon working 

electrode, a platinum wire counter electrode and an Ag/ AgCl reference electrode, all 

purchased from CH Instruments also. All hydrogen TON were measured using a Varian 

GC-P-3800 equipped with both a Hayesep C polysiloxane column and a 5Å molecular 

sieve column and with both a thermal conductivity detector and a flame ionisation 

detector. 

2.2.3 Photocatalytic Hydrogen Generation Experiments 

 

All experiments to test for the photocatalytic generation of H2 from water were carried 

out in triplicate.  All solvents used were completely dried and deaerated before use. 

ACN was distilled over CaH2 before use. Water used was deionised. Triethylamine was 

distilled over NaOH before use. All experiments were carried out under an argon 

atmosphere. For the photolysis experiment a 5 x 10-5 M solution of the complex to be 

tested was made up in ACN. 1.2 ml of this solution was added to a 5 ml septa capped 

gas tight vial. 0.6 ml of the sacrificial donor triethylamine (30 % (v/v)) was added along 

with 0.2 ml of deionised water (10 % (v/v)) as proton source or 0.2 ml ACN to make a 

0% water mixture. The solutions were photolysed for 20 hours using a blue (470 nm) or 

a UV (350 nm) LED light array. After 20 hours a 0.5 ml sample of the headspace in the 

reaction vial was collected using a gas-tight syringe. These samples were injected into a 

series CP-3800 gas chromatograph with both TCD and FID detectors in use in 

conjunction with one another. The peak area response was measured and compared to a 

series of standards to elucidate the number of moles of H2 produced during the 

experiment. The GC was calibrated for H2 using standard gas mixtures obtained from of 

0.01% (100 ppm), 0.1% (1000 ppm), 1% (10000 ppm) and 5% (50000ppm). 

Full details of experimental conditions are found in appendix B1 and B2. 
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2.2.4 Cyclic Voltammetry 

 

Cyclic voltammetry experiments were carried out at room temperature in a sealed two-

necked v-shaped cell. ~ 1 mmol solutions of the compound were prepared in 

spectrophotometric grade dichloromethane (exact concentrations were not known as 

there were some solubility issues with the compounds), using tetrabutylammonium 

hexafluorophosphate (0.1 M) as the supporting electrolyte. All solutions were purged 

with argon for 20 min prior to each experiment, and were then kept under an argon 

atmosphere throughout the experiment. Glassy carbon was used as the working 

electrode, a platinum wire was used as the counter electrode and Ag/AgCl (filled with 1 

M TBAPF6 and 0.1 M AgNO3 in DCM) was used as reference electrode. The cyclic 

voltammograms were obtained at a scan rate of 0.1 Vs-1 unless otherwise stated. The 

reference electrode was calibrated versus the ferrocene/ferrocenium redox couple; 

Fc/Fc+ which has a potential E1/2 = 0.53 V vs. saturated calomel electrode (SCE).  

 

2.2.5 Electrocatalytic Hydrogen Generation Experiments 

 

Electrocatalytic hydrogen generation experiments were carried out at room temperature 

in a sealed two-necked v-shaped cell. 1 x 10-4 M solutions of each compound to be 

tested were prepared in DMF and 1.5µL of each were drop-cast using a Gilson Pipetman 

P20 pipette on to the surface of a glassy carbon electrode (0.07 cm3) and left to 

evaporate overnight in darkness in a 22oC oven. A 0.1 M solution of sodium hydrogen 

phosphate (NaH2PO4) was prepared and brought to pH 2.0 using ortho-phosphoric acid. 

15 ml of the buffer solution was added to the v-shaped cell. All solutions were purged 

with argon for 20 minutes prior to each experiment, and were then kept under an argon 

atmosphere throughout the length of the experiment. Glassy carbon was used as the 

working electrode, a platinum wire was used as the counter electrode and Ag/AgCl 

(filled with 3 M KCl) was used as reference electrode. See Appendix C1 and C2 for full 

experimental conditions. Each experiment was run in triplicate and the average values 

obtained. 



93 

2.2.6 Synthesis 

2.2.6.1 Synthesis of 1-trimethylsilylethynylpyrene (PyrTMS) 

 

Br

+ H TMS

4% Pd(PPH3)2Cl2
4% CuI
8% PPH3

TMS

 

 

 

To a clean, dry round bottomed flask, 25ml of diisopropylamine was added and the 

solution was purged with nitrogen for 10 minutes. 0.5g (1.77 mmol) of 1-bromopyrene 

was added and the mixture was purged with nitrogen for a further 10 minutes. 0.05g 

(0.071 mmol) of Pd(PPh3)2Cl2, 0.035g (0.071 mmol) CuI and 0.037g (0.142 mmol) PPh3 

were added to the reaction vessel. 0.37 ml (2.66 mmol) of ethynyltrimethylsilane was 

added and the reaction vessel was sealed and allowed to reflux (88oC) overnight under 

nitrogen. 

The solvent was removed under reduced pressure. The crude product was extracted from 

the resulting solid by adding portions of a mixture of dichloromethane and hexane (4 ml 

and 20 ml respectively). After each addition the liquid layer was decanted off until it ran 

clear. The organic phase was dried over MgSO4. The solvent was removed. The product 

was purified using column chromatography on silica, hexane: DCM, 25:75 to yield a 

yellow solid.53  

 

 

% Yield: 0.509g, 1.7054 mmol, 96% 
1H NMR: (400 MHz, CDCl3), 8.53 ppm (d, J = 9.08 Hz, 1H), 8.1 ppm (m, 8H), 0.36 

ppm (s, 9H) 
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2.2.6.2 Synthesis of 1-ethynylpyrene (PyrH) 

 

TMS

15% K2CO3

MeOH

H

 

 

20 ml of freshly distilled methanol was added to a clean, dry round bottomed flask and 

the solution was purged with nitrogen for 10 minutes. 0.4g (1.3 mmol) of 1-

trimethylsilylethynlpyrene was added and allowed to dissolve. 0.024g (0.17 mmol) of 

K2CO3 was added and the solution was allowed to stir under nitrogen for 4 hours. The 

solvent was removed under reduced pressure. The residue was dissolved in ~100 ml of 

dichloromethane and washed with 4 x 25 ml of 5% (w/v) aqueous NaHCO3. The organic 

phase was dried over MgSO4. The solvent was removed. The product was purified using 

silica, hexane: DCM, 25:75 to yield a light brown solid.54 

 

 

% Yield:  0.2068g, 0.9139 mmol, 70% 
1H NMR: (400 MHz, CDCl3), 8.5 ppm (d, J = 8.8 Hz, 1H), 8.15 ppm (m, 8H), 3.6 ppm 

(s, 1H) 
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2.2.6.3 Synthesis of Pyrene-ethynylferrocene (PyrFc) 

 

Fe

Fe

H
6% Pd(PPh3)2Cl2
6% CuI

12% PPH3
Br+

 
 

 

15 ml of dry, distilled diisopropylamine was purged with N2 for 10 min. 0.2g (0.71 

mmol) of 1-bromopyrene was added to the 15 ml of dry, distilled diisopropylamine and 

the solution was purged with N2 for a further 10 min. 0.03g (0.042 mmol) Pd(PPh3)2Cl2, 

0.023g (0.85 mmol) PPh3, and 0.008g (0.042 mmol) CuI were added as catalysts  and 

immediately followed by 0.15g (0.71 mmol) 1-ethynylferrocene. The reaction vessel 

was sealed and the reaction mixture was allowed to reflux (84oC) under inert conditions 

overnight. 

The solvent was removed under reduced pressure. Purification was carried out using 

silica and hexane: DCM, 1:1 as solvent. A bright orange solid resulted.53  

 

% Yield: 0.277g, 0.70 mmol, 98% 
1H NMR: (400 MHz, CDCl3) 8.62 ppm (d, J= 9.2 Hz, 1H), 7.9 ppm (m, 8H), 4.665 ppm 

(dd, Ja= 1.6 Hz, Jb= 1.6 Hz , 2H), 4.33 ppm (s, 7H) 
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2.2.6.4 Synthesis of µ2-3-ethynylthiophene Co2(CO)6  

((µ2-ThioH)Co2(CO)6) 

 

S

H + Co2(CO)8

Hexane

N2

S

H

Co2(CO)6  
 

25 ml of hexane was purged with N2 for 10 min. 0.394 ml (0.2 mmol) of 3-

ethynylthiophene (ThioH) was added to the 25 ml of hexane and the solution was 

purged with N2 for a further 10 min. 0.0684g (0.2 mmol) of cobalt octacarbonyl was 

added to the reaction mixture and the vessel was sealed immediately. The reaction 

mixture was allowed to stir overnight under inert conditions. The solvent was removed 

and the pure product was obtained through column chromatography using a silica solid 

phase and DCM: Hexane, 1:1 as the solvent. This resulted in a red solid.55 

 

% Yield: 0.077g, 0.982 mmol, 98% 
1H NMR: (400 MHz, CDCl3), 7.4 ppm (d, J= 1,24 Hz, 1H), 7.29 ppm (d, J= 3.0 Hz, 

1H), 7.15 ppm (d, J= 1.24 Hz, 1H) , 6.28 ppm (s, 1H) 

IR: (CH2Cl2), 2093, 2056, 2026 cm-1 
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2.2.6.5 Synthesis of µ2-1-ethynylpyrene Co2(CO)6   

((µ2-PyrH)Co2(CO)6)  

 

H

+ Co2(CO)8

Hexane

N2

H

Co2(CO)6  
 

25 ml of hexane was purged with N2 for 10 min. 0.102g (0.45 mmol) of 1-ethynylpyrene 

was added to the 25 ml of hexane and the solution was purged with N2 for a further 10 

min. 0.307g (0.9 mmol) of cobalt octacarbonyl was added to the reaction mixture and 

the vessel was sealed immediately. The reaction mixture was allowed to stir overnight 

under inert conditions. The solvent was removed and the pure product was obtained 

through column chromatography using a silica solid phase and DCM: hexane, 1:1 as the 

solvent. This resulted in a dark brown solid.55 

 

% Yield: 0.180g, 0.351 mmol, 78% 
1H NMR: (400 MHz, CDCl3), 8.55 ppm (d, J= 9.2 Hz 1H), 8.15 ppm (m, 8H), 6.95 ppm 

(s, 1H) 

IR: (CH2Cl2) 2088, 2073, 2030 cm-1 
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2.2.6.6 Synthesis of µ2-Pyrene-ethynylferrocene Co2(CO)6   

((µ2-PyrFc)Co2(CO)6)  

 

+ Co2(CO)8

Hexane

N2

Fe Fe Co2(CO)6

 

 

 

25 ml of hexane was purged with N2 for 10 min. 0.15g (0.37 mmol) of 1-

pyreneethynylferrocene was added to the 25 ml of hexane and the solution was purged 

with N2 for a further 10 min. 0.127g (0.37 mmol) of cobalt octacarbonyl was added to 

the reaction mixture and the vessel was sealed immediately. The reaction mixture was 

allowed to stir overnight under inert conditions. The solvent was removed and the pure 

product was obtained through column chromatography using a silica solid phase and 

DCM: hexane, 1:1 as the solvent. This resulted in a dark brown solid.55 

 

% Yield: 0.15g, 0.219 mmol, 59% 
1H NMR: (400 MHz, CDCl3), 8.7 ppm (d, J= 8.08 Hz1H), 8.24 ppm (m, 8H), 4.6 ppm 

(dd, Ja= 1.84 Hz, Jb= 1.84 Hz, 2H), 4.48 ppm (dd, Ja= 1.84 Hz, Jb= 1.84 Hz 2H), 4.32 

ppm (s, 5H) 

IR: (CH2Cl2), 2085, 2048, 2023 cm-1 
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2.2.6.7 Synthesis of µ2-1-ethynylferrocene Co2(CO)6   ((µ2-FcH)Co2(CO)6)  

 

+ Co2(CO)8

Hexane

N2

Fe

H

Fe

H

Co2(CO)6

 
 

 

25 ml of hexane was purged with N2 for 10 min. 0.420g (0.2 mmol) of 1-

ethynylferrocene (FcH) was added to the 25 ml of hexane and the solution was purged 

with N2 for a further 10 min. 0.0684g (0.2 mmol) of cobalt octacarbonyl was added to 

the reaction mixture and the vessel was sealed immediately. The reaction mixture was 

allowed to stir overnight under inert conditions. The solvent was removed and the pure 

product was obtained through column chromatography using a silica solid phase and 

DCM: hexane, 1:1 as the solvent. This resulted in a dark green solid.55 

 

% Yield: 0.094g, 0.1902 mmol, 95% 
1H NMR: (400 MHz, CDCl3), 6.28 ppm (s, 1H), 4.33 ppm (d, Ja= 1.84 Hz, Jb= 1.84 Hz 

4H), 4.15 ppm (s, 5H) 

IR: (CH2Cl2), 2090, 2051, 2023 cm-1 
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2.2.6.8 Synthesis of µ2-3-ethynylthiophene Co2(CO)4 DPPM  

((µ2-ThioH)Co2(CO)4DPPM) 

 

S

H

Co2(CO)6

+
P PPh

Ph

Ph

Ph

Heptane

N2, 98oC

S

H

Co2(CO)4 DPPM 

 

100 ml of heptane was purged with N2 for 10 min. 0.177g (0.45 mmol) of 3-

ethynylthiophene Co2(CO)6 was added to the 100 ml of heptane and the solution was 

purged with N2 for a further 10 min. 0.346g (0.9 mmol) of diphenylphosphinomethane 

was added to the reaction mixture and the vessel was sealed. The reaction mixture was 

allowed to reflux (98 oC) for 40 min under inert conditions while being monitored by IR. 

The solvent was removed under reduced pressure and the pure product was isolated 

through column chromatography using silica and DCM: hexane, 1:1 as solvent. A dark 

brown solid results.22 This complex is novel to the best of our knowledge, and all 

spectral data are in agreement with their formulation and compare well to similar 

compounds with have been previously reported in literature.58 

 

% Yield: 0.136g, 0.187 mmol, 42% 
1H NMR: (400 MHz, CDCl3), 7.45 ppm (d, J= 2.0 Hz, 8H), 7.2 ppm (m, 12H), 5.72 ppm 

(t, 1H), 5.66 ppm (dd, Ja= 6.8 Hz, Jb= 6.8 Hz, 1H), 5.23 ppm (s, 1H), 4.61 ppm (s, 1H), 

3.54 ppm (m, 1H), 3.0 ppm (m, 1H) 

IR: (CH2Cl2) 2022, 1993, 1966 cm-1 

 

Elemental Analysis: Anal. Calcd. For C36H29Co2O4P2S: C 58.63, H 3.96. Found: C 

58.18, H 3.54. 
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2.2.6.9 Synthesis of µ2-1-ethynylpyrene Co2(CO)4 DPPM  

((µ2-PyrH)Co2(CO)4DPPM) 

 

H

Co2(CO)6

+
Heptane

N2, 98oC

H

Co2(CO)4 DPPM

P PPh

Ph

Ph

Ph

 
 

 

100 ml of heptane was purged with N2 for 10 min. 0.75g (0.1 mmol) of 1-ethynylpyrene 

Co2(CO)6 was added to the 100 ml of heptane and the solution was purged with N2 for a 

further 10 min. 0.77g (0.2 mmol) of diphenylphosphinomethane was added to the 

reaction mixture and the vessel was sealed. The reaction mixture was allowed to reflux 

(98oC) overnight under inert conditions while being monitored by IR.  

The solvent was removed under reduced pressure and the pure product was isolated 

through column chromatography using silica and DCM: hexane, 1:1 as solvent.22 This 

complex is novel to the best of our knowledge, and all spectral data are in agreement 

with their formulation and compare well to similar compounds with have been 

previously reported in literature.58 

 

% Yield: 0.061, 0.072 mmol, 72% 
1HNMR: (400 MHz, CDCl3), 8.6 ppm (d, 1H), 8.05 ppm (m, 8H), 7.2 ppm (m, 12H), 

7.15 ppm (dd, 8H), 5.42 ppm (dd, 1H), 3.14 ppm (m, 2H) 

IR: (CH2Cl2) 2088, 2073, 1950 cm-1 

 

Elemental Analysis: Anal. Calcd. For C48H35Co2O4P2: C 67.42, H 4.13. Found: C 69.54, 

H 4.47. 
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2.2.6.10 Synthesis of µ2-Pyrene-ethynylferrocene Co2(CO)4 DPPM  

((µ2-PyrFc)Co2(CO)4DPPM )  

Fe Co2(CO)6

+
Heptane

N2, 98oC

Fe Co2(CO)4 DPPM

P PPh

Ph

Ph

Ph

 
 

100 ml of heptane was purged with N2 for 10 min. 0.75g (0.1 mmol) of 

ferrocenylacetylene pyrene Co2(CO)6 was added to the 100 ml of heptane and the 

solution was purged with N2 for a further 10 min. 0.77g (0.2 mmol) of 

diphenylphosphinomethane was added to the reaction mixture and the vessel was sealed. 

The reaction mixture was allowed to stir overnight under inert conditions while being 

monitored by IR. The solvent was removed under reduced pressure and the pure product 

was isolated through column chromatography using silica and DCM: hexane, 1:1 as 

solvent. A dark brown solid results.22 This complex is novel to the best of our 

knowledge, and all spectral data are in agreement with their formulation and compare 

well to similar compounds with have been previously reported in literature.58 

 

% Yield: 0.029g, 0.0286 mmol, 29% 
1H NMR: (400 MHz, CDCl3), 8.87 ppm (d, J= 9.1 Hz 1H), 8.1 ppm (m, 8H), 7.2 ppm 

(m, 6H), 7.0 ppm (dd, Ja= 7.4 Hz, Jb= 7.6 Hz, 4H) , 6.96 ppm (m, 6H), 6.82 ppm (dd, Ja= 

7.2 Hz, Jb= 7.2 Hz, 4H), 4.62 ppm (s, 2H), 4.27 ppm (s, 2H), 3.92 ppm (s, 5H), 3.14 

ppm (m, 2H) 

IR: (CH2Cl2) 2017, 1990, 1964 cm-1 
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2.2.6.11 Synthesis of µ2-1-ethynylferrocene Co2(CO)4  DPPM  

((µ2-FcH)Co2(CO)4DPPM) 

 

+
Heptane

N2, 98oCFe

H

Co2(CO)6
Fe

H

Co2(CO)4 DPPM

P PPh

Ph

Ph

Ph

 

 

100 ml of heptane was purged with N2 for 10 min. 0.22g (0.45 mmol) of 1-

ethynylferrocene Co2(CO)6 was added to the 100 ml of heptane and the solution was 

purged with N2 for a further 10 min. 0.346g (0.9 mmol) of diphenylphosphinomethane 

was added to the reaction mixture and the vessel was sealed. The reaction mixture was 

allowed to reflux (98 oC) for 40 min under inert conditions while being monitored by IR. 

The solvent was removed under reduced pressure and the pure product was isolated 

through column chromatography using silica and DCM: hexane, 1:1 as solvent. A dark 

brown solid results.22 This complex is novel to the best of our knowledge, and all 

spectral data are in agreement with their formulation and compare well to similar 

compounds with have been previously reported in literature.58 

 

% Yield: 0.227g, 0.275 mmol, 61% 
1H NMR: (400 MHz, CDCl3), 7.33 ppm (m, 8H), 7.2 ppm (m, 12H), 5.75 ppm (dd, Ja= 

6.4 Hz, Jb= 6.4 Hz, 1H), 4.37 ppm (dd, Ja= 1.8 Hz, Jb= 2.0 Hz, 2H), 4.21 ppm (dd, Ja= 

1.8 Hz, Jb= 2.0 Hz, 2H), 4.16 ppm (s, 5H), 3.5 ppm (m, 1H), 3.1 ppm (m, 1H) 

IR: (CH2Cl2) 2018, 1989, 1962 cm-1 

 

Elemental Analysis: Anal. Calcd. For C48H35Co2O4P2: C 60.24, H 3.97. Found: C 59.44, 

H 3.77. 
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2.3. Results 

2.3.1. UV-Vis Spectroscopy 

 

Room temperature absorption spectra were obtained for all compounds in this study. 

Table 1 illustrates the absorption maxima (λmax) for all compounds. All UV-Vis spectra 

were carried out in spectrophotometric grade dichloromethane (DCM). 

 

Compoun λ max (nm), ε (x 10
3
 M

-1
 cm

-1
) 

(µ2-ThioH)Co2(CO)6 
266 (9.08), 358 (1.9), 428 (0.6), 
540 (0.3) 

(µ2-ThioH)Co2(CO)4DPPM 290 (5.1), 340 (2.9), 533 (0.27) 

(µ2-PyrH)Co2(CO)6 274 (20.5), 392 (19.1), 577 (1.1) 

(µ2-PyrH)Co2(CO)4 DPPM 
269 (10.1), 368 (8.3), 438 (5.9), 
536 (0.92) 

(µ2-FcH)Co2(CO)6 
290 (17.1), 361 (4.4), 430 (1.8), 
614 (1.14) 

(µ2-FcH)Co2(CO)4 DPPM 341 (7.48), 579 (0.87) 

(µ2-PyrFc)Co2(CO)6 279 (18.7), 389 (11.7), 574 (1.3) 

(µ2-PyrFc)Co2(CO)4 DPPM 
274 (16.2), 346 (7.9), 386 (4.1), 
574 (0.63) 

 

 
  

 

Table 2.3- UV-vis absorption data for all compounds in this study. All spectra were recorded in 

dichloromethane. 

 

All of the compounds in this study exhibit strong absorptions in the UV-Vis region of 

the spectrum, which are assigned to ligand localised π- π* transitions.56 The absorbance 

between 380- 420nm in each of the hexacarbonyl and tetracarbonyl compounds listed 

are generally attributed to a common σ – σ* (Co – Co) electronic transition.20 Also in 

the hexa- and tetracarbonyl species there is a broad and weak absorbance further into the 
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red region at ~540-600 nm. This is generally attributed to a metal to ligand charge 

transfer (MLCT) of Co (dπ) – ligand (π) transition.23  

2.3.2. IR Spectroscopy 

 

All compounds give rise to metal carbonyl stretching vibrations in the region 1900-2200 

cm-1. Table 2 illustrates the vibrational frequencies νCO for all compounds. All IR 

spectra were measured in spectrophotometric grade DCM. 

 

Compound νCO (cm
-1

) 

(µ2-ThioH)Co2(CO)6 2093, 2056, 2026 

(µ2-ThioH)Co2(CO)4DPPM 2022, 1993, 1966 

(µ2-PyrH)Co2(CO)6 2092, 2056, 2030 

(µ2-PyrH)Co2(CO)4 DPPM 2006, 1974, 1953 

(µ2-FcH)Co2(CO)6 2090, 2051, 2023 

(µ2-FcH)Co2(CO)4 DPPM 2018, 1989, 1962 

(µ2-PyrFc)Co2(CO)6 2085, 2048, 2023 

(µ2-PyrFc)Co2(CO)4 DPPM 2017, 1990, 1964 
 

Table 2.4- νCO for all compounds in this study. All spectra were recorded in dichloromethane. 
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The IR spectrum for (µ2-PyrH)Co2(CO)6 which is typical for these compounds is shown 

in Fig. 2.27 below. 

 

 
 

Figure 2.27 - IR spectrum of  (µ2-PyrH)Co2(CO)6 in CH2Cl2. 

 

The addition of the DPPM group to the cobalt carbonyl species shows a shift of CO 

stretches to lower frequencies which indicates the DPPM is an electron donating ligand 

with respect to the cobalt centre thus there is more electron density involved in the CO 

backbonding (Fig. 2.28). 
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Figure 2.28 - IR νCO stretches of (µ2-PyrH)Co2(CO)4DPPM in CH2Cl2. 

 

2.3.3. Quantum Yields of CO Loss 

 

The photochemical quantum yield for CO loss was determined using potassium 

ferrioxalate actinometry (full details of experiment are available in Appendix A1). The 

quantum yield of CO loss was calculated at various wavelengths for both (µ2-

PyrH)Co2(CO)6 and (µ2-PyrFc)Co2(CO)6 to investigate if a wavelength dependency 

exists for this photochemical process. The quantum yields of CO loss were determined 

at 313, 365, 405 and 546 nm in heptane. Triphenylphosphine was used as a trapping 

ligand for the pentacarbonyl intermediate generated (Scheme 2.4). 
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Fe

Co2(CO)6

Co2(CO)6

PPh3

Excitation Wavelength = 313, 365, 405, 546nm

Co2(CO)5PPh3

+ CO

Fe
Co2(CO)5PPh3

+ CO

 
 

Scheme 2.4 – Quantum yields for CO loss (ΦCO) were studied for the compounds shown. 

 

The UV-vis absorbance spectra for both hexacarbonyl complexes show an intense 

absorbance in the UV region up to 400 nm with a broad weak absorbance in the visible 

region extending to 600 nm. The isolated triphenylphosphine pentacarbonyl species, 

(-PyrH)Co2(CO)5(PPh3) and (-PyrFc)Co2(CO)5(PPh3), both showed a bathochromic 

shift in this absorbance band to approximately 430 nm,  thus the photoreaction was 

monitored by the change in absorbance at 430 nm (Fig. 2.29).  Following photolysis of 

the complexes a new band was evident in the UV-vis spectra in the range 400 – 450 nm 

which indicated photosubstitution of a carbonyl ligand with a triphenylphosphine 

moiety.   
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Figure 2.29 - Absorbance spectra of (µ2-PyrH)Co2(CO)6 (1) (blue line)  and (µ2-PyrH)Co2(CO)5PPh3 

(red line) recorded in heptane.  

 

The photosubstitution reaction was monitored by UV-vis spectroscopy. A comparison of 

the UV-Vis spectra before and after irradiation determined the number of photolysed 

molecules (Appendix A). The conversion to photoproduct was limited to 10%, which 

minimises the effect of this product absorbance at the excitation wavelength. 

The mean values of all quantum yield experiments are given in Table 2.5. The results 

show that the photochemical quantum yield of CO dissociation was dependent on both 

the excitation wavelength and also the structure of complex.   
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Wavelength (nm) (-PyrH) Co2(CO)6 (-PyrFc) Co2(CO)6 

313 25% 8% 

365 10% 19% 

405 9% 13% 

546 4% 10% 
 

Table 1.5- Quantum yields of CO loss for (- PyrH)Co2(CO)6 and  (-PyrFc)Co2(CO)6 in heptane. 

 

From the results it is evident that a wavelength dependency exists, and also the ΦCO loss 

varies between the two cobalt complexes. For instance the quantum yield for ΦCO loss 

for the (-PyrH)Co2(CO)6  complex varied from 4 to 25% depending upon the 

wavelength.  Furthermore for this complex the quantum yield for ΦCO loss increased 

with increasing wavelength.  In the case of the ferrocene analogue the highest quantum 

yield value for CO loss was observed following irradiation at 365nm (ΦCO = 19%).  

 

2.3.4. Picosecond Time Resolved Infra-Red (TRIR) Spectroscopy 

 

Picosecond time resolved infra-red studies were used to probe the photochemical 

pathways for a number of (μ2-alkyne)Co2(CO)6 complexes; (μ2-PyrH) Co2(CO)6 , (μ2-

PyrFc)Co2(CO)6 , (μ2-FcH)Co2(CO)6 , (μ2-PyrH)Co2(CO)4DPPM , (μ2-

PyrFc)Co2(CO)4DPPM  and (μ2-FcH)Co2(CO)4DPPM. Experiments were carried out in 

spectrophotometric grade DCM for all DPPM derivatives however the experiments 

involving the Co2(CO)6 derivatives were carried out in spectrophotometric grade 

heptane as the samples decomposed over the course of the experiment when DCM was 

used as the solvent. Photolysis was carried out with λex 400nm , and τ FWHM = 150fs. The 

laser system used in this study, known as ULTRA, is capable of emitting a pump beam 

and monitoring any changes in the species being probed at pico-second timescales, in 

the infra-red region.65 
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Figure 2.30 - Overlay of the absorbance spectra of (μ2-PyrH)Co2(CO)6 (red line)  and  (μ2-

PyrFc)Co2(CO)6  (blue line) recorded in heptane.   

 

Photolysis (λexc = 400 nm) of (μ2-PyrH)Co2(CO)6 resulted in bleaching of the parent νCO 

bands at 2092, 2056, and 2030 cm-1 within the laser pulse, together with the generation 

of three new metal-carbonyl bands at 2078, 2046 and 2012 cm-1 . These bands undergo 

vibrational cooling (over the following ~10 ps) and shift to higher frequency; 2081, 

2048, and 2016 cm-1 respectively, and then decay within the subsequent 200 ps.  

Boyle et. al.24 used picosecond TRIR studies to study similar compounds. In their 

studies they assigned the short lived species to a di-radical intermediate which formed as 

a result of cleavage of the Co-Co metal bonds as shown in Fig. 2.31.  
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Figure 2.31 - Homolytic cleavage of a Co-Co bond upon photolysis at λexc 400nm

24 

 

 
 

Figure 2.32 - Time resolved infra-red difference spectra following laser photolysis (λexc = 400nm) for 

(μ2-PyrH)Co2(CO)6 in heptane. Legend indicates time in ps. Circled are the new bands formed due 

to the CO loss photoproduct. 
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In addition to the bands which decay on the picosecond timescale, four additional bands 

were apparent at 2074, 2034, 2007 (underneath the parent depletion), and 1977 cm-1 

(Fig. 2.32). The bands observed in this study compare well to those previously reported 

in the literature for CO loss in other types of metal carbonyls57 which were carried out in 

a matrix study at 20 K. These bands are evident directly after the laser pulse and persist 

on the time scale of the experiment (1 ns), and furthermore the parent bands do not fully 

recover. These bands are assigned to the solvated CO loss product (μ2-

PyrH)Co2(CO)5(heptane). As the (μ2-PyrH)Co2(CO)5(heptane) stretches are visible 

directly after the laser pulse it is proposed that the generation of this species is not 

formed due to the excited state generated when the parent bands deplete but is an 

independent photoproduct. From measurement of the recovery of the parent bands after 

the length of the experiment (1 ns) the quantum yield for CO loss was estimated to be ~ 

10%. This result is comparable that determined (9%) at 405 nm during the ferrioxalate 

actinometric quantum yield studies.  

Similar results were observed for (μ2-PyrFc)Co2(CO)6 in heptane solution following 

photolysis at λexc 400 nm. Bleaching of the parent ground state νCO bands at 2085, 2048, 

and 2023 cm-1 was observed together with the formation of three new strong bands at 

2067, 2034 and 2003 cm-1 (Fig. 2.33). Again the bands undergo vibrational cooling 

(over the following ~10 ps) and shift to higher frequencies of 2076, 2041, and 2012 cm-1 

respectively. These bands, which decay in less than 300 ps are assigned to the triplet 

diradical species. The decay of these bands, again, corresponds to partial recovery of the 

parent bands. 
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Figure 2.33 - Time resolved infra-red difference spectra following laser photolysis (λexc = 400nm) of 

(μ2-PyrFc)Co2(CO)6 in a heptane solution (legend indicates time in ps). Circled are the new bands 

formed due to the CO loss photoproduct. 

 

In addition three further bands are observed at 2064, 2004 and 1970 cm-1. As similarly 

discussed above for (μ2-PyrH)Co2(CO)6, these bands are assigned to the CO loss 

solvated photoproduct (μ2-PyrFc)Co2(CO)5(heptane). There was no evidence for these 

bands decaying on the timescale of the experiment (1ns). Furthermore the parent bands 

did not fully recover over the course of the experiment. From measurement of the 

recovery of the parent bands after the length of the experiment (1 ns) the quantum yield 

for CO loss was estimated to be ~ 15%. This result is comparable to the 13% which was 

determined at 405 nm using the ferrioxalate actinometric quantum yield studies.  

Laser flash photolysis experiments (λexc = 400nm) were also carried out on the DPPM 

compounds in spectrophotometric grade DCM. For all compounds of this type similar 

results were observed. Following photolysis of (μ2-PyrFc)Co2(CO)4DPPM in DCM at 
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room temperature, bleaching of the parent νCO bands at 2017, 1990, and 1964 cm-1 

occurred within the laser pulse, together with the formation of three new metal-carbonyl 

bands at 2003, 1975 and 1949 cm-1. There was little evidence of vibrational cooling and 

these bands decayed within 500ps together with ~ 90% recovery of the parent bands. 

Due to the similarity of these results to those observed following photolysis of the 

dicobalt hexacarbonyl complexes, the transient species were assigned to the triplet 

diradical previously discussed (Fig.2.31). 24 

 

 
 

Figure 2.34 - Time resolved infra-red difference spectra following laser flash photolysis (λexc = 

400nm) of (μ2-PyrFc)Co2(CO)4DPPM in DCM (legend shows time in ps). 

 

 

2.3.5. Photocatalytic Hydrogen Generation Experiments 

 

Each of the complexes in this study were tested under the conditions (1 - 4) listed in 

Table 2.6. 
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Exp . No. Conc. Complex 

(M) 

TEA 

(%) 

Water 

(%) 

Irradiation λ 

(nm) 

Irradiation 

length 

(hr) 

1 5 x 10-5 16.6 10 350 20 

2 5 x 10-5 16.6 0 350 20 

3 5 x 10-5 16.6 10 470 20 

4 5 x 10-5 16.6 0 470 20 

  

Table 2.6- Experimental conditions for photocatalytic studies. 

 

No H2 was detected in the headspace of the sample vials via GC analysis. This may be  

either because none was produced during the experiments or the amount produced was 

less than the limit of detection of the GC. 

 

2.3.6 Cyclic Voltammetry 

 

2.3.6.1: Reductive Electrochemistry 

 

Reductive electrochemistry was carried out on the all cobalt hexacarbonyl and cobalt 

tetracarbonyl DPPM complexes in the range 0V to -2.0 V. The potential window of 

DCM is between 0 and -2.0 V for reduction processes so experiments were not carried 

out at lower potential limits. Within this range several reduction process were observed 

and have been summarised in Table 2.7. 
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Cyclic Voltammetry Reduction Processes 
 

(µ2-

alkyne)Co2(CO)6 

Complexes 

Epa 

(V) 

Epc 

(V) 

E1/2 

(V) 

(µ2-alkyne)Co2(CO)4 

DPPM Complexes 

Epa 

(V) 

Epc 

(V) 

E1/2 

(V) 

(µ2-
FcH)Co2(CO)6  -1.22a   

(µ2-FcH)Co2(CO)4 
DPPM - -  - 

(µ2-
ThioH)Co2(CO)6   -1.20a   

(µ2-ThioH)Co2(CO)4 
DPPM  -  -  - 

(µ2-
PyrH)Co2(CO)6  -1.16a   

(µ2-PyrH)Co2(CO)4 
DPPM - -  - 

(µ2-
PyrFc)Co2(CO)6  -1.07a   

(µ2-PyrFc)Co2(CO)4 
DPPM - -  - 

 

Table 2.7 - The cyclic voltammetry results for the reduction processes of all Co2(CO)6 and 

Co2(CO)4DPPM complexes. 
a
 indicates an irreversible reduction wave. 

 

All (µ2-C2R2)Co2(CO)6 complexes exhibited one irreversible reduction which is in 

agreement with the literature.41 Addition of the electron withdrawing DPPM moiety lead 

to there being no observable reduction processes within the electrochemical 

window.42,45,67 

2.3.6.2: Oxidative Electrochemistry 

 

Oxidative electrochemistry was carried out on all of the cobalt hexacarbonyl and cobalt 

tetracarbonyl DPPM complexes in the range 0 V to 2.0 V. Within this range several 

oxidation process were observed and have been summarised in Table 2.8. 
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Table 2.8 - The cyclic voltammetry results for the oxidation processes of all Co2(CO)6 and 

Co2(CO)4DPPM complexes. 
a
 indicates an irreversible reduction, 

b
 indicates a reversible wave. 

 

One irreversible oxidation was observed for all (µ2-C2R2)Co2(CO)6 complexes, 

attributed to the formation of the cation radical [μ2-C2H2Co2(CO)6]∙+.40-42  These 

oxidations were moved to more cathodic potentials through the addition of the electron 

withdrawing DPPM unit. 

 

2.3.7. Electrocatalytic Hydrogen Generation Experiments 

 

Electrocatalytic hydrogen generation experiments were carried out using glassy carbon 

electrode surfaces modified with each of the compounds synthesised in this study. The 

surfaces were modified using the dropcast method where a known amount of sample is 

dissolved in a suitable solvent, in this case DMF, and a known amount of this solution is 

Cyclic Voltammetry Oxidation Processes 

  

(µ2-

alkyne)Co2(CO)6 

Complexes 

Epa 

(V) 

Epc 

(V) 

E1/2 

(V) 

(µ2-

alkyne)Co2(CO)4 

DPPM Complexes 

Epa 

(V) 

Epc 

(V) 

E1/2 

(V) 

(µ2-
FcH)Co2(CO)6 

 

0.4b 0.64b 0.52 (µ2-FcH)Co2(CO)4 
DPPM 

 

0.36b 0.22b 0.28 

1.45a 
  

0.93a 
  

(µ2-
ThioH)Co2(CO)6 

 

1.41a 
  

(µ2-
ThioH)Co2(CO)4 

DPPM 
 

0.47b 0.25b 0.36 

   
1.3a 

  (µ2-
PyrH)Co2(CO)6 

 

1.22a 
  

(µ2-PyrH)Co2(CO)4 
DPPM 

 

0.23b 0.13b 0.18 

   
1.14a 

  
(µ2-

PyrFc)Co2(CO)6 
 
 

0.71b 0.52b 0.49 (µ2-
PyrFc)Co2(CO)4 

DPPM 
 
 

0.29b 0.18b 0.24 
1.41a 

  
0.48b 0.38b 0.43 

   
0.85b 0.74b 0.795 
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applied to the surface using an autopipette. The solvent is then allowed to evaporate 

overnight in darkness leaving a thin film of solid sample on the surface of the electrode. 

Using this method the number of moles of sample on the electrode surface can be 

calculated, however this may not an accurate measurement of the number of moles of 

the “active” sample, or participating in the process, on the surface during the 

experiment. It is possible to calculate the active catalyst on the surface by measuring the 

area under the curve of an electrochemical process during cyclic voltammetry and 

dividing this value by Faradays constant (96485 Cmol-1) according to Faradays law of 

electrolysis. Generally the active catalyst on the surface has been calculated to be 

between 2 and 5 % using this method with any inactivity being attributed to stacking, 

poor electronic communication through space and even to some of the sample drying on 

the plastic surround of the electrode surface itself. Traditionally TONs have been 

calculated based upon the number of moles of active catalyst on the electrode surface, 

however, during the experiments completed during this study no discernable process 

was visible during cyclic voltammogram sweeps and therefore the number of moles of 

active catalyst could not be accurately measured. Therefore each TON calculated has 

been based upon the number of moles of sample dropcast on to the surface initially and 

it is estimated that the TONs quoted are in fact an order of magnitude less than their true 

values. 

2.3.6.1. Onset of Catalytic Current 

 

A series of cyclic voltammogram experiments were carried out using both the bare 

glassy carbon electrode and glassy carbon electrodes with modified surfaces. The scans 

were performed at 0.1 Vs-1 from 0V to -1.2 V in pH 2.0, 0.1 M NaH2PO4 buffer. An 

additional process is visible in these CVs when the cyclic voltammograms produced 

were compared to similar CVs run in pH 7.0, 0.1 M NaH2PO4 buffer or ACN. This 

process is assigned to the catalytic production of H2 in aqueous media and was 

confirmed through GC analysis of the headspace after the experiment. Table. 2.9 details 

the onset of current induced by this process according to the complex used to modify the 

surface (Fig 2.47 to 2.50 show these processes). ThioH was not measured as it is a liquid 

at room temperature. 
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Complex 

Onset of Catalytic 

Current (V) 

Bare Electrode -1.15 
FcH -0.85 

(µ2-FcH)Co2(CO)6 -1.01 
(µ2-FcH)Co2(CO)4DPPM -1.00 

ThioH N/A 
(µ2-ThioH)Co2(CO)6 -0.96 

(µ2-ThioH)Co2(CO)4DPPM -0.85 
PyrH -0.90 

(µ2-PyrH)Co2(CO)6 -1.05 
(µ2-PyrH)Co2(CO)4DPPM -0.89 

PyrFc  -0.85 
(µ2-PyrFc)Co2(CO)6 -1.10 

(µ2-PyrFc)Co2(CO)4DPPM -0.90 
 

Table 2.9- Potential of the onset of electrocatalytic H2 generation through modification of the glassy carbon 

electrode surface with the complexes utilised in this study. All potentials are referenced vs. Ag/AgCl. 

Experiments were carried out in pH 2.0, 1 mM NaH2PO4 buffer at 25oC. 

 

The onset of the catalytic current greatly influenced the intensity of the catalytic current 

induced when the CV was measured over a potential window of 0 to -1.2 V. The 

complexes with the least negative onset of this current presented the most enhanced 

currents when compared with the unmodified bare electrode. All (µ2- alkyne)Co2(CO)6 

complexed presented only slightly enhanced catalytic currents which may be due to 

decomposition of the complexes following reduction as was evident in the cyclic 

voltammetry carried out in ACN in section 2.3.6.1. 

2.3.6.2. H2 Generation TONs 

 

Each compound was tested for its electrocatalytic H2 generation efficacy using an 

applied potentiostatic potential of -1.2 V for 1 hour. A 1ml sample of the headspace was 

injected into a GC to analyse the H2 content. The TONs calculated electrochemically vs. 



121 

GC were compared so as to measure the overall efficiency of the electrochemical 

reaction (Table 2.10). Full details of calculations are available in appendix C. ThioH 

was not measured as it is a liquid at room temperature. 

 

Compound 

Charge 

Passed 

After 1 Hr 

(C) 

Electrochemical 

TON (x 10
3
) 

GC  

TON 

(x 10
3
) 

*Efficiency 

% 

Avg current 

during bulk 

electrolysis 

Current 

Density 

(mA/cm
2
) 

FcH 0.622 21.5 14.4 67 1.76 x 10-4 2.52 

(µ2-FcH) 
Co2(CO)6 0.154 5.3 2.6 48 4.28 x 10-5 0.64 

(µ2-FcH) 
Co2(CO)4 
DPPM 0.397 13.7 8.9 65 1.18 x 10-4 1.69 

PyrH 0.306 10.6 6.9 66 1.09 x 10-4 1.56 

(µ2-PyrH) 
Co2(CO)6 0.136 4.7 4.0 85 4.48 x 10-5 0.64 

(µ2-PyrH) 
Co2(CO)4 
DPPM 0.333 11.5 10.0 87 1.19 x 10-4 1.70 

ThioH N/A N/A N/A N/A N/A N/A 

(µ2-
ThioH) 
Co2(CO)6 0.221 7.6 5.8 76 5.98 x 10-5 0.85 

(µ2-
ThioH) 
Co2(CO)4 
DPPM 0.278 9.6 5.7 59 6.43 x 10-5 0.92 

PyrFc 0.322 11.1 7.2 65 1.16 x 10-4 1.65 

(µ2-PyrFc) 
Co2(CO)6 

0.145 5.0 3.0 60 4.51 x 10-5 0.65 

(µ2-PyrFc) 
Co2(CO)4 
DPPM 0.303 10.5 6.7 64 1.14 x 10-4 1.63 

 

Table 2.10- Results of electrocatalytic studies for all (µ2-C2R2)cobalt carbonyl complexes and ligands. * refers 

to (TONGC/TONelectro) x 100. All TON are quoted ± 30%. 
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2.4. Discussion 

 

Synthesis. All ligands and cobalt hexacarbonyl carbonyl complexes discussed in this 

chapter were synthesised using Sonogashira coupling and all spectral data are in good 

agreement with reported data.57 Catalysis was achieved using Pd(PPh3)2Cl2, PPh3 and a 

CuI co-catalyst. The Pd0 catalyst needed for this type of reaction is formed in situ 

following the coupling of Pd(PPh3)2Cl2 and PPH3. The yield achieved during the 

synthesis of PyrFc was very high 98%, which is expected during this type of reaction 

using bulky groups such as pyrene and ferrocene. Similarly the synthesis of PyrTMS 

achieved a 96% yield; however the deprotection step only yielded 70% following 

stirring with K2CO3.  

The addition of the cobalt carbonyl moiety was achieved through stirring overnight in 

hexane. Yields of between 78 and 98% were achieved for this step of synthesis with the 

lowest yield achieved following purification of µ2-PyrFcCo2(CO)6 presumable due to 

the large bulk of the pyrene and ferrocene group sterically hindering the coordination of 

the Co2(CO)6 moiety.  

The (µ2-C2R2)Co2(CO)4DPPM derivatives synthesised are all novel to the best of our 

knowledge, and all spectral data are in agreement with their formulation and compare 

well to similar compounds with have been previously reported in literature.58 The yields 

achieved during this synthesis were quite low which may be expected due to the 

unstable nature of the (µ2-C2R2)Co2(CO)6 complexes and the harsh conditions of the 

DPPM addition reaction; reflux at 98 oC, leading to possible degradation of the starting 

material which was confirmed following the reaction using TLC. 
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Figure 2.35- Numbering of protons in pyrene-ethynylferrocene complexes. 

 

NMR Spectra. The 1H NMR resonances for the pyrene protons (1-9) occur in the range 

8.6 to 8ppm with the signal due to the proton closest to the alkyne bridge (1)  producing 

a doublet signal at ~ 8.6ppm. The ferrocynyl protons (10-18) appear between 4.8 and 5.2 

ppm in the (µ2-alkyne)Co2(CO)6 derivative but these signals shift to between 3.8 and 

4.7ppm in the (µ2-alkyne)Co2(CO)4DPPM complexes. The signals due to the DPPM 

moiety (A and B) also appear in the aromatic region between 6.8 and 7.25ppm. Also 

visible are the protons due to the methane bridge in the DPPM ligand at 3.15ppm. 

Sample 1HNMR are available in appendix D1. 

Electronic Absorption Spectroscopy. All compounds synthesised in this study showed 

strong absorbances in the UV-vis region which are usually associated with ligand based 

π –π* transitions.56 For all ligands and complexes in this study, spectra contained strong 

absorbances in the region between 250 and 300 nm, which are attributed to ligand field 
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π –π* transitions on the pyrene, thiophene and ferrocene groups.54 The addition of a 

pyrene moiety to the alkyne bridge gives rise to a strong absorbance in the region of 

320- 450 nm.23 This is evident from the spectra in Fig. 2.36 as both (µ2-1-

ethynylpyrene)Co2(CO)6 and (µ2-pyrene-ethynylferrocene)Co2(CO)6 exhibit this 

absorption band which is not present in (µ2-3-ethynylthiophene)Co2(CO)6 and (µ2-

ethynylferrocene)Co2(CO)6. This is due to the strong double bond character introduced 

by the highly conjugated pyrene group. This strong absorbance is in agreement with 

similar results reported by Coleman et. al.23 Low-lying metal to ligand charge transfer 

(MLCT) bands of Co (dπ) – ligand (π) were also observed in the visible region from 

approximately 420 to 600 nm associated with cobalt carbonyl moiety. A small 

contribution to these low energy transitions may be assigned to weak d- d transitions 

between the two Co metal centres.  

 
 

Figure 2.37 – Overlay of electronic absorbance spectra of (µ2-alkyne)-Co2(CO)6 complexes in DCM. 

(µ2-1-ethynylpyrene)Co2(CO)6 (red line), (µ2-pyrene-ethynylferrocene)Co2(CO)6 (blue line), (µ2-

ethynylferrocene)Co2(CO)6 (green line) and (µ2-3-ethynylthiophene)Co2(CO)6 (purple line). 
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The addition of the DPPM group to each system resulted in a broadening of absorbance 

bands as is evident in Fig. 2.38. Substitution of the carbonyl groups with DPPM induced 

a small hypsochromic shift in the absorbances (See Table 2.3). 

 

 
 

Figure 2.38 – Overlay of electronic absorbance spectra of Co2(CO)4DPPM complexes in DCM. . µ2-

1-ethynylpyrene Co2(CO)4DPPM (red line), µ2-pyrene-ethynylferrocene Co2(CO)4DPPM (green 

line), µ2-ethynylferrocene Co2(CO)4DPPM (purple line) and µ2-3-ethynylthiophene Co2(CO)4DPPM 

(blue line). Concentrations are between 2.9 x 10
-2

 and 1.3 2.9 x 10
-2

 M. 

 

Quantum Yields for CO loss (ΦCO). To determine the efficiency for CO loss in the 

hexacarbonyl compounds the quantum yield for CO loss (ΦCO) was determined at a 

number of wavelengths. In these experiments the conversion of (µ2-alkyne)Co2(CO)6 to 

(µ2-alkyne)Co2(CO)5(PPh3) was measured. For the photoproducts, (2-

PyrH)Co2(CO)5(PPh3) and (2-PyrFc)Co2(CO)5(PPh3), an absorbance maximum is 

centred at ~430 nm, thus the photoreaction was monitored by noting the changes in 

absorbance at this wavelength (Fig. 2.29). UV-vis photolysis was used to monitor the 
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reaction. Displayed in Table 2.5 are the mean values for each quantum yield experiment 

at each excitation wavelength. The values obtained demonstrate that the ΦCO loss is 

dependent on the excitation wavelength, and also varies with the complex.  It is apparent 

that the quantum yield of CO loss for (2-PyrH)Co2(CO)6 (1) increases on moving from 

low to high energy (546 – 313 nm).  For instance at 546 nm ΦCO loss = 4 %, and on 

moving to 313 nm this value increases with ΦCO loss = 25 %.   In the case of (2-

PyrFc)Co2(CO)6 there is no specific trend for ΦCO loss.  Similar values were obtained 

following excitation at both 313 and 546 nm, and these values increased on moving to 

365 and 405 nm.  The values obtained in this study are relatively low compared to 

organometallic compounds such as Cr(CO)6 or (η6-benzene)Cr(CO)3 where ΦCO < 0.68 

have been reported.59 Furthermore the ΦCO loss values obtained here following 

excitation at 405 nm agree with the results obtained in the TRIR studies following 

excitation at 400 nm. 

Time Resolved Infra-red Studies. The IR spectra for the cobalt carbonyl complexes 

presented here have cobalt carbonyl stretching vibrations in the range 1900 – 2200 cm-1. 

These spectral patterns are similar to those observed for previously reported alkyne 

dicobalt carbonyl complexes.22,23  The absence of the alkyne stretch, ν(CC), in the 

region of 2200 cm-1 indicated that the alkynyl bond has lost its triple bond character as it 

is coordinated to the Co2(CO)6  metal centres. The addition of a 

diphenylphosphinomethane (DPPM) moiety to the metal centre shifts the νCO stretches 

to lower frequencies. One such example is shown for (µ2-PyrH)Co2(CO)6 and (µ2-

PyrH)Co2(CO)4DPPM in Fig. 2.39. 
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Figure 2.39 – Overlay of IR spectra of (µ2-PyrH)Co2(CO)6 (black line) and (µ2-

PyrH)Co2(CO)4DPPM (red line), spectrum recorded in DCM.   

 

TRIR measurements showed that photoexcitation (λexc = 400 nm) of all of the 

complexes in the study resulted in depletion of the parent νCO bands, together with the 

generation of three new bands in the carbonyl region within the laser pulse.  The IR 

bands generated initially corresponded to a vibrationally “hot” species and these bands 

shifted to higher wavenumber over 10 ps due to vibrational cooling. This cooling has 

previously been observed on a ps timescale and reported by Busby et al. for a number of 

metal carbonyl systems.60  The new bands formed within the laser pulse were tentatively 

assigned to an (µ2-alkyne)Co2(CO)6 diradical which is formed due to cleavage of the 

Co-Co metal bond.24 It has also been reported using density functional theory (DFT) that 

the Co-Co bond in (µ2-HCCC6H10OH)Co2(CO)6  complexes is very weak14. This 

supports the hypothesis that a (µ2-alkyne)Co2(CO)6 diradical is formed (Fig. 2.31). 

These diradical bands decay within the subsequent 300 ps.   

For instance; in the case of (µ2-FcH)Co2(CO)6 bleaching of each of the parent νCO bands 

at 2090, 2051, and 2023 cm-1 occurred within the laser pulse, giving rise to new 

stretching vibrations at 2069, 2039 and 1999 cm-1, which undergo vibrational cooling 

(over the following ~10 ps) with a shift to higher frequency with bands at 2081, 2041, 
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and 2007 cm-1. This cooling process has been previously reported on a ps timescale by 

Vlček et al. for a number of metal carbonyl systems.62 These bands then decay in ~300 

ps which correspond to the recovery of the parent bands, which almost fully recover by 

the end of the experiment (Fig.2.40).  

Similarly results were obtained for the DPPM derivative (µ2-FcH)Co2(CO)4(DPPM) 

following laser flash photolysis (λexc = 400 nm). Following photolysis of (µ2-

FcH)Co2(CO)4(DPPM), bleaching of the parent νCO bands occurred at 2017, 1990, and 

1964 cm-1 within the laser pulse. Three new metal-carbonyl bands were generated at 

2003, 1975 and 1949 cm-1. There was little evidence of vibrational cooling and these 

bands decayed within 500 ps together with ~90% recovery of the parent bands. Due to 

the similarly of these results to those observed following photolysis of the dicobalt 

hexacarbonyl complexes, the transient species was tentatively assigned to the triplet 

diradical.  

  
 

Figure 2.40- Transient absorption difference spectrum of ( µ2-FcH)Co2(CO)6 in heptane at 10, 25, 

50, 100 and 280ps following excitation at 400nm. (Legend indicates time in ps) 
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In the case of (2-PyrH)Co2(CO)6 and (2-PyrFc)Co2(CO)6 in addition to the triplet 

diradical species there was evidence for a second species that persisted on the 

nanosecond timescale. In the case of (2-PyrH)Co2(CO)6 these bands were observed at 

2074, 2034, 2007 (obscured by depleted parent bands) and 1977 cm-1 (Fig. 2.32) and in 

the case of (µ2-PyrFc)Co2(CO)6  at 2064, 2004, 1970 cm-1 (Fig. 2.33) These bands are 

assigned to the solvated CO loss species, (2-PyrH-)Co2(CO)5(heptane) and (2-

PyrFc)Co2(CO)5(heptane) respectively. A coordinatively unsaturated intermediate is 

generated due to the loss of one CO group from the cobalt centre following irradiation. 

This vacant site is most likely coordinated with a solvent molecule. Other carbonyl 

systems have been shown to undergo CO loss followed by coordination of a solvent 

molecule; Cr(CO)6 has been shown to undergo solvation following irradiation in THF 

and cyclohexane,61,62 RuI and ReII(CO)3 diimine complexes are known to undergo 

solvation following irradiation in toluene.63 Similar experiments using Co2(CO)8 have 

also resulted in the formation of the solvated photoproduct, Co2(CO)7heptane, following 

UV irradiation.21 However this is the first time that this solvated pentacarbonyl species 

has been observed in TRIR studies for an (µ2-alkyne)Co2(CO)6 complex in solution and 

the bands observed in this study also compare well to those previously reported in the 

literature for (µ2-alkyne)Co2(CO)5 which was observed in a frozen matrix at 20K.57 

CO loss is a well-studied process in metal carbonyl compounds and TRIR has been 

extensively used for chromium carbonyl complexes,64,65 however these processes have 

been slow at ~150ps.  It is evident from Fig. 2.41, that the generation of the solvated 

carbonyl species, (µ2-PyrH)Co2(CO)5heptane, occurs at a very fast rate (<4 ps) when 

(µ2-PyrH)Co2(CO)6 is irradiated at λ = 400 nm in heptane. Two of the stretches assigned 

to this solvated species at 2074 and 2034 cm-1 are visible after 4 ps, while the other two 

stretches assigned to this species are obscured by the strong bands generated by the Co-

Co bond homolysis photoproduct. As the CO loss photoproduct forms within the pulse, 

at the same time as the diradical photoproduct, the two processes can be said to occur 

independently of each other.  

 



130 

 

 
 

Figure 2.41- TRIR difference spectrum following excitation (400 nm) of (µ2-PyrH)Co2(CO)6 in 

heptane at 3.72ps. The negative bands correspond to depletion of parent material while the positive 

bands correspond to photoproduct. 

 

Fast CO release has been reported by Vlček et al. 62,63 was reported to occur in < 30 ns 

in Cr, Ru and Re carbonyl complexes yielding a free coordination site on the metal 

centre.  In these studies Vlček and his co-workers also observed the coordination of a 

solvent molecule at this free site using time resolved transient absorption. The solvated 

photoproduct of Cr(CO)4(bpy) recorded in DCM was also reported in later work by the 

same research group using TRIR.66 Following a laser pulse at λ = 355 nm, three new νCO 

stretches are observed in the TRIR spectrum after ~ 50 ps which the author assigns to 

the solvated photoproduct Cr(CO)3(bpy)(DCM). 

Unfortunately the generation of the Co-Co bond homolysis intermediate following 

excitation of (µ2-PyrFc)Co2(CO)6 obscures any IR stretching vibrations that may be 

present in the first 500 ps. Vibrations which have been assigned to the solvated species 

are not visible until ~ 500 ps. The bands assigned to the CO loss photoproducts 
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following irradiation of (µ2-PyrH)Co2(CO)6 and (µ2-PyrFc)Co2(CO)6 persist on the time 

scale of the experiment (1ns).  Furthermore as expected the parent bands do not fully 

recover (Fig. 2.42).  

 

 

 
 

 

 

 

The parent bands recover to approximately 85% of the initial depletion which correlates 

well with the measured quantum yield for CO-loss from (µ2-PyrFc)Co2(CO)6 of  13% 

(see Fig. 2.26), and in the case of (µ2-PyrH)Co2(CO)6, the parent bands recover to 

approximately 90 %, and a quantum yield for CO-loss from (µ2-PyrH)Co2(CO)6 of  9% 

was measured (Table 2.5). 

 

 

 

 

Figure 2.42 – Transient absorption spectra of (µ2-PyrH)Co2(CO)6 (a) and (µ2-PyrFc)Co2(CO)6 (b) in 

heptane at 500ps showing the new IR absorbance peaks assigned to CO loss solvated species µ2-

(C2R2)Co2(CO)5heptane. 
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Complex 
Parent 
Spectrum (cm-1) 

Vibrationally 
"hot" species 
(cm-1) 

Diradical 
 species  
(cm-1) 

CO loss 
photoproduct 
(cm-1) 

(µ2-PyrH) 
Co2(CO)6 

2092, 2056, 
2030 

2078, 2046, 
2012 

2081, 2048, 
2016 

2074,2034, 
2007, 1977 

(µ2-PyrFc) 
Co2(CO)6 

2085, 2048, 
2023 

2067, 2034, 
2003 

2076, 2041, 
2012 

2064, 2004, 
1970 

(µ2-FcH) 
Co2(CO)6 

2090, 2051, 
2023 

2069, 2039, 
1999 

2081, 2041, 
2007 N/A 

(µ2-PyrH) 
Co2(CO)4 

DPPM 
2006, 1974, 
1953 N/A 

2004, 1954, 
1927 N/A 

(µ2-PyrFc) 
Co2(CO)4 

DPPM 
2017, 1990, 
1964 N/A 

2003, 1975, 
1949 N/A 

(µ2-FcH) 
Co2(CO)4 

DPPM 
2018, 1989, 
1962 N/A 

2006, 1973, 
1947 N/A 

 
Table 2.11 : TRIR spectral data for all complexes in this study. TRIR for (µ2-alkyne)Co2(CO)6 

complexes were carried out in spectrophotometric grade heptane. TRIR for (µ2-alkyne)Co2(CO)4 

DPPM complexes were carried out in spectrophotometric grade DCM.  

 

Electrochemistry. Due to solubility issues accurate concentrations of samples was not 

possible, however, samples prepared were ~ 1 mmol concentration. Reductive 

electrochemistry measurements were carried out on all complexes in this study. Cyclic 

voltammograms of all (µ2-alkyne)Co2(CO)6 complexes exhibited a single reduction 

between -1.07 V and -1.22 V which corresponds to the formation of the [(μ2-

alkyne)Co2(CO)6]
·- radical anion.41 This EC type reduction results in the decomposition 

of the parent species and leads to metal-metal (Co-Co) bond cleavage which results in 

the formation of a variety of decomposition products such as Co2(CO)4
- RC2R’Co(CO)3 

and free cobalt, some of which are electroactive themselves.42 These decomposition 

products result in an oxidation wave appearing at ~ 0.4 V following reduction in the 

anodic sweep (Fig. 2.42) and result in eventual fouling of the electrode.  
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Figure 2.42- Cyclic voltammogram of (µ2-PyrFc)Co2(CO)6 in 0.1 M TBAPF6/ DCM illustrating the 

reduction process and consequential oxidation formed due to decomposition products. Scan rate 0.1 

Vsec
-1

. 

 

With respect to all (µ2-alkyne)Co2(CO)4DPPM complexes, reduction processes were not 

found to occur within the solvent potential window limit of 0 V to -2.0 V. This lack of 

visible reduction processes can be ascribed to the electron donating nature of the DPPM 

ligand. This makes reduction more difficult within the complex necessitating more 

negative potentials to gain an electron forming the anionic species described above. This 

effect has been previously reported in the literature for ethynyl complexes of cobalt such 

as 2-[Co(CO)4(dppm){µ2-η2-(SiMe3)C2}]-5-(Me3SiC≡C)C4H2S (Fig. 2.43, 42),41 

[Co2(CO)4(µ-dppm)]2(µ-η2-HC2(C≡C)2C2H) (Fig. 2.43, 43),44 and 

[Co2(CO)4(dppm)][Co2(CO)6](MeSiC2C2H) (Fig. 2.43, 44).67  

 

-5.00E-06

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

C
u

rr
e

n
t 

(A
) 

Potential (V) 



134 

S
Me3Si SiMe3

Co2(CO)4DPPM

42

H H

Co2(CO)4DPPM Co2(CO)4DPPM

43

Me3Si H

Co2(CO)4DPPM

Co2(CO)6

44  

Figure 2.43- (µ2-alkyne)Co2(CO)4DPPM complexes which exhibit a large cathodic shift in reduction 

potentials due to the electron donating nature of the DPPM ligand. 
 

(µ2-alkynyl)Co2(CO)6 and Co2(CO)4DPPM complexes are known to undergo a one-

electron oxidation process to yield the corresponding cation radical [(μ2-

C2H2)Co2(CO)6]
∙+.40-42 The formation of this radical often leads to fouling of the 

electrode, therefore an accurate oxidation study can be quite difficult with such 

compounds.44 Both the (µ2-PyrH)Co2(CO)6 and (µ2-PyrFc)Co2(CO)6 complexes exhibit 

an oxidation at 1.22 V and 1.41 V respectively. The irreversible oxidation wave can be 

assigned to oxidation of the pyrene unit based upon comparison with literature, utilising 

ethynylpyrene complexes, where this oxidation is reported to occur between 1.28 V and 

1.44 V vs. SCE.57,68 The addition of the electron withdrawing ferrocene unit to the 

alkynyl bridge shifts the oxidation potential of the pyrene group to more positive 

potentials. In the case of the thienyl and ferrocenyl Co2(CO)6 complexes irreversible 

ring based oxidations can be observed at 1.41 V and 1.45 V respectively and correspond 
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to oxidation of the thienyl ring and the ferrocene rings in the complexes. In addition to 

these ligand based oxidations, the ferrocene complexes, (µ2-FcH)Co2(CO)6  and (µ2-

PyrFc)Co2(CO)6, exhibit an 2 electron Fe based reversible oxidation at 0.52 V and 0.49 

V vs. Ag/AgCl respectively (Fig. 2.44). This process is due to the oxidation and 

consequential re-reduction of the Fe2+/ Fe3+ oxidation couple on the terminal ferrocene 

unit. Oxidation occurs in the pyrene appended complex at a lower potential of 0.03 V 

due to the electron donating nature of the appended pyrene moiety. This process has 

been reported in (ferrocenylethynyl)phosphanes at similar potentials such as E1/2 = 0.48 

V vs. SCE in TBAPF6/ DCM solution.69 and in ferrocene itself at 0.46 V vs. SCE in 

DCM.70 These oxidations also occur at similar potentials to the Fc/ Fc+ redox couple 

used to calibrate the system under comparable experimental condition occurring at 

higher potentials of ~0.12 V. 

 

 
 

Figure 2.44- Cyclic voltammograms of the Fe based oxidation process in µ2-FcHCo2(CO)6 (blue line) 

and µ2-PyrFcCo2(CO)6 (red line) in 0.1 M TBAPF6/DCM vs. Ag/ AgCl. Scan rate 0.1 Vsec
-1

. 

 

The cyclic voltammograms of (µ2-PyrH)Co2(CO)6 and the DPPM derivatives yielded 

the irreversible pyrene based oxidation at 1.22 v and 1.14 V respectively however the 

addition of the DPPM group allows the oxidation at slightly more cathodic potentials 
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due the DPPM group being electron donating in nature which helps stabilise the HOMO 

(Fig. 2.45). Oxidation of (µ2-PyrH)Co2(CO)4DPPM resulted in a reversible oxidation 

wave at E1/2 = 0.18 V (Ia/Ic = 1.0), which can be attributed to a 1 electron oxidation 

process on the DPPM unit.  

 

 
 

Figure 2.45-Cyclic voltammograms of the oxidation process in (µ2-PyrH)Co2(CO)6 (blue line) and 

(µ2-PyrH)Co2(CO)4DPPM (red line) in 0.1M TBAPF6/DCM vs. Ag/ AgCl. µ2-

PyrH)(Co2(CO)4DPPM is offset along the coordinate for ease of comparison. Scan rate 0.1 Vsec
-1

. 

 

A similar trend was observed for the oxidation of (µ2-ThioH)Co2(CO)6 and (µ2-

ThioH)Co2(CO)4DPPM. The addition of the DPPM unit shifted the ring based oxidation 

from 1.41 V to a lower potential, 1.13 V due to electron donation from the DPPM 

moiety allowing oxidation to occur more easily. A reversible peak at E1/2 = 0.36 V is 

present during oxidation of (µ2-ThioH)Co2(CO)4DPPM, which is attributed to oxidation 

of the DPPM unit yielding a [(µ2-ThioH)Co2(CO)4DPPM]
·+ radical cation. The 

thiophene unit is clearly less electron donating than the pyrene unit discussed previously 

as the oxidation in the pyrene derivatives occurs at a lower potential when compared 

with the thiophene appended analogues (See Table 2.8). 
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When DPPM is coordinated to the ferrocenyl complexes the Fe based oxidation, Fe2+/ 

Fe3+, is shifted to the more cathodic potential of 0.28 V vs. Ag/ AgCl for (µ2-

FcH)Co2(CO)4DPPM from 0.52 V for (µ2-FcH)Co2(CO)6. An irreversible oxidation is 

also shifted significantly from 1.45 V to 0.93 V (Fig. 2.46). The third oxidation which is 

generally attributed to oxidation of the DPPM moiety is not visible for (µ2-

PyrFc)Co2(CO)4DPPM which is perhaps due to the strong current induced during the 

Fe2+/ Fe3+ oxidation process obscuring the observation of this DPPM oxidation. 

 

 
 

Figure 2.46- Cyclic voltammograms of (µ2-FcH)Co2(CO)6 and (µ2-FcH)Co2(CO)4DPPM in 0.1 M 

TBAPF6/ DCM showing the cationic shift of processes following coordination of DPPM moiety. 

Scan rate 0.1 Vsec
-1

. 

 

The Fe2+/ Fe3+ oxidation of (µ2-PyrFc)Co2(CO)6 is observed at 0.49 V, however addition 

of the DPPM unit leads to this oxidation appearing at 0.24 V which represents a shift in 

the oxidation potential. The ligand based oxidation on (µ2-PyrFc)Co2(CO)6 is also 

significantly shifted to lower potential when complexation with DPPM occurs. 

Oxidation of (µ2-PyrFc)Co2(CO)4DPPM results in the appearance of the irreversible 

ring based oxidation at 0.795 V, whereas the equivalent oxidation occurs at 1.41 V in 

the Co2(CO)6 derivative. As these cathiodic shifts are far greater than those measured 
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with the pyrene and thiophene appended complexes, the significant shifts in the E1/2 

values in the ferrocenyl complexes imply that strong electronic communication between 

the DPPM moiety and the ferrocenyl unit exists through the alkyne group. The 

appearance of a third oxidation at E1/2 = 0.43 V is attributed to oxidation of the DPPM 

moiety. 

 

Electrocatalytic Studies. Following on from CV studies electrocatalytic generation of 

H2 measurements were carried out using the same electrode set up but in aqueous buffer 

solutions. No catalytic current was observed when glassy carbon electrode surfaces were 

modified with any of the compounds used in this study in pH 7.0, 0.1 M NaH2PO4 

buffer. Electrocatalytic H2 production was observed at pH 2.0 in 0.1 M NaH2PO4 buffer 

solution. In Fig. 2.47 the cyclic voltammogram produced by the bare electrode at pH 2.0 

is compared with electrodes modified with FcH, (µ2-FcH)Co2(CO)6 and (µ2-

FcH)Co2(CO)4DPPM. As is evident from the graph that the catalytic current producing 

H2 is generated at -1.15 V vs. Ag/AgCl using a bare electrode. Modification of this 

electrode surface with FcH induces a greatly enhanced catalytic current with an onset of 

this current at -0.85 V representing an anodic shift of 0.3 V when compared with a bare 

electrode. Modification of the same surface with the (µ2-FcH)Co2(CO)6 complex shows 

significant drop in current induced and the onset occurs at a more negative potential, -

1.01 V, than FcH. The addition of the DPPM moiety to the cobalt carbonyl slightly 

improves the catalytic current generated but the onset is also at -1.00 V. 
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Figure 2.47- Typical cyclic voltammogram of a electrode modified with FcH (red line), (µ2-FcH)Co2(CO)6 

(green line), (µ2-FcH)Co2(CO)4DPPM (purple line) and a bare electrode (blue line), in pH 2.0, 0.1 M NaH2PO4 

buffer. (Scan rate =  0.1 Vs-1). Inset is a closer view of the onset of the catalytic current. 

 

The TON values generated upon modification of the glassy carbon electrode with these 

complexes followed the trend observed for the intensity of the catalytic current induced. 

The current density measured over the course of the hour long bulk electrolysis 

experiment at -1.2 V was measured as 2.52 mA/cm2, producing an electrochemically 

determined TON of 215 x 103  when using FcH, while the current density measured 

when using (µ2-FcH)Co2(CO)6  was only 0.64 mA/cm2 and a TON of 5.3 x 103, 

implying a higher catalytic activity utilising the FcH ligand. The DPPM complex 

produced a current density of 1.69 mA/cm2 and a TON of 13.7 x 103, showing that it is 

more efficient at catalysing the proton reduction reaction yielding H2 than its 

hexacarbonyl counterpart. The efficiency of the process was determined by dividing the 

GC TON value with the electrochemical TON value. The efficiencies of the systems 

were calculated by injecting a portion of the headspace in the reaction vessel on to a GC 

and analysing it for its H2 content. This GC generated TON is a more accurate 
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measurement of the number of moles of H2 produced as it does not take background 

charging into account as the electrochemically generated TON does. The FcH and 

DPPM systems presented the greatest efficiencies at ~ 66%. (µ2-FcH)Co2(CO)6  

produced a low efficiency at 48%. This is possibly due to the decomposition of the 

unstable reduced anion formed during the experiment. This decomposition was also 

noted during cyclic voltammogram experiments in ACN (section 2.3.6.1). 

In Fig. 2.48 the cyclic voltammograms of the bare electrode (blue line) is compared with 

the electrodes modified with (µ2-ThioH)Co2(CO)6 (red line) and (µ2-

ThioH)Co2(CO)4DPPM (blue line). The ligand ThioH was not tested as it is a liquid at 

room temperature and therefore could not be adsorbed onto the electrode surface. The 

onset of the catalytic current significantly different for both of the modified surfaces and 

the bare electrode and was measured occur at 0.85 V, 0.96 V and 1.15 V for (µ2-

ThioH)Co2(CO)4DPPM, (µ2-ThioH)Co2(CO)6 and the bare electrode respectively. As 

the onset of the catalytic current occurs at the least negative potential when using (µ2-

ThioH)Co2(CO)4DPPM the catalytic current induced greatly enhanced when compared 

to both the bare electrode and (µ2-ThioH)Co2(CO)6.  

 
 

Figure 2.48- Typical cyclic voltammogram of a electrode modified with (µ2-ThioH)Co2(CO)6  (red line), (µ2-

ThioH)Co2(CO)4DPPM (green line) and a bare electrode (blue line), in pH 2.0, 0.1 M NaH2PO4 buffer. (Scan 

rate =  0.1 Vs-1). Inset is a closer view of the onset of the catalytic current. 
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Modification of the electrode with (µ2-ThioH)Co2(CO)4DPPM yielded an 

electrocatalytically determined TON of 9.6 x 103  following bulk electrolysis at -1.2 V. 

The current density measured for this system was 0.92 mA/cm2 which shows slightly 

enhanced catalytic activity when compared with (µ2-ThioH)Co2(CO)6 which exhibited a 

current density of 0.85 mA/cm2. The electrochemically determined TON for the (µ2-

ThioH)Co2(CO)6 system was calculated to be 7.6 x 103  which represents a loss of 

activity when compared to the DPPM analogue. However, the efficiency of the 

hexacarbonyl system was observed to be much higher than the tetracarbonyl system at 

76% and 59% respectively. 

A similar trend was observed when CVs of electrodes modified with PyrH, (µ2-

PyrH)Co2(CO)6 and (µ2-PyrH)Co2(CO)4DPPM were examined. As is evident from Fig. 

2.49, modification of the electrode surface with (µ2-PyrH)Co2(CO)4DPPM presented a 

substantial enhancement of the catalytic current. (µ2-PyrH)Co2(CO)4DPPM exhibits an 

onset of catalytic current at - 0.89 V. Upon modification with PyrH the catalytic current 

is greatly increased when compared to the bare electrode. The onset of the catalytic 

current on the bare electrode (1.15 V) is very similar to the onset observed for the (µ2-

PyrH)Co2(CO)6  modified electrode (1.05 V) however the (µ2-PyrH)Co2(CO)6 complex 

exhibits a slightly enhanced catalytic current. Modification of the electrode surface with 

PyrH prompts the onset of a catalytic current at - 0.9 V inducing a greatly enhanced 

catalytic current. 

 As with the ferrocene and thiophene complexes the TONS generated upon modification 

of the glassy carbon electrode with these complexes followed the trend observed for the 

intensity of the catalytic current induced. The current density measured over the course 

of the hour long bulk electrolysis experiment at -1.2 V was measured to be 1.56 

mA/cm2, producing an electrochemically determined TON of 10.6 x 103  when using 

PyrH, while the current density measured when using (µ2-PyrH)Co2(CO)6  was only 

0.64 mA/cm2 and a TON of 4.7 x 103, implying a higher catalytic activity utilising the 

PyrH ligand. (µ2-PyrH)Co2(CO)4DPPM exhibited a greater current density of 1.70 

mA/cm2 during the experiment, yielding an electrochemically determined TON of 11.5 x 

103. The current efficiencies measured in the systems were 87, 85 and 66 % for (µ2-
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PyrH)Co2(CO)4DPPM, (µ2-PyrH)Co2(CO)6 and PyrH respectively implying that though 

the PyrH ligand produces a larger TON and more efficient current density when 

compared with (µ2-PyrH)Co2(CO)6 it does not yield H2 as efficiently as the 

hexacarbonyl complex. 

 

 
 

Figure 2.49- Typical cyclic voltammogram of a electrode modified with PyrH (red line), (µ2-PyrH)Co2(CO)6 

(purple line), (µ2-PyrH)Co2(CO)4DPPM (green line) and a bare electrode (blue line), in pH 2.0, 0.1 M NaH2PO4 

buffer. (Scan rate =  0.1 Vs-1). Inset is a closer view of the onset of the catalytic current. 

 

In Fig. 2.50 the cyclic voltammogram produced by the bare electrode is compared with 

electrodes modified with PyrFc, (µ2-PyrFc)Co2(CO)6 and (µ2-PyrFc)Co2(CO)4DPPM. 

As is evident from the graph the catalytic current producing H2 is generated at -1.15 V 

vs. Ag/AgCl using a bare electrode. Modification of this electrode surface with PyrFc 

induces a greatly enhanced catalytic current with an onset of this current at -0.85 V 

representing an anodic shift of 0.3 V when compared with a bare electrode. 

Modification of the same surface with the (µ2-PyrFc)Co2(CO)6 complex shows a 

significant drop in current and the onset occurs at a more negative potential, -1.1 V, than 
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PyrFc. The addition of the DPPM moiety to the cobalt carbonyl slightly improves the 

catalytic current generated but the onset is more negative than PyrFc also at -0.95 V. 

 

 

 
 

Figure 2.50- Typical cyclic voltammogram of a electrode modified with PyrFc (green line), (µ2-

PyrFc)Co2(CO)6 (blue line), (µ2-PyrFc)Co2(CO)4DPPM (red line) and a bare electrode (purple line), 

in pH 2.0, 0.1 M NaH2PO4 buffer. (Scan rate =  0.1 Vs
-1

). Inset is a closer view of the onset of the 

catalytic current. 

 

The TONS generated upon modification of the glassy carbon electrode with these 

complexes followed the trend observed for the intensity of the catalytic current obtained. 

The current density measured over the course of the hour long bulk electrolysis 

experiment at -1.2 V was measured as 1.65 mA/cm2, generating an electrochemically 

determined TON of 11.1 x 103  when using PyrFc, while the current density measured 

when using (µ2-PyrFc)Co2(CO)6  was only 0.65 mA/cm2 and a TON of 5.0 x 103, 

implying a higher catalytic activity utilising the PyrFc ligand. The DPPM complex 

generated a current density of 1.63 A/m2 and a TON of 10.5 x 103, showing that it is 
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more efficient at catalysing the proton reduction reaction yielding H2 than its 

hexacarbonyl counterpart. The PyrFc system presented the greatest efficiency at 65% 

while (µ2-FcH)Co2(CO)4DPPM produced a 64% efficiency. (µ2-FcH)Co2(CO)6  

produced a lower efficiency at 60%. This is possibly due to the decomposition of the 

unstable reduced anion formed during the experiment. This decomposition was also 

noted during cyclic voltammogram experiments in ACN (section 2.3.6.1). 

Overall FcH has produced the largest GC determined TON over the course of the bulk 

electrolysis experiment at 14.4 x 103 however the efficiency of the system was measured 

to be only 67%. The (µ2-PyrH)Co2(CO)4DPPM catalyst yielded the highest efficiency 

within the system for yielding molecular H2 at 87% with only a slightly diminished 

TON of 11.5 x 103. 

As there has been no reported use of this (µ2-alkyne)cobalt carbonyl complexes for 

electrocatalytic H2 generation studies direct comparison to literature cannot be presented 

however bis(thiolate) bridged diiron carbonyl and cyclopentadienyl metal 

carbonyldimers have been successfully utilised to modify electrode surfaces and induce 

catalytic currents in acidic media at potentials ~ - 2.0 V vs. Fc+/Fc.51,52 This represents a 

significant shift in reduction potential needed when compared with the results presented 

in this chapter indicating that a (µ2-alkyne) cobalt carbonyl complex may be an efficient 

system for electrocatalytic hydrogen production. Other cobalt complexes have been 

shown to produce catalytic currents at as low as -1.0 V vs. SCE producing a TON of 

9000.34 These results are analogous with the results presented here however, it is unclear 

how the TON was calculated making it difficult for direct comparison. 

 One possible reason for the lower catalytic activity observed for the (µ2-

alkyne)Co2(CO)6 complexes is the irreversibility of the 1st reduction within these 

complexes. As observed in the CVs of these complexes (Section 2.3.6.), the reduction of 

Co2(CO)6 complexes leads to decomposition products and eventual fouling of the 

electrode which means that the radical anions formed during reduction are not stable 

enough to catalyse the H2 production reaction. 

 

Photocatalytic Studies. These compounds were also tested for photocatalytic 

generation of hydrogen. The cobalt carbonyl complexes present here have never been 
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used in this type of experiment before but low TONs of H2 production have been 

reported for a few carbonyl complexes. A TON of 0.78 was observed for biomimetic 

[FeFe] hydrogenase complex, which contains an iron carbonyl catalytic centre, after 3 

hours when irradiated at 25 °C using an Xe lamp (500 W) with a Pyrex-glass filter (λ > 

ca. 400 nm) in a 1:1 ACN/ H2O solution.36 When a rhodium carbonyl bound to an 

osmium bis(terpyridyl) light harvesting chromophore through the diphosphine ligand in 

a 1:1 ACN/ H2O solution in the presence of trifluoromethanesulfonic acid (HOTf) and 

sodium ascorbate (NaHA) of the compound in 1:1 ACN/ H2O was irradiated with 

visible light (λ > 380 nm) for 18 hours  a TON of 36 was observed. No H2 was detected 

in the headspace of any of the vials during the photocatalytic experiments performed in 

this study. The reasons for the lack of hydrogen produced by these intramolecular 

systems are at present not clear, however, it is proposed that either no H2 has been 

produced photochemically or the amount produced was below the limit of detection for 

our instrument.  The absorption features of the ligand complexes are tuned to absorb in 

the region of the 350 nm light source, and the MLCT bands in the absorbance spectra of 

all carbonyl complexes are in the region of 470 nm, so absorption of light should not be 

a problem.  The excited state lifetime may be short not allowing enough time for the 

catalytic water splitting to occur or the complexes may simply decompose following 

irradiation.  In addition the regeneration of the photosensitiser by the sacrificial agents 

may have proven difficult due to the aggressive nature of the radicals formed from TEA 

during the regenerating process.  
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2.5. Conclusion  

 

This chapter discussed the synthesis, characterisation, electrochemistry and 

photochemistry of µ2-alkyne cobalt carbonyl compounds and their corresponding DPPM 

complexes. All synthesised complexes were characterised using 1H NMR, UV-Vis 

spectroscopy and IR spectroscopy. Picosecond TRIR studies were carried out on a 

number of the carbonyl complexes.  

Synthesis of the ligands PyrTMS, PyrH and PyrFc were accomplished using 

Sonogashira coupling achieving yields of up to 98%. Addition of the Co2(CO)6 moiety 

involved stirring of the reactants overnight and yields of up to 98% were obtained. The 

(µ2-C2R2)Co2(CO)4DPPM derivatives synthesised are all novel to the best of our 

knowledge, and all spectral data are in agreement with their formulation and compare 

well to similar compounds with have been previously reported in literature.58 

The UV-vis spectra of the ligands show strong absorbances in the UV-Vis region of the 

spectrum. This indicates ligand localised π- π* transitions.23 The corresponding 

hexacarbonyl and tetracarbonyl complexes show strong absorbances in the region of 

380- 420nm which is attributed to a common σ – σ* (Co – Co) electronic transition. 

They also possess absorbances more into the red, with a broad and weak absorbance in 

the region of ~540-600nm is also observed which is generally attributed to a metal to 

ligand charge transfer (MLCT) of Co (dπ) – ligand (π) transition.  

The IR spectra of the carbonyl complexes have metal carbonyl stretching vibrations in 

the appropriate region for cobalt carbonyl complexes, 1850-2050 cm-1. The addition of a 

DPPM group to the hexacarbonyl complexes to form a tetracarbonyl compound causes 

the νCO to move to lower frequencies due to electron donation from the DPPM group to 

the Co centre. 

Quantum yields for CO loss demonstrated that CO loss was both wavelength and 

complex dependent. Picosecond TRIR studies indicate that Co-Co bond homolysis 

occurs for all cobalt carbonyls upon laser flash photolysis at λexc 400nm. However, in 

addition to Co-Co bond homolysis, (µ2- 1-ethynylpyrene) and (µ2- 1-

pyreneethynylferrocene)Co2(CO)6 gave rise to changes in their IR spectra which 

indicated CO loss giving rise to the solvated intermediate; 
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(µ2- 1-ethynylpyrene)Co2(CO)5(heptane) and (µ2- 1-pyrene-

ethynylferrocene)Co2(CO)5(heptane). 

Cyclic voltammetry indicated that the addition of a DPPM moiety to a dicobalt carbonyl 

complex results in a cathodic shift of both the oxidation and reduction process potentials 

due to the electron donating properties of this ligand. In fact there were no observable 

reduction processes within the potential window of the DCM solvent for the 

tetracarbonyl species. Along with a cathodic shift in the ring (and Fc) based oxidations 

another new oxidation is introduced between 0.18 V and 0.43 V which is attributed to a 

DPPM based oxidation forming a [µ2-alkyne-Co2(CO)4DPPM]·+ radical cation. 

During electrocatalytic H2 generation experiments FcH produced the largest TON for H2 

generation (determined using the GC) over the course of the bulk electrolysis 

experiment at 14.4 x 103 however the efficiency of the system was measured to be only 

67%. The (µ2-PyrH)Co2(CO)4DPPM catalyst yielded the highest efficiency of 87%. The 

hexacarbonyl complexes did not exhibit high efficiencies or yield high TONs 

presumably due to decomposition of the catalysts following reduction. 

Any H2 produced photocatalytically was not detected either because none was generated 

or, it was lower than the detection limit of the instrument.  
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Chapter 3                

Boron Dipyrromethene- 

Cobaloxime Complexes 

 

A concise literature survey concerning boron-

dipyrromethene (BODIPY) dyes and 

bis(dimethylglyoximato)cobaltIII (cobaloxime) 

complexes is presented at the beginning of 

chapter three. The synthetic procedures employed 

to prepare the compounds are discussed in 

addition to cyclic voltammetry, UV-Vis, 

fluorescence spectroscopy and the fluorescence 

lifetimes of the complexes. Compounds were 

studied for their ability to produce hydrogen both 

photochemically and electrochemically, the 

results of which are presented. 
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Aim 

 

The main objective of this section of research was to synthesise a series of BODIPY 

dyes, for use as photosensitisers, and their cobaloxime derivatives, where cobalt 

functions as a catalytic centre for use in both the photocatalytic and electrocatalytic 

generation of H2. BODIPY dyes are known to have strong absorbances in the long 

wavelength, yellow - green region of the spectrum which could facilitate efficient H2 

generation following irradiation with lower energy light sources.  The 

photochemistry of the complexes was investigated through UV-Vis and fluorescence 

studies. The electrochemistry was also investigated using cyclic voltammetry.  

 

3.1 Introduction 

 

3.1.1. Photochemistry of Boron-Dipyrromethene Complexes (BODIPYs) 

 

Boron-dipyrromethene, which is derived from 4,4-difluoro-1,3,5,7-tetramethyl-4-

bora-3a,4a-diaza-s-indacene, is a highly fluorescent dye which has found 

applications in imaging,1,2 DNA labelling3 and as fluorescence indicators.4,5 

Originally prepared in 1968 by Triebs and Kreuzer,6 it is based on a half-porphyrin 

design with the chelation of a difluoroboron moiety to the two nitrogen groups which 

helps the molecule maintain structural rigidity (Fig. 3.1).  
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Figure 3.1- BODIPY Dyes indicating the points of substitution. 
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Freebase dipyrrins exhibit very little fluorescence in liquid medium. It has been 

shown that when locked in frozen matrices the dipyrrins exhibit high fluorescence 

yields, which is attributed to the rigidifying of the structure of the molecule.7 Most 

importantly for this study BODIPYs have been used as energy absorbing and 

transferring antennae which indicate a use in the photocatalytic generation of 

hydrogen. Addition of the BF2 group adds rigidity to the dipyrromethene structure 

affording a fluorescent complex. As with porphyrins they absorb strongly in the 

blue-green region closely matching that of the light harvesting chlorophyll used 

during natural photosynthesis. Complexes employing BODIPY appendages show 

attractive characteristics including sharp (full width at half maximum (fwhm) ~ 

25nm) and moderately strong absorbances near 500 nm (ε = 40000 – 100000 M-1cm-

1), large quantum yields, long excited state lifetimes and good stability in organic 

solvents.8 Singlet lifetimes have been measured to be between 2 and 5 ns.9,10 A sharp 

absorbance in the blue-green region has been assigned to an S0→S1 (π-π*) transition. 

A second weaker and broader absorbance has also been observed and is due to the 

S0→S2 (π-π*) transition within the dipyrromethene ligand.45  BODIPYs are generally 

recognised to also emit in the visible green-yellow region of the spectrum and to 

possess small stokes shifts, typically 5 – 15 nm for simple BODIPY complexes. This 

small stokes shift results in the differentiation between the excitation and the 

fluorescence wavelength becoming quite difficult. Small structural changes in in the 

assembly of BODIPY dyes greatly influence their photophysical properties, as the 

extent of electron delocalisation around the central cyanine framework and the donor 

and acceptor characteristics of the pyrrole substituents greatly influence the 

absorbance and therefore emission of the complexes. Therefore changing the 

location and nature of the substituents on the core will allow tuneable absorbance 

and emission spectra.  

Extending the absorbance spectrum of a BODIPY complex requires the addition of a 

conjugated delocalised substituent. The coordination of thiophene subunits onto 

BODIPY dyes results in a bathochromatic shift of the absorption and emission 

wavelengths, allowing absorption far into the green region and emit in the red (Fig. 

3.2).11  
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Figure 3.2 - Extension of BODIPY dyes studied by Ulrich et al.11  

 

The addition of phenyl residues at the β-positions and the extension of the 

conjugation of the system through replacing the fluoro substituents with ethynyl p-

tolyl and pyrene groups afforded enhanced stokes shifts also. The addition of the 

ethynyl moieties afforded absorbances between 707 (1a)  and 720 nm (1b)  

attributed to the π- π* transition in the BODIPY chromophore. Emissions of 746 (1a) 

and 754 (1b) nm were detected generating stokes shifts of 39 and 34 nm 

respectively, significantly larger than those afforded by unsubstituted dyes. 

Bis-BODIPY complexes have been developed by Broring et al.
12 When compared 

with similar complexes with a single chromophore (2 – 5 Fig. 3.3) with stokes shifts 

between 6 and 9 nm, the bis-BODIPY complexes (6 – 9) possess stokes shifts 

between 79 and 83 nm. 
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Figure 3.3 - BODIPY and bis-BODIPY complexes analysed by Bröring et al.12 

 

The incorporation of two chromophores in the bis-BODIPY complexes (6 – 9) 

resulted in excited species splitting in the absorbance spectra. This two component 

absorbance was expected due to the close spacial relationship of the two dyes. The 

emission spectra of the bis-BODIPY complexes exhibit a strong, broad band and 

excitation into this emission generates an excitation spectrum which matches the 

original absorbance spectrum indicating a genuine emission from the dimeric 

system. The broad shape of the emission band and the large stokes shift compared to 

the monomeric dyes point to a large geometric displacement of the excited state with 

respect to the ground state in the complexes and of some excimer-like character in 

the excited state.  

Based on the principals of light harvesting antennae in natural photosynthesis Li et 

al.
13 have measured energy migration in a multi-pigment array incorporating both 

porphyrin and one, two or eight BODIPY moieties (Fig. 3.4). These complexes were 

studied using time resolved absorption and fluorescence techniques to probe the 

dynamics of electron transfer and to measure estimates for the energy-transfer yields. 
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Figure 3.4- Porphyrins bearing one, two and eight BODIPY substituents studied by Li et al.11  

 

The excited state lifetimes of the BODIPY and porphyrin chromophores in the arrays 

were monitored over time following a 513 nm laser flash. The transient absorption 

spectrum of 10 in toluene exhibits an initial bleaching of the parent BODIPY 

absorbance band at 515 nm directly after the laser pulse, whereas no bleaching of the 

porphyrin absorbance bands are reported at 0.1 ps. As time proceeded it was reported 

that the bleaching of the BODIPY bands diminishes back towards baseline 

corresponding to the concomitant bleaching in the ground state of the porphyrin 

bands. The decay of the BODIPY constituent consists of two-components, reflected 

in the changing of the bleaching over time at 515 nm. Following a fit of this decay, 

time constants of 2.4 ± 0.4 and 23 ± 2 ps with relative amplitudes of 36/64 were 

obtained. The bleaching of the porphyrin bands exhibit this same two-component 

decay and following a fit time constants of 1.8 ± 0.7 and 30 ± 6 ps were obtained 

with about the same amplitude. Dyes containing multiple BODIPY units showed 

much the same time-resolved absorption data, however slight differences were 

noted; in systems 11 and 12 the fast component of the decay in the BODIPY 

absorbance has a slightly smaller amplitude than on 10, and in system 13 the fast 

component of the decay in the BODIPY absorbance has a slightly larger amplitude 

than on 10, 11 and 12. Energy transfer rates and the efficiencies of electron transfer 
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within the systems were calculated to be ~ (2 ps)-1 and Φtrans (R) = 83- 90% for the 

smaller component and ~ (20 ps)-1 and Φtrans (M) = 90- 97% for the larger more long 

lived component. 
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Figure 3.5- BODIPY ligands studied by Li et al.13 

 

The decay rates were also measured for complex 14 yielding lifetimes of 17 ± 2 and 

440 ± 60 ps and 15 yielding lifetimes of 15 ± 4 and 520 ± 60 ps. When these results 

are compared it is evident that the shorter decay rates seen for the porphyrin 

appended BODIPYs are due to energy transfer from the BODIPY to the porphyrin 

moieties. As the rates are so much shorter for 10-13 when compared to 14 and 15 

these energy transfer rates are deemed to be highly efficient.  

The energy transfer efficiencies of BODIPY dyes coordinated to oligo(p-

phenyleneethynylene)s (OPEs) have been measured.14 ΦET of between 98.6 and 

99.9% in THF were reported with the shorter chain length of OPE showing the 

highest electron transfer yield. A study by Harriman et al.
15 proposed that the change 

in electron transfer over the length of chains is affected by disparate spectral overlap 

of orbitals within the molecule. They have reported that the rate of electronic energy 

transfer from the spacer to each terminal is dependent on the molecular length of the 

chain, with the tendency to populate the BODIPY dye changing from 65% for n = 0 

to 45% for n = 2, where n refers to the number of ethynyl groups employed. 

Similarly to work done by Li et al.
11, Harriman measured time-resolved fluorescence 

spectra of the complexes and observed initial depletion of the BODIPY dye 

fluorescence spectra after the laser pulse (310 nm) and relaxation over time 

concomitant with the depletion of the acceptor unit’s fluorescence, indicating energy 

transfer between from the BODIPY dye to the porphyrin. 
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BODIPY complexes are known to show very little triplet excited state population. 

Attachment of a PtII centre directly onto the BODIPY core through ethynyl bonds, 

rather than on the periphery, has been shown to maximise the heavy-atom effect of 

the PtII.16 The Pt complex, with ethynyl PtII groups attached to the boron metal 

directly, exhibited strong absorption bands at 406 and 574 nm in toluene and the 

longest-lived T1 excited state reported to date, 128.4 µs, as well as room temperature 

phosphorescence from the BODIPY. The Pt complex produced dual emission with 

two narrow bands centred at 660 and 770nm. The band at 660 nm was sensitive to 

O2 and was significantly quenched in air and when the experiment was repeated at 

77K only the 770 nm emission band was observed; therefore the 660 nm band was 

assigned to phosphorescence. It was proposed that the dual emissions are due to 
3MLCT (660 nm) and the 3IL (770 nm) emissive state, respectively, and that these 

two triplet excited states are in equilibrium at room temperature. The population of 

the BODIPY-localized 3IL excited state for complex investigated by nanosecond 

time-resolved transient absorption difference spectroscopy, emission spectroscopy at 

77 K. 

 

3.1.1.2. Electrochemistry of BODIPY complexes 

 

Completely substituted BODIPY dyes possess one nernstian oxidation and one 

nernstian reduction.13,17 When BODIPYs are unsubstituted in the 2 and 6 position 

they often tend to form dimers upon oxidation. Importantly for this study, BODIPY 

dyes which are unsubstituted at the meso position do not form stable radical ions 

leading to decomposition of the dye after reduction rendering them useless for 

catalysis. To stabilise the radical anions the meso-position of the cyanine core is of 

crucial importance, because of the expected strong spin localisation at the meso 

carbon atom.18 Due to this spin localisation it is thought that, following reduction, 

through an electrochemical-chemical (EC) pathway, the radical anions formed 

quickly undergo a chemical reaction to yield the dimerised form bound at the meso 

position. The addition of a substituent at this position would therefore stabilise the 

complex following reduction. Nepomnyashchii et al.
17 have reported the 

electrochemistry of a series of BODIPY dyes baring substituents at different 

positions (Fig. 3.6.) 
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Figure 3.6 - BODIPY dyes with varying substituents at different positions studied by Nepomnyashchii et 
al.17 

 

Both oxidation and reduction of dye 16 were irreversible as it is unsubstituted in 

positions 2, 4, 5, and 6 (Fig.3.1). Dye 17 showed a similar redox behaviour. The 

oxidation process was slightly more reversible due to the substitution on the 5 

position. The reduction process in dye 18 is reversible due to the substitution at the 

meso position. The 4 dyes that were completely substituted, 19 - 22 showed 

reversible waves for both oxidation and reduction near 1.3 V and -1.4 V (vs SCE), 

respectively, in DCM with a platinum working electrode and a platinum wire counter 

electrode. Thus both the radical cation and radical anion formed are stabilised by the 

substituents blocking dimerization by nucleophillic and electrophillic species. The 

addition of electron withdrawing cyano groups in compound 23 allows the reduction 

to occur easier and therefore at a higher potential of -0.82 V. Dye 24 shows 

reversibility of the oxidation process; however the reduction process is instable due 

to electron transfer to the electron withdrawing carboxylic acid substituent. 

Suk et al.
19 have studied a series of long chained BODIPY derivatives with 

substitution at the boron centre (Fig. 3.7). The addition of long chained groups at the 
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boron centre allowed for further investigations into the effect of substitution at 

varying positions on the electrochemistry of BODIPY complexes. 
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Figure 3.7 - BODIPY derivatives substituted at the boron group, studied by Suk et al.17 

 

Cyclic voltammetry of all three derivatives (25 - 27) shows that at low scan rates a 

nernstian, reversible reduction wave between -1.29 and -1.05 V (vs. SCE) and a 

somewhat irreversible oxidation wave between 1.05 and 0.72 V (vs. SCE) present 

which is consistent with lack of substitution in the 2 and 6 positions (Fig. 3.1). When 

studying the cyclic voltammetry of 26 it was found that its oxidation process was 

less chemically reversible than that of 25. Due to the large size of the Z group it was 

assumed that it would terminate the formation of dimers following oxidation 

however, in this molecule, the 2-position is unblocked and it was deduced that the 

substitution in the 5-position increases the positive charge density at the 2 position 

leading to increased dimer formation. 27 showed a nernstian reversible oxidation 

processes as the 2 and 6 positions are somewhat blocked by the Z substitution group 

when compared with 25 indicating stability of the radical cation. As the substitution 

is varied from 25 to 26 to 27 the electron withdrawing nature of the Z group causes 
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the reduction potentials of the dyes to move to more positive potentials however the 

oxidation potentials also become more negative possibly due to greater π-

conjugation reducing the HOMO-LUMO energy gap and 27 is more easily oxidized 

than both 26 and 25. Although the addition of the long chained substituents at the 

boron did not appear to have a great effect on the electrochemistry of the BODIPY 

dyes it was shown that long chained substituents at the R1 and R2 positions can block 

dimerisation through steric hindrance and/ or stabilisation of the radicals formed 

during oxidation. 

The redox potentials of BODIPY dyes can be fine-tuned through the addition of 

electron withdrawing or electron donating groups. Whether electron withdrawing 

substituents are bound to the α, β or meso position they will lead to a strong anodic 

shift, to more positive potentials, of the reduction processes. This will also lead to a 

strong aniodic shift of the oxidation potentials. The opposite is true for electron 

donating groups. They will induce a cathiodic shift in both the reduction and 

oxidation potentials. The redox potential of a series of BODIPY dyes with either 

electron donating or electron withdrawing substituents measured by Krumova et al.20 

When a H and/or an electron-withdrawing group (e.g. CN, Cl) were introduced at 

positions R1 and R2 an increase in both the reduction and the oxidation potentials 

were observed with respect to Et-substituted counterparts which is an electron 

donating group. The changing of the groups at position R1 and R2 had no substantial 

effect on the HOMO-LUMO energy gap as measured through absorption and 

emission spectroscopy. In contrast substitution at the R3 position with acetoxymethyl 

groups or formyl groups proved to induce the first reduction and first oxidation 

process at lower potentials due to their electron donating nature. The acetoxymethyl 

substituted BODIPY dyes (28 – 31) showed high extinction coefficients (50,000 – 

100,000) and high fluorescence quantum yields (0.7 – 1) however the formyl 

substituted dyes (38 – 43) showed up to a 4-fold reduction in the molar extinction 

coefficient and are completely non-emissive which is attributed to a forbidden n-π* 

transition from the ground state to the lowest singlet excited state in these 

complexes. 
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Table 3.1- Various substituted BODIPY dyes studied by Krumova et al.18  

 

3.1.2. bis(dimethylglyoximato)cobalt
III

 Complexes (Cobaloximes) 

 

In the past cobaloxime complexes have been synthesised as model compounds for 

the study of the reaction processes in vitamin B12.21 They were found to be air stable 

solids with high thermal stability that could be prepared on a macro scale from 

inexpensive starting materials. In the pursuit of noble metal free catalytic centres 

cobaloxime complexes have been considered promising model compounds due to 

their electrochemical ease of reduction and their high activity in photoinduced 

hydrogen production.22,23,24 Cobalt centres in cobaloxime complexes are in the CoIII 

oxidation state with octahedral coordination in relation to the glyoximato ligands. 

Synthesis of cobaloxime complexes involves the reaction of cobaltII halide with 

dimethyl glyoxime in the presence of a stream of air to aid the oxidation of the metal 

centre.25 The replacement of an axial halide group is achieved through two routes; 

the reaction of a carbanionic reagent with the CoIII halide which results in a 

nucleophilic displacement of one or both of the halide ions (Fig. 3.8. eq 1), or the 

Complex R1 R2 R3 

28 H H OAc 
29 H Cl OAc 
30 Cl Cl OAc 
31 H CN OAc 
32 CN CN OAc 
33 H H OH 
34 H Cl OH 
35 Cl Cl OH 
36 H CN OH 
37 CN CN OH 
38 Et Et =O 
39 H Cl =O 
40 Cl Cl =O 
41 H H =O 
42 H CN =O 
43 CN CN =O 

NN
B

F F

R1 R2

R3
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CoIV centre is converted to CoI using a variety of reducing agents, the CoI centre is 

then available to react with a variety of electrophiles (Fig. 3.8. eq. 2). 
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Figure 3.8 - Routes for substitution of cobaloxime complexes.25 

 

3.1.2.1. Cobaloxime Complexes Used in the Photocatalytic Generation of 

Hydrogen 

 

Cobaloxime complexes are known to absorb strongly in the UV-Vis spectrum which 

is generally attributed to π- π* transitions.27 Three characteristic absorption bands 

appear closer to the visible region of the UV-Vis spectrum also. A ligand-metal 

charge transfer (LMCT) band from the axial coordinated ligand to the Co metal 

centre is observed around 400 nm. This absorbance is characteristic low-energy 

charge-transfer band which can be assigned to a transition between the highest 

bonding and lowest antibonding axial ligand molecular orbital’s.27 A singlet d-d 
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transition of CoIII is observed at longer wavelengths, Followed by a triplet d-d 

transition of CoIII around 600 nm.26,27  

Due to their high stability, relative ease of synthesis and low cost of production, 

cobaloxime complexes have been realised as potential catalytic centres for photo 

induced hydrogen production. Large macrocycles containing cobaloximes have been 

shown to produce H2 through the splitting of water. Connolly and Espenson28 have 

proposed a reaction sequence to explain how the cobalt centre behaves during the H2 

evolution experiments using such cobaloxime complexes. It is illustrated in Scheme 

3.1. 

 

Cl- + Cr2+ + CoII(dmgBF2)2

2HCo(dmgBF2)2

[Cr-Cl-Co(dmgBF2)2]+

[Cr-Cl-Co(dmgBF2)2]+ CoI(dmgBF2)2
- + CrCl2+

CoI(dmgBF2)2
-  + H+ HCoIII(dmgBF2)2

2Co(dmgBF2)2 + H2

HCo(dmgBF2)2 + H+ H2 + CoIII(dmgBF2)2
+

CoIII(dmgBF2)2
+ + Cr2+ + Cl- CrCl2+ + Co(dmgBF2)2

Route (a)

Route (b)

 
 

Scheme 3.1 - Reaction scheme proposed by Connolly and Espenson28 for the hydrogen generation 

experiment involving (H2O)2Co(dmgBF2)2 in a solution of CrCl2 in HCl (final step(s) of reaction may 

proceed via route (a) or route (b)). 

 

The mechanism involves the reduction of the initial CoII (Fig. 3.9) species to a CoI 

species. This is the rate limiting step in the reaction. The CoI is protonated to become 

CoIII in a fast reaction, and the reaction then proceeds via route (a) where two of 

these protonated molecules react to release the desired H2, and regenerats two of the 

starting CoIII catalysts. If the reaction proceeds via route (b) the CoIII-hydride 

intermediate reacts with H+ to yield H2 and a CoIII+ species is reduced with Cr2+ to 

yield the starting CoII catalyst and CrCl2+.  
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Figure 3.9 - CoII(dmgBF2)2 catalyst used in the generation of O2 by Connolly and Espenson.28 

 

Du et al.
29 have run experiments using cobalt dimethylglyoximes which are similar 

to those which Connolly and Espenson have used and shown that these cobaloxime 

catalytic centres can generate high turnovers of H2 in a solvent mixture of 

MeCN:H2O with varying ratios, containing 1.1 x 10-5 M Pt chromophore, 1.6 x 10-

2M TEOA (as sacrificial agent) and a 2.0 x 10-4M equivalent of the Co catalyst. The 

most successful catalyst in the study was [Co(dmgH)2pyCl] where py= pyridine in a 

solution of MeCN:H2O 24:1, which produced a TON of 2150 after 10 hours of 

photolysis at λ > 410nm. They showed that in every system they studied that there 

was an “induction period” in which no H2 was produced which lasted on average 1-2 

hours. During this time they witnessed a colour change in solution to a bright yellow 

which is indicative of a reduction of the initial CoIII to Co II. It was also proposed 

that mechanistically CoII undergoes a further reduction to CoI during the H2 

evolution process and the CoI undergoes protonation to produce a CoIII hydride 

intermediate. This CoIII hydride intermediate is reduced and then reacts with H+ to 

give H2 the CoII catalyst is generated. This proposed mechanism is very similar to 

the one proposed by Connolly and Espenson in 1986.28 They also showed that the 

rate of H2 production is dependent on the pH of the solution (below pH 5 no H2 was 

produced, above pH 12 the results were low, pH 8.5 showed optimal H2 evolution), 

concentration of sacrificial agent (higher concentrations lead to higher TONs), ratio 

of MeCN: H2O (higher concentrations of MeCN yields higher TONs), and also the 

concentration of the catalyst. The concentration of the catalyst showed a linear 

relationship with H2 generation which showed that only one Co centre is used for H2 

evolution.  
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Fihri et al.
22 have investigated the use of a ruthenium supramolecular photosentitiser 

coordinated to a cobaloxime catalytic centre for its efficiencies towards 

photoinduced hydrogen generation. Three complexes containing ruthenium 

tris(diimine) moieties and cobalt centres were synthesised (Fig. 3.10). 
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Figure 3.10- Ruthenium-Cobaloxime complexes synthesised by Fihri et al.22 

 

It was found that H2 was produced when solutions of 45- 47 were irradiated (λ > 350 

nm) in acetone in the presence of 100 equivalents of TEA as the sacrificial electron 

donor and 100 equivalents of Et3NHBF4 as the proton source. Complex 45 yielded a 

TON of 56 after 4 hours of irradiation while complex 46 achieved a TON of 17 and 

47 yielded only 12. Fihri noted that increasing the amount of TEA and Et3NHBF4 to 

300 equivalents had a minimal effect on the TONs observed. Also when the reaction 

was carried out using water as the proton source the TONs for all 3 complexes were 

negligible which they ascribe to the high pH (7.0). Most of the H2 generated was 

observed during the first hour of irradiation but was continual for the following 3 

hours yielding a TOF of 7–8 h-1 for complex 45. Complexes 45 and 46 produced H2 
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when a UV cut-off filter was employed. The TON yielded using complex 45 and the 

UV cut-off filter was only 16 after the first hour but 103 after 15 hours irradiation 

implying that both visible and UV light are necessary for the photocatalytic reaction 

to occur. 

In the same year Fihri et al.
30 proposed ruthenium, iridium and rhenium based 

photosensitisers coupled with cobaloxime catalytic centres to compete with TON and 

TOF achieved by platinum and palladium catalysed H2 production as after 

publishing the first paper they discovered that systems 47 - 49 required near-UV 

irradiation and were almost inactive under visible irradiation (λ > 380 nm). A series 

of new complexes (Fig. 3.11) were irradiated with λ > 380 nm and 300 equivalents 

of TEA, as well as 300 equivalents of Et3NH+ as the proton source. 
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Figure 3.11- Cobaloxime complexes used for the visible light drive generation of H2 by Fihri et al.30 

 

Complex 48, which only differs from the complexes previously reported by the 

replacement of the two bpy (bipyridine) ligands on the Ru centre with 

phenanthroline moieties, achieved a TON = 9 after a 4 hour irradiation λ > 380 nm. 

Replacing the Ru centre with Ir (complex 49) afforded TON = 140 after 8 hour 

irradiation λ > 380 nm, which equated to a TOF of 42 h-1. The mixed intermolecular 
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system 50 achieved TON = 140 following 4 hours irradiation. During the first hour 

of irradiation 50, TOF = 53 was obtained which is comparable to that of 49. It was 

proposed that the enhanced activity of 50 is due to the stability of the complex which 

was confirmed by the observance of a TON = 273 after 15 hours irradiation. 

Utschig et al.
31 have derived inspiration directly from nature and utilised the 

photosystem I protein (PSI) to harness light and drive the catalytic splitting of water 

using a cobaloxime metal centre. They have reported that PSI and the cobaloxime 

catalyst Co(dmgH)2pyCl (where dmgH = dimethylglyoximate, py = pyridine) self-

assemble, and the resultant complex rapidly produces hydrogen in aqueous solution 

upon exposure to visible light. PSI itself has an exceptionally long-lived charge-

separated state P700+ FB- (∼60 ms), where P700 is the primary electron donor and 

FB is an [4Fe-4S] cluster in PSI, and a low reduction potential of -0.58 V (vs. NHE) 

which is associated with the FB cluster in the molecule. The complexes were found 

to produce hydrogen upon irradiation with visible light at a pH of 6.4 using sodium 

ascorbate as a sacrificial donor. A maximum TOF = 170 mol H2 (mol PSI)-1 min-1 

was observed within 10 min of illumination and the H2 production leveled off after 

1.5 hours yielding a TON = 1500. Metal analysis of PSI was carried out after 

photocatalysis and showed that > 90% of the cobaloxime had dissociated from PSI 

during the experiment explaining the initial high TOF which slowed after 1.5 hours. 

Further cobaloxime photocatalysts will be discussed in chapter 4. 

 

3.1.2.2. Electrochemistry of Cobaloxime Complexes 

 

Cobaloxime complexes are known to undergo two reduction processes which are 

attributed to CoIII/II and CoII/I. The introduction of both electron donating and electron 

withdrawing substituents on the dioxime “ring” can greatly affect the redox 

potentials of the complexes. Razavet et al.
32 investigated the substitution of 

hydrogen or phenyl for methyl at the glyoxime ligands and found that it significantly 

increases the electrochemical potentials required to reduce the CoII/I couple. This is 

due to the fact that the conjugated ring systems are less electron donating. The 

exchange of the proton linker in the ring for a BF2 moiety was observed to have the 

opposite effect on the reduction, allowing it to occur at a less negative potential 
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allowing the CoII/I redox couple to occur at -0.55 V vs. Ag/AgCl rather than at -0.98 

V for the proton linked analogue. 

Jacques and his group measured the redox potentials of cobalt diimine-dioxime 

complexes in ACN.24 The addition of an immine ligand rather than two glyoxime 

groups allowed reduction to occur at less negative potentials of ~ 0.2 V. When the 

proton linkers in the ring structure of these complexes were exchanged for a BF2 

moiety the group observed the same anodic shift in the negative potential that must 

be applied for the CoII/I redox process. It was proposed that the BF2 moiety moves 

electron density away from the metal centre allowing reduction to occur more easily. 

The oxime substituent also greatly affects the electron density on the metal centre 

and when exchanging a Cl group in [Co(MO)(MOH)pnCl2] for a Br group to yield 

[Co(DO)(DOH)pnBr2] 51 (Fig. 3.12), with a anodic shift of 0.08 V of the redox 

couple due to the more electron withdrawing nature of Br. 
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Figure 3.12- Cobalt complexes with varying imine-oxime substitution studied by Jaques et al.24 

 

Kumar and Ghupta 33 reported exchanging the methyl groups on the ring periphery 

for thiophene groups which afforded complexes which can be significantly more 

easily reduced than those produced by Razavet et al.
23 (Fig. 3.13), which had Me 

groups in these positions. The first reduction, CoIII/II, occurred at -0.239 V vs. 

Ag/AgCl whereas Razavat reported this process to occur at –0.59 V vs. Ag/AgCl in 

the Me derivatives, while the second reduction, CoII/I, was reported to occur at -0.643 

V in the thiophene complexes and -0.98 V in the Me derivatives. 
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Figure 3.13- Cobaloximes with dithienylglyoxime ligands synthesised and studied by Kumar and Ghupta.33 

Py = pyridine. 

 

In addition it was noted that due to the σ donating ability of the alkyl groups in 54 

and 55 the second redox couple, CoII/I was not visible in the reduction window, even 

when potentials as negative as -1.6 V were viewed. 

An investigation regarding SPhenyl (SPh) groups incorporated as axial ligands on 

the oxime ring was carried out (Fig. 3.14).34 The possibility of the SPh group acting 

as an electron donating group, due to the lone pair on the sulphur, or electron 

withdrawing group, due to the higher electronegativity of the sulphur when 

compared with a carbon or hydrogen atom, was explored.  
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Figure 3.14- SPh appended cobaloxime [Co(dSPhgH]2Py complex investigated by Dutta et al.34 

 

When compared to [Co(dmgH]2Py the two reductions at the cobalt centre 

experienced an anodic shift of 0.14 V indicating that the SPh groups are acting as 

electron withdrawing complexes. 
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By incorporating both an electron withdrawing acetonitrile group on the Co centre 

along with BF2 linked glyoxime units on the ring Hu et al have achieved reductions 

at 0.3 V and -0.28 V for the CoIII/II and CoII/I redox pairs respectively representing a 

huge anodic shift.36  

 

3.1.2.3. Cobaloxime Complexes Used in the Electrocatalytic Generation of 

Hydrogen 

 

Hydrogen production through the reduction of water can be achieved using electrode 

surfaces modified with cobaloxime electrocatalysts. Much research has been centred 

on the incorporation of various electron withdrawing groups around the glyoxime 

ligand to facilitate proton reduction at a less negative applied potential. When in the 

CoI oxidation state, cobaloxime complexes are known to be great nucleophiles. The 

CoI metal can become protonated and it is believed that these metal hydrides are the 

first step in hydrogen generation and either the hydride moiety is then protonated ( 

1., Scheme 3.2) or a bimolecular reductive elimination occurs to evolve hydrogen 

(2., Scheme 3.2). The mechanism for the hydrogen evolution process is illustrated in 

Scheme 3.2. 

 

CoIII
2e-

CoI H+
H-CoIII

1. 2(H-CoIII) H2 + 2CoII

2. CoIII-H + H+ CoIII + H2  
 

Scheme 3.2- The possible mechanistic pathways for H2 evolution showing the homolytic process (1) and the 

heterolytic process (2).24 

 

Pantani et al.
35 have reported the use of both cobalt glyoximes and nickel glyoximes 

incorporated in a Nafion polymer in the electrocatalytic production of hydrogen. 

Both the cobaloxime and nickel glyoxime complexes produced two reversible 

reduction processes which are attributed to the CoIII/II and CoII/I and the NiII/I and NiI/0 

processes respectively. No TON are reported however it is reported that catalytic 

activity for both types of complex increases upon addition of more HClO4 when 
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using a glassy carbon working electrode in ACN for cobaloximes and DMF for 

nickle glyoximes. 

Similarly Jaques et al.
24 have synthesised a series of electrocatalysts based on the 

ligand N2,N2’-propanediylbis(2,3-butandione-2-imine-3-oxime) utilising both cobalt 

and nickel as the metal centre. (Fig 3.15.) These systems are active in producing H2 

in non-aqueous conditions at low overpotentials. 
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Figure 3.15- Structures of Co and Ni diimine-dioxime complexes studied by Jaques et al.24 

 

The proton linked diimine-dioxime complexes were seen to undergo the CoII/I 

reduction at much more positive potentials than their cobaloxime counterparts 

indicating lower electron density on the metal centre. The highest potential for this 

process was seen for [Co(MO)(MOH)pnCl2] at -0.96 V vs. Fc+/0. The nickel 

complexes had a reversible process attributed to the NiII/I reduction at approximately 

0.1 V more negative than the corresponding CoII/I process due to the higher electron 

density on the metal centre. Electrocatalytic studies were carried out using graphite 

rod working electrode in a 0.1 M TBABF4 solution in acetonitrile containing 50 mM 

of oxime and 50 mM acid and it was observed that the overpotential required to 

produce H2 for all compounds was larger when weaker acids were employed, such as 

p-cyanoanilinium and tosic acid, when compared with the stronger anilinium and 
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TFA acids. TONs of up to 40 (for 57 - [Co(DO)(DOH)pnBr2] with p-

cyanoanilinium) for the cobalt complexes and 20 (for 61 - Ni(MO)MOH)PnCl] with 

p-cyanoanilinium) for the nickel complexes were obtained after 3 hours bulk 

electrolysis. Also the cobalt complexes achieved Faradaic yields of up to 100% 

while the nickel complexes achieved efficiencies of between 30 and 70%. 

Hu et al.
36 have reported the electrocatalytic behaviour of a series of cobalt 

complexes having BF2-bridged diglyoxime or propane-bridged macrocyclic 

tetraimine ligands (Fig. 3.16).  
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Figure 3.16- Cobaloximes bearing MeCN ligands and BF2 linkers studied by Hu et al.36 

 

The incorporation of MeCN ligands at the cobalt centre afforded less negative 

reduction potentials for the CoII/I process at -0.55 V vs. SCE for 63 and at -0.28 V for 

64. The production of hydrogen in acidic ACN with HCl or HBF4·Et2O required 

potentials between -0.55 V and -0.20 V vs. SCE respectively with a maximum TON 

> 5 with minimal decomposition of the catalyst. The overpotentials relative to the 

potentials for H2 evolution in acidic ACN, were estimated to be ~ 0.4 V for 63 and ~ 

0.5 V for 64.  

Electrocatalytic hydrogen evolution by cobalt tetraimine catalysts modified with 

carboxylic acid groups and BF2 moieties have been reported by Berben et al.
37 The 

aim was to have the complexes adsorbed onto an ITO surface through the carboxylic 

acid groups. Catalytic experiments were carried out in 0.1 M TBAClO4 and ACN 
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acidified with tosic acid (p-toluene-sulphonic acid). The increase in current occurred 

at -0.6 V vs. SCE at pH 2.0, which corresponded to an overpotential of 0.24 V. 

Following bulk electrolysis at -0.9 V at concentrations of 1.14 x10-9 mol cm-2, which 

was calculated from the area under the cathodic peak for CoII/I in a typical 

experiment, a TON of 5 x 105 was obtained after 7 hours with an 80 (±10) % 

Faradaic yield. 
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3.2. Experimental 

All materials and equipment used in this studied are detailed in chapter 2 sections 

2.21 and 2.22. Details of cyclic voltammetry, electrocatalytic studies and 

photocatalytic studies are also available in chapter 2 sections 2.23, 2.24 and 2.25. 

3.2.1. Synthesis 

3.2.1.1. Synthesis of bis(dimethylglyoximato)cobalt(IV) (cobaloxime) 

 

 

NHO

N OH
+ CoCl2.6H2O N N

NN

O O

O O
H

H

Co

Cl

Cl

 
 

 

1.1g (4.62 mmol) of cobalt (II) chloride hexahydrate was dissolved in 15 ml of 

acetone and added to a clean, dry, 50ml round bottom flask. 1.07 g (9.24 mmol) of 

dimethlyglyoxime was dissolved in 15 ml of acetone and added to the round 

bottomed flask. This solution was stirred for 30 – 60 min with a gentle stream of air 

passing over the reaction mixture. A dark green precipitate formed. The solution was 

cooled in ice then vacuum filtered & washed down with ice cold acetone.  

 

% Yield: 1.45 g, 4.03 mmol, 87% 

1H NMR: (400 MHz, CDCl3), 2.41 ppm (s, 2H), 2.33 ppm (s, 12H). 
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3.2.1.2. Synthesis of Pyridine- Cobaloxime 

 

N N

NN

O O

O O
H

H

Co

Cl

Cl

+

N
N N

NN

O O

O O
H

H

Co

N

Cl

 
 

 

0.3g (0.833 mmol) of cobaloxime was suspended in 15 ml of methanol in a clean, 

dry, round bottomed flask. 0.066g (0.833 mmol) of pyridine was added to the 

solution and the suspension was allowed to stir for 30 min. A brown suspension 

results. 20 mls of deionised water was added and the solution was stirred while 

cooling on ice for 10 mins. The product was collected by vacuum filtration and 

washed with 3 x 15 ml solution 2:1 water / methanol followed by 2 x 10 ml diethyl 

ether. The remaining solid was dissolved in DCM and the final undissolved by-

product was removed by vacuum filtration. A light brown product results.  

 

% Yield: 0.255 g, 0.632 mmol, 76 %. 
1H NMR: (400 MHz, CDCl3), 8.24 ppm (dd, Ja= 6.6 Hz, Jb= 1.6 Hz, 2H), 7.69 ppm 

(m, 1H), 7.18 ppm (dd, Ja= 7.4 Hz, Jb= 6.4 Hz, 2H), 2.391 ppm (s, 12H). 
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3.2.1.3. Synthesis of 4-[Bis-(4-ethyl-3,5-dimethyl-1H-pyrrol-2-yl)-methyl]-

pyridine-borondiflouride (4-pyridine-BODIPY) 

 

 

N

+
N

O

NH HN

N

N N

N

B
F2

0.1% mol.eq. 
TFA BF3OEt2

Chloranil

 
 

To a clean, dry 25ml round bottomed flask 15 ml of DCM followed by 0.1 ml 

(1.0652 mmol) of 4-pyridinecarboxaldehyde. The solution was purged with nitrogen 

for 10 min. 0.26 ml (2.13 mmol) of kyrptopyrrole (3-ethyl-2,4-dimethylpyrrole) was 

added followed by 27 μL of TFA was added to the purged solution. The reaction 

vessel was sealed and covered allowed to stir for 3 hours. A dark red solution is 

formed. 4.92 g (20 mmol) of chloranil was dissolved in ~ 5 ml of DCM and added to 

the reaction vessel. The reaction mixture was allowed to stir for a further hour. 1 ml 

of triethylamine was added followed in quick succession by 1.2 ml of BF3.OEt2. The 

solution was allowed to stir for a further 4 hours. After this time the reaction mixture 

was separated with 3 x 10 ml portions of a saturated NaHCO3 solution. The organic 

layer was dried using MgSO4. Purification was carried out using column 

chromatography with silica and a hexane: chloroform 97:3 mobile phase. A red solid 

results.38 

 
% Yield: 0.175 g, 0.459 mmol, 43% 

1H NMR: (400 MHz, CDCl3), 8.7 ppm (dd, Ja= 4.4 Hz, Jb= 1.6 Hz, 2H), 7.24 ppm 

(dd, Ja= 2.4 Hz, Jb= 1.6 Hz, 2H), 2.47 ppm (s, 6H), 2.23 ppm (q, J= 8.0 Hz, 4H), 1.28 

ppm (s, 6H), 0.91 ppm (t, J= 7.6 Hz, 6H). 
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3.2.1.4. Synthesis of 3-[Bis-(4-ethyl-3,5-dimethyl-1H-pyrrol-2-yl)-methyl]-

pyridine-borondiflouride (3-pyridine-BODIPY) 

 

N

+
N

O

NH HN

N

N N

N

B
F2

0.1% mol.eq. 
TFA BF3OEt2

Chloranil

 

 

To a clean, dry 25ml round bottomed flask 15 ml of DCM followed by 0.1 ml 

(1.0652 mmol) of 4-pyridinecarboxaldehyde. The solution was purged with nitrogen 

for 10 min. 0.26 ml (2.13 mmol) of kyrptopyrrole (3-ethyl-2,4-dimethylpyrrole) was 

added followed by 27 μL of TFA was added to the purged solution. The reaction 

vessel was sealed and covered allowed to stir for 3 hours. A dark red solution is 

formed. 4.92 g (20 mmol) of chloranil was dissolved in ~ 5 ml of DCM and added to 

the reaction vessel. The reaction mixture was allowed to stir for a further hour. 1 ml 

of triethylamine was added followed in quick succession by 1.2 ml of BF3.OEt2. The 

solution was allowed to stir for a further 4 hours. After this time the reaction mixture 

was separated with 3 x 10 ml portions of a saturated NaHCO3 solution. The organic 

layer was dried using MgSO4. Purification was carried out using column 

chromatography with silica and a hexane: chloroform 97:3 mobile phase. A red solid 

results.38 

 

% Yield: 0.212 g, 0.551 mmol, 52% 

1H NMR: (400 MHz, CDCl3), 8.73 ppm (dd, Ja= 4.8 Hz, Jb= 1.2 Hz, 1H), 8.54 ppm 

(d, J= 1.2 Hz, 1H), 7.63 ppm (dd, Ja= 6.0 Hz, Jb= 2.0 Hz, 1H), 7.44 ppm (dd, Ja= 7.4 

Hz, Jb= 4.8 Hz, 1H), 2.519 ppm (s, 6H), 2.28 ppm (q, J= 7.6 Hz, 4H), 1.24 ppm (m, 

6H), 0.96 ppm (t, J= 7.6 Hz, 6H). 
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3.2.1.5. Synthesis of 4-BODIPY-Cobaloxime 

 

N N

N

B
F2

+

N N
NN

O O

O OH

H

Co

Cl

N N

N

B
F2

N N
NN

O O

O OH

H

Co

Cl

Cl

 
 

 
0.05g (0.131 mmol) of 4-BODIPY was dissolved in 10 ml of MeOH in a clean, dry, 

2 necked round bottomed flask. 0.047g (0.131 mmol) of cobaloxime was dissolved 

in 10 ml of MeOH and this solution was added to the round bottomed flask. 0.0192 

ml (0.262 mmol) of TEA was added to the reaction vessel. The reaction mixture was 

allowed to stir for 1.5 hours under a gentle stream of air. A dark red precipitate is 

formed. The solution was cooled in an ice bath and vacuum filtered. Purification was 

carried out using column chromatography with silica and a hexane: chloroform 97:3 

mobile phase. A dark red solid product results. 

 

% Yield: 0.063 g, 0.089 mmol, 68% 

1H NMR: (400 MHz, CDCl3), 12.25 ppm (s, 2 –OH), 8.35 ppm (d, J= 6.4 Hz, 2H), 

7.17 ppm (d, J= 6.8 Hz, 2H), 2.434 ppm (s, 6H), 2.36 ppm (s, 12H), 2.19 ppm (q, J= 

7.6 Hz, 4H), 0.96 ppm (s, 6H), 0.88 ppm (t, J= 7.6 Hz, 6H) 

Anal. Calcd. For C30H41N7BF2CoClO4: C 50.5, H 5.85, N 13.66. Found: C 50.1, H 

5.21, N. 12.92. 
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3.2.1.6. Synthesis of 3-BODIPY-Cobaloxime 

 

N N

N

B
F2

+

N

NN

N O

O

O

O
H HCo

Cl

N N

N

B
F2

N N
NN

O O

O OH

H

Co

Cl

Cl

 

 

0.05g (0.131 mmol) of 3-BODIPY was dissolved in 10 ml of MeOH in a clean, dry, 

2 necked round bottomed flask. 0.047g (0.131 mmol) of cobaloxime was dissolved 

in 10 ml of MeOH and this solution was added to the round bottomed flask. 0.0192 

ml (0.262 mmol) of TEA was added to the reaction vessel. The reaction mixture was 

allowed to stir for 1.5 hours under a gentle stream of air. A dark red precipitate is 

formed. The solution was cooled in an ice bath and vacuum filtered. Purification was 

carried out using column chromatography with silica and a hexane: chloroform 97:3 

mobile phase. A dark red solid product results. 

 

% Yield: 0.060 g, 0.085 mmol, 65% 

1H NMR: (400 MHz, CDCl3), 12.125 ppm (s, 2 –OH), 8.33 ppm (d, J= 5.6 Hz, 1H), 

8.175 ppm (s, 1H), 7.58 ppm (dd, Ja= 7.8 Hz, Jb= 1.6 Hz, 1H), 7.32 ppm (dd, Ja= 7.6 

Hz, Jb= 6.0 Hz, 1H), 2.47 ppm (s, 6H), 2.38 ppm (s, 12H), 2.21 ppm (q, J= 7.6 Hz, 

4H), 0.9 ppm (t, J= 7.6 Hz, 6H), 0.86 ppm (s, 6H). 

Anal. Calcd. For C30H41N7BF2CoClO4: C 50.5, H 5.85, N 13.66. Found: C 49.95, H 
5.34, N. 12.83. 
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3.3. Results 

 

3.3.1. UV-Vis Spectroscopy 
 

Room temperature absorption spectra were obtained for all compounds. Table 3.2 

illustrates the absorption maxima (λmax) for all compounds in this study. All UV-Vis 

spectra were carried out using spectrophotometric grade dichloromethane (DCM). 

 

Compound λmax (nm), ε (x 10
4
 M

-1
 cm

-1
) 

FWHM 

( x 10
5
 cm

-1
) of S0 – 

S1 transition. 

3-Pyridine BODIPY 

377 (4.9), 494 (18.1), 524 

(47.8) 

 

3.85 

4-Pyridine BODIPY 

377 (4.3), 494 (16.2) , 524 

(40.3) 

 

3.77 

3-Pyridine BODIPY-

Cobaloxime 

285 (0.04), 379 (0.96), 501 

(2.33), 534 (6.74) 

 

2.99 

4-Pyridine BODIPY-

Cobaloxime 

284 (0.04) 379 (0.82), 504 

(2.00), 536 (4.98) 

 

2.91 

Cobaloxime 262 (0.05), 412, 503, 598 

 

- 

Pyridine-Cobaloxime 252 (0.054), 401, 501, 586 

 

- 

 

Table 3.2- UV-Vis absorption data for all compounds in this study. All spectra were recorded in 

spectrophotometric grade DCM.  

 

All BODIPY complexes absorb strongly in the yellow green range of the UV-Vis 

spectrum around 525 nm, with a shoulder at ~ 496 nm, attributed to an S0 – S1 

transition, which is typical of this type of compound.17,39,40 Absorbances observed 

between 375 and 400 nm are attributed to π – π* transitions localised within the 

pyridine unit.41 Addition of the cobaloxime moiety causes a bathochromatic shift of 

~ 7 nm. 
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3.3.2. Fluorescence Studies 
 

Room temperature emission spectra and fluorescence lifetimes were obtained for all 

compounds. Table 3.3 illustrates the excitation wavelength and emission maxima for 

all compounds in this study and their respective singlet lifetimes. All emission 

spectra and lifetimes were measured using spectrophotometric grade 

dichloromethane (DCM). 

 

Table 3.3- Fluorescence properties and singlet lifetimes 1τ of all compounds in this study. All spectra were 

recorded in spectrophotometric grade DCM. Singlet lifetimes are measured +/- 5%. 

 

 

 

 

Compound 

 

 

Excitation 

(nm) 

 

 

Emission 

(nm) 

 

 

Stokes Shift 

(cm
-1

) 

 

 

1
τ (ns)  

± 5% 

 

3-Pyridine BODIPY 

 

377 549 

 

865 

 

5.94 

 

4-Pyridine BODIPY 

 

377 540 

 

565 

 

4.82 

3-Pyridine 

BODIPY-

Cobaloxime 

 

379 
550 

 

545 

 

4.88 

4-Pyridine 

BODIPY-

Cobaloxime 

 

370 
542 

 

207 

 

3.66 

 

Cobaloxime 

 

262 N/A 

 

- 

 

- 

 

Pyridine-

Cobaloxime 

 

252 
N/A 

 

- 

 

- 
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Excitation of each complex into the S0 – S2 band gives rise to an emission band 

between 540 nm and 550 nm. Complexation of the cobaloxime moiety to the 

BODIPY compound resulted in a bathochromatic shift of only 1 to 2 nm in the 

emission wavelength suggesting that the emission is based only on the BODIPY 

complex. The fluorescence spectra of 3-pyridine BODIPY-cobaloxime and 4-

pyridine BODIPY-cobaloxime show quenched emission when compared to their 

BODIPY counterparts.  

The singlet lifetimes of the BODIPY ligands were measured at ~4 ns which correlate 

with literature values.9,10 Addition of the cobaloxime unit had little effect on the 

lifetimes but some quenching of the emission bands were observed for the 

cobaloxime complexes (Fig. 3.22). 

 

3.3.3. Photocatalytic Hydrogen Generation Studies 
 

All compounds were tested to measure their photocatalytic efficiency for H2 

generation.  All experimental details are discussed in chapter 2, section 2.3.5, and are 

available in appendix B1. All complexes were tested under the conditions listed in 

Table 3.4. 

 

 

Exp . No. 

Conc. Complex  

(M) 

TEA  

(%) 

Water  

(%) 

Irradiation 

λ (nm) 

Irradiation length  

(hr) 

1 5 x 10-5 16.6 10 350 20 

2 5 x 10-5 16.6 0 350 20 

3 5 x 10-5 16.6 10 470 20 

4 5 x 10-5 16.6 0 470 20 

 

Table 3.4- Experimental conditions for photocatalytic studies. 

 

No H2 was detected via GC analysis in the headspace of the sample vials either 

because none was produced or the amount produced was less that then limit of 

detection of the GC. 
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3.3.4. Cyclic Voltammetry 
 

Cyclic voltammetry experiments were carried out at room temperature. Details of 

experimental set up are available in chapter 2, section 2.2.4. 

 

3.3.4.1. Reductive Electrochemistry 

 

Reductive electrochemistry was carried out on the all BODIPY and BODIPY-

Cobaloxime complexes in the range 0V to -2.0V. The potential window of ACN is 

between 0 and -2.0V for reduction processes so experiments were not carried out at 

lower potential limits. Within this range several reduction process were observed and 

have been summarised in Table 3.5. 
 

Cyclic Voltammetry Reduction Potentials 

  Epa (V) Epc (V) E1/2 (V) 

3-Pyridine-BODIPY 
 

-1.51a 
 3-Pyridine-BODIPY-Cobaloxime   -1.1a   

  -1.37b -1.5b -1.435 
4-Pyridine-BODIPY-Cobaloxime   -0.92a   
  -1.23b -1.33b 1.28 
Cobaloxime -1.30c -1.38c -1.34 
Pyridine-Cobaloxime -1.22b -1.02b -1.205 
  -1.57b -1.47b 1.52 

 

Table 3.5- The cyclic voltammetry results for the reduction processes of all BODIPY ligands and 

BODIPY-cobaloxime complexes vs. Ag/AgCl in 0.1M TBAPF6/ DCM. a indicates an irreversible reduction, 
b indicates a reversible wave, c indicates a quasi-reversible wave. 

 

All BODIPY complexes exhibited a ligand based reduction in the range ~ -1.28 to -

1.44 V which is attributed to the formation of a [BODIPY]·- radical anion. Addition 

of a cobaloxime unit induces a second reduction which is assigned to the CoIII/ CoII 

redox couple. 
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3.3.4.2. Oxidative Electrochemistry 

 

Oxidative electrochemistry was carried out on the all BODIPY and BODIPY-

cobaloxime complexes in the range 0V to 2.0 V. The potential window of ACN is 

between 0 and 2.0 V for oxidation processes so experiments were not carried out at 

higher potentials. Within this range several reduction process were observed and 

have been summarised in Table 3.6. 

 

Cyclic Voltammetry Oxidation Potentials 

 

  Epa (V) Epc (V) E1/2 (V) 

3-Pyridine-BODIPY  0.82a   
 3-Pyridine-BODIPY-Cobaloxime 0.88a   

  0.97c  0.82c 0.895 
  1.6a     
4-Pyridine-BODIPY-Cobaloxime 1.12c  0.98c 1.05 
 1.73a   
Cobaloxime 1.0b 0.80b 0.90 
  1.39   
Pyridine-Cobaloxime 1.01b 0.913b 0.962 

  1.66a     
 

Table 3.6 - The cyclic voltammetry results for the oxidation processes of all BODIPY ligands and 

BODIPY-cobaloxime complexes vs. Ag/AgCl. a indicates an irreversible oxidation, b indicates a reversible 

wave, c indicates a quasi-reversible wave. 

All BODIPY complexes possess an irreversible oxidation between 0.895 and 1.05 V 

which is attributed to the formation of a [BODIPY]·+ radical cation, this process is 

obscured by the CoIII/ CoIV process in 4-pyridine-BODIPY-cobaloxime. Addition of 

a cobaloxime unit leads to the observation of a quasi-reversible oxidation assigned to 

the CoIII/ CoIV redox couple along with an oxime based irreversible oxidation at high 

potentials between 1.39 V and 1.73 V. 

3.3.5. Electrocatalytic Hydrogen Generation Studies 

 

The electrocatalytic hydrogen generation studies were carried out using pH 2.0, 0.1 

M NaH2PO4 buffer, a glassy carbon working electrode, a Ag/ AgCl reference 
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electrode filled with 3 M KCl and a platinum wire counter electrode in an airtight v-

shaped electrolysis cell. Full details of the experimental set-up are available in 

Appendix C1/ C2.  

 

3.3.5.1. Onset of Catalytic Current 

 

A series of cyclic voltammogram experiments were carried out using both the bare 

glassy carbon electrode and glassy carbon electrodes with modified surfaces. The 

scans were performed at 0.1 Vs-1 from 0 V to -1.2 V in pH 2.0, 0.1 M NaH2PO4 

buffer. An additional process is visible in these CVs when the cyclic voltammograms 

produced were compared to similar CVs run in ACN. This process is assigned to the 

catalytic production of H2 in aqueous media and was confirmed through GC analysis 

of the headspace after the experiment. Table. 3.7 details the potential at which the 

onset of this process occurs according to the complex used to modify the surface. 

Complex Onset of Catalytic Current (V) 

Bare Electrode -1.15 

Cobaloxime -1.01 

Pyridine-cobaloxime -0.96 

3-pyridine-BODIPY -1.01 

3-pyridine-BODIPY-cobaloxime -0.90 

4-pyridine-BODIPY -0.95 

4-pyridine-BODIPY-cobaloxime -0.80 

 

Table 3.7- The potential at which the onset of the H2 producing catalytic current is observed through 

modification of the glassy carbon electrode surface with the complexes utilised in this study. 

 

The onset of the catalytic current is altered through coordination of the cobaloxime 

moiety to the electron withdrawing BODIPY ligand which is consistent with the CV 

measurements described ACN previously (Section 3.3.5.1.).  The current produced 

by the bare electrode were greatly enhanced through modification with each of the 
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complexes. 4-pyridine-BODIPY-cobaloxime presented the strongest catalytic current 

due to the electron withdrawing properties of the BODIPY ligand allowing the Co 

metal reduction, necessary for the H2 generating reaction, to occur at lower potentials 

Also the linear coordination of the cobaloxime unit allows an ease of movement of 

H+ ions to and from the catalytic centre due to very little steric hindrance from the 

bulky BODIPY moiety. 

When the experiments were repeated in pH 7.0 buffer there was no evidence of the 

onset of a catalytic current within the potential window showing that the reaction is 

pH dependant and works more efficiently in more acidic conditions. 

 

3.3.5.2. Varying Potentiostatic Electrolysis Potential 

 

3-pyridine-BODIPY, 3-pyridine-BODIPY-cobaloxime and cobaloxime were chosen 

as a model series and were tested at various applied electrolysis potentials. 1.5 x 10-

10 moles of each compound was coated on the surface of a glassy carbon electrode 

and varying potentiostatic electrolysis potentials were applied for one hour in pH 2.0, 

0.1 M NaH2PO4 buffer solution. During these tests a constant potential is applied to 

the system over the course of a 1 hour experiment. The current passed through the 

system as a function of H2 generation is measured and using Faraday’s law of 

electrolysis is related to the number of moles of H2 generated during the 

experiment.42 After 1 hour a 1 ml sample of the headspace in the reaction vessel is 

injected in to the GC where its H2 content is measured. The charge passed after one 

hour at the applied potential was measured and compared to the charge passed by a 

bare electrode under the same experimental conditions. Each experiment was 

repeated in triplicate and the average results are presented below. Full calculation 

details are available in Appendix C2. 
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Compound 

BE Potential 

Applied (V) 

Charge Passed 

after 1 hr (C) 

Echem TON 

(x 10
3
) 

GC TON 

(x 10
3
) 

Bare Electrode -0.7 3.37 x 10-4 - - 

-0.8 9.03 x 10-4 - - 

-1 1.90 x 10-2 - - 

-1.1 1.99 x 10-2 - - 

-1.2 2.63 x 10-2 - - 

-1.3 8.97 x 10-1 - - 

3-pyridine-
BODIPY 

-1 8.90 x 10-3 0.3 0* 

-1.1 3.13 x 10-2 1.1 0* 

-1.2 1.60 x 10-1 5.5 5.2 

-1.3 8.56 x 10-1 29.6 25.5 

3-pyridine-
BODIPY-

cobaloxime 

-0.7 2.47 x 10-4 0.009 0* 

-0.8 1.04 x 10-3 0.036 0* 

-1 2.79 x 10-1 9.6 7.1 

-1.1 6.60 x 10-1 22.8 13.9 

-1.2 6.356 x 10-1 22.0 18.5 

-1.3 1.02 x 101 35.2 29.9 

Cobaloxime -0.7 4.74 x 10-4 0.016 0* 

-0.8 1.25 x 10-3 0.043 0* 

-1 2.12 x 10-1 7.3 6.5 

-1.1 3.80 x 10-1 13.1 10.2 

-1.2 4.54 x 10-1 15.7 8.0 

-1.3 9.37 x 10-1 32.4 21.1 

 

Table 3.8 – Results of experiments varying the applied potential during potentiostatic electrolysis. BE = 

bulk electrolysis, no peaks were observed for low concentrations of H2 due to the limit of detection of the 

GC. *No H2 detected as the quantity produced is below LOD of instrument. All TON are quoted ± 30%. 
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Modification of the electrode surface allowed H2 to be produced during bulk 

electrolysis experiments at less negative potentials. Reasonable TONs were 

measured for 3-pyridine-BODIPY at an applied potential of -1.2 while 3-pyridine-

BODIPY-cobaloxime was capable of generating large TONs at potentials as positive 

at -1.0 V, which is consistent with the observed onset of the catalytic current being 

induced at more positive potentials when the surface is modified with this complex. 

Cobaloxime itself is capable of generating TONs upon application of a potential of -

1.0 V however TONs generated are not as high as those observed with 3-pyridine-

BODIPY-cobaloxime. 

 

3.3.5.3. H2 Generation TONs 

 

Each compound was tested using an applied potential of -1.2 V for 1 hour and the 

resulting hydrogen TONs generated were compared. A 1ml sample of the headspace 

was injected into a GC and the GC calculated TONs were also compared to measure 

the overall efficiency of the electrochemical reaction (Table 3.9). 
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Compound 

Charge 

Passed 

After 1 

Hr (C) 

Electrochemical  

TON (x 10
3
) 

GC 

TON 

(x 10
3
) 

Efficiency 

% 

Avg 

Current 

During 

Bulk 

Electrolysis 

(mA) 

Current 

Density 

(mA/cm
2
) 

3-pyridine 

-BODIPY 
0.160 5.5 5.2 94 0.034 0.49 

4-pyridine 

-BODIPY 
0.164 5.76 5.5 96 0.057 0.81 

3-pyridine-
BODIPY-

cobaloxime 
0.635 22.0 16.5 75 0.104 1.51 

4-pyridine-
BODIPY-

cobaloxime 
0.529 18.3 10.8 59 0.102 1.46 

Cobaloxime 0.454 15.7 8.0 51 0.152 2.18 

Pyridine-
Cobaloxime 

0.337 11.7 9.1 78 0.130 1.86 

Table 3.9- Results of electrocatalytic studies for all pyridine-BODIPY and pyridine-BODIPY-

cobaloxime complexes upon bulk electrolysis at -1.2 V for 1 hour in pH 2.0, 1 mM NaH2PO4 buffer. 

All TON are quoted ± 30%. 
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3.4. Discussion 

 

Synthesis. 3-pyridine-BODIPY, 4-pyridine-BODIPY and cobaloxime which are 

discussed in this chapter have been synthesised using a modified method from Ulrich 

and Ziessel and all spectral data for all complexes are in agreement with reported 

data.38 The reaction progress was monitored using TLC throughout the experiments 

and reasonably high yields of 43 and 52 were obtained for 4-pyridine-BODIPY and 

3-pyridine-BODIPY respectively through the use of kryptopyrrole as the starting 

material which hinders some of the mixed products which can be usually expected 

during dipyrromethene synthesis. 

 Synthesis of cobaloxime was facile and involved stirring the reactants in acetone for 

1 hour. High yields of 87% were obtained following washing with cold acetone. 

The BODIPY-cobaloxime derivatives are novel to the best of our knowledge, and all 

spectral data are in agreement with their formulation and compare well to similar 

compounds with have been previously reported in literature. Coordination of the 

cobaloxime moiety was achieved through the nitrogen group in the pyridyl 

substituent on the BODIPY complex following loss of a chloride group from the Co 

metal centre. Isolation of the products proved difficult and yields of 68 and 65% 

were achieved following column chromatography. 
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Figure 3.17- Numbering of protons in 3-pyridine-BODIPY, 3-pyridine-BODIPY-cobaloxime and 

cobaloxime.  

 

NMR Spectroscopy. The 1HNMR spectral signals of both 3-pyridine-BODIPY and 

4-pyridine-BODIPY are very similar except for the splitting in the pyridyl protons. 

Due to the symmetry in 4-pyridine-BODIPY two sets of resonances arise for these 

protons at 8.4 ppm and 7.24 ppm with the protons nearest the nitrogen appearing 

further downfield due to the lone pair on the nitrogen. As 3-BODIPY is more 

unsymmetrical 4 proton signals for the pyridyl protons are observed between 8.73 

ppm and 7.44 ppm. Protons 5 and 6 appear further upfield than protons 7 and 8 due 

to the shielding effect of the nitrogen lone pair. 

The alkyl protons (1 – 4) are present between 2.5 ppm and 1 ppm. The addition of 

the cobaloxime moiety shifts all of the signals slightly upfield due to the shielding 

effect of the cobaloxime with the pyridyl protons being the most affected. The 

coordination of the BODIPY ligand to the cobaloxime moiety leads to the 

appearance of a singlet at ~2.35 ppm (9). Proton 10, from the OH group, can be 

observed far downfield at ~ 12 ppm.  
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Examples of 1H NMR are available in appendix D1. 

Electronic Absorption Spectroscopy. The absorbance spectra of 3-pyridine-

BODIPY and 3-pyridine-BODIPY-cobaloxime are very similar however after 

addition of the cobaloxime group a small bathochromic shift of 7 nm is observed 

(Fig. 3.18). This shift is attributed to an interaction between the pyridyl-porphyrin 

and the cobalt centre on the cobaloxime. This effect was reported by Zhang et al.
43 

when investigating the photophysics of cobaloxime linked porphyrin complexes. 

Freebase dipyrromethanes are known to absorb weakly in the blue-green region of 

the spectrum and addition of the BF2 moiety gives rise to the strong sharp 

absorbance in the region ~ 500 - 525 nm.44 

 

 

 

Figure 3.18- UV-Vis spectra of 3-Pyridine-BODIPY (blue line) (2 x 10-2 M) and 3-Pyridine-BODIPY-

cobaloxime (red line) (2 x 10-3 M). All spectra were recorded in spectroscopic grade DCM.  

 

These intense absorbances are attributed to the S0→S1 (π-π*) transition on the 

dipyrromethene. A vibronic overtone of this transition appears at ~ 494 nm and 

appears as a shoulder to the stronger absorbance.
45

   

Along with this strong sharp absorbance a weaker, broader absorbance is present at 

shorted wavelengths centred at 370 nm. This absorbance is due to the S0→S2 (π-π*) 

transition within the dipyrromethene ligand.
45

  The addition of the cobaloxime unit 
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introduces a third broad band at higher energy, 285 nm, which is attributed to a π-π* 

transition within the cobaloxime subunit (Fig. 3.19). 

 

 

 

 

Figure 3.19- UV-Vis spectra of 3-Pyridine-BODIPY (blue line) (2 x 10-2 M), 3-Pyridine-BODIPY-

cobaloxime (red line) (2 x 10-3 M) and cobaloxime (green line).  

The FWHM values are shown in Table 3.2, and there is some variance upon 

coordination of the cobaloxime complex. The S0 – S1 transition bands are broadened 

when compared to the non-substituted BODIPYs. The width of the 3-pyridine-

BODIPY (3.85 x 105 cm-1) and 4-pyridine-BODIPY (3.77 x 105 cm-1) absorbances 

are significantly broader than those of 3-pyridine-BODIPY-cobaloxime (2.99 x 105 

cm-1) and 4-pyridine-BODIPY-cobaloxime (2.91 x 105 cm-1), which could suggest 

lower electronic and vibronic coupling between the π-electrons in the BODIPY dye 

system and the meso-substituted pyridyl groups.46  

Further absorbances in the visible region of the UV-vis spectrum were observed for 

cobaloxime and pyridine cobaloxime. Weak broad absorbances at 412 nm and 401 

nm respectively have been assigned to a ligand-metal charge transfer (LMCT) band 

from the axial coordinated pyridine group to the Co metal centre.26 Also visible are 

two weaker absorbances further into the red region at 503 nm and 598 nm in 

cobaloxime and 501 nm and 586 nm in pyridine-cobaloxime complexes. These 
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transitions are assigned to a singlet d-d transition of CoIII followed by a triplet d-d 

transition of CoIII.26 These absorbances are presumably present in the BODIPY-

cobaloxime complexes also but due to the weakness of the bands they have been 

obscured by the strongly absorbing BODIPY based transitions. 

Fluorescence Spectroscopy. Cobaloxime and pyridine-cobaloxime do not emit. All 

BODIPY complexes were excited at ~ 370 nm which corresponds to the S0 – S2 

transition. As is illustrated in Fig. 3.20, BODIPY complexes exhibit one sharp 

emission band with a very small stokes shifts (207 – 865 cm-1). This is in agreement 

with reports of similar complexes in literature.16,43 

 

 

 

Figure 3.20 – UV-Vis spectrum and emission spectrum of 3-Pyridine-BODIPY-Cobaloxime recorded in 

spectrophotometric grade DCM. λEx = 370 nm for 3-Pyridine-BODIPY. 

 

Varying the position of the nitrogen on the meso-pyridyl group did not have a large 

effect on the stokes shifts with values of 865 cm-1 and 565 cm-1 calculated for 3-

pyridine-BODIPY and 4-pyridine-BODIPY respectively.  The stokes shift was only 

slightly effected by the coordination of the cobaloxime centre with measurements of 

545 cm-1 and 207 cm-1 calculated for 3-pyridine-BODIPY-cobaloxime and 4-

pyridine-BODIPY-cobaloxime respectively. The small stokes shifts indicate that the 

pyridyl-BODIPYs do not undergo considerable excited state structural distributions 

following excitation. As the addition of the cobaloxime moiety does not affect the 
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stokes shift it is proposed that the absorption and emission both occur on the 

BODIPY ligand. 

 

 
 

Figure 3.21 – UV-Vis spectrum and emission spectrum of 3-Pyridine-BODIPY-Cobaloxime recorded in 

spectrophotometric grade DCM. λEx = 377 nm for 3-Pyridine-BODIPY-cobaloxime. 

 

The most obvious difference in the fluorescence spectra of the BODIPYs and the 

cobaloxime coordinated BODIPYs is that the emission intensity of the cobaloxime 

derivatives are reduced with respect to the uncoordinated BODIPY compound (Fig. 

3.22). This quenching would seem to indicate electronic communication between the 

BODIPY ligand and the cobalt metal centre. The quenching in the emission of the 

cobaloxime complexes is ~ 50% when compared to the BODIPY ligands alone, 

signifying that intramolecular electron or energy transfer between the π-BODIPY 

electrons and the cobalt metal centre is occurring following excitation.  
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Figure 3.22- Emission spectra for 3-pyridine-BODIPY (blue line), 4-pyridine-BODIPY (red line), 3-

pyridine-BODIPY-cobaloxime (green line) and 4-pyridine-BODIPY-cobaloxime (purple line). All spectra 

were recorded in spectrophotometric grade DCM. 

 

The fluorescence lifetimes (1τ) were recorded in dichloromethane and are included in 

Table 3.3.  A lifetime of 5.94 ± 5% was observed for 3-pyridine-BODIPY and 4.82 ± 

5% for 4-pyridine-BODIPY, which is in good agreement with the literature reported 

values for similar BODIPY complexes of between 2.8 and 5.0 ± 5%.9,10 Upon 

complexation of the cobaloxime unit there was little difference in the lifetimes 

calculated (4.88 ± 1 ns and 3.66 ± 1 ns for 3-pyridine-BODIPY-cobaloxime and 4-

pyridine-BODIPY-cobaloxime respectively). Typical fluorescence decays observed 

for 3-pyridine-BODIPY and 3-pyridine-BODIPY-cobaloxime are shown in Fig. 3.23 

and Fig. 3.24. As cobaloxime and pyridine-cobaloxime were non-emissive no 

lifetimes were measured. 
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Figure 3.23- Typical fluorescence decay observed for 3-pyridine-BODIPY  (1τ = 5.94 ns) following excitation 
at 549 nm.  Singlet lifetime is measured +/- 5%. 
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Figure 3.24-Typical fluorescence decay observed for 3-pyridine-BODIPY-cobaloxime  (1τ = 4.88 ns) 

following excitation at 549 nm.  Singlet lifetime is measured +/- 5%. 

 

Photocatalytic H2 generation Experiments. In efforts to develop novel, non-noble 

metal photocatalytic systems the utilisation of cobalt is an ideal alternative to 

expensive and rare metals. Using the BODIPY moiety as a light harvesting complex, 

efficient electron transfer through the meso-pyridyl ring to the cobalt catalytic centre 

was anticipated. BODIPY ligands are known to be efficient light absorbing 

complexes12-14 and have been used in a variety of systems as effective electron 

transfer devices.13,14 Cobaloxime complexes have demonstrated efficacy in the 

photocatalysed production of hydrogen28-31 and TONs of up to ~300 have been 

achieved. Here all of the complexes; 3-pyridine-BODIPY, 4-pyridine-BODIPY, 
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cobaloxime, 4-pyridine-cobaloxime, 3-pyridine-BODIPY-cobaloxime and 4-

pyridine-BODIPY-cobaloxime were studied for their capacity to generate H2 

photocatalytically. Unfortunately no H2 was detected in the headspace of any of the 

vials during the photocatalytic experiments. Low TONs for H2 production have been 

reported for cobaloxime complexes which are similar to those reported in this study, 

however, BODIPY has yet to be used as a photosensitiser in this type of experiment. 

The reasons for the lack of hydrogen produced by these systems are at present not 

clear, however, it is proposed that either no H2 has been produced photochemically 

or the amount produced was below the limit of detection for our instrument.  The 

absorption features of BODIPY unit were tuned to be as close to the 470 nm light 

source as possible, while the cobaloxime derivatives absorb in the region of the UV 

light source used which has a wavelength of 350 nm, so absorption of light should 

not be a problem.  Photolysis may have led to decomposition of the complexes due 

to the aggressive nature of the radicals formed from TEA during the regenerating 

process. Importantly it is also worth stating that the limit of detection of the GC used 

is ~100 ppm.  

Electrochemistry. The electrochemistry of pyridyl BODIPYs and their cobaloxime 

coordinated counterparts have also been investigated. For comparison with the 

BODIPY complexes, cobaloxime and pyridine-cobaloxime have been examined 

under the same conditions and the data has been summarised in Table 3.3 and Table 

3.4. The redox properties of the BODIPY complexes compare well with those 

previously reported.47 Due to solubility issues accurate concentrations of samples 

was not possible, however, samples prepared were ~ 1 mmol. 

3-pyridine-BODIPY undergoes one irrreversible reduction at -1.44 V (Fig. 3.25). As 

the species is fully substituted in the meso and β- positions formation of a dimer is 

not expected which is common for non-substituted BODIPY dyes.13,17 The process is 

most likely an electrochemical-chemical (EC) mechanism forming a non-

electroactive species.48 The coordination of a cobaloxime moiety to the BODIPY 

complexes produces a fully reversible wave at a similar potential, -1.435 V. The 

addition of a bulky cobaloxime group hinders the EC pathway which was observed 

using 3-pyridine-BODIPY, which most likely occurred at the meso-substituted 

pyridyl group. 
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Figure 3.25- Cyclic voltammogram of 3-pyridine-BODIPY (blue line) and 3-pyridine-BODIPY-cobaloxime 

(red line) in 0.1 M TBAPF6/ ACN illustrating their reduction processes. Scan rate 0.1 Vsec-1. 

 

Cobaloxime exhibits an quasi-reversible reduction wave at -1.34 V. This is attributed 

to the Co2+/ Co3+ redox couple. Along with a reduction at the BODIPY ligand, 3- 

and 4-pyridine-BODIPY-cobaloxime exhibit an irreversible reduction at ~ - 1.0 V 

which is partially masked by the ligand based reduction (Fig. 3.26). Due to the 

similar potential of this reduction with that of the Co2+/ Co3+ redox couple in 

cobaloxime it is assigned to this process at the cobalt metal centre of the complex. 

Due to the electron withdrawing nature of the BODIPY ligand, which has been 

previously reported by Peña-Cabrera et al.,49 this represents an anodic shift of 0.28 

and 0.46 V for 3-pyridine-BODIPY-cobaloxime and 4- pyridine-BODIPY-

cobaloxime respectively with regard to cobaloxime. 
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Figure 3.26-Cyclic voltammogram of 3-pyridine-BODIPY (blue line) and 3-pyridine-BODIPY-cobaloxime 

(red line) and cobaloxime (green line) in 0.1M TBAPF6/ ACN illustrating their reduction processes. Scan 

rate 0.1 Vsec-1. 

 

3-pyridine-BODIPY possesses one irreversible oxidation at 0.82 V.  Upon 

coordination of the cobaloxime unit the irreversible process is only slightly shifted 

by 0.06 V to 0.88 V (Fig. 3.27). 3-pyridine-BODIPY-cobaloxime possesses a 

irreversible oxidation at E1/2 = 0.97 V which is directly related to the cobaloxime unit 

and is assigned to the Co3+/Co4+ redox couple.  Cobaloxime itself exhibits a 

irreversible oxidation at 0.8 V (Fig. 3.27). 4-pyridine-BODIPY-cobaloxime exhibits 

the same the irreversible Co3+/Co4+ redox couple at 1.12 V, however the irreversible 

BODIPY based reduction is unresolved from this wave and it presumably found at a 

very similar potential to this process. 
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Figure 3.27-Cyclic voltammogram of 3-pyridine-BODIPY (blue line) and 3-pyridine-BODIPY-cobaloxime 

(red line) and cobaloxime (green line) in 0.1 M TBAPF6/ ACN illustrating their oxidation processes. Scan 

rate 0.1 Vsec-1. 

 

In addition 3-pyridine-BODIPY-cobaloxime and 4-pyridine-BODIPY-cobaloxime 

exhibit another irreversible oxidation at 1.6 V and 1.73 V respectively. This process 

is attributed to a BODIPY based oxidation yielding the radical cation [BODIPY].+. 

Pyridine-cobaloxime exhibits the same oxidation processes as cobaloxime however 

these processes have been shifted to higher potentials due to the electron 

withdrawing effect of the pyridine moiety (Fig. 3.28.). No oxidation processes were 

found to occur on the pyridine group itself within the solvent potential window. 
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Figure 3.28-Cyclic voltammogram of cobaloxime (blue line) and pyridine-cobaloxime (red line) in 0.1 M 

TBAPF6/ ACN, illustrating their oxidation processes. CV of pyridine-cobaloxime is offset along the axis for 

ease of viewing. Scan rate 0.1 Vsec-1. 

 

Electrocatalytic H2 Generation Experiments. Following on from CV studies 

electrocatalytic generation of H2 measurements were carried out using the same 

electrochemical set up but using aqueous buffer solutions. No catalytic current was 

observed when glassy carbon electrode surfaces were modified with any of the 

compounds used in this study at pH 7.0, in a 0.1 M NaH2PO4 buffer. The 

electrocatalysis of H2 production was, however, observed when the experiment was 

carried out in acidic media; in a pH 2.0, 0.1 M NaH2PO4 buffer solution. 

In Fig. 3.29 the cyclic voltammogram of the bare electrode is compared with 

electrodes modified with cobaloxime and pyridine-cobaloxime. As is evident from 

the graph, the catalytic current producing H2 is generated at -1.15 V vs. Ag/AgCl 

using a bare electrode. Modification of this electrode surface with cobaloxime 

induces a greatly enhanced catalytic current, where the onset of this current occurs at 

-1.01 V, representing an anodic shift of 0.14 V when compared with a bare electrode. 

Modification of the same surface with the pyridine-cobaloxime complex also shows 

an improved current and the onset occurs at a lower potential, -0.96 V. The addition 

of the pyridine group to the cobaloxime catalytic unit moves the Co centre reduction 

potentials to more anodic potentials, as is evident from the cyclic voltammograms in 
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ACN (Section 3.3.5.1.), therefore allowing the production of H2 to take place at 

lower potentials. 

 

 
 

Figure 3.29- Typical cyclic voltammogram of a electrode modified with cobaloxime (blue line), pyridine-

cobaloxime (red line) and a bare electrode (green line), in pH 2.0, 0.1 M NaH2PO4 buffer. (Scan rate =  0.1 

Vs-1). Inset is a closer view of the onset of the catalytic curve. 

 

On comparing the TONs generated upon modification of the glassy carbon electrode 

with these two complexes in Table 3.9, the onset of the catalytic current was 

measured at a similar potential which is consistent with the observed intensity of the 

catalytic current induced using both complexes being comparable. The current 

density measured over the course of the hour long bulk electrolysis experiment at -

1.2 V was measured as 2.18 mA/cm2, producing an electrochemically determined 

TON of 16.7 x 103 for cobaloxime alone, while the current density measured using 

the pyridine-cobaloxime complex was slightly less at 1.86 mA/cm2 (TON = 11.7 x 

103), this implyes higher catalytic activity for the cobaloxime modified surface. The 

efficiencies of the systems were calculated by comparing the GC TON with that 

determined electrochemically. This GC generated TON is a more accurate 

measurement of the number of moles of H2 produced as it does not take background 

charging into account. The pyridine-cobaloxime system presented the greatest 
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efficiency at 78% while cobaloxime gave a much lower value, 51%, indicating that 

the pyridine-cobaloxime system produces hydrogen more efficiently despite yielding 

a lower TON after 1 hour. 

In Fig. 3.30 the cyclic voltammograms of the bare electrode (green line) is compared 

with the electrodes modified with 3-pyridine-BODIPY (blue line) and 3-pyridine-

BODIPY-cobaloxime (red line). A similar onset of the catalytic current was 

observed for 3-pridine-BODIPY and the bare electrode at -1.0 V and -1.05 V vs. Ag/ 

AgCl respectively however, an enhancement of this catalytic current was observed 

upon modification of the electrode surface.  

Modification of the electrode with 3-pyridine-BODIPY-cobaloxime also showed a 

significant enhancement of the catalytic current, in fact the addition of the 

cobaloxime group allowed for and even greater improvement when compared with 

the 3-pyridine-BODIPY coated electrode. Also evident is a 0.25 V anodic shift in the 

onset of the catalytic current (at -0.90 V) when 3-pyridine-BODIPY-cobaloxime is 

employed. The onset is at a similar potential as was observed for the Co metal based 

reduction in the cyclic voltammogram in ACN (Section 3.5.5.1.), which suggests 

that this enhanced current is due to the presence of the Co centre on the cobaloxime 

moiety being involved in the reduction of H2. 

The TONs generated upon modification of the glassy carbon electrode with the 3-

pyridine-BODIPY and 3-pyridine-BODIPY-cobaloxime complexes followed the 

trend observed for the onset of the catalytic current. 3-pyridine-BODIPY produced a 

current density of 0.49 A/m2 over the course of the hour long bulk electrolysis 

experiment at -1.2 V, producing an electrochemically determined TON of 5.5 x 103, 

while the current density measured when using 3-pyridine-BODIPY-cobaloxime was 

1.51 A/m2 and a TON of 21.4 x 103 was calculated, implying a higher catalytic 

activity utilising the cobaloxime derivative. The 3-pyridine-BODIPY system, 

however, presented the greatest efficiency at 94% while 3-pyridine-BODIPY-

cobaloxime achieved only 65% efficiency.  
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Figure 3.30- Typical cyclic voltammogram of a electrode modified with 3-pyridine-BODIPY (blue line), 3-

pyridine-BODIPY-cobaloxime (red line) and a bare electrode (green line), in pH 2.0, 0.1 M NaH2PO4 

buffer. (Scan rate =  0.1 Vs-1). Inset is a closer view at the onset of the catalytic current. 

 

Similar trends in catalytic current induction were observed when cyclic 

voltammograms of electrodes modified with 4-pyridine-BODIPY and 4-pyridine-

BODIPY-cobaloxime were carried out (Fig. 3.31). Incorporating 4-pyridine-

BODIPY on the electrode surface affords a greatly enhanced current when compared 

to the bare electrode experiment. Upon modification with 4-pyridine-BODIPY-

cobaloxime onset of the catalytic current is at an even more positive potential. Again 

the onset of the catalytic current on the bare electrode (-1.15 V) is much more 

negative than the onset observed for the 4-pyrdine-BODIPY modified electrode (-

0.95 V). However, the onset of the current when the 4-pyridine-BODIPY-

cobaloxime modified electrode is employed is observed at -0.8 V representing an 

anodic shift of 0.35 V when compared with the bare electrode. The onset, as with 3-

pyridine-BODIPY-cobaloxime, is at a similar potential as was observed for the Co 

metal based reduction in the cyclic voltammogram in ACN, which implies that this 

enhanced current is due to the presence of the Co centre. 
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Figure 3.31- Typical cyclic voltammogram of a electrode modified with 4-pyridine-BODIPY (blue line), 4-

pyridine-BODIPY-cobaloxime (red line) and a bare electrode (green line), in pH 2.0, 0.1 M NaH2PO4 

buffer. (Scan rate =  0.1 Vs-1) 

The current density measured over the course of the hour long bulk electrolysis 

experiment at -1.2 V was measured as 1.46 mA/cm2, producing an electrochemically 

determined TON of 18.3 x 103  when using 4-pyridine-BODIPY-cobaloxime, while 

the current density measured for the 4-BODIPY ligand was only 0.81 mA/cm2and a 

TON of 5.7 x 103. The efficiencies measured in the systems were 96 and 59 % for 4-

pyridine-BODIPY and 4-pyridine-BODIPY-cobaloxime respectively implying that 

though the cobaloxime derivatised system produces a larger TON and more effective 

current density when compared with 4-pyridine-BODIPY it does not yield H2 as 

efficiently as the ligand alone. 

When comparing the enhancement of the catalytic current between uncoordinated 

cobaloxime with BODIPY derivatives it is evident that the BODIPY-cobaloxime 

complexes show the most promise as catalytic centres for electrocatalytic H2 

production. When cyclic voltammograms of the complexes were compared in ACN 

(Section 3.3.5.) it was evident that coordination of the BODIPY complex to the 

cobaloxime unit shifted the reduction potentials at the Co metal centre anodically to 

potentials of an average ~ 0.35 V less negative when compared with uncoordinated 
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cobaloxime. The easier reduction at the metal centre means that less energy is 

required for the system to drive the catalytic reaction. 

The results exhibited in Table 3.9 also demonstrate that the cobaloxime derivatives 

yielded the highest TONs for H2 production. The currents passed over the course of 

the 1 hour experiments were also far greater for the complexes containing a 

cobaloxime catalytic centre. The complexation of BODIPY allows H2 generation to 

occur at the Co metal centre on the cobaloxime moiety at these lower potentials with 

stronger catalytic currents produced. 3-pyridine-BODIPY-cobaloxime and 4-

pyridine-BODIPY-cobaloxime yielded the highest electrochemically determined 

TON at 21.4 x 103  and 18.3 x 103  respectively which compares well with the TONs 

reported in the literature. The efficiency of the system, however, is greatly reduced 

following complexation with the cobaloxime complexes. Electrodes modified with 

3-pyridine-BODIPY and 4-pyridine-BODIPY presented efficiencies of ~ 95% 

respectively however upon modification with 3-pyridine-BODIPY-cobaloxime and 

4-pyridine-BODIPY-cobaloxime these efficiencies dropped to ~ 60% respectively. 

Cobaloxime and pyridine-cobaloxime achieved similar efficiencies ~ 55 %.  

3-pyridine-BODIPY, 3-pyridine-BODIPY-cobaloxime and cobaloxime were chosen 

as a model system and their electrocatalytic H2 generating efficacy was tested at 

various potentials. Presented in Table 3.8 are the TONs generated when applying 

various potentials during bulk electrolysis (BE). As is apparent from these results the 

bare glassy carbon electrode is capable of generating small amounts of H2, 

unmodified, at potentials above -1.2 V vs. Ag/AgCl. The currents generated by the 

bare electrode are quite weak; however upon applying bulk electrolysis at -1.3 V the 

electrode is capable of yielding a strong catalytic current at -1.15 V.  

By comparison, when the electrode surface was modified with 3-pyridine-BODIPY, 

catalysis began at an applied potential of -1.2 V, with a current of 1.6 x 10-3 A being 

passed over the hour long experiment. An electrochemically determined TON of 5.5 

x 103 and a GC determined TON of 5.2 x 103 were measured. Upon increasing the 

potential applied to -1.3 V the current passed after one hour is less than that passed 

by the bare electrode, implying that the modification of the surface is hindering the 

electrodes capabilities to catalyse the reaction at this potential. When the potential 

applied is less negative than -1.2 V smaller amounts of H2 were generated. 

As is consistent with the measured onset of the catalytic current appearing at more 

positive potentials, when the surface is modified with 3-pyridine-BODIPY-
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cobaloxime TONs for H2 generation are detectable when potentials as low as -1.0 V 

are applied. Electrochemically calculated TONs of 9648 and 21959 are observed 

following bulk electrolysis at -1.0 V and -1.2 V respectively. This displays that 3-

pyridine-BODIPY-cobaloxime is capable of producing larger TONs for H2 

generation a -1.0 V BE than 3-pyridine-BODIPY during bulk electrolysis at -1.2 V. 

Similar to results obtained using 3-pyridine-BODIPY, following bulk electrolysis at 

-1.3 V the current passed was less than that passed by the bare electrode, implying 

that the modification of the surface is hindering the electrodes capabilities to catalyse 

the reaction at this potential itself. 

Cobaloxime itself is capable of generating TONs upon application of a potential of -

1.0 V however TONs generated at this potential are not as high as those produced 

using 3-pyridine-BODIPY-cobaloxime. 

There have been no reports regarding the use of BODIPY complexes in the 

electrocatalytic generation of H2, however, cobaloxime complexes have been used 

efficiently in this process. TONs of up to 4024 following potentiostat electrolysis (1 

hour) at -0.96 V vs. Fc+/Fc and 5 x 105 following potentiostatic electrolysis (7 hours) 

at -0.6 V vs. SCE 37. However, it is unclear how these TON were calculated so a 

direct comparison with the results presented in this study is difficult although it is 

clear that the complexes utilised in this study have shown potential as H2 generating 

electrocatalysts achieving TONs of up to 2.2 x 103 after 1 hour potentiostatic 

electrolysis.   

The onset of the catalytic current has been reported a as low as -0.2 V vs. SCE using 

a cobaloxime complex with MeCN ligands coordinated.36 However, TONs of > 5 

were reported for these systems, which is significantly less than the TON reported 

here. 
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3.5. Conclusion 

 

This chapter discusses the synthesis, characterisation, electrochemistry and 

photochemistry of meso-pyridine-BODIPY compounds and their corresponding 

cobaloxime complexes. All synthesised complexes were characterised using 1H 

NMR, and UV-Vis spectroscopy. Fluorescence spectroscopy was carried out along 

with the fluorescence lifetimes of the complexes. 

Synthesis of the BODIPY photosensitiser group was achieved using a method 

developed by Zeissel et al.
38 and yields of ~45% were achieved which is typical for 

this type of compound. 

The UV-vis spectra of the ligands; 3-pyridine-BODIPY and 4-pyridine-BODIPY, 

show strong absorbances in the UV-Vis spectrum at ~525 nm, attributed to an S0 – 

S1 transition, which it typical of this type of compound.17,50,51 Absorbances observed 

between 375 and 400 nm are attributed to π – π* transitions localised within the 

pyridine unit.52 Addition of the cobaloxime moiety to the ligands induced a small 

bathochromatic shift of ~ 7 nm in the strongly absorbing S0 - S1 transition. 

Due to the small stokes shift possessed by BODIPY complexes excitation into the 

strongest absorbance band (S0 – S1) did not yield a complete fluorescence profile. 

Complexation of the cobaloxime moiety to the pyridine-BODIPY complex resulted 

in a small bathochromatic shift of 1 to 2 nm in the emission wavelength suggesting 

that the emission is based only on the BODIPY complex. The fluorescence spectra of 

3-pyridine BODIPY-cobaloxime and 4-pyridine BODIPY-cobaloxime showed a 

slightly quenched emission when compared to their BODIPY counterparts indicating 

electronic or energetic communication between the BODIPY to the Co metal centre. 

The fluorescence lifetimes of the pyridine-BODIPY ligands were measured at 5.94 

ns ± 5% and 4.82 ns ± 5% for 3-pyridine-BODIPY and 4-pyridine-BODIPY 

respectively. Upon complexation of the cobaloxime unit the lifetimes did not change 

significantly with measured values of 4.88 ns ± 5% and 3.66 ns ± 5% for 3-pyridine-

BODIPY-cobaloxime and 4-pyridine-BODIPY-cobaloxime respectively.  

Cyclic voltammetry of all BODIPY complexes showed that they possess an 

irreversible oxidation between 0.82 and 1.12 V which is attributed to the formation 

of a [BODIPY]·+ radical cation, this process is obscured by the CoIII/ CoIV process in 

4-pyridine-BODIPY-cobaloxime. Addition of a cobaloxime unit leads to the 
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observation of a quasi-reversible oxidation assigned to the CoIII/ CoIV redox couple 

along with an oxime based irreversible oxidation at high potentials between 1.39 V 

and 1.73 V. All BODIPY complexes also exhibited a ligand based reduction ~ -1.28 

v to -1.44 V which is attributed to the formation of a [BODIPY]·- radical anion. 

Addition of a cobaloxime unit induces a second reduction which is assigned to the 

CoIII/ CoII redox couple. 

During electrocatalytic H2 generation experiments 3-pyridine-BODIPY-cobaloxime 

and 4-pyridine-BODIPY-cobaloxime produced the largest GC determined TON over 

the course of the bulk electrolysis experiment at 21.4 x 103 and 18.3 x 103  

respectively, however the efficiency of the system was measured to be only 65 and 

59%. The BODIPY ligands yielded the highest efficiencies for yielding H2 at 94% 

for 3-pyridine-BODIPy and 96% for 4-pyridine-BODIPY but with diminished TONs 

of 5.5 x 103 and 5.8 x 103 respectively when compared with their cobaloxime 

analogues.  

Any H2 that may have been produced photocatalytically was not detected on the GC 

during the studies; this is either because it was not produced or the amount produced 

was lower than the LOD of the GC. 
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Chapter 4                

Porphyrin-Cobaloxime 

Complexes 

 

 

Chapter 4 begins with a short literature survey 

detailing the synthetic procedures which have 

been employed in the synthesis of meso-

substituted porphyrin dyes. Briefly discussed are 

the photochemical and electrochemical properties 

of porphyrin systems which have been previously 

reported. Also detailed is the use of porphyrin 

photosensitisers in the photocatalytic and 

electrocatalytic of hydrogen. The synthetic 

procedures employed to prepare four porphyrin 

dyes and the additions of cobaloxime to the 

ligands are discussed. 1H NMR, mass 

spectrometry, elemental analysis, UV-vis 

spectroscopy and fluorescence spectroscopy were 

employed, where applicable, to characterise the 

final products. The results of cyclic voltammetry 

together with both photocatalytic and 

electrocatalytic hydrogen generation studies are 

presented. 
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Aim 

 

The main objective of this section of research is to synthesise a series of porphyrin 

dyes, for use as photosensitisers, and their cobaloxime derivatives, utilising cobalt as 

a catalytic centre for use in both the photocatalytic and electrocatalytic generation of 

H2 using no noble metals. Porphyrin dyes are known to have strong absorbances in 

the long wavelength, blue - green region of the spectrum which could facilitate 

efficient H2 generation following irradiation with lower energy light sources.  The 

complexes photochemistry will be investigated through UV-Vis and fluorescence 

studies. Their electrochemistry will also be investigated using cyclic voltammetry.  

 

4.1 Introduction  

 

4.1.1. Porphyrins 

 

Porphyrins are large highly conjugated, macrocyclic molecules which contain four 

pyrrole units linked through their α and α’ positions by four methine bridges. These 

pigments were originally studied due to their presence in a variety of important 

processes in nature. Chlorophyll A used in photosynthesis and Heme A used in 

transporting oxygen in blood both contain porphyrin rings leading them to be at the 

centre of much research since their first discovery in 19121. They contain 22 π 

electrons, 18 of which are delocalised around the ring structure. Obeying Huckle’s 

rule they contain 4n + 2π electrons (n = 4). The most basic porphyrin molecule is 

known as porphine (Fig. 4.1, 1) and there are two principal substitution modes (Fig. 

4.2, 2 and 3). They are planar molecules which readily undergo aggregation without 

bulky substituents in β or meso- positions to inhibit this process. 
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Figure 4.1- Substitution patterns in porphyrins, R= alkyl or aryl substituent. 

 

All naturally occurring porphyrins are substituted at the β position (Fig. 4.1, 2) while 

the majority of synthesised porphyrins are produced with substituents at the meso- 

positions (Fig. 4.2, 3). The two nitrogen protons in the centre of the ring of the 

freebase porphyrin can be readily displaced by transition metal to yield the 

corresponding metalloporphyrin.2 Porphyrins have been used as light harvesting and 

energy transferring groups in molecular devices. Owing to their stable and rigid 

structure they have been employed for a wide variety of purposes including 

molecular wires,3 DSSCs,4 photodynamic therapy,5 and catalysis.6 As chlorophyll 

molecules and Heme A molecules are complex and therefore difficult to synthesise, 

more simpler porphyrins have been designed to mimic the properties and uses of 

their much more elaborate counterparts.7 It has been realised that the coordination 

chemistry of porphyrins is not limited to the tetrapyrrolic core, substituents on the 

periphery can have a profound effect on their photophysical and electrochemical 

properties. 

 

4.1.1.1. Synthesis of meso-Substituted Porphyrins 

 

The first reported synthesis of a substituted porphyrin was reported in 1939 by 

Rothemund when he successfully synthesised tetraphenylporphyrin (TPP).8 

Benzaldehyde and pyrrole were reacted in a sealed bomb at 150oC for 24 hours 

producing very low yields. These reaction conditions were harsh but Rothemund 
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proposed that as porphyrins were aromatic and therefore stable they could survive 

these conditions. He reasoned that breaking the initially formed adducts of 

benzaldehyde and pyrrole was necessary and would therefore require very high 

temperatures to produce the desired porphyrin. This method was modified to use 

slightly less harsh conditions by Alder et al. in 1967.9 Using propionic acid as the 

solvent they allowed the direct condensation of benzaldehyde with pyrrole at 141oC 

in the open air. The milder conditions allowed more substituted benzaldehydes to be 

converted to porphyrins and achieved yields of up to 20%.10 Alders method was still 

considered problematic as it did not allow for sensitive functional groups to be 

incorporated into the ring structure due to the high temperatures and strongly acidic 

conditions. Also purification was difficult due to the large amount of “tar” produced 

in the reaction, however much of the methods developed in the more recent years are 

derived from Alder’s method of synthesis. 

 

H
N

+

CHO

1 : 1

N

NH N

HN

Sealed Bomb, 150oC, 24 hr

Rothemund Method

Alder Method

Propionic Acid, 141oC, 30 min

 
 

Figure 4.2- Rothemund and Adler synthesis of meso tetraphenylporphyrin (TPP). 

 

Lindsey and his co-workers proposed using an acid to catalyse the synthesis of 

porphyrinogen from the aldehyde and pyrrole followed by oxidation to yield the 

desired porphyrin.11 Preparing the porphyrinogen first means that the highly 

oxidising environments used by Rothemund and Alder can be avoided until the ring 

structure has been produced allowing more sensitive substituents to be incorporated. 

Trifluoroacetic acid (TFA) was used to catalyse the reaction while 2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) or p-chloranil was used as the oxidising agent, 
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obtaining yields of up to 55% of TPP without the harsh reaction conditions. The 

majority of substituted porphyrins are now synthesised according to the Lindsey 

method (derived from the Alder method10) as the reaction is much safer and simpler 

to repeat. 

Arsenault et al.
12 developed a synthetic method which employed the production of 

dipyrromethane complexes followed by complexation to form porphyrins. The 

condensation of the dipyrromethane was carried out in acetic acid containing 0.4%. 

hydrogen iodide, the subsequent oxidation was induced by aerating the solution after 

adding sodium acetate. Yields of up to 65% were obtained using this method. This 

method allowed for the more facile synthesis of mixed porphyrins, that is porphyrins 

where there is more than one type of substituent. Synthesising dipyrromethanes with 

different substituents then complexing them allows for the production of wide 

libraries of substituted porphyrins. 

Since the development of the Lindsey method variations have been reported 

including the synthesis of meso-tetraarylporphyrins in one step without solvents or 

catalysts.13 The reactions were carried out at temperatures 10–15 °C (up to 220oC) 

above the boiling point of the starting aldehydes using just air as oxidant, in doing so 

all reactants are reacting in the gas phase. Yields of between 7 and 23% were 

achieved with the simplest tetraphenylporphyrin (TPP) being formed in the greatest 

yield. 

Shi et al.
14 reported the synthesis of very high yields of functionilised porphyrins 

using a commercially available porphine (Fig. 4.3). The reaction of 5,10,15,20-

tetrabromoporphine magnesium complex with aryl or heteroaryl boronic acids in the 

presence of Pd(PPh3)4 produced meso-substituted porphyrins in yields up to 70%. 

Mg(II)-5,10,15,20-tetrakisbromoporphine was synthesised from the Mg(II)-porphine 

through bromination.  Suzuki coupling reaction conditions were employed to couple 

aryl boronic acid groups to the porphyrin ring. It was then possible to remove the 

magnesium ion to produce the freebase porphyrin. 

 



227 
 
 

N

NH N

HN

MgBr2.OEt2, Et3N

CH2Cl2, 60oC
N

N N

N

Mg
CH3CONHBr

CHCl3, 0oC
N

N N

N

MgBr

Br

Br

Br

(i) ArB(OH)2,
Pd(PPh3)4, 
Na2CO3, 
PhCH3, 
MeOH, 
70°C

(ii) HCl

N

NH N

HN

Ar

Ar Ar

Ar
 

 

Figure 4.3- Shi procedure to produce meso functionalised porphyrins.14 

 

However, these percentage yields are not fully comparable to other yields reported as 

the greatest loss of yield is in the synthesis of the porphyrin ring itself which Shi et 

al. did not produce. 

 

4.1.1.2. Photochemistry of Porphyrins 

 

Porphyrins have very distinctive UV-Vis absorption spectra and absorb strongly in 

the blue and weakly in the green region which mimics the absorption properties of 

chlorophyll pigments in photosynthesis. There are two characteristic types of 

absorbance bands produced by porphyrins; the Soret band region which is generally 

in the UV region of the spectrum and the Q- bands region which generally stretches 

from the UV to the visible region of the spectrum. The Soret band is known to arise 

due to a strong transition to the second excited state (S0 → S2) and usually occurs 

between 390 – 430 nm. This is the strongest absorbance in the porphyrin spectrum 

and can have molar extinction coefficients up to 105 M-1 cm-1.  Four more, less 

intense, absorptions arise in a freebase porphyrin spectrum due to the D2h symmetry 

of the complex. These are known as quasi-allowed (Q) bands and are due to S0 → S1 

transition to the first, lowest energy excited state and are observed between 500 and 
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700 nm. Metalloporphyrins only give rise to two Q-bands as they possess D4h 

symmetry and are therefore more symmetrical than their freebase counterparts.15 

These Q-bands are often labelled as the following, from highest wavelength to 

lowest: 

 Q(0,0), the excitation into the lowest energy excited state in a 

metalloporphyrin, 

 Q(1,0), a vibrational overtone of Q(0,0), found at a higher energy 

wavelength, 

 Qx(0,0), Qy(0,0), the excitation into the lowest energy excited state in a 

freebase porphyrin split due to the change in symmetry when compared to a 

metalloporphyrin and 

 Qx(1,0), Qy(1,0), two vibrational overtones from Qx(0,0) and Qy(0,0) in a 

freebase porphyrin. 

 

 

 
 

Figure 4.4- Example of a UV spectrum of a porphyrin illustrating the strong Soret band and (inset) the q-

bands. Blue line – MPyTPP, four q-bands, red line = ZnMPyTPP, two q-bands. 
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The nature of the metal centre coordinated in the ring can greatly affect the 

absorption and emission spectra of porphyrins. Transition metals from some of the 

first row which have no partially filled d-orbitals such as ZnII or TiIV and do not 

perturb the π conjugation of the porphyrin ring and so have little influence on the 

absorption and emission spectra, which are said to be normal. When there are strong 

interactions between the partially filled d-orbtals of the metal and the π-orbitals of 

the porphyrin the spectra are said to be irregular. Two types of irregular spectra are 

possible. Hypso spectra exhibit Q-bands which are blue shifted in relation to the 

freebase porphyrin. This shift is due to a strong mixing of the d-orbital electrons with 

the lowest unfilled porphyrin π*-orbital. This usually occurs with metal centres such 

as FeII (low spin) and CoII.  Hyper spectra exhibit a red shift in the absorbance of the 

Q-bands. This shift of absorbances to lower energy generally occurs with 

coordination of high spin metals such as FeII (high spin) and MnIII.16 

The addition of a pyridyl-cobaloxime peripheral unit shows a slight red-shift of ~ 5 

nm in the absorption spectrum of the porphyrin.28 These red-shifts have been 

attributed to a coordinate interaction between the pyridyl functionalised porphyrin 

unit and the cobalt centre of the cobaloxime. 

Energy transfer from porphyrins has been well studied as it is a crucial step in 

photosynthesis. Porphyrins and metalloporphyrins are known to possess efficient 

electron transfer rates which make them particularly useful as photosensitiser. The 

electron transfer from a copper porphyrin (CuMeTPP) and its corresponding freebase 

porphyrin via a –(CH2)3- bridge was measured.17 The movement of energy within the 

dyad is attributed to a triplet-triplet energy transfer due to a dipole-dipole interaction 

in the excited porphyrin dyad. The decay lifetime of emission of the dimer is 3.1 ns 

in toluene, while that of the monomeric free base porphyrin is 11.7 ns demonstrating 

that the copper porphyrin in the dimer quenches the excited free-base counterpart. 

Gonen et al.
18 investigated the electron transfer rate of a ZnTPP-H2TPP dyad (Fig. 

4.5) in an unaxial liquid crystal and a glass matrix at 100K and 10K. Using EPR 

spectroscopy it was determined that the electron transfer rate from ZnTPP*-H2TPP 

→ ZnTPP-H2TPP* was [1.0 ± 0.2] x 109 s-1 at 10K. The transfer occurs between the 

ZnTPP triplet excited state and the triplet state of the H2TPP complex. Excitation 

into the H2TPP component resulted in a slower electron transfer rate of ~ 3 x 109 s-1. 

The slower rate from the H2TPP may be due to the efficient relaxation of freebase 
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porphyrin. In fact emission is almost completely quenched when excitation into the 

H2TPP moiety is monitored by fluorescence spectroscopy. 
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Figure 4.5 - ZnTPP-H2TPP dyad used by Gonen et al.18 

 

Electrostatically bound porphyrin dimers have also been observed to undergo 

efficient electron transfer.19 These dimers closely mimic the actions of porphyrins in 

proteins in the body which are held in space by charge distribution within the 

proteins themselves. The metalloporphyrin dimers  zinc(II) tetrakis(4-

sulfonatophenyl)porphyrin and magnesium(II) tetrakis(4-N,N,N-

trimethylanilinium)porphyrin, i.e., 4, [ZnTSPP-MgTTAP], and zinc(II) tetrakis(4-

N,N,Ntrimethylanilinium)porphyrin and magnesium(II) tetrakis(4-

sulfonatophenyl)porphyrin, i.e., 5, [ZnTTAP-MgTSPP] (Fig. 4.6) exhibit a high 

efficiency of triplet state production upon photoexcitation and the relatively long 

lifetime of this photoexcited triplet state allows their participation in intramolecular 

electron transfer and energy transfer reactions. 
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Figure 4.6- Electrostatically bound porphyrin models employed by Berg et al.19 

 

The singlet energy level of the Zn-porphyrins were found to be of an order of 

magnitude higher in eV than that of the Mg-porphyins, therefore it was proposed that 

the intramolecular energy transfer (IEnT) occurs from the Zn-porphyrin to the Mg-

porphyrin through a singlet excited state. This is then followed by intersystem 

crossing within the Mg-porphyrin.19 Altering the meso substituents allowed not only 

IEnT occur but also an intramolecular electron transfer (IET) to occur in parallel. 

When the complex 4, [ZnTSPP-MgTTAP], is employed, IEnT occurs from the 

singlet excited Zn to the Mg constituent and is the only process which occurs 

however when 5, [ZnTTAP-Mg-TSPP], is employed an IET to produce the charge-

separated state, [ZnTTAP
.+-MgTSPP

.-] occurs through a intersystem crossing on the 

Zn-porphyrin to yield the triplet excited porphyrin, along with an IEnT in [ZnTTAP-

MgTSPP] from the singlet excited Zn-porphyrin. It was concluded that further 

investigations were required to fully explain the photochemical differences between 

the two dimers. 

Yang et al.
20 studied electron transfer efficiencies from perylene-bis(imide) dye to 

freebase (Fb), Zn and Mg porphyrins using time resolved absorption techniques (Fig. 

4.7).  
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Figure 4.7- Perylene-prophyrin dyads synthesised and studied by Yang et al.20  

 

Measurements in toluene indicate that the excited perylene unit decays rapidly (Fb = 

2.9 ps, Zn 2.5 ps, Mg = 2.5 ps) by energy transfer to the porphyrin forming perylene-

porphyrin* in relatively high yield (Fb = 85%, Zn = 80%, Mg = 50%) and hole 

transfer to the porphyrin forming perylene--porphyrin+ (Fb = 15%, Zn 20%, Mg = 

50%) indicating these processes directly compete. The Fb porphyrin was found to 

behave differently after these processes occur. Charge recombination occurs within 

the perylene--Fb+, giving rise to the energy transfer product perylene-Fb*, which 

then decays to the ground state via emission. Within the Zn and Mg porphyrins 

predominant decay process for perylene-porphyrin* is electron-transfer from the 

perylene unit producing perylene--porphyrin+ (Zn = 80%, Mg > 99%). This electron 

transfer is rapid and therefore quenches the emission of perylene-porphyrin* and the 

non-emissive character of the perylene--porphyrin+ species means there is negligible 

fluorescence from the metalloporphyrin. The energy of the excited states indicated 

that the energy of the perylene--porphyrin+ charge separated state is higher than that 

of the porphyrin excited energy transfer product perylene-porphyrin* in Fb however 

the opposite is true for both the Mg and Zn porphyrins. 
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Scheme 4.1- Proposed state/ kinetic diagram for the perylene-porphyrin diads.20  

 

Measurements of the kinetics involved in the decay of the energy transfer product 

exposed why these differences occurred (See Scheme 4.1). In the case of all three 

porphyrins k0 (Scheme 4.1) occurred after 3.6 ns. k1 was measured as Fb = 3.4 ps, Zn 

= 3.1 ps and Mg = 5.0 ps following excitation to yield perylene-porphyrin* while k2 

was measured as Fb = 19.3 ps, Zn = 12.5 ps and Mg = 5.0 ps. The decay processes 

from perylene--porphyrin+ to perylene-porphyrin* (k.3) in Fb was measured as 0.5ns 

whereas decay to the ground state was measured to be less rapid at 5 ns indicating a 

preferred route to produce perylene-porphyrin*. In the Zn and Mg porphyrins k3 was 

observed to occur much more rapidly (0.5 and 0.14 ns respectively) than k4 (2.4 and 

10.0 ns) showing decay occurring mostly through the k3 – k5 route. 

 

4.1.1.3. Porphyrins Used in the Light driven Processes 

 

4.1.1.3.1. Solar cells 

 

Porphyrins have been incorporated into TiO2 surfaces when producing dye-sensitised 

solar cells (DSSCs).21,22,23 Zn-Zn porphyrin dimers have been utilised at 

photosensitisers chemically bound to TiO2 in DSSCs by Mozer et al.
21 Both a linear 

anti and a 90o syn linked porphyrin were synthesised (Fig. 4.8) and tested for their 

photocurrent inducing efficiencies. 
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Figure 4.8- Zn-porphyrin dyads incorporated into DSSCs by Mozer et al.21 

 

Both of the Zn-porphyrin chromophores were found to efficiently inject electrons 

into the TiO2 surface. Up to 70% absorbed photon to current energy efficiency was 

achieved for both configurations were measured using fs-transient absorption 

spectroscopy.  It was also noted that there was no significant difference in results 

generated by the linear anti or syn linked dimers suggesting that both configurations 

could be utilised in DSSCs equally. Dye uptake on the surface did not contribute 

significantly to the efficiency of the cell also, implying that steric hindrance of dye 

uptake does not play a major role in the current generation within these cells. 

Campbell et al.
23 have reported Zn-porphyrin monomers used as photosensitiser in 

titania films in DSSCs achieving power conversion efficiencies ≥ 5% and absorbed 

photon to current efficiencies of up to 75% following irradiation with light spanning 

from 350 - 750 nm wavelengths. Aryl groups incorporated at the meso positions 



235 
 
 

were varied but showed little variance in the efficiencies achieved, with Ar = 4-n-

butylPh yielding 6.4%. 

 

4.1.1.3.2. Hydrogen Generation 

 

Photocatalytic splitting of water was achieved by Zhu et al.
24 using EDTA as a 

sacrificial electron donor and a porphyrin-functionalised platinum colloid as the 

photocatalyst (Fig. 4.9). TONPt and TONdye were reported as 63 and 6311 

respectively after irradiation with UV-Vis light for 12 hours at a pH of 6.8.  As the 

concentration of H+ in the solution increases, the reduction of H+ was found to occur 

at a faster rate. However EDTA may be limiting as an electron source as the 

donating ability of EDTA is decreased at low pHs due to protonation. It was noted 

that no H2 was detected from the complex only when visible light source was 

employed. 
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Figure 4.9- Porphyrin functionalised platinum colloid utilised by Zhu et al. in the photocatalytic splitting 

of water.24 
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Intermolecular photoinduced hydrogen production has been reported using viologen-

linked porphyrins using EDTA as the sacrificial electron donor and H2PtCl6 as the 

catalytic centre.25 The complexes were incorporated as PtCl6
- ions and porphyrin 

cations into Langmuir-Blodgett (LB) films and irradiated with visible light (720nm > 

λ < 390nm) for 280 hours.  
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Figure 4.10- Viologen-linked porphyrins photosensitisers used by Hosono et al.25 

 

TONs for H2 production for p-PC5VC18 and m-PC5VC18 (Fig. 4.10) were 5.2 and 

16.8 respectively. The hydrogen evolu1tion rate for m-PC5VC18 was reported as 

almost three times greater than that of p-PC5VC18. This difference was attributed to 

the configuration of the porphyrins as the electron transfer rate and the redox 

potentials measured for both were almost identical. As apparent in Fig. 4.10 the 

orientation of the m-PC5VC18 functional groups would be slightly more exposed to 

the water than those of p-PC5VC18 and therefore is a more suitable configuration.  

While studying the efficacy of CoTPP and FeTPP on the photoreduction of CO2 to 

CO, Dhanasekaran et al.
26 report a competing side reaction, which is the generation 
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of H2. A CO2 saturated solution of the complexes containing 5% TEA were 

irradiated at λ > 300 nm. They observed that CoTPP produced 1.6 mmol L-1 and 

FeTPP produced 3.4 mmol L-1 of H2 following 20 hours irradiation. It was also 

found that production of H2 continued using FeTPP even after the production of CO 

had ceased. The authors suggested that H2 may have been formed following 

reduction of protons formed during Rxn. 4.1. Et3N
·+ is formed following electron 

transfer from Et3N to the metalloporphyrin (Rxn 4.1). 

 

Et3N
.+ + Et3N + Et2NHCHCH3

.
Et3NH+

 
 

Reaction 4.1 – Production of a reducing radical from TEA following electron transfer to an electron 

acceptor.26 

 

Grodkowski and Neta also reported the same competing reaction of CO2 reduction 

vs. H2 production when investigating cobalt corrins as vitamin B12 analogues.27 

Corrins are very similar in structure to porphyrins however it possesses three 

methine bridges between its pyrrole subunits and one direct Cα–Cα bond. Photolysis 

(λ ≥ 300 nm) lead to production of CO and formic acid as well as H2. The corrins 

yielded greater amounts of H2 compared to similar cobalt porphyrin counterparts. In 

an acetonitrile/methanol (9/1 v/v) solution containing 5% TEA, yields of up to 6.07 

mmol L-1 were produced using the corrin complexes. This is compared to 0.92 mmol 

L-1 for CoTPP. Interestingly these yields were higher than that observed for the 

formation of CO and formate under the same conditions. 

More recently hydrogen production has been reported using a porphyrin 

photosensitiser and a cobaloxime catalytic centre. Zhang et. al.28 have synthesised a 

monopyridyl triphenyl porphyrin coordinated to a cobaloxime chloride catalytic 

centre (Fig. 4.11) which has shown photoinduced H2 evolution using TEA as a 

sacrificial donor at 25oC using a 300W Xe lamp with a cut-off filter, λexc > 400nm. 

Using a solvent mixture of THF: H2O (8:2) yielded an optimum TON of 22 after 5 

hours for the zinc metallated porphyrin-oxime complex 12. The effect of the 

metallation of the porphyrin was demonstrated. Utilising the same conditions both 

13 and 14 showed a far poorer yield of hydrogen with 13 producing a TON of 3 after 
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3 hours beyond which time the H2 evolution levelled off, and 14 showed only trace 

amounts of H2, showing that the metal which is coordinated into the centre of the 

porphyrin ring is very important. 

 

 
 

Figure 4.11 - Porphyrin photosensitiers and cobaloxime catalyst used by Zhang et al.28, λexc >400nm 

 

The interaction of the complexes with the TEA sacrificial electron donor was studied 

in THF. When TEA was added to a solution of 12 there is a 2 nm red shift in the λmax 

of the Soret band of each complex was observed. This indicates a weak axial 

coordination of the TEA to the Zn ion of the porphyrin. The addition of TEA to 

solutions of 13 and 14 had no effect on the UV-Vis spectra of the complexes 

implying no considerable interaction between these complexes and the TEA. 

 

4.1.1.4. Electrochemistry of Porphyrins 

 

Porphyrins are a redox active species which undergo multiple oxidation and 

reduction processes. The number of processes and potential at which these processes 

occur are greatly influenced by the potential range of the solvent used, the type of 

macrocycle and the type of axially coordinated ligands. The ability of any porphyrin 

to serve as a reduction catalyst is related to its electronic structure involving the 

location and number of electron-withdrawing/ donating substituents on the porphyrin 
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ring and also by the metal ion present in the porphyrin centre. By monitoring shifts 

in the anodic and cathodic processes the influence of different metal centres and 

different ring substituents on the HOMO-LUMO energy gap can be elucidated. The 

simplest freebase porphyrins such as TPP are known to possess two successive one 

electron oxidations as well as two successive one electron reductions on the ring 

system which form π-cation radicals and dications and π-anion radicals and dianions 

respectively. Early measurements of the redox properties of TPP and other simple 

porphyrins demonstrated that most of the porphyrins exhibited a constant potential 

difference between the first and second ring based oxidations or first and second ring 

based reductions as well as a similar HOMO-LUMO gap of 2.25 ± 0.15 V.29 These 

redox gaps have been employed to distinguish macrocycle centered reactions from 

reactions involving the metal core.30 The addition of electron withdrawing 

substituents such as a basic pyridine moiety or a cyano group leads to the ring 

becoming harder to reduce and therefore easier to oxidise. Likewise the addition of 

an electron donating group such as CHO or CH3 will allow reduction to occur more 

easily but oxidation becomes more difficult. It has been noted that planar porphyrins 

such as TPP have a larger HOMO-LUMO energy gap than non-planar porphyrins 

such as octaethyltetraphenylporphyrin and octabromotetraphenylporphyrin which are 

more easily oxidised due to their bulky electron withdrawing substituents.30  

A study carried out by Hariprasad et al. investigated the effects of long chained 

electron-withdrawing bromo substituents, at both the meso and β positions, on the 

redox potentials of freebase, Zn and Cu porphyrins (Fig. 4.12).31  
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Figure 4.12- Bromo substituted porphyrins studied by Hariprasad et al.31  tpp = 5,10,15,20-

tetraphenylporphyrin, ttp =  5,10,15,20-tetra(4-methylphenyl)porphyrin, tctpp = 5,10,15,20-tetra(4-

chlorophenyl)porphyrin, obtpp = 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraphenylporphyrin, obttp = 

2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra(4-methylphenyl)porphyrin, obtctpp = 2,3,7,8,12,13,17,18-

octabromo-5,10,15,20-tetra(4-chlorophenyl)porphyrin. 

 

All processes observed for all of the compounds, freebase, ZnII or CuII porphyrins, 

were proposed to be ring based oxidations or reductions and not metal based 

processes as these metals are known to be non-electroactive. Experimental redox 

potentials are presented in Table 4.1. It is evident that the reduction potentials of the 

brominated porphyrin derivatives are shifted to less negative potentials of between 

0.38 V - 0.72 V when compared to their non-brominated counterparts (Table 4.1). It 

is also evident that the corresponding shifts in the oxidation potentials are not as vast 

with shifts between 0.02 V to 0.2 V indicating that bromo-substitution at the β-

position allows the reduction of the porphyrin to occur more easily but the oxidation 

of the ring only slightly more easier/ difficult to achieve. 
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E1/2 vs. SCE 
 

 
Ox 1 (V) Ox 2 (V) Red 1 (V) Red 2 (V) 

H2tpp 1 1.25 -1.23 -1.59 

H2ttp 0.94 1.18 -1.27 -1.65 

H2tctpp 1.1 1.28 -1.15 -1.6 

Cu(tpp) 0.98 1.21 -1.33 -1.8 

Cu(ttp) 0.93 1.23 -1.37 -1.83 

Cutctpp 1.07 1.26 -1.3 -1.75 

Zn(tpp) 0.8 1.02 -1.35 -1.67 

Zn(ttp) 0.77 1.01 -1.4 -1.72 

Zn(tctpp) 0.83 1.16 -1.34 -1.64 

H2obtpp 0.96 1.37 -0.82 -1.24 

H2obttp 0.96 1.1 -0.85 -1.26 

H2obtctpp 0.85 - -0.72 -1.08 

Cu(obtpp) 0.96 1.41 -0.87 -1.12 

Cu(obttp) 0.89 1.41 -0.9 -1.16 

Cu(obtctpp) 1.02 1.49 -0.75 -1.03 

Zn(obtpp) 0.84 1.07 -0.95 -1.16 

Zn(obttp) 0.74 1.01 -1.02 -1.2 

Zn(obtctpp) 0.93 1.18 -0.86 -1.1 
 

Table 4.1- Electrochemical redox potentials of bromo-substituted porphyrins studied by Hariprasad et 
al.31 All experiments were carried out in DCM and quoted vs. SCE. tpp = 5,10,15,20-

tetraphenylporphyrin, ttp =  5,10,15,20-tetra(4-methylphenyl)porphyrin, tctpp = 5,10,15,20-tetra(4-

chlorophenyl)porphyrin, obtpp = 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraphenylporphyrin, obttp = 

2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra(4-methylphenyl)porphyrin, obtctpp = 2,3,7,8,12,13,17,18-

octabromo-5,10,15,20-tetra(4-chlorophenyl)porphyrin. 

 

Chloro-substitution at the meso-position also made reduction of the ring more 

difficult and oxidation slightly easier but not even close to the extent of the β-

substitution. Hariprasad also noted that a third reversible reduction is observed for 

the Zn-octabromo derivatives. As previously illustrated by D’Souza et al.
32 further 

reduction of the singly reduced species of each of cobalt octa-bromoporphyrins lead 

to stepwise elimination of the bromo groups on the ring to give CoTPP as a final 

product in the solution. It was therefore hypothesised that this third reversible 

reduction observed in the Zn-octabromo derivatives is the formation of ZnTPP 

following the loss of the bromo groups from the ring periphery. D’Souza observed 

similar results from brominated Co-porphyrins in that the reduction and oxidation 
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potentials were cathodically shifted when compared to CoTPP due to the electron 

withdrawing nature of the bromo-substituents. 

Zinc porphyrins show no metal based redox processes. The addition of zinc to the 

centre of a porphyrin ring has been shown to not affect the HOMO- LUMO band 

gap, with reported values between 2.15 V and 2.25 V being reported.33,34 This shows 

that there are no metal characteristics involved in these processes. The addition of 

electron withdrawing substituents on the porphyrin ring not only causes the two 

oxidation processes to occur at more positive potentials but they also affect the 

difference in the potential at which these processes occur. The more electron 

withdrawing the substituent, the closer the potentials at which the two oxidations 

occur. The opposite affect is observed for electron donating substituents. The two 

oxidation processes occur at more negative potentials and also there is a larger gap in 

potential between the processes. 

Nickel porphyrins have been shown to possess two closely spaced ring based 

oxidation waves in non-aqueous media. As with Zn-porphyrins, it was found that 

varying the substituent at the meso position did not have the same effect on each of 

the two oxidation processes observed.35 Complexes which had been substituted with 

electron-withdrawing substituents in the phenyl ring (such as COOCH or NO2) 

showed a single two-electron-transfer process at more positive potentials in the 

oxidation window however when an electron-donating group was used (such as CH3 

or OCH3) two resolved single electron oxidation processes were observed at more 

negative potentials when compared with simple NiTPP. This substituent effect was 

further reported by Chang et al.
36 By varying the substituents on the porphyrin ring 

(Fig. 4.13) the potentials between the first oxidation and the second oxidation 

process varied between 0.24 V to 0.51 V as the basicity of the substituents increases 

(Table 4.2).  
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Figure 4.13- Structural formulas of various PNiII complexes studied by Chang et al.33 where P is  para-

substituted tetraphenylporphyrin or a  tetraalkylporphyrin. 

 

Also notable is the energy gap between the first oxidation and the first reduction 

which is directly related to the HOMO- LUMO energy gap. As basicity increases 

this energy gap increases from 1.92 V to 2.36 V showing that there is some metal 

character involved. 

 

E1/2  (vs. SCE)  

Complex Red (V) Ox 1 (V) Ox 2 (V) 

Potential difference 
between Ox 1 and 

 Ox 2 (V) 

Ni(p-Cl)TPP -1.26 1.1 1.34 
0.24 

NiTPP -1.31 1.01 1.31 
0.3 

NiTMeP -1.36 0.8 1.26 
0.46 

NiTEtP -1.39 0.81 1.26 
0.45 

NiTPrP -1.41 0.81 1.26 
0.45 

Ni(p-Et2N)TPP -1.36 0.56 1.07 
0.51 

 

Table 4.2- Half-Wave Potentials for Various NiI1 Porphyrins in CH2Cl2 with 0.1 M TBAPF6 supporting 

electrolyte, quoted vs. SCE (Scan Rate 0.1 V/s), reported by Chang et al.33 (p-Cl)TPP = tetra(4-

chlorophenyl)porphyrin, (p-Et2N)TPP = tetra(4-aminophenyl)porphyrin, TMeP = tetramethylporphyrin, 

TEtP = tetraethylporphyrin, TPrP = tetrapropylporpjyrin. 
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Cheng et al.
37 have measured the redox potentials of Co-mono-hydroxyphenyl-

triphenylporphyrin (CoHPTPP). Along with two ring based oxidations and two ring 

based reductions, a CoIII/II and CoII/I reductions were observed at 0.03 V and -1.23 V 

vs. Ag/AgCl respectively. The addition of the Co metal did not have a huge effect on 

the potentials at which the ring based processes occurred; shifting them ~ 0.1 V to – 

1.64 V for the first ring based reduction when compared -1.50 V for their freebase 

counterparts. A similar result was observed for the addition of Ni to the porphyrin 

ring. No metal based Ni redox processes were observed in the electrochemical 

window however the potential at which the ring based processes occurred shifted to 

a slightly more negative potential of -1.56 V. 

 

4.1.1.5. Porphyrins used in the Electrocatalytic Generation of Hydrogen 

 

Electrode surfaces modified with porphyrins have been frequently used in the 

generation of hydrogen using electrochemical cells. The nature of the substituents 

and the metal centres which have been incorporated have been shown to greatly 

influence the electrocatalytic activity of the porphyrin complexes. Kaneko et al. are 

at the forefront of this research and have reported a great deal of studies using 

metalloporphyrins as catalysts for proton reduction yielding H2. 32,38,40 ZnTPP has 

been incorporated into a poly(4-vinylpyridine) membrane coated on a platinum 

electrode in an aqueous solution of pH 4.4.38 An enhanced photocurrent was 

observed at potentials below -0.40 V (vs. Ag/AgCl) when irradiated with visible 

light, λ < 350 nm. A series of light on/ light off experiments confirmed that the 

photocurrent is induced at both the Soret band and the Q-bands of the porphyrins 

absorbance spectrum. It has been proposed that H2 generation using ZnTPP is 

induced by reductive quenching of ZnTPP* to ZnTPP- through reduction at the 

platinum electrode. ZnTPP- then facilitates the proton reduction reaction to yield H2. 

ZnTPP has also been incorporated into a Nafion membrane and coated on a platinum 

electrode.39 A photocurrent was also observed for this system when irradiated with 

visible light, λ > 390 nm. This photocurrent was induced under applied potentials of 

only -0.10 V (vs. Ag/AgCl) in an aqueous solution with pH ~ 1.01. The magnitude 

of this photocurrent increases with the application of more negative potentials. As 

with Abe’s previous study 38 almost no current is induced when in the dark. When 
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the ZnTPP was coated directly onto the electrode surface almost no photocurrent was 

produced indicating that the Nafion membrane facilitates efficient electron transfer 

from the surface to the ZnTPP moiety. The lifetime of ZnTPP* was measured to be ~ 

twice as long when incorporated into the Nafion membrane also. From the two 

experiments with both PVP and Nafion membranes a mechanism of photoinduced 

H2 production was elucidated (Scheme. 4.2). 

 

 

ZnTPP
hv

ZnTPP*

ZnTPP* + e-
Pt

ZnTPP.-

2ZnTPP.- + 2H+ 2ZnTPP + H2 
 

Scheme 4.2- The mechanism of photoinduced H2 production at a platinum electrode using ZnTPP 

incorporated into a Nafion membrane.39 

 

The incorporation CoTPP into a Nafion membrane coated on a Pt-working electrode 

was reported by Abe et al also.
40 This system was shown to effectively reduce 

protons around the theoretical H+/H2 redox potential (-0.25 V vs. Ag/AgCl in a pH 

1.01 aqueous solution). The group reported that incorporation of the complex into a 

Nafion film greatly enhanced the catalytic activity of the system as the electronic 

communication between the Nafion film and the electrode surface is highly efficient. 

Hydrogen evolution also occurred at more positive potentials than the bare Pt 

electrode. After 1 h bulk electrolysis at −0.3 V in a pH 1.0 solution a TON of 2.3 × 

102 was reported. 

Manganese and Iron metalloporphyrins have been reported as highly active 

electrocatalysts in proton reduction by Taguchi et al.
41 The metalloporphyrins were 

incorporated into a Nafion membrane on a Pt base electrode and dipped into a pH 1.0 

aqueous phosphate buffer solution. 4.12 µL and 2.68 µL of hydrogen were produced 

by the Mn-porphyrin and Fe-porphyrin respectively after 1 hour potentiostatic 

electrolysis at the theoretical H+/ H2 redox potential of -0.25 V. 

Knoll et al.
42 report the use of a cobaltII/ platinumII porphyrin in the electrocatalytic 

reduction of protons to H2 in a 1.0 M perchloric acid (Fig. 4.14).  
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Figure 4.14- Porphyrins and Co/Pt porphyrins used in the electrocalytic generation of H2 by Knoll et al.42 

 

They have reported a shift of 0.40 V vs. Ag/ AgCl in onset of the catalytic current 

when the electrodes have been anodically cycled (scanned at 0.5 Vs-1 from 0 V to 1.0 

V) when compared to the same modified electrodes which have not been anodically 

cycled. This anodic cycling produced stable electroactive films of the porphyrins and 

has been shown to efficiently reduce protons to yield H2. This was not true for the 

freebase porphyrin (23). When scanning to a positive potential a broad irreversible 

oxidation peak was observed ~ 0.76 V vs. Ag/ AgCl for 21. When the scan was 

reversed in the cathodic direction a reduction wave appears with an E1/2 0.56 V. 

Scanning again in the anodic direction shows that the initial broad oxidation is no 

longer present. It is proposed that the anodic cycling of the electrode induces an ECE 

mechanism (electrochemical-chemical-electrochemical) and produces a stable 

“quinone” like film on the electrode surface. This ECE mechanism is observable for 
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21, 22 and 23 and is therefore most likely to occur at the peripheral 3-methoxy-4-

hydroxyphenyl substituents common to each complex. Knoll proposed that the first 

broad oxidation can be attributed to the oxidation of these substituents to give a 

reactive cationic species. These species undergo a demethylation reaction to yield a 

quinone species. As the CV scan cycles towards the cathodic direction this quinone 

is reduced to form hydroquinone in an aqueous solution, which then undergoes a 

reversible oxidation back to quinone. 

Fe-porphyrins in the 0 oxidation state have been shown to be very efficient in the 

catalytic formation of hydrogen.43 The Fe0-porphyrin was generated from FeIII+-

porphyrin, FeII-porphyrin, FeI--porphyrin and Fe0,2- -porphyrin successively in DMF. 

Upon addition of an acid a catalytic current is induced at the Fe0,2--porphyrin 

formation wave. This catalytic formation of hydrogen is proposed to occur through 

the formation of an iron-hydride which reacts with a second acid molecule yielding 

dihydrogen. This catalytic wave appears at -1.46 V vs. NHE.  

In a further publication the same research group reported that when using Rh-

porphyrins, RhII-hydrides are a key intermediate in the H2 generation mechanism.44 

These RhII-hydrides are formed from the reduction of RhIII-hydrides at negative 

potentials ~ -1.6 V vs. SCE in the presence of acid in DMSO. Hydrogen is evolved 

when potentiostatic electrolysis is performed at -1.6 V, however, at more cathodic 

potentials no hydrogen is formed. It is proposed that the transfer of the hydride to the 

acid results in the liberation of H2 using these complexes. It was also reported that 

changing the solvent from DMSO to butyronitrile, which is a poorer ligand of 

rhodium, can result in variations in reactivity which can be explained by changes in 

electron density at the rhodium metal and the hydrogen atoms in the hydride. Less 

electron density on the hydrogen in the butyronitrile may induce more charge density 

on the rhodium and the porphyrin ring when bound.44 This leads to a faster decay of 

the catalyst in butyronitrile when compared to DMSO. 

Collman et al.
45 have reported synthesising a series of metalloporphyrin hydrides 

using Os and Ru as the metal centres. Synthesising the metal-hydride cores allowed 

for a facile hydrogen production through two proposed parallel pathways; a 

bimollecular mechanism in which two metal hydrides undergo reductive elimination 

to form H2 and another in which the metal-hydride is protonated, in excess acid, 

resulting in H2 formation in non-aqueous media. Incorporating D2O as a solvent did 
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not yield HD or D2 as the product indicating that water is not necessary for the 

production of H2 utilising these complexes. 

 

 

  



249 
 
 

4.2. Experimental 

All materials and equipment used in this studied are detailed in Chapter 2 sections 

2.21 and 2.22. Details of cyclic voltammetry, electrocatalytic studies and 

photocatalytic studies are also available in Chapter 2 sections 2.23, 2.24 and 2.25. 

 

4.2.1. Synthesis 
 

Cobaloxime was prepared according to the method reported in Chapter 3. All 

porphyrins were synthesised using a method modified from Alder et al.
46 

 

4.2.1.1. Synthesis of Tetraphenyl Porphyrin (H2TPP) and Monopyridyltriphenyl 

Porphyrin (MPyTPP)

H
N

+

O

+

N

O

Propionic Acid

4 : 3 : 1

N

NH N

HN

N

N

NH N

HN
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3.5 ml of freshly distilled pyrrole (50 mmol), 4 ml of benzaldehyde (37.5 mmol) and 

1.17 ml of 4-pyridine carboxaldehyde (12.5 mmol) were added to 99% propionic 

acid (175 ml), and brought to reflux temperature. The acidic solution was allowed to 

reflux for 2 hours. A black solution results. The mixture was allowed to cool to room 

temperature and was stored in the fridge (2 - 8oC) overnight. The black solution was 

filtered under vacuum. The purple crystals formed were collected and washed 

several times with cold methanol to give a bright purple crystalline solid. 

Purification was carried out using column chromatography on a silica gel. The initial 

mobile phase used was chloroform :  ethanol (98 : 2), moving to 97 : 3 after the first 

fraction eluted. The first fraction was 5,10,15,20–tetraphenylporphyrin (H2TPP). The 

second fraction eluted was MPyTPP. 46 

 

% Yield: TPP: 1.23g, 2.0 mmol, 16% 

MPyTPP: 0.851 g, 1.38 mmol, 11 %. 

 
1H NMR: (400 MHz, CDCl3), TPP: 8.83 ppm (s, 8H), 8.2 ppm (dd, Ja= 7.6 Hz, Jb= 

1.6 Hz, 8H), 7.6 ppm (m, 12H), -2.8 ppm (s, 2 -NH) 

MPyTPP: 9.04 ppm (d, J= 8.0 Hz, 2H), 9.1 ppm (d, J= 5.2 Hz, 2H), 8.88 

ppm (s, 4H), 8.81 ppm (d, J= 4.8 Hz, 2H), 8.23 ppm (d, J= 6.4 Hz, 6H), 

8.18 ppm (dd, Ja= 4.4 Hz, Jb= 1.2 Hz, 2H), 7.78 ppm (m, 9H), -2.85 ppm 

(s, 2H). 
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4.2.1.2. Synthesis of Zinc-tetraphenyl Porphyrin (ZnTPP) 

 

N

NH N

HN

+ Zn(OAc)2

N

N N

N

Zn

 

 

0.1g of TPP (0.162 mmol) was dissolved in 25 ml of chloroform in a clean, dry, 

round bottomed flask. The solution was purged with nitrogen for 10 min. 0.073g 

zinc acetate (0.33 mmol) was dissolved in ~ 5 ml methanol and then added to the 

porphyrin solution. The mixture was stirred under nitrogen overnight at room 

temperature. All solvents were removed under reduced pressure leaving a purple 

solid. The solid was dissolved in DCM and washed with 3 x 20 ml portions of 5 % 

w/v aqueous sodium bicarbonate, followed by 3 x 20 ml portions of water. The 

organic layer dried over MgSO4 and the solvent was removed under reduced 

pressure. The zinc porphyrin was purified using column chromatography on a silica 

gel using 100% chloroform as the mobile phase.  

 

% Yield: 0.085 g, 0.126 mmol, 77%. 
1H NMR: (400 MHz, CDCl3), 8.88 ppm (s, 8H), 8.15 ppm (dd, Ja= 7.4 Hz, Jb= 1.6 

Hz, 8H), 7.69 ppm (m, 12H). 
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4.2.1.3. Synthesis of Zinc-monopyridyltriphenyl Porphyrin (ZnMPyTPP): 

 

N

NH N

HN

N + Zn(OAc)2

N

N N

N

NZn

 

 

0.1g of MPyTPP (0.163 mmol) was dissolved in 25 ml of chloroform in a clean, dry, 

round bottomed flask. The solution was purged with nitrogen for 10 min. 0.073g 

zinc acetate (0.33 mmol) was dissolved in ~ 5 ml methanol and then added to the 

porphyrin solution. The mixture was stirred under nitrogen overnight at room 

temperature. All solvents were removed under reduced pressure leaving a purple 

solid. The solid was dissolved in DCM and washed with 3 x 20 ml portions of 5 % 

w/v aqueous sodium bicarbonate, followed by 3 x 20 ml portions of water. The 

organic layer dried over MgSO4 and the solvent was removed under reduced 

pressure. The zinc porphyrin was purified using column chromatography on a silica 

gel using 100% chloroform as the mobile phase.  

 

% Yield: 0.08 g, 0.118 mmol, 72%. 

1H NMR: (400 MHz, CDCl3), 8.873 ppm (d, J= 4.8 Hz, 2H), 8.84 ppm (d, J= 4.4 
Hz), 8.52 ppm (d, J= 4.4 Hz, 2H), 8.19 ppm (d, J= 7.2 Hz, 2H), 8.09 ppm (d, J= 6.4 
Hz, 2H), 7.7 ppm (m, 9H), 7.42 ppm (d, J= 4.4 Hz, 2H), 6.22 ppm (s, 2H), 1.25 ppm 
(d, J= 4.4 Hz, 2H) 
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4.2.1.4. Synthesis of MPyTPP-Cobaloxime

N

NH N

HN

N + N N
NN

O O

O OH

H

Co

Cl

Cl

N

NH N

HN

N
N

N
N

N
O

O

O

O

H

H
Co Cl

 

0.06 g of MPyTPP (0.0975 mmol) was added to a clean dry round bottomed flask 

and dissolved in 5 ml of DCM. 0.035 g of cobaloxime was dissolved in 25 ml of 

methanol. This solution was added to the round bottomed flask and the mixed 

solution was degassed with N2 for 10 min. 20 uL of TEA was added to the reaction 

vessel and the vessel was sealed. The reaction mixture was allowed to stir for 1 hour 

in darkness. All solvents were removed under reduced pressure. Purification was 

carried out using column chromatography using silica and ethanol : chloroform 97 : 

3 as the mobile phase. A bright purple-red product results. 

 

% Yield: 0.0724g , 0.0771 mmol, 79%. 
1H NMR: (400 MHz, CDCl3), 12.03 ppm (s, 2 –OH), 8.90 ppm (d, J= 4.8 Hz, 2H), 

8.85 ppm (dd, Ja= 7.6 Hz, Jb= 4.8 Hz, 4H), 8.65 ppm (d, J= 6.8 Hz, 2H), 8.573 ppm 

(d, J= 4.4 Hz), 8.18 ppm (m, 6H), 8.09 ppm (dd, Ja= 5.2 Hz, Jb= 1.2 Hz, 2H), (7.78 

ppm (m, 9H), 2.594 ppm (s, 12H), -2.858 ppm (s, 2H). 

 

Mass Spec: pending results  
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4.2.1.5. Synthesis of ZnMPyTPP-Cobaloxime 

 

N

N N

N

N + N N
NN

O O

O OH

H

Co

Cl

Cl

N

N N

N

N
N

N
N

N
O

O

O

O

H

H
Co ClZn Zn

 

0.066 g of ZnMPyTPP (0.0975 mmol) was added to a clean dry round bottomed 

flask and dissolved in 5 ml of DCM. 0.035 g of cobaloxime was dissolved in 25 ml 

of methanol. This solution was added to the round bottomed flask and the mixed 

solution was degassed with N2 for 10 min. 20 uL of TEA was added to the reaction 

vessel and the vessel was sealed. The reaction mixture was allowed to stir for 1 hour 

in darkness. All solvents were removed under reduced pressure. Purification was 

carried out using column chromatography using silica and ethanol : chloroform 97 : 

3 as the mobile phase. A bright purple-red product results. 

 

% Yield: 0.085g, 0.085 mmol, 87%. 

1H NMR: (400 MHz, CDCl3), 12.24 ppm (s, 2 –OH), 8.96 ppm (d, J= 4.8 Hz, 2H), 

8.93 ppm (dd, Ja= 6.8 Hz, Jb= 4.8 Hz, 4H), 8.638 ppm (d, J= 4.4 Hz, 2H), 8.60 ppm 

(d, J= 6.4 Hz, 2H), 8.17 ppm (m, 6H), 8.07 ppm (d, J= 6.4 Hz, 2H), 7.74 ppm (m, 

9H), 2.58 ppm (s, 12H). 

 

Mass Spec: pending results  
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4.3. Results 

4.3.1. UV-Vis Spectroscopy 
 

Room temperature absorption spectra were obtained for all compounds. Table 4.3 

illustrates the absorption maxima (λmax) for all compounds in this study. All UV-Vis 

spectra were carried out using spectrophotometric grade dichloromethane (DCM). 

 

Compound Soret band  

λmax  (nm), 

ε (x 10
4
 M

-1
 cm

-1
) 

FWHM 

 (x 10
5
 cm

-1
) 

Q- bands λmax  (nm), 

ε (x 10
4
 M

-1
 cm

-1
) 

MPyTPP 416 (24.2) 8.33 507 (1.85), 542 (0.70), 583 
(0.55), 641 (0.36) 

ZnMPyTPP 418 (37.0) 9.09 540 (1.3), 604 (0.60) 

TPP 420 (23.5) 6.13 515 (0.94), 550 (0.42), 590 
(0.17), 645 (0.15) 

ZnTPP 415 (25.3) 6.59 550 (0.99), 620 (0.21) 
MPyTPP-

Cobaloxime 
418 (34.0) 6.45 510 (1.43), 546 (0.77), 584 

(0.47), 645 (0.34) 
ZnMPyTPP-
Cobaloxime 

419 (23.7) 7.41 541 (1.19), 645 (0.33) 

 

Table 4.3- UV-Vis absorption data and extinction coefficient data for all compounds in this study. All 

spectra were recorded in spectrophotometric grade DCM. UV-vis spectra are presented in the discussion 

section. 

 

All of the compounds in this study exhibit strong absorptions in the UV-vis region of 

the spectrum. The Soret band asorbs strongly at ~ 416 nm, this is due to ligand 

localised excitation into the second excited state, an S0 – S2 transition (π-π*).15 The 

absorbance between 510- 645 nm in each porphyrin complexes listed are generally 

attributed to S0 - S1 (π-π*) transition to the first, lowest energy excited state and are 

known as quasi-allowed (Q) bands. Due to the more symmetrical nature of 

metallated porphyrins the number of these Q-bands is reduced from 4 to 2 following 

addition of a metal to the centre of the porphyrin ring. 
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4.3.2. Fluorescence Studies 
 

Room temperature emission spectra were obtained for all compounds. Table 4.4 

illustrates the excitation wavelength and emission maxima for all compounds in this 

study. All emission spectra were obtained using spectrophotometric grade 

dichloromethane (DCM). 

 

Compound 

Excitation  

(nm) 

Emission 

(nm) 

 

Stokes Shift 

(cm
-1

) 

MPyTPP 416 650, 709 
 

8653, 9934 

ZnMPyTPP 418 609, 638 
 

7503, 8249 

TPP 420 639, 701 
 

8160, 9544 

ZnTPP 415 595, 643 
 

7290, 8544 
MPyTPP-

Cobaloxime 418 652, 712 
 

8586, 9879 
ZnMPyTPP-
Cobaloxime 419 615, 634 

 
7606, 8093 

 

Figure 4.4 - Fluorescence data for all porphyrin compounds in this study. All spectra were recorded in 

spectrophotometric grade DCM. 

 

Excitation into the Soret band of each of the porphyrin complexes gave rise to two 

emission bands with stokes shifts in the range 7290 - 9879 cm-1. All of the Zn-

metallated porphyrins gave rise to a smaller stokes shift compared to their freebase 

counterparts. The addition of a cobaloxime moiety had little, to no influence the 

stokes shift observed for the porphyrin complexes, however, did result in quenching 

of fluorescence. 

. 

 

4.3.3. Photocatalytic Hydrogen Generation Studies 
 

All experiments to test for the photocatalytic generation of H2 from water were 

carried out in triplicate according to the method described in Chapter 2 section 2.3.5. 
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 Full details of experimental conditions are found in appendix B1 and B2. 

All complexes were tested under the conditions listed in Table 4.5. 

 

 

Exp . No. Conc. Complex 

(M) 

TEA 

(%) 

Water 

(%) 

Irradiation 

λ (nm) 

Irradiation 

length 

(hr) 

1 5 x 10-5 16.6 10 350 20 

2 5 x 10-5 16.6 0 350 20 

3 5 x 10-5 16.6 10 470 20 

4 5 x 10-5 16.6 0 470 20 

 
Table 4.5- Experimental conditions for photocatalytic studies. 

 

No H2 was detected in the headspace of the sample vial, however it cannot be ruled 

out that the amount formed was very small and below the limit of detection of the 

GC.  

4.3.4. Cyclic Voltammetry 
 

4.3.4.1. Reductive Electrochemistry 

 

Reductive electrochemistry was carried out on the all porphyrin and porphyrin-

cobaloxime complexes in the range 0 V to -2.0 V. The potential window of DCM is 

between 0 and -2.0 V for reduction processes so experiments were not carried out at 

lower potential limits. Within this range several reduction process were observed and 

have been summarised in Table 4.6. 
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Cyclic Voltammetry Reduction Processes 

 
Complexes Epa (V) Epc (V) E1/2 (V) 

Cobaloxime  -1.38b  
MPyTPP -1.45a -1.64a -1.545 

 -1.78a -1.97a -1.875 
ZnMPyTPP 

 
-1.22b 

  -1.62a -1.73a -1.675 
MPyTPP-Cobaloxime 

 
-1.4b 

  -1.6a -1.75a -1.675 
ZnMPyTPP-Cobaloxime 

 
-1.51b 

  -1.72a -1.84a -1.78 
TPP -1.37a -1.47a -1.42 

 -1.79a -1.69a -1.75 
ZnTPP 

 
-1.39b 

  -1.63a -1.74a -1.63  
 

Table 4.6- The cyclic voltammetry results for the reduction processes of all porphyrins and porphyrin-

cobaloxime complexes vs. Ag/AgCl in  0.1MTBAPF6/ DCM. a indicates an reversible reduction wave, b 

indicates an irreversible reduction wave. 

 

All porphyrin complexes exhibited two mono-electronic reductions within the 

potential window of the solvent. Generally these two reduction processes observed at 

negative potentials are ascribed to the formation of the porphyrin radical anion, 

[porph]·- and dianion species, [porph]2-. 15  The coordination of the cobaloxime to the 

pridyl sub-unit of the porphyrin ring induces a cathodic shift in the reduction 

potentials observed. 

 

4.3.4.2. Oxidative Electrochemistry 

 

Oxidative electrochemistry was carried out on the all porphyrin and porphyrin-

cobaloxime complexes in the range 0V to 2.0 V. The potential window of DCM is 

between 0 and 2.0 V for oxidation processes so experiments were not carried out at 

higher potential limits. Within this range several oxidation processes were observed 

and have been summarised in Table 4.7. 
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Cyclic Voltammetry Oxidation Processes 

 

Epa (V) Epc (V) E1/2 (V) 

Cobaloxime 1.00c 0.81c 0.90 
 1.39   

MPyTPP 0.99b 
   1.74b 
  ZnMPyTPP 0.97a 0.89a 0.93 

 1.24a 1.13a 1.185 
MPyTPP-Cobaloxime 0.89c 0.82c 0.85 

 1.30b 
   1.57b 
  ZnMPyTPP-Cobaloxime 0.75a 0.57a 0.66 

 1.1a 0.87a 0.985 
TPP 1.07a 0.98a 1.03 

 1.40a 1.30a 1.35 
ZnTPP 0.95a 0.86a 0.90 

 1.26a 1.16a 1.22 
 

Table 4.7- The cyclic voltammetry results for the oxidation processes of all porphyrins and porphyrin-

cobaloxime complexes vs. Ag/AgCl in 0.1M TBAPF6/ DCM. a indicates an reversible oxidation wave, b 

indicates an irreversible oxidation wave and c indicates a quasi-reversible oxidation wave. 

All porphyrin complexes exhibited two mono-electronic oxidations within the 

potential window of the solvent. Generally these two reduction processes observed at 

positive potentials are ascribed to the formation of the porphyrin radical cation, 

[porph]·+ and dication species, [porph]2+. 15  The coordination of the cobaloxime to 

the pyridyl sub-unit of the porphyrin ring induces a cathodic shift in the oxidation 

potentials observed. 

4.3.5. Electrocatalytic Hydrogen Generation Studies 
 

All compounds were assessed for their ability to produce hydrogen (Fig 4.21 and Fig 

4.22). All experiments were carried out using pH 2.0, 0.1 M NaH2PO4 buffer, a 

glassy carbon working electrode, an Ag/ AgCl reference electrode filled with 3 M 

KCl and a platinum wire counter electrode in an airtight v-shaped electrolysis cell. 

Full details of the experimental set-up are available in Appendix C1.  
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4.3.5.1 Onset of Catalytic Current 

 

A series of cyclic voltammogram experiments were carried out using both the bare 

glassy carbon electrode and glassy carbon electrodes with modified surfaces. The 

scans were performed at 0.1 Vs-1 from 0V to -1.2 V in pH 2.0, 0.1 M NaH2PO4 

buffer. A substantial new process is visible in these CVs when the cyclic 

voltammograms produced were compared to similar CVs run in ACN. This process 

is assigned to the catalytic production of H2 in aqueous media and was confirmed 

through GC analysis of the headspace after the experiment. Table 4.8 details the 

onset of this process according to the complex used to modify the surface. 

Complex 

Onset of Catalytic 

Current (V) 

Bare Electrode -1.15 

Cobaloxime -0.98 

MPyTPP -1.0 

MPyTPP-Cobaloxime -1.1 

ZnMPyTPP -0.87 

ZnMPyTPP-Cobaloxime -0.95 

TPP -0.87 

ZnTPP -1.04 
 

Table 4.8- The potential at which the catalytic current onsets through modification of the glassy carbon 

electrode surface with the complexes utilised in this study. All potentials are quoted vs. Ag/AgCl. 

 

The onset of the catalytic current is altered through coordination of the porphyrin 

rings to the electron donating cobaloxime unit which is consistent with the CV 

measurements made in ACN previously (Section 4.3.4.1).  The currents produced by 

the bare electrode were greatly enhanced through modification with the complexes. 

ZnMPyTPP presented the strongest catalytic current with the onset of this current 

occurring at 0.87 V. 
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4.3.5.2. Varying Bulk Electrolysis Potential 

 

MPyTPP/ MPyTPP-Cobaloxime and cobaloxime were chosen as a model series and 

were tested at various applied electrolysis potentials, the results are shown in Table 

4.9 1.5 x 10-10 moles of each compound was coated on the surface of a glassy carbon 

electrode and varying potentiostatic electrolysis potentials were applied for one hour 

in pH 2.0, 0.1 M NaH2PO4 buffer solution. During these tests a constant potential is 

applied to the system over the course of a 1 hour experiment. The current passed 

through the system as a function of H2 generation is measured and using Faraday’s 

law of electrolysis is related to the number of moles of H2 generated during the 

experiment. After 1 hour a 1 ml sample of the headspace in the reaction vessel is 

injected in to the GC where it’s actual H2 content is measured. The charge passed 

after one hour at the applied potential was measured and compared to the charge 

passed by a bare electrode under the same experimental conditions. Each experiment 

was repeated 3 times and the results are presented below. Full calculation details are 

available in Appendix C2. 

Modification of the electrode surface resulted in the production of H2 during bulk 

electrolysis experiments at less negative potentials. Reasonable TONs were 

measured for MPyTPP-oxime at an applied potential of -1.2 V while the MPyTPP 

ligand was capable of generating larger TONs at the same potential, which is 

consistent with the observed onset of the catalytic current being induced at slightly 

more positive potentials when the surface is modified with this MPyTPP. 

Cobaloxime itself is capable of generating reasonably high TONs upon application 

of a potential of -1.0 V however TONs generated are not as high as those observed 

when -1.2 V is applied. 
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Compound 

Bulk Electrolysis Applied 
Potential (V) 

Charge Passed After 1 
Hour (C) 

Echem 
TON 

(x 103) 

GC  
TON 

(x 103) 

Bare 
Electrode 

 
 
 
 
 

-0.7 3.37 x 10-4 - - 

-0.8 9.03 x 10-4 - - 

-1 1.90 x 10-2 - - 

-1.1 1.99 x 10-2 - - 

-1.2 2.63 x 10-2 - - 

-1.3 8.97 x 10-1 - - 

MPyTPP -0.8 6.27 x 10-2 0.2 0* 

-1 3.07 x 10-2 1.1 0* 

-1.1 6.97 x 10-2 2.4 0* 

-1.2 3.01 x 10-1 10.4 6.5 

-1.3 8.42 x 10-1 29.1 10.5 

MPyTPP-
Oxime 

 

-0.8 8.17 x 10-4 0.3 0* 

-1 3.62 x 10-2 1.3 0* 

-1.1 8.11 x 10-2 2.8 0* 

-1.2 1.07 x 10-1 3.7 1.8 

-1.3 5.35 x 10-1 18.5 2.7 

Cobaloxime -0.7 4.74 x 10
-4

 0.02 0* 

-0.8 1.25 x 10
-3

 0.04 0* 

-1 2.115 x 10
-1

 7.3 6.5  

-1.1 3.80 x 10
-1

 13.1 8.0 

-1.2 4.54 x 10
-1

 15.7 10.2 

-1.3 9.37 x 10
-1

 32.4 21.1 

 
Table 4.9- Results of experiments varying the applied potential during potentiostatic electrolysis of the 

porphyrin complexes. BE = bulk electrolysis. * Amount of H2 generated was below the limit of detection of 

the GC. All TON are quoted ± 30%. 
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4.3.5.3. H2 Generation TONs 

 

Each compound was tested using an applied potential of -1.2 V for 1 hour and the 

resulting hydrogen TONs generated were determined. A 1ml sample of the 

headspace was injected into a GC and the GC calculated TONs were also compared 

to measure the overall efficiency of the electrochemical reaction (Table 4.10).  

 

Table 4.10- Results of electrocatalytic studies for all porphyrin and porphyrin-cobaloxime complexes. BE 

= bulk electrolysis experiment. All TON are quoted ± 30%. 

 

  

Compound 

Charge 

Passed After 

1 Hr (C) 

Electrochemical 

TON (x 10
3
) 

GC 

TON 

(x 10
3
) 

Efficiency 

% 

Avg current 

during BE 

(A) 

Current 

Density 

(mA/cm
2
) 

Cobaloxime 0.454 15.7 8.0 51 1.52 x 10-4 2.18 

MPyTPP 0.301 10.4 6.5 62 1.93 x 10-4 2.76 

ZnMPyTPP 0.3722 12.9 7.6 59 9.66 x 10-5 1.38 

MPyTPP-
Oxime 0.107 3.7 1.8 49 7.52 x 10-5 1.07 

ZnMPyTPP-
Oxime 0.227 7.8 5.1 65 8.05 x 10-5 1.15 

TPP 0.395 13.6 8.7 64 1.08 x 10-4 1.55 

ZnTPP 0.386 13.5 10.5 78 1.31 x 10-4 1.87 



264 
 
 

4.4. Discussion 

 

Synthesis. TPP and MPyTPP were synthesised following the Alder method and 

were isolated in yields of 16 and 11 % respectively.46 These low yields were 

expected due to the many mixed porphyrin side products which are formed during 

the reaction and the difficulty of isolation during column chromatography. Their Zn 

metallated complexes were produced through an overnight reaction using zinc 

acetate and have been previously synthesised by other research groups. All spectral 

data are in agreement with reported data.46  

The cobaloxime derivatives synthesised are novel to the best of our knowledge, and 

all spectral data are in agreement with their formulation and compare well to similar 

compounds with have been previously reported in literature.28  Coordination of the 

cobaloxime moiety was achieved through the nitrogen group in the pyridyl 

substituent on the porphyrin ring following loss of a chloride group from the Co 

metal centre. Yields of up to 87% were achieved during these synthetic experiments. 
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Figure 4.14- Numbering of protons in monopyridyl-porphyrins and their cobaloxime complexes.  
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NMR Spectroscopy. The 1HNMR spectral signals of both MPyTPP and MPyTPP-

cobaloxime due to the β-aromatic protons (1) on the porphyrin ring system are 

visible from 9.04 ppm to 8.65 ppm, with the protons closest to the pyridyl group 

being split into two sets of doublets at 9.04 ppm and 9.1 ppm. The addition of the 

cobaloxime moiety shifts all of the signals slightly upfield due to the shielding effect 

of the cobaloxime. The phenyl protons (2- 4) appear in the aromatic region also. The 

signal from protons (2) appear more downfield than protons (3) and (4) which are on 

the outermost periphery of the porphyrin structure. Due to the presence of a lone pair 

on the nitrogen of the pyridyl group protons (5) and (6) are observed at quite 

different ppm values, with (6) appearing further upfield than protons (5). The two 

internal NH protons (7) are observed at negative ppm values as there is a great 

amount of shielding due to the ring structure enclosing these protons. Protons (7) 

generally appear at -2 ppm. The disappearance of these protons is used as an 

indication of successful metallation of the porphyrin ring. The coordination of the to 

the cobaloxime moiety leads to the appearance of a strong singlet signal at 2.6 ppm 

(8). The OH protons (9) on glyoxime subunit  gives rise to a broad signal ~ 12.2 

ppm.  

Examples of the 1H NMR of the compounds synthesised in this study are available in 

appendix D1. 

Electronic Absorbance Spectroscopy. The absorbance spectra of MPyTPP and 

ZnMPyTPP are very similar and in agreement with previous studies. 47 After the 

addition of the Zn metal centre two of the Q-bands are no longer visible. This occurs 

as the metallated porphyrin possesses D4h symmetry, which is more symmetrical 

than its freebase counterpart, D2h.15  This loss of two of the Q-bands is also evident 

when comparing the absorbance spectra of ZnTPP and TPP and ZnMPyTPP-

cobaloxime and MPyTPP-cobaloxime. 
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Figure 4.16- UV-Vis spectra of MPyTPP (blue line) and ZnMPyTPP (red line). Q-band region has been 

expanded in the inset. All spectra were recorded in spectroscopic grade DCM. Conc. 1.5 x 10-1 M. 

 

The Soret band of MPyTPP and ZnMPyTPP were observed at 416 nm and 418 nm 

respectively (Fig. 4.16).  After the addition of a cobaloxime unit to produce 

MPyTPP-cobaloxime and ZnMPyTPP-cobaloxime the absorbances are red shifted 

and display their Soret band at 418 nm and 419 nm respectively (Fig. 4.15).  This 

represented a small bathochromic shift of 2 nm and 1 nm when compared to 

MPyTPP and ZnMPyTPP. This small red-shift was observed by Zhang et al.
28 when 

they studied the absorbance spectra of similar porphyrin-cobaloxime complexes and 

attribute the difference in spectra to the interaction between the pyridyl-porphyrin 

and the cobalt centre. 
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Figure 4.15 - UV-Vis spectra of MPyTPP (blue line) and MPyTPP-Cobaloxime (red line). Q-band region 

has been expanded in the inset. All spectra were recorded in spectroscopic grade DCM. Conc. 1.2 x 10-1 M. 

 

The Soret and Q-bands of the freebase mono-pyridylporphyrins (MPyTPP and 

MPyTPP-cobaloxime) appear at a shorter wavelength that those of TPP. This 

represents a hypsochromic shift of 2- 4 nm for the Soret bands and between 4 and 8 

nm for the Q-bands. However the Soret of the Zn-metallated mono-

pyridylporphyrins (ZnMPyTPP and ZnMPyTPP-cobaloxime) appear at slightly 

longer wavelengths than the ZnTPP absorbances. These bands are red shifted 3- 4 

nm for the Soret bands. The Q-bands of ZnMPyTPP and ZnMPyTPP-cobaloxime are 

observed at higher energy wavelengths than TPP representing a blue shift of between 

9 nm and 16 nm indicating a possible shift in the energy of the first singlet excited 

state. 

It can be observed from the FWHM values given in Table 4.3, the values for the 

pyridylporphyrins, MPyTPP = 8.33 x 105 cm-1 and ZnMPyTPP = 9.09 x 106 cm-1, 

are significantly larger than those of TPP at 6.13 x 105 cm-1 and ZnTPP at 6.59 x 105 

cm-1, which could suggest higher electronic and vibronic coupling between the π-
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ring system and the meso subsitiuted pyridyl groups.48 The relative intensities of the 

Q-bands remained unaltered after coordination of the cobaloxime centre indicating 

that the relative energies of the ground state and the first excited triplet state remain 

unchanged by substitution 
Fluorescence Spectroscopy. The absorption and fluorescence spectra of MPyTPP 

are shown below in Fig. 4.15. As is evident from the graph excitation at 416 nm into 

the Soret band of the porphyrin gives rise to two unresolved emission bands which is 

expected for porphyrin complexes.48 

 

 

Figure 4.15 – UV-Vis spectrum (blue line) and emission spectrum after excitation at 419nm (red line) of 

MPyTPP. All spectra were recorded in spectrophotometric grade DCM. λEx = 416 nm. 

 

The fluorescence spectra of MPyTPP, ZnMPyTPP and the novel cobaloxime 

porphyrins studied in this chapter are shown below (Fig. 4.16).  The most obvious 

difference in the fluorescence spectra of the porphyrins and the cobaloxime 

coordinated porphyrins is that the emission intensity of the cobaloxime derivatives  

are greatly decreased with respect to their equivalent uncoordinated porphyrins. This 

quenching indicates electronic communication between the porphyrin ring and the 

cobalt metal centre. This is most evident when studying the emission spectra of 
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MPyTPP and MPyTPP-cobaloxime. The quenching of the emission of MPyTPP-

cobaloxime is ~ 96% when compared to MPyTPP.  

The emission profile of the Zn-porphyrins is less defined than the freebased 

porphyrins. The emission of ZnMPyTPP is somewhat quenched in comparison to 

MPyTPP suggesting some electronic communication occurs between the ring and 

the Zn metal centre. The intensity of the emission of ZnMPyTPP-cobaloxime was ~ 

66% less than that of ZnMPyTPP. This complexation of cobaloxime to the Zn-

porphyrins lead to less quenching of the emission band than was evident in the 

freebase porphyrins, in fact the intensity was decreased by  63% (as opposed to 96%) 

leading to the conclusion that addition of the Zn metal centre hinders the efficiency 

of the electron/energy transfer from the porphyrin ring to the cobalt centre in the 

cobaloxime moiety. 

 

 
 

Figure 4.16- Emission spectrum of MPyTPP (blue line), MPyTPP-cobaloxime (red line), ZnMPyTPP 

(purple line) and ZnMPyTPP-cobaloxime (green line). All spectra were recorded in spectrophotometric 

grade DCM and all complexes are isoabsorptive. λEx MPyTPP = 416 nm, MPyTPP-cobaloxime = 418 nm, 

ZnMPyTPP = 418 nm and ZnMPyTPP-cobaloxime = 419 nm. 

 

Large Stokes shifts (7290 cm-1 to 9879 cm-1) indicate that the pyridyl-porphyrins 

undergo considerable excited state structural distributions.  The Zn-metallated 

porphyrins possess the smallest stokes shift owing to their more stable nature and the 
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less symmetrical structure of the freebased porphyrins.  The addition of the 

cobaloxime moiety does not greatly affect the stokes shifts of the porphyrins. 
Photocatalytic H2 generation Experiments. Photoinduced hydrogen evolution 

catalysed by TPP, ZnTPP, MPyTPP, ZnMPyTPP, MPyTPP-cobaloxime and 

ZnMPyTPP-cobaloxime were studied. In efforts to develop novel, non-noble metal 

photocatalytic systems the utilisation of the cobalt glyoxime metal centre is an ideal 

alternative to expensive and rare metals such as Ru, Ir, Pt and Pd which have been 

used previously. Using the porphyrin ring as a light harvesting complex, efficient 

electron transfer through the meso-pyridyl ring to the cobalt catalytic centre was 

anticipated. At the cobalt centre water would be split through the formation of a 

metal hydride followed by a bimolecular reductive elimination or the reaction of the 

metal hydride with another H+ in solution to yield molecular hydrogen. During the 

photocatalytic experiments no H2 was detected using GC analysis; either because the 

amount formed was lower than the LOD, or no H2 was produced. Low TONs of H2 

production have been reported for porphyrin and cobaloxime which are similar to 

those reported in this study. The reasons for the lack of hydrogen produced by these 

intermolecular systems are at present not clear. The absorption features of the 

porphyrin unit are closely tuned to  the light source, which have wavelengths of 350 

and 470 nm, so absorption of light should not be a problem.  The regeneration of the 

porphyrin photosensitiser by the sacrificial agents may be problematic, both from the 

energetics point of view and the aggressive nature of the radicals formed from TEA 

during the regenerating process. Importantly it is also worth stating that the limit of 

detection of the GC used is <100 ppm.  Porphyrin rings are known to be efficient 

light absorbing complexes15,16 and have been used in a variety of systems as effective 

electron transfer devices.17-20 TONs of up to 63 have been reported using porphyrin 

systems.24 Cobaloxime complexes have demonstrated efficiencies in the 

photocatalysed production of hydrogen49 and achieved TON of up to ~300 have been 

achieved. However hydrogen production has been reported using a porphyrin 

photosensitiser and a cobaloxime catalytic centre similar to the complexes reported 

in this study. Zhang et. al.50 have shown photoinduced H2 evolution using complex 

12, 13 and 14 with TEA as a sacrificial donor following irradiation λexc > 400nm. A 

TON of 22 was reported for 12. Both 13 showed a far poorer TON of 3 and 14 only 

produced a trace amount.  
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Electrochemistry. Due to solubility issues accurate concentrations of samples was 

not possible, however, samples prepared were ~ 1 mmol concentration. The 

electrochemistry of pyridyl appended porphyrins and their cobaloxime coordinated 

counterparts have been investigated.  For comparison TPP and ZnTPP have been 

examined under the same conditions and the data have been summarised in Tables 

4.6 and 4.7. 

Porphyrins are electroactive systems are known to undergo multiple redox processes. 

Porphyrins generally display one to two ring centred reductions and one to two ring 

centred oxidations. All of the porphyrins in this study undergo two reduction 

processes. Generally these two reduction processes observed at negative potentials 

are ascribed to the formation of the porphyrin radical anion, [porph]
·- and dianion 

species, [porph]2-.15   

The redox potentials of TPP and ZnTPP compared well with the literature.2,51 TPP 

possesses two reversible mono-electronic reductions at -1.42 V and -1.75 V. 

MPyTPP possesses two, mono-electronic reversible reductions at E1/2 = -1.545 V and 

-1.875 V respectively presenting a cathodic shift of ~0.15 V when compared with the 

reductions observed for TPP, this is due to electron donation from the pyridyl group. 

Addition of a Zn metal to the centre of the MPyTPP ring shifts these reductions to 

the more anodic potentials of -1.22 V and -1.68 V (Fig. 4.17). The same anodic shift 

was observed when comparing the reduction potentials of TPP and ZnTPP; a shift of 

~ 0.11 V was identified upon Zn coordination. The first ring based reduction which 

occurs on ZnTPP and ZnMPyTPP, however is irreversible but the second reduction 

is completely reversible, Ia/Ic = 1.03. 
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Figure 4.17-Cyclic voltammogram of MPyTPP and ZnMPyTPP in 0.1 M TBAPF6/ DCM illustrating the 

reduction processes and the shift to more anodic potentials due to coordination of a Zn metal centre. Scan 

rate 0.1 Vsec-1. 

 

Two reductions were also visible upon complexation of MPyTPP with a cobaloxime 

group (Fig. 4.18). The ring based reductions occurred at even more negative 

potentials than ZnMPyTPP yielding a reversible wave at E1/2 = -1.675 V. The second 

ring based reduction was not visible due to the electron donating nature of the 

cobaloxime moiety inducing more difficult reductions. A second irreversible redox 

process is visible in the electrochemical window of MPyTPP-cobaloxime at -1.4 V 

and is attributed to the reduction of the cobalt metal centre, Co3+/Co2+ due to its 

similarity to this reduction in cobaloxime itself (Fig. 4.18).52 
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Figure 4.17- Cyclic voltammogram of MPyTPP (blue line), MPyTPP-cobaloxime (red line) and cobaloxime 

(green line) in 0.1M TBAPF6/ DCM illustrating their reduction processes. Scan rate 0.1 Vsec-1. 

 

The addition of a cobaloxime group to ZnMPyTPP had a similar effect on the redox 

processes in the porphyrin. The first ring based reduction was shifted cathodically 

from -1.22 V to -1.78 V. This irreversible process represented a significant shift of 

0.53 V due to electron donation from the cobaloxime group. The second ring based 

reduction was not visible within the potential window of DCM. An irreversible 

reduction, due to the Co2+/ Co3+ redox couple was observed at -1.51 V.  
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Figure 4.18- Cyclic voltammogram of ZnMPyTPP (blue line), ZnMPyTPP-cobaloxime (red line) and 

cobaloxime (green line) in 0.1 M TBAPF6/ DCM illustrating their reduction processes. 

 Scan rate 0.1 Vsec-1. 

 

Oxidation of a porphyrin species generally consists of two mono-electronic 

oxidations of the porphyrin ring itself yielding the radical cation, [porph].+ and the 

dication, [porph]2+.15 The oxidation potentials of these processes in TPP and ZnTPP 

compared well with literature values.2,51 Introduction of a Zn metal centre induced an 

cathodic shift of  0.13 V. MPyTPP possesses two, mono-electronic oxidations at 

0.99 V and 1.74 V respectively presenting a cathodic shift when compared with the 

oxidations observed for TPP. The oxidation potentials of the TPP ring shift to more 

anodic potentials of between 0.12 V and 0.14 V upon Zn coordination. The same 

trend was observed following addition of a Zn metal to the centre of the MPyTPP 

ring. This coordination shifts the oxidations to the more anodic potentials of 0.89 V 

and 0.97 V yielding reversible processes. 

 One ring based oxidation is visible upon complexation of MPyTPP with a 

cobaloxime group (Fig. 4.19). This is the second ring based oxidation and it occurred 

at even more positive potentials than MPyTPP irreversible wave at 1.57 V. The first 

ring based oxidation process is presumably obscured by an oxidation process at the 

Co metal centre. This third redox process is quasi-reversible at this scan rate an is 
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visible in the electrochemical window of MPyTPP-cobaloxime at 0.85 V and is 

attributed to the oxidation of the cobalt metal centre, Co3+/Co4+ due to its similarity 

to this oxidation in cobaloxime itself (Fig. 4.19).52 The fourth and irreversible 

oxidation wave at 1.30 V is another cobaloxime based oxidation and induced the 

formation of a reduction band at 0.27 V due to decomposition products formed (this 

reduction is visible at 0.43 V in the cobaloxime CV). 

 

 
 

Figure 4.19-Cyclic voltammogram of MPyTPP-cobaloxime (blue line) and Cobaloxime (red line) in 0.1 M 

TBAPF6/ DCM illustrating the reduction processes of MPyTPP-cobaloxime and their origin compared to 

cobaloxime. Scan rate 0.1 Vsec-1. 

 

 

The addition of a cobaloxime group to ZnMPyTPP had a similar effect on the redox 

processes in the porphyrin. The first ring based oxidation was shifted cathodically 

from 0.93 V to 0.75 V. This represented a shift of 0.18 V due to electron donation 

from the cobaloxime group. The second ring based reduction was reversible and 

shifted from 1.19 V to 0.99 V, a cathodic shift of 0.2 V. No Co based oxidations 
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were visible within the potential window. These processes were possible obscured by 

the strong oxidations observed on the porphyrin ring (Fig. 4.20).   

 

 
 

Figure 4.20- Cyclic voltammogram of ZnMPyTPP-cobaloxime in 0.1M TBAPF6/ DCM illustrating the 

oxidation processes. Scan rate 0.1 Vsec-1. 

 

It has been shown that Zn coordination does not affect the HOMO-LUMO band gap 

of TPP when complexed however Zn does interact with varying the meso substituted 

groups.33,34  This HOMO-LUMO energy gap of TPP and ZnTPP have been 

measured as 2.25 ± 0.15 V (Table 4.9).29 This is also similar for MPyTPP and 

ZnMPyTPP as is evident from Table 4.9.  Coordination of the cobaloxime unit leads 

to a change in HOMO-LUMO energy gap in MPyTPP-cobaloxime (2.93 eV) but not 

for ZnMPyTPP-cobaloxime (2.13 eV). This suggests that the addition of cobaloxime 

to MPyTPP destabilises the energy levels within the porphyrin. 
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Complex HOMO-LUMO Energy Gap (eV) 

MPyTPP 2.23 

ZnMPyTPP 2.13 

MPyTPP-cobaloxime 2.93 

ZnMPyTPP-cobaloxime 2.13 

TPP 2.43 

ZnTPP 2.23 
 

 

 

 

 
Table 4.9- HOMO-LUMO energy gaps of complexes studied in this chapter. 

 

Electrocatalytic H2 Generation Experiments. Electrocatalytic H2 production was 

observed at pH 2.0, in 0.1 M NaH2PO4 buffer solution. In Fig. 4.21 the cyclic 

voltammogram of the bare electrode is compared with electrodes modified with TPP, 

MPyTPP and MPyTPP-cobaloxime. As is visible from the Fig. 4.21 the catalytic 

current producing H2 is generated at 1.15 V vs. Ag/AgCl using a bare electrode. 

Modification of the surface with TPP induces a strong anodic shift to -0.89 V which 

also enhances the catalytic current considerably when compared with the bare 

electrode alone. Modification of the electrode surface with MPyTPP induces a 

greatly enhanced catalytic current also with the onset of this current occurring at -1.0 

V representing an anodic shift of 0.15 V when compared with a bare electrode. 
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Modification of the same surface with the MPyTPP-cobaloxime complex shows a 

slightly less enhanced current and the onset occurs at a more negative potential, -1.1 

V. The addition of the cobaloxime group to the MPyTPP ligand introduces a Co 

centred reduction ~ -1.0 V vs. Ag/AgCl, and the ring based reductions are shifted to 

more negative potentials due to the electron donating nature of the cobaloxime ring. 

The Co based process on MPyTPP-cobaloxime occurs at a similar potential as the 

potential at which the catalytic current is induced (Section 4.3.5.1). The 1st ring 

based reduction on TPP and MPyTPP also occur at a similar potential to the 

generation of the catalytic.  Therefore it is proposed that the ring in TPP an MPyTPP 

is capable of efficiently catalysing the production of H2 in aqueous media without 

the aid of a metal. In the cobaloxime derivative it is possibly a Co metal catalysed 

reaction. 

 

 
 

Figure 4.21- Typical cyclic voltammogram of a electrode modified with TPP (red line), MPyTPP (green 

line), MPyTPP-cobaloxime (purple line)and a bare electrode (blue line), in pH 2.0, 0.1 M NaH2PO4 buffer. 

(Scan rate =  0.1 Vs-1). Inset is a closer view at the onset of the catalytic current. 

 

It is evident from the results presented in Table 4.10 that the TONs generated upon 

modification of the glassy carbon electrode with these three complexes were 

consistent with observed intensity of the catalytic current induced. The current 
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density measured over the course of the hour long bulk electrolysis experiment at -

1.2 V was measured to be 2.76 mA/cm2, producing an electrochemically determined 

TON of 10.4 x 103 when using MPyTPP, while the current density measured when 

using MPyTPP-cobaloxime was significantly less at 1.07 mA/cm2 yielding a TON of 

3.7 x 103, implying a higher catalytic activity utilising the porphyrin alone. TPP 

produced the most enhanced catalytic current and also the largest electrocatalytically 

determined TON of 13.6 x 103 after 1 hour. From the graph in Fig. 4.21 it is evident 

that the catalytic current is enhanced significantly through modification of the 

surface with TPP when compared with the current produced by MPyTPP. The 

similarity of the TONs produced using these two systems may be explained by the 

current density produced at each modified electrode during bulk electrolysis. The 

current density produced by the TPP system was 1.55 mA/cm2; significantly less 

than the MPyTPP systems at 2.76 mA/cm2. The efficiencies of the systems were 

calculated by injecting a portion of the headspace in the reaction vessel on to a GC 

and analysing it for its H2 content. The TPP and MPyTPP systems presented the 

greatest efficiency at ~ 63% efficiency and MPyTPP-cobaloxime produced a 49% 

efficiency indicating that the TPP and MPyTPP systems are more reliable 

electrocatalytic systems as well as yielding higher TONs. 

In Fig. 4.22 the cyclic voltammograms of the bare electrode is compared with the 

electrodes modified with ZnTPP, ZnMPyTPP and ZnMPyTPP-cobaloxime. The bare 

electrode produced a small catalytic current itself and the onset of this process was 

visible at -1.15 V. ZnTPP produced a catalytic current at -1.04 V, representing a 

anodic shift of 0.11 V when compared with the bare electrode. An anodic shift in the 

onset of the catalytic current was observed for ZnMPyTPP and ZnMPyTPP-

cobaloxime at -0.87 V and -0.95 V vs. Ag/AgCl respectively. Owing to the electron 

donating nature of the cobaloxime moiety, reduction is more difficult on 

ZnMPyTPP-cobaloxime and therefore the onset of the catalytic current is at more 

negative potentials. From the results presented in Table 4.6, ZnMPyTPP is the 

easiest complex to reduce in this study and therefore produces the strongest current. 
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Figure 4.22- Typical cyclic voltammogram of a electrode modified with ZnTPP (green line), ZnMPyTPP 

(red line), ZnMPyTPP-cobaloxime (purple line)and a bare electrode (blue line), in pH 2.0, 0.1 M NaH2PO4 

buffer. (Scan rate =  0.1 Vs-1). Inset is a closer view at the onset of the catalytic current. 

 

ZnMPyTPP produced a current density of 1.38 mA/cm2 over the course of the hour 

long bulk electrolysis experiment at -1.2 V, producing an electrochemically 

determined TON of 12.9 x 103, while the current density measured when using 

ZnMPyTPP-oxime was 1.15 mA/cm2 and a TON of 7.8 x 103 was calculated, 

implying a higher catalytic activity utilising the metallated porphyrin alone. ZnTPP 

yielded the highest current density at 1.87 mA/cm2 which produced a TON of 13.5 x 

103. The ZnTPP system also presented the greatest efficiency at 78% while 

ZnMPyTPP yielded 59% efficiency and ZnMPyTPP-cobaloxime achieved efficiency 

of only 49%.  

Presented in Table 4.9 are the TONs generated when applying various potentials 

during bulk electrolysis. As is evident from these results the bare glassy carbon 

electrode is capable of generating small amounts of H2, unmodified, at potentials 

above -1.2 V vs. Ag/AgCl. The currents generated by the bare electrode are quite 

weak; however upon bulk electrolysis at -1.3 V the electrode is capable of yielding a 

strong current (9 x 10-1 A) after 1 hour potentiostatic electrolysis. MPyTPP/ 
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MPyTPP-Cobaloxime and cobaloxime were chosen as a model series and were 

tested at various applied electrolysis potentials. When the electrode surface is 

modified with MPyTPP, strong catalysis begins at -1.1 V yielding an 

electrochemically determined TON of 2.4 x 103 however it is not possible to detect 

this amount of H2 on our GC. Upon increasing the potential applied to -1.2 V the 

electrochemically generated TON is 10.4 x 103, which is confirmed by GC yielding a 

TON of 6.5 x 103. When the potential applied is lowered to -1.3 V the current passed 

after one hour is less than that passed by the bare electrode, implying that the 

modification of the surface is hindering the electrodes capabilities to catalyse the 

reaction at this potential. When the potential applied is more positive, at -1.0 V, 

small amounts of H2 are being generated however the volumes being produced 

cannot be detected by the GC upon injection of the headspace. 

By comparison, when the surface is modified with MPyTPP-cobaloxime reasonable 

TONs for H2 generation are detectable when potentials as low as -1.0 V are applied. 

Electrochemically calculated TONs of 1.3 x 103 and 2.8 x 103 are observed 

following bulk electrolysis at -1.0 V and -1.1 V respectively. This shows that 

MPyTPP-cobaloxime is capable of producing larger TONs for H2 generation a -1.1 

V potentiostatic electrolysis potential than the uncoordinated MPyTPP ligand after 

bulk electrolysis at the same potential. Similarly to the BODIPY complexes in 

Chapter 3, MPyTPP, following bulk electrolysis at -1.3 V the current passed was less 

than that passed by the bare electrode, implying that the modification of the surface 

is hindering the electrodes capabilities to catalyse the reaction at this potential itself. 

Cobaloxime itself is capable of generating TONs upon application of a potential of -

1.0 V however TONs generated at this potential are not as high as those produced 

using either MPyTPP or MPyTPP-cobaloxime modified electrodes. 

Porphyrin complexes have been commonly used when incorporated into polymer 

membranes which promote electron movement and supply different mechanisms for 

this electron flow within an electrocatalytic system. These systems have produced an 

onset of catalytic current at as low potential as -0.3 V39 and -0.25 V41 vs. Ag/AgCl. 

However systems which have not been incorporated into a polymer have been 

reported to induce a catalytic current at -1.46 V vs. SCE (Fe-porphyrin)43 and ~ -1.6 

V vs. SCE (Rh-porphyrin) which indicated the potential of the complexes 

investigated in this study for use as electrocatalysts in the generation of H2. Future 
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incorporation of these complexes into a polymer membrane could yield even lower 

reduction potentials and thus provide a more efficient system overall.  
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4.5. Conclusion 

 

The synthesis, characterisation, electrochemistry and photochemistry of mono-

pyridylporphyrin compounds and their corresponding cobaloxime derivatives was 

presented in this chapter. All synthesised complexes were characterised using 1H 

NMR, mass spectrometry and UV-Vis and fluorescence spectroscopy.  

Synthesis of TPP and MPyTPP was achieved during one synthetic procedure 

yielding 16 and 11% respectively. Coordination of the cobaloxime moiety through 

the nitrogen on the pyridyl substituent on the porphyrin ring was achieved in yields 

of up to 80%. 

All of the compounds in this study exhibit strong absorptions in the UV-vis region of 

the spectrum. The Soret band was observed ~ 416 nm, and these transitions are 

assigned to ligand localised S0 – S2 (π-π*) transitions. Also present were Q-band 

absorbances between 510- 645nm in each porphyrin complexes listed are generally 

attributed to S0 - S1 (π-π*) transition to the first, lowest energy excited state. Due to 

the more symmetrical nature of metallated porphyrins the number of these Q-bands 

reduced from 4 to 2 following addition of a metal to the centre of the porphyrin ring. 

Complexation of the cobaloxime unit resulted in a small 1 – 2 nm bathochromic shift 

in all absorbances. 

Excitation into the Soret band of each of the porphyrin complexes gave rise to two 

emission bands with stokes shifts in the range 7290 - 9879 cm-1. All of the Zn-

metallated porphyrins possessed a smaller stokes shift than their freebase 

counterparts. The addition of a cobaloxime moiety had little to no influence on the 

stokes shift for the porphyrin complexes as presented here, however the coordination 

did quench the emission of the porphyrin complex indicating some electronic 

communication between the ring and the cobaloxime catalytic centre.  

Cyclic voltammetry experiments showed all porphyrin complexes exhibit two mono-

electronic reductions within the potential window of the DCM solvent. Generally 

these two reduction processes observed at negative potentials are ascribed to the 

formation of the porphyrin radical anion, [porph]·- and dianion species, [porph]2-. 15  

The coordination of the cobaloxime to the pridyl sub-unit of the porphyrin ring 

induces a cathodic shift in the reduction potentials observed. All porphyrin 

complexes exhibited two mono-electronic oxidations also. These two processes 
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observed are ascribed to the formation of the porphyrin radical cation, [porph]·+ and 

dication species, [porph]2+.15  The coordination of the cobaloxime to the pridyl sub-

unit of the porphyrin ring induces a cathodic shift in the reduction potentials 

observed. 

During electrocatalytic H2 generation experiments TPP exhibited the earliest onset of 

catalytic current at -0.87 V and TPP and ZnTPP produced the largest GC determined 

TON over the course of the bulk electrolysis experiment at 13.6 x 103 and 13.5 x 103 

respectively. The efficiency of these systems were also the highest measured at 64 

and 78%.  

Any H2 that may have been produced photocatalytically was not detected on the GC 

during the studies; this is either because it was not produced or the amount produced 

was lower than the LOD of the GC. 
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Chapter 5 

Platinum and 

Palladium Complexes 

 

Chapter 5 begins with a short introduction 

to ethynyl-pyrene complexes, including 

some applications. The literature survey 

concludes with the use of platinum and 

palladium catalysts in both intramolecular 

and intermolecular photocatalytic hydrogen 

generation. The chapter shows synthetic 

methods employed and some photophysical 

measurements of the complexes studied, 

along with the results of experiments 

performed to measure the efficacy of the 

photosensitiser and catalytic centers in 

intermolecular hydrogen generation.  
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Aim 
 

Pyrene is a highly conjugated chromophore which absorbs from the UV into the 

visible region of the spectrum. Further π-conjugation of the pyrene moiety has been 

achieved through the addition of ethynyl or thiophene units to further push the 

absorbance profile of the compounds towards the red in an attempt to utilise these 

groups as a photosensitser in the photocatalytic generation of H2. Synthesis of a 

highly conjugated compound in which the photosensitiser and the catalytic centre 

were covalently linked was attempted, however this proved unsuccessful. 

Intermolecular H2 generation have been carried out in solution, where the pyrene 

moiety acts as the photosensitiser, the Pd/Pt compound acts as the catalytic centre 

and TEA as the sacrificial agent. 

5.1. Introduction 
 

5.1.1. Pyrene and Ethynylpyrene systems 

 

Pyrene is a colourless, polycyclic aromatic hydrocarbon (PAH). It consists of four 

fused benzene rings, making it a perifused macrocycle. PAHs are generally produced 

when products such as coal, oil, and gas are burned but the burning process is not 

completed. The use of this by-product in an environmentally friendly process would 

eliminate pyrene from waste.  

This chromophore, and more often, its derivatives are used as organic dyes due to 

their ability to absorb a wide range of wavelengths of light. It is also known to have a 

very high quantum yield and lifetime, of the nanosecond order, which makes it ideal 

for use in applications which utilise its triplet state for interactions. Pyrene based 

molecules readily undergo photoexcitation and have the ability to transfer this 

energy to bound molecules.1 This characteristic makes them ideal for use as 

photosensitisers in the generation of hydrogen. Pyrene compounds have been used 

for linear molecular wires2, luminescent probes3 and have uses in artificial 

photosynthesis4.  

The introduction of pyrene into molecular structures can greatly lengthen the excited 

state lifetimes of the molecules. Complexation of these conjugated chromophores 

with a transition metal such as Ru or Pt renders the molecule produced highly 
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luminescent3. Extension of the π-conjugation of the chromophore can lead to 

changes in the photophysical properties of the pyrene complex. Fine tuning of the 

optical properties of this type of system has been mainly achieved through routes 

involving changing the length, substitution, and degree of conjugation within the 

complexes. These oligomers have gained much interest in recent years and many 

studies have been published regarding the synthesis of these complexes and their 

photophysical properties. A review has been published by Leroy-Lhez at al.5 

detailing the optical and electronic properties of polypyridine ligands with extended 

π-conjugation. Pyrene-containing molecules are known to exhibit unique singlet 

state properties such as the ability to form intramolecular charge-transfer states that 

are sensitive to environmental factors.5  1 (Fig. 5.1) has been shown to display 

intense fluorescence emission in the visible region of the spectrum and this emission 

was not dependent on the nature of the solvent employed, which was proposed to be 

indicative of the weak electron-accepting property of the bipyridine (bpy) ring.6 The 

fluorescence observed in ligand 2 was detected to exhibit strong solvatochromic 

behaviour which was proposed to be due to the formation of a polar excited-state due 

to the additional electron-withdrawing effect of the ethynyl group. The introduction 

of a thiophene ring, which introduced a bent conformation in the molecule, in 3 

induced fluorescence emission centred around 488 nm in acetonitrile, which was 

concluded to arise from a charge transfer state between the pyrene and the thiophene 

groups. 

N

NOC8H17

C8H17O

N N

S

N

N

N

1 2

3
Figure 5.1- Pyrene-polypyridine oligomers studied by Leroy-Lhez at al.

6 
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Thiophene is a good electronic conductor through enhancing the π-conjugation and 

therefore π- delocalisation along the length of a molecule. The addition of a 

thiophene unit therefore promotes electronic coupling between the terminal groups in 

a molecule which improves the excited state charge transfer. A pyrene moiety has 

been tethered to a [2,2’:6’,2’’]-terpyridyl ligand via a diethynylated thiophene linker 

group for use as a Zn2+ cation binding receptor (Fig. 5.3).1 Through cyclic 

voltammogram experiments it was determined that the pyrene unit was the electron 

donor and the thiophene unit was the electron acceptor moiety during redox 

reactions. A low energy band in the absorption spectrum centred at 426 nm, the 

lowest-energy transition in the ligands spectrum, is attributed to intramolecular 

charge-transfer (ICT), from the pyrene unit to the thiophene unit (Fig 5.2 (a)). This is 

further confirmed by the observation of a large stokes shift when the absorption and 

emission spectra were compared. In acetonitrile solution at room temperature, the 

ligand displays an emission band at 488 nm. The fluorescence quantum yield was 

measured to be 0.32 while the fluorescence lifetime is 1.2 ns. Addition of Zn(ClO4)2 

to a solution of the ligand resulted in complexation of the Zn2+ cation (Fig 5.3) 

resulting in a shift of the ICT spectral band bathochromically towards the visible 

region of the spectrum. The intensity of the emission band is also significantly 

reduced. It is also proposed that upon the addition of the Zn2+ cation the thiophene 

unit acts as an electron relay and the charge separated state lies between the pyrene 

unit and the Zn cation (Fig. 5.2 (b)).  

 

Pyr~~~Thio~~~{
hv Pyr~~~Thio~~~{

. -. +

Pyr~~~Thio~~~{Zn2+ hv Pyr~~~Thio~~~{Zn2+
. -. +

(a)

(b)
 

 

Figure 5.2- Pictorial representation of the proposed intramolecular charge transfer state in the ligand (a), 

and within the Zn2+ complex (b).1 
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Figure 5.3 - Pyrene-thiophene-terpyridine complex synthesised by Benniston et al.1 for use in the 

coordination of the Zn2+ cation. 

 

The following year the same research group published a paper which incorporated an 

bis-anthracene bridge between the thiophene and the terpyridine units in an attempt 

to finely tune the extent of electron delocalisation which occurs along the molecule 

(Fig. 5.4).18 The absorption spectrum of this complex displays a strong absorbance at 

490 nm, representing a 74 nm red shift when compared to the previously synthesised 

non-anthracene containing compound. The complex is also highly fluorescent at 

room temperature with an emission band centred at 540 nm, observed in ACN. The 

fluorescence quantum yield measured was 0.35 in acetonitrile while the emission 

lifetime was 1.9 ns. Again a large Stokes shift was observed suggesting population 

of an ICT excited state following excitation. The triplet excited state was detected 

using laser flash photolysis following excitation at 355 nm. The triplet state decays 

via first-order kinetics with a lifetime of 18 µs in deoxygenated DMSO. 

Complexation of the Zn2+ cation again causes a red shift in the absorbance bands and 

greatly diminishes the emission band strength, with a measured fluorescence 

quantum yield of 0.16 ns. The Zn complex gave a triplet excited state lifetime of 95 

µs following laser flash photolysis in deoxygenated DMSO. Zn2+  binding to the 

anthracene containing ligand does not lead to complete delocalisation of electron 

density onto the terpyridine unit which is what was observed with the non-

anthracene containing ligand. As an alternative the Zn 2+ cation enhances the triplet 

state formation through heavy atom perturbation of the anthracenyl unit. 
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S

N

N
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5
 

 

Figure 5.4 - Incorporation of a bis-anthracene linker into the pyrene-thiophene-terpyridine complex 

synthesised by Benniston et al.18  

 

Li et al.7 have synthesised a series of asymmetrical pyrene derivatives with the aim 

of extending their absorption bands into the visible region of the spectrum. Through 

incorporating ethynyl linkers and extended phenyl chains they have successfully 

extended the absorption from the purple-blue region into the green region (Fig. 5.5).  

 

R

R R

O 6, R=

7, R=

8, R=

9, R=

Si

C5H11

C5H11
 

 

Figure 5.5 - Extended pyrene complexes capable of absorbing in the blue-green region of the spectrum, 

developed by Li et al.7 

Bathochromic shifts in absorbance bands and emission bands were observed from 6 

to 9 due to increased conjugation lengths of the substituents with compounds 8 and 9 

absorbing out to 458 and 465 nm and emitting at 510 and 518 nm respectively.  

Ziessel and coworkers have described the synthesis of pyrene-bipyridine dyads and 

described their photophysical properties.8 The absorption spectra of these complexes 

are comparable to a composite of the two subunits individual spectra. The spectra 

exhibit a strong S0 - S1 (π – π*) transitions in the blue green region which can be 
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assigned to the BODIPY chromophore. The presence of much weaker and relatively 

broad absorption bands located in the UV region are assigned to the S0 - S2 (π – π*) 

transition on the BODIPY unit also. Stronger transitions within the UV region are 

attributed to the (π – π*) transitions localised on the phenyl-ethynyl subunit. Also 

visible are three strong absorbances assigned to π – π* transitions within the pyrene 

subunit. Ethynylpyrene bound BODIPY dyes have been developed by Harriman et 

al.9 which consist of two pyrene units tethered to the boron unit of a BODIPY dye 

(Fig. 5.6). 

N N

B

10  

 

Figure 5.6 - Bis-ethynylpyrene-BODIPY dye synthesised by Harriman et al.9 

 

Similarly to Ziessel’s observations, the absorption spectra of this type of complex 

exhibits strong absorbances in the visible region due to the BODIPY unit and higher 

energy absorbances attributed to the pyrene unit. Fluorescence detected in MeTHF 

was attributed to fluorescence from the BODIPY unit. This fluorescence signal was 

found to decay via first-order kinetics with a lifetime of 6.5 ± 0.1 ns and the 

fluorescence quantum yield was found to be 0.90 ± 0.05 under in solution at room 

temperature. This suggests that the appended pyrene unit does not perturb the 

photophysical properties of the BODIPY dye following excitation. No fluorescence 

was detected from the pyrene unit and time-resolved fluorescence studies made with 

near-UV excitation confirmed that the pyrene based fluorescence excited states have 

short lifetimes of less than 50 ps. The researchers proposed that photons collected by 

the appended pyrene are quantitatively transferred to the BODIPY unit.  
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5.1.2. Platinum and Palladium Photocatalysts in Hydrogen Production 

 

Platinum and palladium are heavy transition metals from group 10 of the periodic 

table. There has been a great deal of research in the area of thermochemical 

hydrogen generation using platinum, however for the purpose of this study the focus 

systems which generate hydrogen photochemically. Though these metals are quite 

rare and expensive they have been shown to yield high TONs for the production of 

hydrogen. 

 

5.1.2.1. Pt/Pd systems Used in Intramolecular H2 Production 

 

Much of the research using platinum and palladium to generate hydrogen has 

involved to synthesis of a bimetallic system, utilising Pt/ Pd as a catalytic centre and 

using another metal in the light harvesting chromophore. In 1998 Suzuki et al.10 

reported the synthesis of ruthenium-platinum (Ru- Pt) complexes for the purpose of 

generating hydrogen. The ruthenium was polymer bound with a linking bridge which 

was an alkyl viologen, such as 1,1’-dimethyl-4,4’-bipyridinium, and a [Pt(bpy)2]2+ 

catalytic centre. Yields of H2 (up to a maximum 0.633 cm3 after 120 min irradiation 

with λ = 400nm) were reported, however it was noted that the maximum volume of 

hydrogen generated decreased with increasing degree of quaternisation. This was 

attributed to a decrease in the efficiency of photosensitised charge separation 

induced by increasing electrostatic repulsion. An experiment was carried out using 

repeated light on/ light off runs, and no hydrogen was observed during the dark 

periods. The volume of hydrogen generated during the light periods of these 

experiments decreased gradually, and then hydrogen generation completely ceased in 

the 25th repeat run. This was attributed to inactivation of the platinum catalyst. 

However, hydrogen generation was observed again by irradiating the solution after 

an addition of more platinum catalyst after the 25th run. UV-vis absorption and 

emission studies showed that the photosensitiser had not decomposed during the 

experiment and the following mechanism was proposed (Scheme 5.1). 
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RuIIQPIm
hv

*RuIIQPIm

*RuIIQPIm + V2+ RuIIIQPIm + V+

RuIIIQPIm + TEOA RuIIQPIm + TEOAox

nPt + V+ + H+ 1/2H2 + nPt + V2+
 

 

Scheme 5.1 - Proposed mechanism for the photocatalytic generation of hydrogen where 

Ru
II

QPIm = photosensitiser, V
2+

 = alkyl-viologen bridging molecule, TEOA = sacrificial donor, 

nPt = platinum catalytic centre
10

. 

 

In this mechanism the photosensitiser is excited by light and donates an electron to 

the alkyl-viologen bridging molecule. The photosensitiser is then reduced by the 

TEOA sacrificial agent. The alkyl-viologen then passes the electron on to the 

platinum catalytic centre where it is used to reduce H+ to for the desired hydrogen. 

This is the generally accepted mechanism for all H2 generation experiments and is 

simplified below (Scheme. 5.2) 

 

PS hv *PS

*PS + Bridge PS+ + Bridge-

Bridge- + C Bridge + C-

C- + H+ 1/2 H2 + C

PS+ + SA PS + SA+
 

 

Scheme 5.2 - General mechanism for H2 production using a Pt/Pd catalytic centre. PS = 

Photosensitiser, C = catalytic centre, SA = sacrificial agent. 

 

Toshima et al.11 have used a chromophore based on ruthenium coupled with a 

platinum catalytic centre to generate hydrogen from water in visible light. The 

electron transfer system consisted of a ruthenium tris –bipyridine dichloride light 

harvesting centre with a methyl viologen dichloride bridging molecule and a metal 

cluster of platinum as the catalytic centre. They showed that the electron transfer rate 
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directly influenced the rate of hydrogen formation. Furthermore the higher the 

electron transfer rate constant ke, the higher the hydrogen formation constant kH2. 

Sakai et al.12 reported using a Ru-Pt bimetallic system which can photocatalytically 

generate H2 from water in the presence of an ethylenediaminetetraacetic acid 

(EDTA) sacrificial donor. Similar to Toshima, they have used a ruthenium tris-

bipyridine moiety as the chromophore and they have used a PtCl2 catalytic centre 

(Fig. 5.7). However they only reported a low TON of 5 after 10 hours of irradiation 

at λ ≥ 390 nm which they attribute to the formation of platinum colloids which 

interfere with the catalytic process. 

 

Ru

N

N

N

N

N

N N
H

N

N

HOOC

Pt

O

Cl

Cl

11  

 

Figure 5.7 - Ru-Pt Complex utilised by Sakai et al.6 

 

Rau et al.13 have reported the use of palladium and ruthenium mixed photocatalytic 

systems in intermolecular hydrogen generation, they have reported a TON of 56 in 

30 hours of irradiation at λ = 470nm in the presence of TEA, as a sacrificial donor. 

The molecules consisted of a ruthenium (II) 4,4’-di-tert-butyl-2,2’-bipyridine 

chromophore with a highly conjugated bridging unit (tpphz-tetrapyridophenazine) 

and a PdCl2 catalytic centre coordinated to the two nitrogens of the bridging group 

(Fig. 5.8). 
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Figure 5.8 - Ru-Pd complex utilised by Rau et al.13 

 

A large number of organometallic systems have also been investigated for use in H2 

production. The use of an organic photosensitiser is hoped to mimic more closely the 

model of photosynthesis for energy production and also drive down the price of 

production. The use of metals can be very expensive and by eliminating the need for 

a bimetallic system the cost of the system should be greatly reduced. A few 

examples are discussed below. 

Porphyrins have been investigated by many groups for use as photosensitiser 

molecules along with platinum and palladium catalytic centres. Hosono et al.14 have 

reported thin films of two viologen linked porphyrins which are in the presence of a 

H2PtCl2 catalyst and EDTA as a sacrificial agent. These compounds have produced 

hydrogen intermolecularly from water achieving TON of 5.2 and 16.8 each after 280 

hours of irradiation with visible light (720 nm < λ> 390 nm). 
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Figure 5.9- Viologen-linked porphyrins photosensitisers used by Hosono et al.14 

 

Eosin dyes have also been shown to effectively photosensitise the generation of 

hydrogen15. Upon visible light irradiation (λ ≥ 420nm) a quantum yield of H2 

production of 12.14% was achieved when splitting water using an eosin dye 

sensitised multi-walled carbon nanotube doped with platinum using a TEOA 

sacrificial agent. 

O

Br

O
Na

Br

Br

Br

O

COONa

15  
 

Figure 5.10 - Structure of Eosin dye molecule used by Li et al.15
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H2 generation has been reported using a porphyrin-pyrene conjugate functionalised 

Pt nano composite (Fig. 5.11).16 The authors propose that the light is absorbed by the 

pyrene unit triggering electron transfer to the porphyrin ring followed by transfer to 

the Pt nano-particle inducing H2 formation at the Pt centre. TONs of 63 were 

reported following 12 hours broad band UV-Vis irradiation in the presence of EDTA 

as sacrificial agent. 

 

N

N N

N

OH

HO

OH

O

H

H O

O

S

O

Pt

16  

 

Figure 5.11- Porphyrin-pyrene conjugate functionalised Pt nano composite utilised by Zhu et al.16 in the 

photogeneration of H2. 

  

 

5.1.2.2. Pt/Pd systems Used in Intermolecular H2 Production 

 

Intermolecular H2 generation systems which have been developed have mainly 

consisted of a photosensitiser (PS) and an unbound platinum or palladium colloid for 

use as a catalytic centre.  

Tinker et al.17 reported using an Ir photosensitiser together with a platinum colloid to 

generate H2 from water without the use of an electron relay. A system composing of 

6.25 µmol of a heteroleptic iridium (III) photosensitizer [Ir(ppy)2(bpy)]+ (ppy = 2-

phenylpyridine, bpy = bipyridine), 17, 0.3 µmol platinum colloid (K2PtCl2) catalytic 
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centre, and TEOA sacrificial reductant was utilised yielding a hydrogen TON of 63, 

based on Pt, after 20 hours irradiation at (Fig. 5.12). 

 

Ir

N

N

N

N

PF6

17  

 

Figure 5.12- [Ir(ppy)2(bpy]PF6 photosensitiser utilised by Tinker et al. in conjunction with 

platinum colloid for the generation of H2.
17 

 

It was observed that upon increasing the concentration of K2PtCl2 in the reaction 

solution the H2 generating reaction was actually hindered, and this effect could not 

be resolved through addition of higher concentrations of PS. This was attributed to a 

faster aggregation of the platinum colloid which is generated in situ from the 

K2PtCl2. It has been previously been shown that colloidal particle size can greatly 

affect the H2 evolution during an experiment with larger particles producing less 

H2.18 

More recent work from the same group utilised an Ir photosensitiser of the type 

[Ir(C/\N)2(N/\N)](PF6), with various ring substituents (Fig. 5.13), in the presence of 

K2PdCl2 and TEA as sacrificial agent.19 It was found that the highest TON of 312 

was achieved when the C/\N substituent = 5-methyl-2-(4-fluorophenyl)pyridine (F-

mppy) and the N/\N subsitiuent = 5,5’-ditrifluoromethyl-2,2’-bipyridine (dFbpy) 

following irradiation at 465 nm for 1 hour. 
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Figure 5.13- [Ir(C
/\
N)2(N

/\
N)](PF6) photosensitisers utilised by Curtin et al. in conjunction with 

palladium colloid for the generation of H2.
19

 

 

The TON generated during the experiments suggested that steric bulk greatly 

enhanced the longevity of the photosensitiser before decomposition occurred. TEM 

and mercury poisoning tests were carried out which determined that the K2PdCl2 

metal catalyst forms an active colloidal species in situ which in turn catalyses the H2 

generation reaction. 

Soman et al.20 reported the synthesis of cyclometallated iridium–Pt/Pd dinuclear 

complexes containing the bridging ligand 2,2′:5′,2′′-terpyridine (BPP) and a 

peripheral phenylpyridine (ppy) ligand which produce H2 photochemically following 

irradiation with both visible (470nm) and UV (350nm light). Both complexes in 

which the Pt/Pd catalytic centre was covalently bound (Fig. 5.14) and complexes 

with unbound Pt/Pd (in the form of [Pd(CH3CN)2Cl2] or [Pt(CH3CN)2Cl2]) were 

tested. 
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Figure 5.14- Cyclometallated iridium–Pt/Pd dinuclear complexes synthesised by Soman et al.20 

 

Visible light (470 nm) irradiation of the heteronuclear [Ir(ppy)2(BPP)PtCl]2(PF6)2 

(19) or [Ir(ppy)2(BPP)PdCl]2(PF6)2 (20) complexes yielded TONs of 308 and 254 

respectively after 18 hours in an acetonitrile solution containing 10% water and 2.15 

M TEA as sacrificial agent. Upon irradiation with UV light (350 nm) the TONs 

yielded were 65 for 19 and 16 for 20 respectively. Inter molecular H2 generation 

studies followed the same trend with TONs of 245 and 166 measured following 470 

nm irradiation and TONs of 117 and 124 following 350 nm irradiation of 1 : 1 molar 

ratio solutions of [Ir(ppy)2(BPP)]PF6 (18) and [Pd(CH3CN)2Cl2] or [Pt(CH3CN)2Cl2] 

respectively. The authors attributed this wavelength dependence to the tendency of 

470 nm irradiation to populate the lowest energy singlet and/or singlet excited states 

(S1 and T1) causing a flow of electrons away from the Ir metal centre towards the 

bridging ligand and on towards the Pt/ Pd metal centre, while irradiation at 350nm 

induces a flow of electrons from the Pt/Pd metal centre towards the Ir centre as 350 

nm light tends to populate the S3 state and its associated triplet state T6. Also 
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observed was the lower TONs yielded during the intermolecular H2 generation 

experiments as this process depend on both photosensitiser and catalytic being in 

close proximity in solution for the H2 producing reaction to occur. 
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5.2. Experimental 

 

All materials and equipment used in this studied are detailed in Chapter 2 sections 

2.21 and 2.22. Details of photocatalytic studies are also available in Chapter 2 

section 2.25. 

5.2.1. Synthesis 

5.2.1.1. Synthesis of 1-trimethylsilylethynylpyrene (Pyrene-TMS) 

 

Br

+ H TMS

4% Pd(PPH3)2Cl2
4% CuI
8% PPH3

TMS

 
 

To a clean, dry round bottomed flask 25 ml of diisopropylamine was added and 

purged with nitrogen for 10 min. 0.5g (1.77 mmol) of 1-bromopyrene (Pyrene-Br) 

was added and the mixture was purged with nitrogen for a further 10 min. 0.05g 

(0.071 mmol) of Pd(PPh3)2Cl2, 0.035g (0.071 mmol) CuI and 0.037g (0.142 mmol) 

PPh3 were added to the reaction vessel. 0.37 ml (2.66 mmol) of 

ethynyltrimethylsilane was added and the reaction vessel was sealed and allowed to 

reflux (88oC) overnight under nitrogen. 

The solvent was removed under reduced pressure. The crude product and was 

extracted from the resulting solid by adding portions of a mixture of 

dichloromethane and hexane (4 ml and 20 ml respectively). After each addition the 

liquid layer was decanted off until it ran clear. The organic phase was dried over 

MgSO4. The solvent was removed. The product was purified using column 

chromatography on silica, Hexane: DCM, 25:75 to yield a yellow solid.21  

 

% Yield: 0.509 g, 1.7054 mmol, 96% 
1H NMR: (400 MHz, CDCl3), 8.53 ppm (d, J = 9.06 Hz, 1H), 8.1 ppm (m, 8H), 0.36 

ppm (s, 9H) 
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5.2.1.2. Synthesis of 1-ethynylpyrene (Pyrene-H) 

 

TMS

15% K2CO3

MeOH

H

 

 

20 ml of freshly distilled methanol was added to a clean, dry round bottomed flask 

and purged with nitrogen for 10 min. 0.4g (1.3 mmol) of 1-

trimethylsilylethynlpyrene was added and allowed to dissolve. 0.024g (0.17 mmol) 

of K2CO3 was added and the solution was allowed to stir under nitrogen for 4 hours. 

The solvent was removed under reduced pressure. The residue was dissolved in ~100 

ml of dichloromethane and washed with 4 x 25 ml of 5% (w/v) aqueous NaHCO3. 

The organic phase was dried over MgSO4. The solvent was removed. The product 

was purified using silica, Hexane: DCM, 25:75 to yield a light brown solid. 

 

 

% Yield:  0.2068 g, 0.9139 mmol, 70% 
1H NMR: (400 MHz, CDCl3), 8.5 ppm (d, J = 8.8 Hz, 1H), 8.15 ppm (m, 8H), 3.6 

ppm (s, 1H) 
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5.2.1.3. Synthesis of 2-bromo-5-pyren-1-ylethynyl-thiophene (Pyrene-

Thio-Br) 

 

H +

S
I Br

4% Pd(PPh3)2Cl2
4% CuI

8% PPH3

S
Br

 
 

20 ml of dry, distilled diisopropylamine was added to a clean, dry round bottomed 

flask and purged with N2 for 10 min. 0.2g (0.88 mmol) of 1-ethynylpyrene was 

added and the mixture was purged with nitrogen for a further 10 min. 0.024g (0.0348 

mmol) of Pd(PPh3)2Cl2, 0.006g (0.0348 mmol) CuI and 0.020g (0.0696 mmol) PPh3 

were added to the reaction vessel. 0.098g (0.6 mmol) of 5-bromo-2-iodothiophene 

was added and the reaction vessel was sealed and allowed to reflux (88 oC) overnight 

under nitrogen. A mustard-brown solution results. 

The solvent was removed under reduced pressure. The crude product and was 

extracted from the resulting solid by adding portions of a mixture of 

dichloromethane and hexane (4 ml and 20 ml respectively). After each addition the 

liquid layer was decanted off until it ran clear. The organic phase was dried over 

MgSO4. The solvent was removed. The product was purified using column 

chromatography on silica, Hexane: DCM, 80:20 to yield a bright yellow solid.21  

 

% Yield:  0.178 g, 0.46 mmol, 52% 
1H NMR: (400 MHz, CDCl3), 8.54 ppm (d, J = 9.2 Hz, 1H), 8.12 ppm (m, 8H), 7.18 

ppm (d, J = 4.0 Hz, 1H), 7.035 ppm (d, J = 4.0 Hz, 1H) 
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5.2.1.4. Synthesis of PtCl2(DMSO)2 

 

 

K2PtCl4
DMSO

H2O
PtCl2(DMSO)2

 
 

 

0.23g (0.554 mmol) of potassium tetrachloroplatinate and 0.118 ml (1.66 mmol) of 

dimethylsulphoxide were added to a clean, dry beaker. 5 ml of purified water was 

added and the reaction mixture was stirred with a glass rod until all solids had 

dissolved. The beaker was covered with tin foil and allowed to sit in the back of the 

fumehood overnight. The yellow crystalline solid resulting was collected through 

vacuum filtration. 

 

% Yield: 0.319 g, 0.49 mmol, 88% 

 

Elemental Analysis: Results Pending 
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5.2.1.5. Synthesis of PdCl2(DMSO)2 

 

 

K2PdCl4
DMSO

H2O
PdCl2(DMSO)2

 
 

 

0.312g (0.554 mmol) of potassium tetrachloropaladate and 0.118 ml (1.66 mmol) of 

dimethylsulphoxide were added to a clean, dry beaker. 5 ml of purified water was 

added and the reaction mixture was stirred with a glass rod until all solids had 

dissolved. The beaker was covered with tin foil and allowed to sit in the back of the 

fumehood overnight. The brown crystalline solid resulting was collected through 

vacuum filtration. 

 

% Yield: 0.285 g, 0.507 mmol, 91% 

 

Elemental Analysis: Results Pending 
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5.2.2. Attempted Synthesis of Covalently Bound Photosensitisers and 
Catalytic Centres 
 

Synthesis was attempted to covalently link pyrene based photosensitisers and bpy 

based catalytic centres. Synthesis of 5.2.2.1 – 5.2.2.8, 5.2.2.10 and 5.2.2.13 were 

previously reported however this synthesis has been reported as the complexes have 

been used in further attempted synthesis (5.2.2.9, 5.2.2.12, 5.2.2.14) 

 

5.2.2.1. Synthesis of 5-bromo-[2,2’]-bipyridine 

 

 

N N

Br

Br ZnBr

+

N N

Br
2% Pd(PPH3)2Cl2

2% CuI
4% PPh3  

 

 

A flow of nitrogen was allowed to flow through an extremely dry and clean round 

bottomed flask. 1.18g (5 mmol) of 2,5-dibromopyridine, 0.14g (0.2 mmol) of 

Pd(PPh3)2Cl2, 0.038g (0.2 mmol) of CuI and 0.105g (0.4 mmol)were added to the 

flask. 10 ml (5 mmol) of 2-pyridylzinc was added and the reaction was allowed to 

stir overnight under nitrogen. 

A small amount of the reaction mixture was added to 500 ml of a saturated solution 

of EDTA/Na2CO3 and this was washed with 3 x 100 ml of dichloromethane. This 

was repeated until all of the reaction mixture had been added. The organic phase was 

dried over MgSO4. The solvent was allowed to evaporate in the fumehood overnight. 

Purification was carried out using a silica solid phase and a hexane: ethyl acetate 9:1 

mobile phase to yield a white iridescent solid. 

 

 

% Yield: 1.058 g, 4.5 mmol, 90% 
1H NMR: (400 MHz, CDCl3), 8.7 ppm (d, 1H), 8.6 ppm (d, 1H), 8.38 ppm (d, 1H), 

8.34 ppm (d, 1H), 7.95 ppm (dd, 1H), 7.82 ppm (td, 1H), 7.34 ppm (td, 1H) 
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5.2.2.2. Synthesis of 5-trimethylsilylethynyl-[2,2’]-bipyridine 

 (Method 1) 
 

 

N N

Br

+ H TMS

4% Pd(PPh3)2Cl2
8% PPh3

4% CuI
N N

TMS

 

 

 

To a clean, dry round bottomed flask 20 ml of triethylamine was added and purged 

with nitrogen for 10 minutes. 0.2g (0.85 mmol) of 5-bromo-[2,2’]-bipyridine was 

added and the mixture was purged with nitrogen for a further 10 min. 0.036g (0.051 

mmol) of Pd(PPh3)2Cl2, 0.01g (0.051 mmol) CuI and 0.027g (0.102 mmol) PPh3 

were added to the reaction vessel. 0.177 ml (1.275 mmol) of ethynyltrimethylsilane 

was added and the reaction vessel was sealed and allowed to stir overnight under 

nitrogen. 

The reaction was allowed to stir under inert conditions overnight and then refluxed 

(88 oC) for ~24 hr to allow the reaction to run to completion. The amine was allowed 

to evaporate in the back of the fumehood. The residue was dissolved in ~100 ml of 

dichloromethane and washed with 4 x 25 ml of 5% (w/v) aqueous NaHCO3. The 

organic phase was dried over MgSO4. The solvent was allowed to evaporate in the 

back of the fumehood. The product was purified using column chromatography on 

silica, Hexane:DCM:Et3N, 75:25:1 to yield an orange solid.21  

 

 

% Yield: 0.067g, 0.265 mmol, 31% 
1H NMR: (400 MHz, CDCl3),8.72 ppm (d, 1H), 8.67 ppm (d, 1H), 8.4 ppm (d, 1H), 

8.37 ppm (d, 1H), 7.85 ppm (dd, 1H), 7.81 ppm (td, 1H), 7.37 ppm (td, 1H), 0.27 

ppm (s, 9H) 
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5.2.2.3. Synthesis of 5-trimethylsilylethynyl-[2,2’]-bipyridine  

(Method 2) 

 

N N

Br

+ H TMS
10% Pd(PPh3)4

N N

TMS

 
 

 

0.01 ml (0.7 mmol) of ethynyltrimethylsilane was dissolved in 12 ml of acetonitrile 

and added to a clean dry round bottomed flask. 0.235 g (1 mmol) of 5-bromo-[2,2’]-

bipyridine was dissolved in a mixture of 40 ml of benzene and 12 ml of 

triethylamine. This mixture was added drop wise to the stirring reaction vessel. The 

resulting mixture was vigorously degassed with N2 for 10 min. 0.081g (0.07 mmol) 

of Pd(PPh3)4 was added to the flask and the reaction vessel was sealed. The reaction 

was allowed to stir overnight at 60oC under inert conditions.. The solvent was 

allowed to evaporate overnight in the back of the fumehood. The resulting solid was 

washed with cold hexane followed by cold methanol resulting in a dark brown solid. 

 

% Yield: 0.08g, 0.317 mmol, 32% 
1H NMR: (400 MHz, CDCl3),8.72 ppm (d, 1H), 8.67 ppm (d, 1H), 8.4 ppm (d, 1H), 

8.37 ppm (d, 1H), 7.85 ppm (dd, 1H), 7.81 ppm (td, 1H), 7.37 ppm (td, 1H), 0.27 

ppm (s, 9H) 
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5.2.2.4. Synthesis of 5-ethynyl-[2,2’]-bipyridine 
 

 

N N

TMS

N N

H
15% K2CO3

 
 

 

20 ml of freshly distilled methanol was added to a clean, dry round bottomed flask 

and purged with nitrogen for 10 minutes. 0.05g (0.2 mmol) of 5-

trimethylsilylethylyn-[2,2’]-bipyridine was added and allowed to dissolve. 0.0052 g 

(0.03 mmol) of K2CO3 was added and the solution was allowed to stir under nitrogen 

for 4 hours. The solvent was removed under reduced pressure. The residue was 

dissolved in ~100 ml of dichloromethane and washed with 4 x 25 ml of 5% (w/v) 

aqueous NaHCO3. The organic phase was dried over MgSO4. The solvent was 

allowed to evaporate in the back of the fumehood to yield a brown solid. The product 

was purified using silica, Hexane:DCM:Et3N, 75:25:1 to yield an orange solid. 

 

 

% Yield: 0.026g, 0.144 mmol, 72% 
1H NMR: (400 MHz, CDCl3), 8.76 ppm (d, 1H), 8.69 ppm (d, 1H), 8.43 ppm (d, 

1H), 8.42 ppm (d, 1H), 7.9 ppm (dd, 1H), 7.88 ppm (td, 1H), 7.34 ppm (td, 1H), 3.29 

ppm (s, 1H) 
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5.2.2.5. Synthesis of Platinum(5-bromo-[2,2’]-bipyridine)dichloride      
(Method 1): 
 

 

N N

Br

+
EtOH, H2O

N N

Pt

Br

Cl Cl

K2PtCl4 3Hrs/60oC

 
 

0.154g (0.37 mmol) of potassium tetrachloroplatinate was dissolved in 100 ml of 

boiling purified water. This mixture was added to a clean and dry 250ml round 

bottomed flask and allowed to cool. 0.087g (0.37 mmol) of 5-bromo-[2,2’]-bipridine 

was dissolved in 25 ml of warm ethanol. Once the reaction mixture in the round 

bottomed flask had cooled to ~ 60oC the ethanol and 5-bromo-[2,2’]-bipridine 

mixture was added to the flask. The reaction vessel was sealed and allowed to stir at 

60oC overnight. The reaction mixture was cooled and the mixture was placed in the 

refrigerator overnight. The orange precipitate was collected the following day 

through vacuum filtration. 

 

% Yield: 0.128g, 0.26 mmol, 70% 
1H NMR: (400 MHz, DMSO-d6),8.69 ppm (d, 1H), 8.62 ppm (d, 1H), 7.93 ppm (dd, 

1H), 7.91 ppm (dd, 1H), 7.76 ppm (d, 1H), 7.71 ppm (d, 1H), 7.57 ppm (td, 1H), 

7.01 ppm (td, 1H) 
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5.2.2.6. Synthesis of Platinum(5-bromo-[2,2’]-bipyridine)dichloride     
(Method 2): 
 

 

N N

Br

+ PtCl2(DMSO)2

MeOH
N N

Pt

Br

Cl Cl  

 

 

 

0.326g (0.5 mmol) of PtCl2(DMSO)2 and 0.116g (0.5 mmol) of 5-bromo-[2,2’]-

bipyridine were added to a clean, dry round bottomed flask. 15 ml of methanol was 

added and the reaction mixture was purged with N2 for 5 min until the solids 

dissolved. The reaction mixture was allowed to reflux under inert conditions for 4 

hours. The reaction mixture was then allowed to cool to room temperature and then 

placed in the fridge (2 - 5 oC) overnight. The solvent was removed under reduced 

pressure. An orange solid results. 

 

 

% Yield: 0.251g, 0.49 mmol, 98% 
1H NMR: (400 MHz, DMSO-d6), 8.7 ppm (d, 1H), 8.63 ppm (d, 1H), 7.93 ppm (dd, 

1H), 7.91 ppm (dd, 1H), 7.77 ppm (d, 1H), 7.71 ppm (d, 1H), 7.58 ppm (td, 1H), 

7.02 ppm (td, 1H) 
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5.2.2.7. Synthesis of 2-bromo-5-iodothiophene 

 

S Br + I2
SI Br

CH2Cl2
HNO3

N2/50oC
 

 

 

8 ml of dichloromethane, 0.38 ml (3.9 mmol) of 2-bromothiophene and 6.0 ml of 8.5 

M nitric acid were added to a clean dry round bottomed flask containing 0.50g (2.0 

mmol) of iodine. The mixture was allowed to stir under nitrogen at 50oC for 5 hours. 

The reaction was quenched with ~50 ml of water. The organic phase was extracted 

with 3 x 20 ml of dichloromethane and this was then washed with 3 x 20 ml of 50% 

(w/v) aqueous sodium thiosulphate. The organic phase was dried over MgSO4. 

Purification was carried out using Kuglerohr distillation (95 oC) to yield a clear oil.22 

 

 

% Yield:  1.59 g, 3.82 mmol, 98% 
1H NMR: (400 MHz, CDCl3), 7.02 ppm (d, 1H), 6.73 ppm (d, 1H) 
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5.2.2.8. Synthesis of 2-bromo-5-pyren-1-ylethynyl-thiophene: 
 

H +

S
I Br

4% Pd(PPh3)2Cl2
4% CuI

8% PPH3

S
Br

 

 

20 ml of dry, distilled diisopropylamine was added to a clean, dry round bottomed 

flask and purged with N2 for 10 min. 0.2g (0.88 mmol) of 1-ethynylpyrene was 

added and the mixture was purged with nitrogen for a further 10 min. 0.024g (0.0348 

mmol) of Pd(PPh3)2Cl2, 0.006g (0.0348 mmol) CuI and 0.020g (0.0696 mmol) PPh3 

were added to the reaction vessel. 0.098g (0.6 mmol) of 5-bromo-2-iodothiophene 

was added and the reaction vessel was sealed and allowed to reflux (88oC) overnight 

under nitrogen. A mustard-brown solution results. The solvent was removed under 

reduced pressure. The crude product and was extracted from the resulting solid by 

adding portions of a mixture of dichloromethane and hexane (4 ml and 20 ml 

respectively). After each addition the liquid layer was decanted off until it ran clear. 

The organic phase was dried over MgSO4. The solvent was removed. The product 

was purified using column chromatography on silica, Hexane: DCM, 80:20 to yield 

a bright yellow solid.21  

 

% Yield:  0.178g, 0.46mmol, 52% 
1H NMR: (400 MHz, CDCl3), 8.54 ppm (d, 1H), 8.12 ppm (m, 8H), 7.18 ppm (d, 

1H), 7.035 ppm (d, 1H) 
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5.2.2.9. Synthesis of 5-(5-Pyren-1-ylethynyl-thiophen-2-ylethynyl)-

[2,2']bipyridine  

 

S Br 4% Pd(PPh3)2Cl2
4% CuI
8% PPH3NN

H

+

S

N N  

 

20 ml of dry, distilled diisopropylamine was added to a clean, dry round bottomed 

flask and purged with N2 for 10 min. 0.08g (0.21 mmol) of 2-bromo-5-pyren-1-

ylethynyl-thiophene was added and the mixture was purged with nitrogen for a 

further 10 minutes. 0.001g (0.008 mmol) of Pd(PPh3)2Cl2, 0.002g (0.008 mmol) CuI 

and 0.004g (0.016 mmol) PPh3 were added to the reaction vessel. 0.038g (0.21 

mmol) of 5-ethynyl-[2,2’]-bipyridine was added and the reaction vessel was sealed 

and allowed to reflux (88oC) overnight under nitrogen. A mustard-brown solution 

results. The solvent was removed under reduced pressure. The crude product and 

was extracted from the resulting solid by adding portions of a mixture of 

dichloromethane and hexane (4 ml and 20 ml respectively). After each addition the 

liquid layer was decanted off until it ran clear. The organic phase was dried over 

MgSO4. The solvent was removed.21 No Product was successfully isolated.  
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5.2.2.10. Synthesis of 2-ethynyl-trimethylsilyl-5-pyren-1-yl-ethynyl-

thiophene: 

 

S
Br

+
TMS

6% Pd(PPh3)2Cl2
6% CuI
12% PPh3

S
TMS

 

 

0.1g (0.26 mmol) of 2-bromo-5-pyren-1-yl-ethynyl-thiophene and 15 ml of dry 

distilled diisopropylamine was added to a clean, dry round bottomed flask. The 

mixture was purged with N2 for 10 min. 0.0112g (0.016 mmol) of Pd(PPh3)2Cl2, 

0.008g (0.032 mmol) of PPh3 and 0.003g (0.016 mmol) of CuI were added the 

mixture was purged with N2 for a further 5 min. 0.054 ml (0.39 mmol) of 

ethynyltrimethylsilane was added and the reaction vessel was sealed. The reaction 

was allowed to reflux (84oC) overnight under inert conditions. The amine was 

removed under reduced pressure. The crude product was extracted from the resulting 

solid by adding portions of a mixture of dichloromethane and hexane (4 ml and 20 

ml respectively). After each addition the liquid layer was decanted off until it ran 

clear. The organic phase was dried over MgSO4. The solvent was removed. The 

product was purified using column chromatography on silica, using 100% hexane as 

the mobile phase yielding an orange-yellow solid.21  

 

% Yield:  0.081g, 0.2 mmol, 77% 
1H NMR: (400 MHz, CDCl3), 8.58 ppm (d, 1H), 8.14 ppm (m, 8H), 7.265 ppm (d, 

1H), 7.18 ppm (d, 1H), 0.275 ppm (s, 9H) 
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5.2.2.11. Synthesis of 2-ethynyl-5-pyren-1-ylethynyl-thiophene: 

 

 

S
TMS

15% K2CO3
S

 
 

20 ml of dry, distilled methanol was added to a clean, dry round bottomed flask and 

purged with N2 for 10 min. 0.2g (5 mmol) of 2-ethynyl-trimethylsilyl-5-pyrenyl-

ethynyl-thiophene was added and the mixture was purged for a further 5 min or until 

the solid dissolved (~2 ml of triethylamine was added to aid dissolution). 0.010g 

(0.075 mmol) K2CO3 was added and the reaction vessel was sealed. The reaction 

mixture was allowed to stir under inert conditions for 4-5 hours. The solvent was 

removed under reduced pressure yielding a brown-orange solid. 

 

% Yield:  0.125g, 3.8 mmol, 76% 
1H NMR: (400 MHz, CDCl3), 8.56 ppm (d, 1H), 8.1 ppm (m, 8H), 7.27 ppm (d, 1H), 

7.23 ppm (d, 1H), 3.46 ppm (s, 1H)  
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5.2.2.12. Synthesis of 5-(5-Pyren-1-ylethynyl-thiophen-2-ylethynyl)-

[2,2']bipyridine  
 

S 4% Pd(PPh3)2Cl2
4% CuI
8% PPH3NN

Br

S

N N

+

 

 

20 ml of dry, distilled diisopropylamine was added to a clean, dry round bottomed 

flask and purged with N2 for 10 min. 0.06g (0.18 mmol) of 2-ethynyl-5-pyren-1-

ylethynyl-thiophene was added and the mixture was purged with nitrogen for a 

further 10 min. 0.001g (0.008 mmol) of Pd(PPh3)2Cl2, 0.002g (0.008 mmol) CuI and 

0.004g (0.016 mmol) PPh3 were added to the reaction vessel. 0.042g (0.18 mmol) of 

5-bromo-[2,2’]-bipyridine was added and the reaction vessel was sealed and allowed 

to reflux (88oC) overnight under nitrogen. A mustard-brown solution results. The 

solvent was removed under reduced pressure. The crude product and was extracted 

from the resulting solid by adding portions of a mixture of dichloromethane and 

hexane (4 ml and 20 ml respectively). After each addition the liquid layer was 

decanted off until it ran clear. The organic phase was dried over MgSO4. The solvent 

was removed.21 No product was successfully isolated.  
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5.2.2.13. Synthesis of 5-pyren-1-ethynyl-[2,2’]-bipyridine: 

 

 

N N

+

Br

10% Pd(PPh3)4

N N

 
 

0.03g (0.166 mmol) of 5-ethynyl-[2,2’]-bipyridine was dissolved in 6 ml of 

acetonitrile and added to a clean dry round bottomed flask. 0.051g (0.1826 mmol) of 

1-bromopyrene was dissolved in a mixture of 20 ml of benzene and 6 ml of 

triethylamine. The 1-bromopyrene mixture was added drop wise to the stirring of 5-

ethynyl-[2,2’]-bipyridine mixture in the round bottomed flask. The resulting mixture 

was vigorously degassed with N2 for 5 min. 0.019g (0.166 mmol) of Pd(PPh3)4 was 

added to the reaction vessel and it was sealed. The mixture was allowed to stir at 

60oC overnight under inert conditions. The solvent was removed and the resulting 

solid was washed with cold hexane followed by cold methanol.21 No product was 

successfully isolated. 
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5.2.2.14. Synthesis of 3-(1-ethynylpyrene)-pyridine: 

 

+

N

Br

N

10% Pd(PPh3)4

 

 

 

To a clean, dry, round bottomed flask 20 ml of diisopropylamine was added and 

purged with N2 for 5 minutes. 0.127ml (1.32 mmol) of 3-bromopyridine was added 

and the mixture was purged with N2 for a further 5 minutes. 0.2g (0.88 mmol) of 1-

ethynylpyrene and 0.092g (0.08 mmol) of Pd(PPh3)4 were added and the reaction 

vessel was sealed. The reaction mixture was allowed to stir overnight under inert 

conditions. The solvent was removed under reduced pressure. Purification was 

carried out using column chromatography on silica with Pentane: DCM, 9: 1 as 

mobile phase yielding a bright yellow powdery solid.21 Product was not successfully 

isolated. 
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5.3 Results 

 

5.3.1. Synthesis 

 

As outlined earlier the aim of the work carried out in this thesis is the synthesis and 

investigation the photocatalytic properties for hydrogen generation of intramolecular 

assemblies based on an organic photosensitiser, example shown in Figure 1.4.  This 

involves a considerable amount of synthetic work, since the photosensitiser needs to 

be connected to the photocatalytic centre via a suitable bridge.   In this manner an 

intramolecular reaction sequence is envisaged that allows for a photoinduced 

electron transfer from the light absorbing part of the assembly to the catalytic centre. 

However, in this chapter, problems were encountered in the synthetic process.  

While the photosynthetic centre could successfully be connected to the thiophene 

based bridge, the connection of the catalytic centre to this moiety was not achieved.  

So while a range of pyrene compounds were prepared such as 1-ethynylpyrene and 

2-bromo-5-pyren-1-ylethynyl-thiophene the intramolecular pyrene/(Pt/Pd) assembly 

was not obtained.  The synthetic aspects of this work are further considered in the 

discussion part of this chapter.  While the intramolecular pyrene/(Pt/Pd) assembly 

could not be prepared the individual photosensitiser and catalytic components could 

be synthesised in dependently.  It was therefore decided to carry out intermolecular 

rather than intramolecular photocatalytic studies which are discussed below. 

 

5.3.2. UV-Vis Spectroscopy 

 

Room temperature absorption spectra were obtained for all compounds. Table 5.1 

illustrates the absorption maxima (λmax) for all compounds in this study. All UV-Vis 

spectra were carried out using spectrophotometric grade dichloromethane (DCM). 
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Compound λmax (nm), ε (x 10
6
 M

-1
 cm

-1
) 

Pyrene-Br 317 (1.09*), 330 (2.62*), 346 (3.76*) 

Pyrene-TMS 336 (1.27), 347 (2.82), 367(4.19) 

Pyrene-H 325 (1.25), 341 (3.07), 359 (4.35) 

Pyrene-Thio-Br 309 (2.75), 370 (4.43), 375 (4.73), 397 (4.74) 

 

Table 5.1- UV-Vis absorption data for all compounds in this study. All spectra were recorded in 

spectrophotometric grade DCM. * ε = 10-5 M 

 

All of the compounds in this study exhibit strong absorptions in the UV-vis region of 

the spectrum which are associated with ligand localised π – π* transitions.23 The 

addition of a thiophene substituent increases the conjugation of the system leading to 

a red shift of ~ 20 nm in the λmax. 

5.3.3. Fluorescence Spectroscopy 
 

Room temperature emission spectra were obtained for all pyrene compounds in this 

study. Table 5.2 illustrates the excitation wavelength and emission maxima for all 

compounds in this study. All emission spectra were obtained using 

spectrophotometric grade dichloromethane (DCM). 

 

Compound Excitation (nm) Emission (nm) 
Stokes Shift (cm

-1
) 

Pyrene-TMS 336 384, 404, 424 1274 

Pyrene-H 325 385, 406, 426 1813 

Pyrene-Thio-Br 309 404, 425 436 

 

Table 5.2- Fluorescence properties of all pyrene compounds in this study. Stokes shift calculated between 

most intense absorbance band and most intense emission band. All spectra were recorded in 

spectrophotometric grade DCM. 
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5.3.4. Photocatalytic H2 generation 

 

All experiments to test for the intermolecular photocatalytic generation of H2 from 

water were carried out in triplicate.  All solvents used were completely dried and 

deaerated before use. THF was distilled over sodium and benzophenone before use. 

Water used was deionised. Triethylamine was distilled over NaOH before use. All 

experiments were carried out under an argon atmosphere. Each photosensitiser (1 – 

4, Fig. 5.14) was tested in the presence of both catalytic centres (A and B, Fig. 5.14) 

for their H2 generating efficiencies. The photolysis experiment a (1:1) 5 x 10-5 M 

solution of the photosensitiser and catalyst to be tested was dissolved in THF. 1.2 ml 

of this solution was added to a 5 ml septa capped gas tight vial. 0.6 ml of the 

sacrificial donor triethylamine (16.6 % (v/v) was added along with 0.2 ml of 

deionised water (10 % (v/v) as proton source or 0.2 ml THF to make a 0% water 

mixture. The solutions were photolysed for 20 hours using a UV light (350 nm) LED 

light array. After 20 hours a 0.5 ml sample of the headspace in the reaction vial was 

collected using a gas-tight syringe. These samples were injected into a series CP-

3800 gas chromatograph with both TCD and FID detectors in use in conjunction 

with one another. The peak area response was measured and compared to a series of 

standards to elucidate the number of moles of H2 produced during the experiment. 

The GC was calibrated for H2 using standard gas mixtures obtained from of 0.01% 

(100 ppm), 0.1% (1000 ppm), 1% (10000 ppm) and 5% (50000ppm). 

 Full details of experimental conditions are found in appendix B1 and B2. 
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Si

H S Br

Br

1. 2.

3. 4.

PtCl2(DMSO)2 PdCl2(DMSO)2

A B
 

 

Figure 5.15- Labelling of photosensitisers and catalytic centres for intermolecular photocatalytic H2 

generation experiments. 

 

All complex mixtures were tested under the conditions listed in Table 5.3. 

 

 

Exp . 

No. 

 

 

Complexes 

Conc. 

Photosensitiser 

and Catalyst 1:1 

(M) 

TEA 

(%) 

Water 

(%) 

Irradiation λ 

(nm) 

Irradiation 

length 

(hr) 

1 X + A 5 x 10-5 16.6 10 350 20 

2 X + A 5 x 10-5 16.6 0 350 20 

3 X + B 5 x 10-5 16.6 10 350 20 

4 X + B 5 x 10-5 16.6 0 350 20 

 
Table 5.3- Experimental conditions for photocatalytic studies, X = photosensitisers 1 - 4. 
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No H2 was measured in the headspace of the sample vial, however as the limit of 

detection of the GC is quite high, the intermolecular generation of H2 cannot be 

definitively eliminated. 

5.4. Discussion 

 

Synthesis. Conjugation of starting materials with acetylene bridges was carried out 

using traditional Sonogashira Coupling methods. The Pd0 catalyst needed for this 

type of reaction was produced in-situ using Pd(PPh3)2Cl2 and PPh3. All spectral data 

are in agreement with reported data.3,8,24 All compounds were obtained in good 

yields. 

 

Si

H

S Br

Br

1.

1.

1.

1.

2.

2.

2.

2.

2. 2.

2.

2.

2.

2.

2.

2.

2. 2.

2.

2.

2.

2.

2.

2.

2. 2.

2.

2.

2.

2.

2.

2.

2. 2.

2.

2.

3.

3.

3.

4.

5. 6.  

 

Figure 5.16- Numbering of protons in extended pyrene complexes. 

 

NMR Spectroscopy. Proton signals due to the aromatic protons on the pyrene (1 

and 2) unit can be observed between 8.54 and 8.1 ppm in the 1HNMR spectra. Due 

to substitution on the pyrene macrocycle the doublet produced from proton 1 is 
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found further downfield on the NMR spectrum due to the shielding effect of the 

substituent group. Due to the similar environment experienced by protons 2, a large 

multiplet is produced due to the signals of all 8 of these protons. Addition of an 

alkynyl TMS group gave rise to a strong sharp multiplet at 0.36 ppm (3) due to the 9 

protons on the CH3 groups within the unit. When the TMS substituent is removed 

yielding a single proton (4), the strong singlet is no longer visible and a sharp singlet 

at 3.6 ppm is observed due to the deprotected group. Further extending the 

conjugation and aromaticity through addition of a thiophene group leads to the 

observation of two doublet signals (5 and 6) at 7.18 and 7.035 ppm in the aromatic 

region. Examples of 1H NMR are available in appendix D1. 

Attempted Synthesis. Synthesis of a covalently linked PS and catalytic centre was 

attempted; however this synthesis proved difficult and unfortunately isolation of the 

final product was not successful. The main aim of the attempted synthesis was to 

yield the highly conjugated molecule exhibited in Fig. 5.17. The extended 

conjugation would further shift the absorbance of the complexes into the visible 

region of the spectrum, thus producing a system which could generate H2 following 

irradiation with visible light.  

 

S

N N
X

ClCl
X = Pt, Pd  

 

Figure 5.17- Target molecule 1 for attempted synthesis in this study. 

 

Two synthetic routes were employed while attempting the synthesis of this molecule 

(illustrated below). Route 1 employed extending the conjugation of the pyrene 

chromophore followed by coordination of the bipyridine (bpy) unit using 

Sonogashira coupling between a bromo group in the bpy molecule with a 

deprotected ethynyl group on the pyrene molecule, however the final reaction proved 

unsuccessful. 
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Route 2 employed extending the conjugation of the bpy moiety followed by 

coordination of the pyrene chromophore unit using Sonogashira coupling between a 

bromo group in the pyrene molecule with a deprotected ethynyl group bpy molecule, 

however the final reaction, again, proved unsuccessful. 

Br + H TMS TMS

+

SI Br S Br

S Br

Route 1:

+ H TMS S
TMS

S

 

S 4% Pd(PPh3)2Cl2
4% CuI
8% PPH3NN

Br

S

N N

+
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S 4% Pd(PPh3)2Cl2
4% CuI
8% PPH3NN

S

N N

+

NN

Br
+ H TMS

NN

TMS

NN

Br

Route 2:

 

A second target molecule was proposed (Fig. 5.18) as a possible resolution to the 

problems experienced during synthesis. Synthesis of the conjugated organic ligand 

again proved unsuccessful.  

 

N N
X ClClX = Pt, Pd  

 

Figure 5.18- Target molecule 2 for attempted synthesis in this study. 

 

It was decided that intermolecular H2 generation between the unbound 

photosensitiser and the Pt/Pd catalyst would be investigated. 

Electronic Absorbance Spectroscopy. Room temperature UV-Vis absorbance 

spectra were obtained for all pyrene ligands in this study. All spectra were recorded 

in spectrophotometric grade DCM. All compounds exhibit strong absorbances in the 

UV region of the spectrum which are attributed to π – π* transitions.23 The extension 

of the conjugation due to addition of an alkynyl bridging group lead to a red shift in 

the λmax absorbances in the complexes. (Fig. 5.19). 
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Figure 5.19- UV-Vis spectra of Pyrene-Br (purple line), Pyrene-H (blue line), Pyrene-TMS (red line) and 

Pyrene-Thio-Br (green line). All spectra were recorded in spectroscopic grade DCM. 

 

Incorporation of a thiophene group further extends the π-conjugation inducing a ~20 

nm bathochromic shift in absorbances pushing them out towards the visible region. 

In addition to pyrene based transitions the Pyrene-Thio-Br exhibits thiophene based 

transitions in the region between 290 and 320 nm. 

Fluorescence Spectroscopy. As shown in Fig 5.20 both Pyrene-TMS and Pyrene-H 

exhibit sharp but unresolved emission bands at ~384 nm and 405 nm. A weaker 

shoulder is also observed at ~ 425 nm following excitation into each of the 

absorbance bands in the UV-Vis spectrum. Only a slight shift of ~ 2nm is observed 

in the wavelength of these emission bands indicating that the same excited state is 

responsible for the observed emission in each case. Also evident from Fig. 5.16 

excitation of Pyrene-Thio-Br results in the appearance of two broad emission bands 

at 404 nm and 425 nm. This represents a bathochromic shift of ~20 nm to lower 

energy wavelengths. This may be explained due to the increased conjugation due to 
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the thiophene unit altering the HOMO-LUMO energy gap. Also evident is the 

significant reduction in emission intensity upon coordination of a thiophene unit 

which is attributed to electronic communication between the pyrene chromophore 

and the thiophene bridge. 

 

 

Figure 5.20- Emission spectrum of Pyrene-TMS (red line), Pyrene-H (blue line) and Pyrene-

Thio-Br (green line). All spectra were recorded in spectrophotometric grade DCM. λEx Pyrene-

TMS = 336, Pyrene-H = 325 nm and Pyrene-Thio-Br = 436 nm. 

 

Fig. 5.21 illustrates the UV-Vis absorbance spectrum and the emission spectrum of 

Pyrene-H in spectrophotometric grade DCM. A small stokes shift is observed 

between the most intense band of the absorbance spectrum at 359 nm and the most 

intense emission band at 384 nm (Stokes shift of 1813 cm-1).  
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Figure 5.21-  UV-Vis spectrum (blue line) and emission spectrum after excitation at 336nm (red line) of 

Pyrene-H. All spectra were recorded in spectrophotometric grade DCM. 

 

Excitation of Pyrene-H (and all pyrene complexes) at the emission band wavelength, 

384 nm, results in the generation of an excitation spectrum, almost identical to the 

UV-Vis spectrum. 

 

Figure 5.22- Excitation spectrum of Pyrene-H upon excitation into the emission band at 384 nm. Spectrum 

was recorded in spectrophotometric grade DCM. 
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Photocatalytic Hydrogen Generation Experiments. Unfortunately no H2 was 

detected in the headspace of any of the vials during the photocatalytic experiments. 

Low TONs of H2 production have been reported for Pt and Pd catalytic systems 

which are similar to those reported in this study. The reasons for the lack of 

hydrogen produced by these intermolecular systems are at present not clear, 

however, it is proposed that either no H2 has been produced photochemically or the 

amount produced was below the limit of detection for our instrument.  The lifetime 

(of the ns order) of the pyrene ligands is however rather short and without a covalent 

pathway present electron transfer from the photosensitiser to the catalytic centre may 

be inefficient.  In addition the regeneration of the pyrene by the sacrificial agents 

may be problematic, both from the energetics point of view and the aggressive nature 

of the radicals formed from TEA during the regenerating process. Importantly it is 

also worth stating that the limit of detection of the GC used is <100 ppm. Sakai et 

al.12 have utilised an intramolecular Ru-Pt bimetallic system (Fig. 5.7) which can 

photocatalytically generate H2 TONs of 5 after 10 hours of irradiation. The catalytic 

centre is a platinum dichloride group, similar to the PtCl2(DMSO)2 complex utilised 

in the experiments in section 5.3.4. The authors have attributed the low TON 

numbers to the formation of platinum colloids which interfere with the catalytic 

process. During this study, observation of the sample vials after irradiation for 20 

hours revealed a small amount of dark solid was present in the sample vials which 

could be indicative of the formation of platinum and palladium colloids during these 

experiments also. It has been generally noted that intermolecular H2 generation is 

less efficient than intramolecular H2 production as the efficiency depends upon 

interactions between molecules which are free in solution rather than a direct bond 

between the photosensitiser and catalytic centre, ensuring that electron transfer can 

occur at a higher rate. Hosono et al.14 have reported the use of a platinum catalyst for 

the intermolecular generation of H2. Thin films of two viologen linked porphyrins 

(Fig. 5.9),  in the presence of a H2PtCl2 catalyst and EDTA as a sacrificial agent have 

produced hydrogen intermolecularly from water achieving TON of 5.2 and 16.8 each 

after 280 hours of irradiation with visible light (720 nm < λ> 390 nm). A porphyrin-

pyrene conjugate functionalised Pt nano composite (Fig. 5.11) has been reported to 

generate TONs up to 63 following 12 hours irradiation using broad band UV-Vis 
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light in the presence of EDTA.16 The H2 gas produced was measured using a GC 

coupled with a TCD detector, similar to the instrument used in this proposal. The 

pyrene utilised as a photosensitiser in these experiments is similar to the 

chromophores used in this study however direct conjugation of the porphyrin-Pt 

catalytic centre is reported in these complexes through a hydrogen bonding interface 

allowing electron transfer to occur more readily. 
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5.5. Conclusion 
 

This chapter discussed the synthesis, characterisation and photochemistry extended 

pyrene complexes and platinum and palladium dichloride catalytic centres. All 

synthesised complexes were characterised using 1H NMR, UV-Vis spectroscopy and 

fluorescence spectroscopy and compared well to literature.23,24  

The UV-vis spectra of the ligands show strong absorbances in the UV-Vis region of 

the spectrum. This indicates ligand localised π- π* transitions.23 The extension of the 

conjugation, due to addition of an alkynyl bridging group, lead to a red shift in the 

λmax absorbances in the complexes. Incorporation of a thiophene group further 

extends the π-conjugation inducing a ~20 nm bathochromic shift in absorbances 

pushing them out towards the visible region. 

Pyrene-TMS and Pyrene-H exhibit sharp but unresolved emission bands at ~384 nm 

and 405 nm. A weaker shoulder is also observed at ~ 425 nm. Only a slight shift of ~ 

2nm is observed in the wavelength of these emission bands indicating that the same 

excited state is responsible for the observed emission in each case. Excitation of 

Pyrene-Thio-Br results in the appearance of two broad emission bands at 404 nm and 

425 nm. This represents a bathochromic shift of ~20 nm to lower energy 

wavelengths. This may be explained due to the increased conjugation due to the 

thiophene unit altering the HOMO-LUMO energy gap. Excitation of all pyrene 

complexes at the strongest emission band wavelength resulted in the generation of an 

excitation spectrum, almost identical to the UV-Vis spectrum. 

Although no H2 was detected during the photocatalytic H2 generation experiments, 

the production of H2 cannot be definitively eliminated as the LOD of the detector in 

the GC is high. Low TONs of H2 production have been measured and reported in the 

literature.12,14,16 As the photosensitiser is not directly bound to the catalytic centre,  

the reliance on interactions of the components in solution and/or the formation of 

platinum/palladium colloids may explain the low efficiency of the pyrene-Pt/Pd 

systems studied. 
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Chapter 6 

 

Concluding Remarks and 

Future Work 

 

This chapter presents the overall conclusions of 

this thesis and also suggests future work which 

could advance the understanding of the 

photochemical and electrochemical process 

occurring throughout the various chapters.  
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In this thesis a range of compounds, some novel, were synthesised and assessed for 

their ability to produce hydrogen both photocatalytically and electrocatalytically.  

Chapters 2, 3 and 4 were concerned with measuring the electrocatalytic efficacy of 

cobalt based systems with regards to the H2 generating process. Key performance 

indicators in this process were discussed including the onset of catalytic current, 

TON of H2 generation, current density and the Faradaic efficiency at the applied 

potentiostatic potential (-1.2 V). While all complexes studied displayed catalytic 

activity for proton reduction in acidic media the largest TON was produced by 3-

pyridine-BODIPY-cobaloxime, at 16.5 x 103, at an applied potential of -1.2 V for 1 

hour. The earliest onset of catalytic current was measured at -0.8 V, produced using 

electrodes modified with 4-pyridine-BODIPY-cobaloxime. As the number of moles 

of “active” catalyst on the surface could not be accurately measured, the TONs 

quoted are expected to be an order of magnitude lower than the actual figures which 

make the results comparable with most of the systems which have been published to 

date, however improvements on calculating the active catalyst for future studies is 

paramount. Different approaches to thin film of catalyst formation on the electrode 

surface have been suggested and including electrodeposition and spin coating rather 

than the dropcast method used in this study. The utilisation of these methods may 

further improve the amount of active catalyst on the electrode surface due to more 

homogeneous deposition of catalyst.  

The results from chapter 2 suggested that all four Co2(CO)6 derivatives are less 

efficient in proton reduction, possibly due to decomposition of the complex during 

the bulk electrolysis experiment. This decomposition was also noted during the 

solution cyclic voltammogram experiments. Addition of DPPM to the cobalt 

carbonyl complex, producing Co2(CO)4DPPM derivatives, increased the stability of 

the complexes, improving their electrocatalytic properties. Upon utilisation of a 

cobaloxime catalytic centre in chapter 3 and 4 an earlier onset in the catalytic current 

was observed for all complexes when compared with the cobalt carbonyl complexes 

and thus the cobaloxime derivatives produce higher TONs of H2 production at an 

applied potential of -1.2 V. Electrocatalytic studies in chapter 4 also indicated the 

ability of metal free complexes to catalyse the proton reduction process; in fact the 

metal free complexes produced higher TONs than their cobaloxime counterparts.  

With a view to generate higher TONs of hydrogen (both photocatalytically and 

electrocatalytically), the synthesis of the BODIPY and porphyrin ligands which are 
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fully substituted on the periphery through the introduction of electron withdrawing 

groups, such as Fl or CN groups, similar to the work of Nepomnyashchii et al, 1 

proves a promising prospect. It is proposed that these additions would shift the onset 

of the catalytic current during electrocatalytic H2 generation studies to more anodic 

potentials, thus using less energy to reduce the complexes and produce H2 more 

efficiently. Work by Hariprasad et al.2 exhibited that through incorporating Br 

groups at both the meso and β positions of the porphyrin ring the reduction processes 

are shifted to significantly less negative potentials. This would further decrease the 

overpotential required for electrocatalytic H2 production. The introduction of alkynyl 

groups at the boron centre in BODIPY complexes has also been shown to have a 

similar effect on the redox potentials of BODIPY complexes.3 Further synthesis 

extending the conjugation of the systems at the boron group, for instance with 

alkynylpyrene groups, would not only shift potential for electrocatalytic H2 

production anodically but would also further red-shift the absorbance profile of the 

complexes facilitating photocatalytic H2 generation using visible light.  

Future work would include optimisation of the electrocatalytic study’s experimental 

setup. To eliminate any interference of products formed at the counter electrode 

usage of a H shaped cell is proposed. This set-up would include a salt bridge 

between the working and counter electrodes which would not allow passage of 

products from one side of the cell to the other; however it would allow the efficient 

passage of charge. During experimentation it was noted that a build-up of hydrogen 

bubbles on the electrode hinders the catalytic efficiency of the cell as the film on the 

electrode surface is no longer in contact with the buffer solution. Agitation of the 

bulk solution through stirring could stop the build-up of these bubbles allowing the 

constant flow of current from the working electrode. The pH of the buffer solution 

employed plays a large role in the overall efficacy of the systems. Employing lower 

pH buffers may induce larger quantities of hydrogen to be produced during 

experiments. Light may also have an effect on the overall number of moles of 

hydrogen produced during an experiment. Future work would include performing the 

experiments in complete darkness or under a visible light lamp which would allow 

for uniform irradiation. When calculating the number of moles of hydrogen 

produced, standard atmospheric pressure is assumed in the headspace of the cell. 

This pressure is not necessarily accurate, due to the collection of H2 in this 
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headspace, therefore precise measurement of this pressure would need to be 

quantified. 

Stability studies of the complexes synthesised should be performed to determine the 

optimum length of catalytic cycle ble in the generation of hydrogen both 

photocatalytically and electrocatalytically. Varying the length of each experiment 

and measuring H2 generated at a variety of time points would lead to the evolution of 

a stability profile detailing any induction period or plateau at which hydrogen is no 

longer generated. 

For any of the complexes studied no hydrogen was observed in the gas 

chromatography measurements as produced photocatalytically, although 

optimisation of the experimental parameters may improve the number of moles of 

hydrogen produced. Varying the concentration of catalyst and sacrificial agent 

(TEA) may lead to a more efficient system. Increasing the amount of water in the 

reaction vial may also lead to a higher yield of hydrogen also. The wavelength of 

light used during the irradiation could be varied and the light used could be tailored 

to promote the transfer of electrons from the photosensitiser to the catalytic centre. 
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Appendix: 

 

A1: Quantum Yield Method 

 

All quantum yields were carried out using a liquid-phase potassium ferrioxalate 

actinometer.  The actinometer was prepared by mixing three volumes of 1.5 M K2C2O4 

solution with one volume of 1.5 M FeCl3 solution in water, and stirring in complete 

darkness.  The precipitated K3Fe(C2O4)3.3H2O was then recrystallised three times from 

hot water and dried in a current of warm air.  To prepare 1 L of 0.006M 

K3Fe(C2O4)3.3H2O solution, 2.947 g of the precipitate was dissolved in 800 ml water, 

100 ml 1.0 N sulphuric acid was added and filled to the mark with water, again in 

complete darkness. While the 0.15 M actinometric solution required 73.68 g of 

precipitate to be added to the same volumes of liquid.  For all quantitative work the 

preparation and manipulation of the ferrioxalate solutions must be carried out in a 

darkroom, using a red photographic safelight.  The light intensity in a photochemical 

reaction is determined by irradiating ferrioxalate solution and monitoring the subsequent 

change in absorbance at 510 nm.  A carousel was used to house both the actinometer 

and sample cells so that they were equally exposed to a uniform amount of irradiation 

throughout the duration of each experiment.  The carousel operated inside a black box to 

prevent any stray light reaching the sample or actinometer solutions.  An autopipette 

was to ensure all volumes were accurately measured. 

For each actinometeric measurement a quartz cuvette was charged with 3 ml (V1) of 

ferrioxalate solution.  The cell was placed in the carousel and irradiated for the time 

shown in the results section (A2).  After the allocated irradiation time (t), the solution 

was well mixed and an aliquot volume (0.5 ml, V2) was pipette into a volumetric flask 

(10 ml, V3).  Buffer solution of volume equal to half the volume of photolyte placed in 

the flask was added (0.25 ml), so too was 2 ml phenanthroline solution (0.1 % by weight 

solution in water).  The solution was diluted with distilled water to the volume mark 

(V3) and mixed well.  The flask was wrapped in tinfoil and the solution was allowed 
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develop.  After one hour, the absorbance of the solution was measured in a 1cm cell at 

510 nm using a spectrophotometer using a blank iron free solution as a reference. 

 

The number of Fe2+ ions (nFe
2+) formed during photolysis can be calculated from:  

 
 

where   V1 = Volume of actinometer solution irradiated (ml) 

  V2 = Volume of aliquot taken for analysis (ml) 

  V3 = Final volume to which the aliquot V2 is diluted (ml) 

  Log10 (I0/I) = measured optical density of the solution 

  l = path length of the spectrophotometer cell used (cm) 

  ε = experimental value of the molar extinction coefficient of Fe2+ 

complex, determined from the slope of the calibration plot (approx. equal 

to 1.11 x 104 l mol-1 cm -1). 

 

The number of quanta absorbed by the actinometer (na) per second is obtained from  

na = nFe
2+ / Фλ t 

where t is the time in seconds 

          Фλ is the quantum yield of Fe2+ formation. 

 

For each sample under investigation, a solution of known concentration was prepared so 

that the optical density of each was 0.3 + 0.1 AU at 430 nm.  A 10 % excess of triphenyl 

phosphine was used as a trapping ligand throughout the measurements and added to 

each solution immediately prior to irradiation.  Each sample cuvette was accurately 

charged with 3 ml of the alkynyl dicobalthexacarbonyl / triphenylphosphine solution.  

The sample cell was placed in the carousel, along with the 3ml actinometric solutions in 

cells, and all were irradiated in parallel.  The change in absorbance of the sample 

solution was measured at 430 nm to calculate the yield of CO loss that occurred. 

 

6.023 x 10
20

 V1 V3 log10 (I0/I) 

V2  l ε  
nFe

2+
 = 
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Hexacarbonyl Complex  (M-1 cm-1) at 430 nm 

1-ethynylpyrene Co2(CO)6 2975 

Pyrene-ethynylferrocene Co2(CO)6 3476 

  

Photolytic substitution products  (M-1 cm-1) at 430 nm 

1-ethynylpyrene Co2(CO)5PPh3 4491 

Pyrene-ethynylferrocene Co2(CO)5PPh3 6607 
 

Extincition coefficients of dicobalt hexacarbonyl complexes and corresponding pentacarbonyl 

complexes at 430 nm. All measurements were recorded in spectrophotometric grade heptane. 
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A2: Quantum Yield Calculations 

 

(a) Quantum yield determinations of CO loss for [(μ2- 1-ethynylpyrene)-

Co2(CO)6] (1) 

All values were measured at 430nm 

 

Molar excitation coefficients at 430 nm 

(μ2- 1-ethynylpyrene)-Co2(CO)6 (1)   2975 M-1 cm-1 

(μ2- 1-ethynylpyrene)-Co2(CO)5(PPh3)  4491 M-1 cm-1 

 

Irradiation of 1 at 313 nm (2 min) 

Absorbance of sample at 313nm = 0.2707 

Increase in intensity of band at 430 nm = 0.028 

Molar increase = 4.78 x 10-6 molar 

Moles converted per second = 3.98 x 10-8 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 7.2 x 1013 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.281 

Number of Fe2+ ions = 9.23 x 1016 ions 

Using a quantum yield for Fe2+ production of 1.24 at 313 nm 

Number of photons emitted by the source at 313 nm = 7.4 x 1016 

Number of photons emitted per second by the source at 313 nm = 6.2 x 1014 photons/s 

Absorbance of sample at 313nm = 0.2707 

Therefore number of photons absorbed by the sample = 2.85 x 1014 photons/s 

Quantum yield of photochemical reaction is (7.2 x 1013) / (2.85 x 1014) = 0.252  

 

Irradiation of 1 at 365 nm (3 min) 

Absorbance of sample at 365nm = 0.320 
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Increase in intensity of band at 430 nm = 0.0538 

Molar increase = 1.3 x 10-6 molar 

Moles converted per second = 7.2 x 10-9 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 1.3 x 1013 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.0334 

Number of Fe2+ ions = 1.097 x 1017 ions 

Using a quantum yield for Fe2+ production of 1.21 at 365 nm 

Number of photons emitted by the source at 365 nm = 9.066 x 1016 

Number of photons emitted per second by the source at 365 nm = 5.04 x 1014 photons/s 

Absorbance of sample at 365nm = 0.281 

Therefore number of photons absorbed by the sample = 2.62 x 1014 photons/s 

Quantum yield of photochemical reaction is (1.3 x 1013) / (2.62 x 1014) = 0.104  

 

Irradiation of 1 at 405 nm (20 sec) 

Absorbance of sample at 405nm = 0.311 

Increase in intensity of band at 430 nm = 0.0101 

Molar increase = 8.5 x 10-7 molar 

Moles converted per second = 4.29 x 10-8 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 7.76 x 1013 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.101 

Number of Fe2+ ions = 3.9 x 1016 ions 

Using a quantum yield for Fe2+ production of 1.14 at 405 nm 

Number of photons emitted by the source at 405 nm = 3.42 x 1016 

Number of photons emitted per second by the source at 405 nm = 1.71 x 1015 photons/s 

Absorbance of sample at 405nm = 0.311 
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Therefore number of photons absorbed by the sample = 8.72 x 1014 photons/s 

Quantum yield of photochemical reaction is (7.76 x 1013) / (8.72 x 1014) = 0.089  

 

Irradiation of 1 at 546 nm (20 sec) 

Absorbance of sample at 546nm = 0.2715 

Increase in intensity of band at 430 nm = 0.57226 

Molar increase = 3.44 x 10-6 molar 

Moles converted per second = 1.72 x 10-7 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 3.1 x 1014 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.0249 

Number of Fe2+ ions = 4.9 x 1016 ions 

Using a quantum yield for Fe2+ production of 0.15 at 546 nm 

Number of photons emitted by the source at 546 nm = 3.3 x 1017 

Number of photons emitted per second by the source at 546 nm = 1.63 x 1016 photons/s 

Absorbance of sample at 546nm = 0.2707 

Therefore number of photons absorbed by the sample = 7.58 x 1015 photons/s 

Quantum yield of photochemical reaction is (3.1 x 1014) / (7.58 x 1015) = 0.041 

 

 

(b) Quantum yield determinations of CO loss for [(μ2-pyrene-

ethynylferrocene)-Co2(CO)6] (2) 

 

Molar excitation coefficients at 430 nm 

(μ2- pyrene-ethynylferrocene)-Co2(CO)6 (2)   3476 M-1 cm-1 

(μ2- pyrene-ethynylferrocene)-Co2(CO)5(PPh3)  6607 M-1 cm-1 

 

Irradiation of 2 at 313 nm (3 min) 

Absorbance of sample at 313nm = 0.315 
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Increase in intensity of band at 430 nm = 0.0384 

Molar increase = 1.5 x 10-6 molar 

Moles converted per second = 6.39 x 10-9 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 1.15 x 1013 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.1758 

Number of Fe2+ ions = 5.46 x 1017 ions 

Using a quantum yield for Fe2+ production of 1.24 at 313 nm 

Number of photons emitted by the source at 313 nm = 4.41 x 1017 

Number of photons emitted per second by the source at 313 nm = 2.45 x 1015 photons/s 

Absorbance of sample at 313nm = 0.315 

Therefore number of photons absorbed by the sample = 1.48 x 1014 photons/s 

Quantum yield of photochemical reaction is (1.15 x 1013) / (1.48 x 1014) = 0.078  

 

Irradiation of 2 at 365 nm (2 min) 

Absorbance of sample at 365nm = 0.357 

Increase in intensity of band at 430 nm = 0.137 

Molar increase = 1.597 x 10-6 molar 

Moles converted per second = 1.33 x 10-8 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 2.4 x 1013 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.00972 

Number of Fe2+ ions = 3.19 x 1016 ions 

Using a quantum yield for Fe2+ production of 1.21 at 365 nm 

Number of photons emitted by the source at 365 nm = 2.636 x 1016 

Number of photons emitted per second by the source at 365 nm = 2.2 x 1014 photons/s 

Absorbance of sample at 365nm = 0.357 
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Therefore number of photons absorbed by the sample = 1.23 x 1014 photons/s 

Quantum yield of photochemical reaction is (2.4 x 1013) / (1.23 x 1014) = 0.195  

 

Irradiation of 2 at 405 nm (20 sec) 

Absorbance of sample at 405nm = 0.323 

Increase in intensity of band at 430 nm = 0.1256 

Molar increase = 1.56 x 10-6 molar 

Moles converted per second = 7.8 x 10-8 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 1.408 x 1014 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.0611 

Number of Fe2+ ions = 4.8 x 1016 ions 

Using a quantum yield for Fe2+ production of 1.14 at 405 nm 

Number of photons emitted by the source at 405 nm = 4.21 x 1016 

Number of photons emitted per second by the source at 405 nm = 2.1 x 1015 photons/s 

Absorbance of sample at 405nm = 0.311 

Therefore number of photons absorbed by the sample = 1.12 x 1015 photons/s 

Quantum yield of photochemical reaction is (1.408 x 1014) / (1.12 x 1015) = 0.126  

 

Irradiation of 2 at 546 nm (1 min) 

Absorbance of sample at 546nm = 0. 

Increase in intensity of band at 430 nm = 0.609 

Molar increase = 2.5 x 10-5 molar 

Moles converted per second = 3.5 x 10-7 moles/s 

For a 3 cm3 sample, number of molecules photolysed per second = 6.3 x 1014 

molecules/s 

 

Change in absorbance of actinometer solution at 510 nm 

Absorbance at 510 nm = 0.0478 
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Number of Fe2+ ions = 1.57 x 1017 ions 

Using a quantum yield for Fe2+ production of 0.15 at 546 nm 

Number of photons emitted by the source at 546 nm = 1.047 x 1018 

Number of photons emitted per second by the source at 546 nm = 1.74 x 1016 photons/s 

Absorbance of sample at 546nm = 0.2707 

Therefore number of photons absorbed by the sample = 6.35 x 1015 photons/s 

Quantum yield of photochemical reaction is (6.3 x 1014) / (6.35 x 1015) = 0.099 
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B1: Photocatalytic Hydrogen Turnover Number Experiment 

 

All hydrogen turnover number measurements were carried out using a Varian cp-3800 

gas chromatography utilising a thermal conductivity detector coupled with a flame 

ionisation detector. All solvents used were dried and deaerated before use and all 

solutions prepared were prepared under Schlenk methods. ACN was distilled over CaH2 

before use. Water used was deionised. Triethylamine was distilled over NaOH before 

use. 

5 x 10-5 M solutions of the catalysts/ photosensitisers were prepared in completely dry 

and deaerated ACN. 1.2 ml of the catalyst/ photosensitiser solution, 0.2 ml (10%) H2O 

and 0.6 ml (30%) TEA were added to a suitable gas tight vial and irradiated at various 

(350 nm or 470 nm) wavelengths for an average of 20 hours. Alternatively for the 0% 

water experiments 0.2 ml of ACN was added to replace the water. After the allocated 

time passed 250 μL of the headspace in the vial was injected onto the GC and the area of 

the peak which corresponds to H2 was recorded. 

 For the photolysis reaction in acetonitrile, the septa capped deoxygenated photolysis 

reaction vial (5 ml full volume) containing 3 ml of the reaction solution was used. The 

solutions were photolysed using a blue light (470 nm) or UV light (350 nm) LED light 

arrays shown in Fig A1. After 20 h photolysis time, the amount of hydrogen produced 

was measured by gas chromatography using gas tight syringe. Samples of the syringe 

(250 µL) were injected into a series CP-3800 Gas Chromatograph equipped with a 5 Å 

molecular sieves column and polymer supported silica column purchased from Varian 

Inc (UK) using ultra-high purity nitrogen as the carrier gas. The signals were amplified 

with a Varian Star Workstation Chromatography Data system. The system was 

calibrated for hydrogen signal sensitivity by hydrogen standard measurements. The total 

amount of hydrogen produced in a photolysis experiment was obtained by the sum of 

hydrogen found in the gas phase (hydrogen found in the solution phase was assumed to 

be negligible). 
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Figure A1 - Irradiation chamber used for photocatalytic experiments. LED strip of lights is place in 

the chamber equidistant from the sample vials and the four fans keep the chamber cool to insure 

that the reaction occuring is not thermocatalytic. 

 

A range of catalysts and photosensitisers have been tested for H2 production both 

intermolecularly and intramolecularly. By varying the combination of photosensitiser 

and catalyst it was hoped to illucidate the optimum combination which would yield the 

highest TONs. 
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B2: Photocatalytic Hydrogen Turnover Number Calculations 

(a): TON of Experiment 1 

 

 To calculate the concentration (in ppm) of hydrogen generated: 

 
Average Area of H2 Peak

x
=

Area of standard H2
Conc. in ppm of H2  

Therefore   

5.09
x

=
1.66

1000 ppm

x = 3066.27 ppm  
 

 To calculate the number of moles of H2 produced the ideal gas law is applied 

(PV= nRT):  

 

P = (x (calculated above) / 1x 10-6) x 1 atm pressure in Pa. 

V = Area of the headspace in the vial in m3. 

n = Number of moles of H2 produced. 

R = 8.314 J/K-1mol-1 

T = Room temperature ie. 298 K 

 

Therefore: 

 

n =
((3066.27 ppm/1 x 106) x 101325 Pa)(2.9 x 10-6 m3)

(8.314 m3 Pa K-1mol-1)(298K)

n = 3.637 x 10-8 mol  
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 TON: 

 

No. moles of H2 produced
No. moles catalyst used  

 

Number of moles of catalyst used = (5 x 10-5)(1.2 x 10-3) = 6.0 x 10
-8

 mol 

 

Therefore TON =   

3.637 x 10 -8

6.0 x 10-8 = 1moles
moles  
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C1: Electrocatalytic  Hydrogen Turnover Number (TON) Experiment 

 

All electrocatalytic experiments were carried out in a 2 necked V-shaped 

electrochemical cell, using a glassy carbon working electrode with an area of 0.07cm2, a 

platinum wire counter electrode and a Ag/AgCl reference electrode filled with 3 M KCl 

(Fig. A2 ).  

 

 
 

Figure A2 - Electrocatalytic studies setup, green wire- glassy carbon working electrode, red wire- 

platinum counter electrode, white wire- Ag/AgCl reference electrode. 

 

A 1x10-4 M solution of each sample was prepared in dimethylformamide (DMF). 1.5 µL 

of this sample was then drop cast on the surface of the glassy carbon electrode and 

allowed to dry overnight is complete darkness. The V-shaped cell was filled with 15ml 

of 0.1 M NaH2PO4 buffer at pH 2.0. The sample coated glassy carbon electrode, along 

with the platinum wire counter and Ag/AgCl reference electrodes, were placed into the 

cell and the cell was sealed with a suba-seal in each neck. The buffer was degassed with 
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BIP grade argon for 20 min. prior to each experiment. Bulk electrolysis experiments 

were carried out on each sample at varying potentials from -0.7 to -1.3 V. 

 

C2: Electrocatalytic Hydrogen Turnover Number Calculations 

 

(a.) Calculation of number of moles of catalyst cast onto the gc electrode surface: 

 

A 1x10-4 M solution of each sample was prepared and 1.5 µL of these solutions 

was drop cast onto the gc surface. Therefore 1.5x10-10 moles sample was cast 

onto the electrode surface. 

 

(b.) Electrochemical calculation of number of moles of H2 produced: 

 

After bulk electrolysis the current change (It) over the duration of the experiment 

can be measured.  According to Farraday’s laws of electrolysis: 

 

n = It
F

1
z

 
n = number of moles of H2 produced. 

F = Farraday’s constant (96485 C mol-1). 

z = the valency number of ions of the substance (electrons transferred per ion). 

Therefore the number of moles of hydrogen produced for 

 

(c.) Electrochemically determined H2 generation TON: 

 

TON =      

 

 

 

No. moles of H2 produced
No. moles catalyst used
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(d.)  GC determined H2 generation TON: 

 

As with the photocatalytic studies the GC was used to determine the 

electrocatalytic TON of H2. 

 

Example: TON of Experiment 1: 

 

3-pyridine-BODIPY modified electrode following bulk electrolysis at -1.2 V for 1 hour. 

 

 Electrochemically determined H2 TON: 

 

Charge passed over 1 hour experiment = 0.1604 C 

Faradays constant = 96485 C mol-1 

z = 2e- needed to produce H2 

 

Therefore:  

0.1604 C

96485 C mol-1
1

2
= 8.312 x 10-7 moles

 
 

TON = 

=  5541
1.5 x 10-10 moles

8.312 x 10-7 moles
= 5.5 x 103

 
 

 

 GC determined H2 TON: 

 
Average Area of H2 Peak

x
=

Area of standard H2 peak
Conc. in ppm of H2 standard  
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Therefore   

936.4
x

=
140

1000 ppm

x = 6648.81 ppm  
 

 To calculate the number of moles of H2 produced the ideal gas law is applied 

(PV= nRT):  

 

P = partial pressure due to H2 produced (x (calculated above) / 1x 10-6) x 1 atm pressure 

in Pa. 

V = Area of the headspace in the vial in m3. 

n = Number of moles of H2 produced. 

R = Plank’s constant = 8.314 J/K-1mol-1 

T = Room temperature in K  

 

Therefore: 

 

n =
((6646.81ppm/1x106) x 101325 Pa)(2.9 x 10-6 m3)

(8.314 m3 Pa K-1mol-1)(298K)

n = 7.882 x 10-7 mol  
 

 

TON:   

 

 

 

=  5201 = 5.2 x 103

1.5 x 10-10 moles

7.882 x 10-7 moles

 
 

No. moles of H2 produced
No. moles catalyst used
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 Determining the Efficiency of the System: 

 

The efficiency of the system refers to the efficacy of the system to produce H2 relative to 

the current passed during the experiment. This is measured by calculating the TON 

which has been determined using Faradays law of electrolysis, and comparing this result 

with the TON which has been calculated through injection of the headspace into the GC, 

measuring the actual number of moles of H2 gas produced. 

 

The efficiency =  
Electrochemically Determined TON

GC Determined TON
x  100

 
 

e.g. 3-pyridine-BODIPY after bulk electrolysis at -1.2 V for 1 hour: 

Electrochemically determined TON = 5541 

GC determined TON = 5201 

 

Therefore the efficiency of the system = 
5541

5201
x  100  =  94%

 
 

 

 

 Determining Current Density: 

 

Current density is a measurement of the flow of current per unit area. During a bulk 

electrolysis experiment the average current throughout the experiment is measured. The 

area of the electrode surface has been measured to be 0.07 cm2. 
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Therefore the current density =  

 
Average Current During Bulk Electrolysis (mA)

Area of Electrode Surface (cm2)  
 

e.g. 3-pyridine-BODIPY, bulk electrolysis at -1.2 V for 1 hour: 

 

Average current during bulk electrolysis = 3.429 x 10-2 mA 

Area of electrode = 7 x 10-2 cm2 

 

Therefore current density =  

3.429 x 10-2 mA

7 x 10-2 cm2
=  0.49 mA/cm2
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D1: 
1
H NMR Spectra 

 

Chapter 2- µ2-(alkyne)Cobalt Carbonyl Complexes 

  

 

Figure A3: 
1
HNMR spectra of pyrene-ethynylferrocene, µ

2
- pyrene-ethynylferrocene Co2(CO)6 and µ

2
- pyrene-

ethynylferrocene Co2(CO)4DPPM. Al spectra were recorded in deuterated chloroform (CDCl3). 
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Chapter 3- BODIPY-Cobaloxime Complexes 

 

 

 

 

Figure A4- Comparison of 
1
HNMR spectra of 3-pyridine-BODIPY and 3-pyridine-BODIPY-

cobaloxime. Spectra were recorded in deuterated chloroform (CDCl3). 
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Chapter 4- Porphyrin Complexes 

 

 

 

 

Figure A5- Comparison of 
1
HNMR spectra of MPyTPP and MPyTPP-cobaloxime. Spectra have 

been recorded in deuterated chloroform (CDCl3). 
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Chapter 5- Pt/Pd Systems 

 

 

 

 

 

 

 

 

 

 

Figure A6- Comparison of 
1
HNMR spectra of extended pyrene complexes. Spectra have been 

recorded in deuterated chloroform (CDCl3). 
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