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ABSTRACT 

A series of previously reported bis(pyrazol-1-ylmethyl)pyridine ligands, bearing different 

donating groups on the pyrazolyl moiety (H, Me, t-Bu, Ph), was successfully synthesised and 

characterised. The ligands 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine (L1), 2,6-bis((3,5-

dimethyl-1H-pyrazol-1-yl)methyl)pyridine (L2), 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-

yl)methyl)pyridine (L3), and 2,6-bis((3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine (L4) were 

reacted with CuCl2·2H2O to form Cu(II) complexes C3.1 to C3.4, respectively. Ligand L2 was 

reacted with Cu(OTf)2 to form a Cu(II) complex C3.5. The ligands (L1-L4) were further reacted 

with Cu(MeCN)4PF6 to form complexes C4.1 to C4.4, respectively. Reacting the ligands L1-

L4 with CoCl2·6H2O resulted in Co(II) complexes C5.1 to C5.4, while reacting L2 with 

Co(BF4)2·6H2O resulted in the formation of complex C5.5. The complexes were characterised 

by a variety of spectroscopic and analytical techniques, including Fourier-transform infrared 

(FTIR) spectroscopy, magnetic susceptibility, nuclear magnetic resonance (NMR) 

spectroscopy in the case of diamagnetic complexes C4.1 to C4.4, electrospray ionisation 

mass spectrometry (ESI-MS), elemental analysis, and single-crystal XRD. Water-soluble 

Cu(II) complexes C3.1 to C3.5 were investigated towards chemical and electrocatalytic water 

oxidation. The copper(II) complexes showed activity in chemical water oxidation with cerium 

ammonium nitrate (CAN) as the primary oxidant, with the complex containing the methyl-

substituted pyrazolyl moiety, complex C3.2 being the most active among the chloride-

containing complexes with a turnover number (TON) of 4.22 and turnover frequency (TOF) of 

0.033 s-1. Replacing the chloride anion with tetrafluoroborate (C3.5) improved the TOF to 

0.115 s-1. The complexes showed activity in electrocatalytic water oxidation at pH 7, with 

overpotentials ranging from 683 to 823 mV. Investigations into the homogeneity of the 

molecular complex revealed that the Cu(II) complexes mediated electrocatalytic water 

oxidation proceeds via heterogeneous catalysis. The Cu(II) complexes act as pre-catalysts in 

the electrodeposition of CuO nanoparticles on the glassy carbon electrodes, which are 

responsible for water oxidation. Novel Cu(I) complexes were investigated in chemical and 

electrocatalytic water oxidation reactions. CAN, sodium m-periodate, and sodium persulfate 

were investigated as chemical oxidants in chemical water oxidation. Complexes C4.1 to C4.4 

showed catalytic activity towards chemical water oxidation in the presence of CAN as the 

primary oxidant at 25 C. Complex C4.2, which contains a methyl-substituted pyrazole on the 

ligand scaffold was the most active with a turnover number (TON) of 4.6 and a turnover 

frequency (TOF) of 0.31 s-1. The least active catalyst was complex C4.4, which contains a 

phenyl substituted pyrazole on the ligand with a TON of 2.3 and a TOF of 0.0086 s-1. This 

observed difference in catalytic activity between the complexes illustrated the key role that 

electronic effects play during catalysis. Other oxidants evaluated with C4.2 were sodium m-
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periodate (TON, 3.77; TOF 0.14 s-1) and sodium persulfate (TON, 4.02; TOF 0.044 s-1); 

however, CAN exhibited the greatest activity. Complexes C4.1 to C4.4 were investigated 

towards electrocatalytic water oxidation at a neutral pH of 6.5. Complex C4.2 was also the 

most active in electrocatalytic water oxidation, exhibiting an overpotential of 674 mV and TOF 

of 9.77 s-1 (at 1.7 V vs NHE), which is better than most reported copper(II) complexes. These 

Cu(I) complexes, C4.1 to C4.4, show potential as efficient chemical and electrocatalytic water 

oxidation catalysts, which can be achieved by fine-tuning the steric and electronic properties 

of the catalysts. 

Cobalt(II) complexes C5.1 to C5.5 were active in electrocatalytic water oxidation at pH 5. The 

complexes were efficient in water oxidation at overpotentials ranging from 565 to 635 mV. The 

lowest overpotential was achieved by complex C5.2 and the highest overpotential was 

achieved by complex C5.3. The complexes were highly active with TOFs as high as 855 s-1 

achieved by complex C5.5. Although the Co(II) complexes showed the highest TOFs, they 

were not as stable under electrochemical conditions as electrodeposition of CoOx 

nanoparticles could be observed. This suggested that Co(II) complexes were not entirely 

homogeneous. The complexes also showed activity towards chemically-driven water oxidation 

in acidic media with CAN as the primary oxidant. Complex C5.2 resulted in the highest TON 

of 5.37 and TOF of 0.31 s-1 while the least active complex was C5.4 with a TON of 1.45 and 

TOF of 0.0075 s-1.  

Key terms: water oxidation, homogeneous catalysis, electrocatalysis, nitrogen-donor ligands, 

Cu(II), Cu(I), Co(II) 
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Chapter 1: Introduction of nitrogen-donor ligated transition 

metal complexes as water oxidation catalysts 

1.1 Introduction 

The growing demand for energy and the environmental impacts from the use of fossil fuels 

has increased research in renewable energy sources. Hydrogen is a clean and renewable 

energy source that is an alternative to fossil fuels.1-2 Water splitting is one of the greener ways 

to produce molecular hydrogen from water, which is an abundant natural resource. One of the 

half-reactions in water splitting is water oxidation, also known as the oxygen evolution reaction 

(OER). Water oxidation is a multi-electron process coupled with multi-proton transfer in an 

uphill energy transformation, and therefore the use of catalysts is required.3 

Naturally, water oxidation occurs in the oxygen-evolving complex (OEC) which is situated in 

photosystem II, which consists of a bioinorganic Mn4Ca core that has inspired the 

development of molecular water oxidation catalysts in artificial photosynthesis.4-5 The reason 

why water oxidation is more commonly investigated is that it has much slower reaction kinetics 

in comparison to the hydrogen evolution reaction (HER). Therefore, water oxidation is 

regarded as a limiting factor when considering water splitting efficiency.6-9 The water oxidation 

reaction involves the transfer of four electrons and four protons en route to producing one 

dioxygen molecule from two water molecules, as shown in equation 1.1. 

Water oxidation reaction: 2H2O                         O2 + 4H+ + 4e-          (1.1) 

Different approaches to water oxidation reactions using molecular complexes have been 

undertaken, which include photocatalytic, chemical, and electrocatalytic water oxidation.10 The 

oxidation of water using chemical oxidants has been extensively studied over the years.3, 11-12 

Chemical water oxidation is mostly applicable in catalyst screening and optimisation as it 

allows for rapid screening of complexes. Chemical oxidants, also referred to as sacrificial 

oxidants, must have a reduction potential that is high enough to oxidise the metal centre of 

the water oxidation catalyst forming a metal oxo complex.13-15 Chemical oxidants that have 

been used in water oxidation reactions include CAN, sodium peroxodisulfate, ruthenium(III) 

trisbipyridine cation, potassium peroxymonosulfate (oxone), and sodium periodate.15 

Electrocatalytic water splitting involves the production of oxygen and hydrogen under applied 

potential difference. Electrocatalytic water splitting is vital in the development of technologies 

such as electrolysers and fuel cells.16-17 The reaction takes place in an electrochemical setup 

consisting of a reference, counter, and working electrodes. The two half-reactions involved in 

electrocatalytic water splitting are the water oxidation reaction that takes place at the anode 

and the HER, which occurs at the cathode.17 The water oxidation reaction is the rate-limiting 
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reaction in the overall water splitting, which influences the efficiency of an electrolyser. 

Challenges in electrocatalytic water oxidation include the development of stable, affordable, 

and environmentally friendly catalysts, which are efficient for water oxidation at low 

overpotential having high turnover rates. The application of molecular catalysts towards 

electrocatalytic water oxidation is a recent concept and they are not as active in comparison 

to heterogeneous catalysts and metal oxides. However, the use of molecular catalysts enables 

the investigation of the mechanistic aspects of water oxidation and the identification of active 

intermediates.18 Insights into the mechanisms and active intermediates involved in water 

oxidation can be used to develop more efficient catalysts. The ligand framework of molecular 

water oxidation catalysts can be modified to enhance the activity, which is one of the attractive 

features of molecular water oxidation catalysts. Several studies have shown that substituents 

on the ligand framework can have a significant effect on the efficiency of water oxidation10, 19-

20 

To date, the most efficient molecular catalysts for both chemical and electrocatalytic water 

oxidations are based on ruthenium and iridium, which are rare, toxic, and expensive metals.3-

4, 21There has been an increasing number of reports on homogeneous water oxidation using 

first-row transition metals such as iron, cobalt, copper, and manganese.22-26 However, there 

are still gaps in the development of copper-based chemical water oxidation catalysts. 

Copper(II)-based chemical water oxidation has been sparingly explored; meanwhile, there are 

no reports on copper(I)-based water oxidation catalysts in both chemical and electrochemical 

water oxidation.   

 

1.2 Aim and objectives 

Aim 

This study aims to develop abundant, cheap, and environmentally friendly first-row transition 

metal complexes based on copper(II), copper(I), and cobalt(II), as homogeneous water 

oxidation catalysts. 

Objectives 

a) To synthesise and characterise previously reported tridentate bis(pyrazol-1-

ylmethyl)pyridine ligands bearing different groups on the pyrazolyl moiety. 

b) To synthesise and characterise bis(pyrazol-1-ylmethyl)pyridine ligated Cu(II), Cu(I), 

and Co(II), complexes. The complex characterisation will be carried out using 

techniques such as mass spectrometry, elemental analysis, FTIR spectroscopy, 

magnetic susceptibility, and single-crystal XRD. 
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c) To study the synthesised complexes in detail as chemical water oxidation catalysts 

using chemical oxidants. The effect of different donating groups on the pyrazole 

(catalyst structure), initial rate data (catalyst and oxidant concentration), and the effect 

of using different chemical oxidants will be investigated. 

d) To study the synthesised complexes as electrocatalytic water oxidation catalysts under 

applied voltage. The effect of pH on the onset potential and the effect of catalyst 

structure on overpotentials will be investigated. The effect of scan rates on catalytic 

current and the stability of the catalysts over time will also be studied. 

 

1.3 Outline of the thesis  

The thesis is made up of six chapters. Chapter 2, which is the literature review, outlines the 

importance of water oxidation in hydrogen production and how natural photosynthesis has 

inspired the development of water oxidation catalysts. Chapter 2 also highlights 

homogeneous chemical and electrocatalytic water oxidation catalysts that have been 

reported. Chapter 3 focuses on chemical and electrochemical water oxidation catalysed 

by water-soluble bis(pyrazolyl)pyridine copper(II) complexes. This chapter outlines the 

results of chemically-driven and electrocatalytic water oxidation using copper(II) complexes. 

The chapter also probes the nature of the catalytically active species in electrocatalytic water 

oxidation. Chapter 4 focuses on chemical and electrochemical water oxidation mediated 

by bis(pyrazol-1-ylmethyl)pyridine-ligated Cu(I) complexes. This chapter highlights the 

synthesis and characterisation of novel bis(pyrazol-1-ylmethyl)pyridine-ligated Cu(I) 

complexes and their activity in chemical and electrocatalytic water oxidation. Towards 

chemically-driven water oxidation, the effects of parameters such as catalyst structure, 

catalyst concentration, oxidant concentration were evaluated. In electrocatalytic water 

oxidation, the effect of catalyst structure, pH and catalyst concentration was investigated. 

Chapter 5 entitled, “Water oxidation catalysed by bis(pyrazolyl)pyridine cobalt(II) 

complexes: Investigating the stability of the complexes”, highlights the electrocatalytic 

and chemical water oxidation using Co(II) complexes. The homogeneity of the catalyst system 

in electrocatalytic water oxidation was thoroughly investigated. Chapter 6,  gives a summary 

of the main findings of the project and recommendations for future studies. 
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 Literature review 

 Hydrogen: A renewable energy source 

Global energy demand is increasing rapidly due to population growth and economic 

development. Although fossil fuels are still the main source of energy, a major drawback of 

using fossil fuels is the emission of greenhouse gases, such as carbon dioxide. Therefore, a 

more sustainable energy future will have to focus on the transition from the use of fossil fuels 

to renewable and environmentally friendly energy sources. Hydrogen releases energy upon 

reaction with oxygen, producing water as the only by-product, making it an attractive 

renewable energy source for the future.1-3 One of the ways to produce hydrogen is the 

reforming of natural gas, which is not ideal as it results in the emission of carbon dioxide. 

Another way of producing environmentally friendly hydrogen is via solar-hydrogen technology. 

Solar-hydrogen technology uses water, an abundant raw material, to produce hydrogen in a 

process known as water splitting.4-5 Figure 2.1 summarises the hydrogen economy from 

production, storage, and some of the hydrogen applications in fuel cells. 

    

Figure 2.1: The hydrogen economy: Ways to produce, store and use hydrogen in, applications in 
different sectors (adapted from reference 6). 

 

 Water splitting towards hydrogen production 

Water splitting (2.1) is a process wherein water is converted into oxygen and hydrogen. The 

two reactions involved in water splitting are the water oxidation reaction commonly known as 

the OER where oxygen is produced (2.2), and the proton reduction reaction known as HER 

(2.3) where hydrogen is produced.7 Water oxidation is the reaction of interest in water splitting 

as it is thermodynamically challenging and the rate-determining step in the overall water 

splitting, which requires a catalyst to overcome the activation barrier. This is because water 

oxidation involves the transfer of four electrons and four protons in a process of producing one 

dioxygen molecule from two water molecules. 
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Overall water splitting reaction: 2H2O                         O2 + 2H2  (2.1) 

Water oxidation reaction: 2H2O                         O2 + 4H+ + 4e-   (2.2) 

Proton reduction reaction: 4H+ + 4e-                         2H2   (2.3) 

 

 Natural photosynthesis vs artificial photosynthesis 

Nature often inspires the synthesis of new chemical compounds and the development of 

efficient catalysts for various processes. This area of chemistry inspired by nature is known 

as biomimetic chemistry.8 Natural photosynthesis has sustained life on earth through the 

conversion of solar energy to chemical energy. In artificial photosynthesis, the natural process 

is mimicked through the development of synthetic artificial leaves.9 

 Natural photosynthesis 

In natural photosynthesis, light energy is used in the oxidation of water to dioxygen. This 

process takes place in the enzyme co-factor complex photosystem II (PSII).10-12 During the 

water oxidation reaction, four protons, and four electrons are released. The protons from PSII 

contribute to the membrane-spanning proton motive force, while the released electrons are 

used in the reduction of plastoquinone to plastoquinols.13 

Biological water oxidation is catalysed by the OEC situated in the PSII. The core of the OEC 

has been studied by techniques such as X-ray crystallography,10, 14 and electron paramagnetic 

resonance (EPR) spectroscopy.15 The OEC is made up of a pentanuclear cluster that contains 

four manganese atoms and one calcium atom (Mn4CaO5). The manganese cluster is held 

together by surrounding μ-oxo and μ-hydroxo ligands in a cubane arrangement, wherein the 

three manganese centres are capped by a calcium atom and the fourth dangling manganese 

is connected to the cubane via two of its oxo groups.10, 16-17  

The OEC is conserved as the site of water oxidation in all known oxygenic phototrophs. The 

manganese cluster is progressively oxidised through a tyrosine residue in a one-electron step 

using the single-photon photochemistry of the P680 chlorophylls.18 After four electrons are 

removed from the OEC, sufficient potential has been accumulated for oxygen evolution from 

water to occur.19 The water oxidation by the manganese cluster can be explained by the Kok 

cycle (Scheme 2.1).   
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Scheme 2.1: The Kok cycle illustrating the different oxidation states of manganese in the OEC.16, 20 

The Kok cycle reflects that the liberation of O2 requires four-electron transfers. The cycle 

encompasses a four-quantum process wherein four consecutive flash excitations of 

chlorophyll-a electron donor, P680 forms an oxidant P680
+ that induces four increasingly oxidised 

states of the Mn4CaO5 cluster with each excitation adding +1 charge.20-21 Each oxidation state 

is termed the S-state (S0−S4) with S0 being the most reduced state and S4 being the most 

oxidized state in the catalytic cycles. The first three steps, i.e., S0-S1, S1-S2, and S2-S3, are 

where charge accumulation takes place. The dark stable S1 state, which evolves from the S0 

oxidation state via a proton-coupled electron transfer (PCET) process, is transformed into the 

S2 state after a single electron loss. This is followed by the transition of S2-S3 associated with 

the loss of one proton and another electron. After the charge accumulation on the Mn4CaO5 

cluster on the S3 oxidation state, the oxidation state of Mn is IV, the highest oxidation state 

that can be reached through one-electron oxidation. Following the charge arrangements, the 

highly active S4 oxidation state is predicted to contain a MnIV oxyl radical or MnV oxo species.21 

The S4 oxidation state is very short-lived, making it difficult to obtain experimental evidence of 

the structure and reaction steps involved.19, 21 The formation of S4 immediately releases 

molecular oxygen through a peroxo transition state, and the S0 state is regenerated.16, 20, 22-23 

The natural photosynthetic system, i.e., the structure and function of the OEC, inspires the 

development of artificial photosynthetic assemblies including water splitting catalysts. 
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 Artificial photosynthesis 

Artificial photosynthesis mimics the natural photosynthesis system in the development of 

efficient water oxidation catalysts. The construction of an artificial photosynthetic system 

requires one-electron transfer events to be coupled to catalytic units that are capable of 

mediating four-electron and four proton transfers in the splitting of water. In an artificial 

photosynthesis assembly, the light-harvesting unit and the reaction centre must be coupled to 

water splitting catalysts to eventually produce chemical fuels, as shown in Figure 2.2.24 In an 

artificial photosynthetic system, a chromophore (photosensitiser) can be attached to a 

semiconductor. Upon illumination, a charge-separated state is formed by electron transfer 

from the photo-excited chromophore to the conduction band of the semiconductor. The 

charge-separated state must be sufficiently long-lived to allow the chromophore to abstract an 

electron from the catalyst, thereby regenerating the chromophore and the one-electron 

oxidised catalyst. After four successive charge separations and associated electron 

abstractions, the catalyst refills the holes by abstracting the electrons from H2O, thereby 

oxidising it to molecular oxygen. The electrons abstracted from H2O are ultimately delivered 

to a reduction catalyst, which mediates the reduction of protons to form H2.16  

The challenge in the assembly of an artificial photosystem is the development of water 

oxidation catalysts.25 Water oxidation is an energy-demanding reaction; therefore, catalysts 

should be able to accumulate several oxidising equivalents, forming the essential O–O bond, 

while operating close to the thermodynamic potential of 1.23 V. 

 

Figure 2.2: Illustration of the artificial photosynthesis assembly made up of a photosensitizer (PS), water 
oxidation catalyst (WOC), and hydrogen evolving catalyst (HEC) in the production of solar 
fuels (adapted from reference 16). 
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 Homogeneous molecular systems as water oxidation catalysts 

Although heterogeneous water oxidation catalysts were known long before the homogeneous 

analogues, homogeneous water oxidation catalysts are worth investigating. In comparison to 

well-established and efficient heterogeneous water oxidation catalysts, homogeneous water 

oxidation catalysts can easily be modified through ligand modification. Another advantage of 

using molecular systems in water oxidation catalysis is the ease of deducing the catalytic 

mechanism in solution. 

 Basic mechanism of homogeneous water oxidation 

The general mechanism of water oxidation is shown in Scheme 2.2 and Scheme 2.4. Steps 

A, B, D, and E take place the same way on both  Scheme 2.2 and Scheme 2.4. However, the 

O-O bond formation step C can take place through different mechanisms. The first event in 

water oxidation is the binding of water (A) in a case where a water molecule is not already 

bound. The water-binding is followed by oxidative water activation, which forms a high valent 

metal-oxo or metal oxyl intermediate (B). The metal oxo undergoes oxygen-oxygen (O-O) 

bond formation, which can happen in two ways, namely water nucleophilic attack (WNA) (C1 

in Scheme 2.2) and radical coupling reactions (I2M) (C2 in Scheme 2.4). After the O-O bond 

formation, further oxidation, and deprotonation reactions take place (D). Lastly, molecular 

oxygen is released, and the initial state of the catalyst is regenerated by the coordination of 

the novel substrate (E). In summary, the steps involved in water oxidation are water oxidative 

activation, O-O bond formation, oxidative activation of peroxide intermediates, and lastly, 

oxygen evolution.30 

 Water nucleophilic attack 

In the WNA mechanism, water oxidation takes place at a single site. This key step involves 

the attack of a water molecule on an electron-deficient metal-oxo species with a simultaneous 

proton transfer to a hydrogen bound proton acceptor to generate a hydroperoxide intermediate 

(Scheme 2.3). Limits to the catalytic rates for single-site catalysis can be the oxidation, O-O 

bond formation, or oxygen evolution step. Each of the steps has a first-order dependence on 

the catalyst and the oxidation steps are also first order in respect of the oxidant.30 
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Scheme 2.2: The general mechanism showing the WNA O-O bond formation cycle.30 

 
Scheme 2.3: Water nuclear attack O-O bond formation.30  

 

 Radical coupling of two metal oxos (I2M) 

The I2M mechanism is favoured by more electron-rich catalysts, which have more oxyl radical 

character in their activated state, which results in M-O antibonding character. Upon formation 

of the O-O bond by the coupling of two metal oxyl radicals, a peroxo bridge between the two 

metal centres is formed (Scheme 2.5). The rate-determining step in these systems can be the 

oxidation step, the oxo-oxo coupling step, or the oxygen release step. Biomolecular systems 

are more sensitive to catalyst concentration; therefore, catalysts that require an intermolecular 

coupling step will be rate-limited by that step at low enough catalyst concentrations.30 
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Scheme 2.4: The general mechanism showing the I2M O-O bond formation cycle.30 

 

Scheme 2.5: I2M O-O bond formation.30 

 

This mechanism is favoured by more electron-rich catalysts having more oxyl radical character 

in their activated state, which results in M-O antibonding character. Upon formation of the O-

O bond by the coupling of two metal oxyl radicals, a peroxo bridge between the two metal 

centres is formed (Scheme 2.5). The rate-determining step in these systems can be the 

oxidation step, the oxo-oxo coupling step, or the oxygen release step. Biomolecular systems 

are more sensitive to catalyst concentration; therefore, catalysts that require an intermolecular 

coupling step will be rate-limited by that step at low enough catalyst concentrations.30 

 

 Different approaches taken in water oxidation 

Different activation approaches for evaluating water oxidation have been reported including 

chemical, electrocatalytic, and photochemical water oxidation.31-32 In chemical water oxidation, 

sacrificial oxidants are used to activate the metal centre for water oxidation while 

electrocatalytic water oxidation is potential controlled with water oxidation taking place under 

applied voltage. Photochemical water oxidation, in contrast, involves the use of light during 

water oxidation. Chemical and electrocatalytic water oxidation will be discussed in detail in the 

following sections. 



Chapter 2: Literature review 

13 
 

 Chemical water oxidation 

The catalytic oxidation of water using chemical oxidants (Scheme 2.6) has been extensively 

studied over the years.13, 32-35  Chemical water oxidation is mostly used in catalyst screening 

and optimization. Measurements using sacrificial oxidants allow for rapid screening of 

complexes and to study the effect of varying reaction conditions. Chemical oxidants, also 

referred to as sacrificial oxidants, must have reduction potentials that are sufficient to oxidize 

the water oxidation catalysts.36-37 

 

Scheme 2.6: A general representation of chemical water oxidation in the presence of a chemical 
oxidant.32 

 

2.5.1.1 Chemical oxidants 

CAN has been extensively investigated as the sacrificial oxidant of choice in water oxidation 

reactions. CAN is capable of driving water oxidation catalysis in one-electron steps, which is 

relevant to the conditions present in a photo-electrochemical cell. CAN is readily available 

commercially and has a strong absorption band in the ultraviolet-visible (UV-Vis) spectrum at 

300 to 450 nm, which can be used to track the consumption of the oxidant during catalysis. 

The drawback of using CAN as an oxidant is that it is only stable at low pH (pH ~1). Another 

oxidant that has been investigated in water oxidation includes ruthenium(III) tris(bipyridine) 

cation [Ru(bpy)3](PF6). The drawback of using this ruthenium cation as a primary oxidant is 

that it is expensive. Sodium m-periodate has also been investigated in water oxidation with 

some transition metals. Unlike CAN and [Ru(bpy)3](PF6), sodium m-periodate is a two-electron 

oxidant. Sodium m-periodate is stable at pH 2 - 7.5 and allows for investigation of water 

oxidation catalysts at neutral pH, which best mimics PSII. The drawback with the use of 

sodium m-periodate is that it can potentially act as an oxo-transfer reagent, which could lead 

to the production of extra oxygen which is not due to water oxidation.38 Other oxidants include 

sodium peroxodisulfate and potassium peroxymonosulfate (oxone).37    
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2.5.1.2 Catalysts used in water oxidation  

2.5.1.2.1 Ruthenium and iridium complexes 

The first homogeneous water oxidation catalyst known as  Meyer’s blue dimer was reported 

in 1982 by Meyer et al.39 The oxo-bridged ruthenium dimer 

([(bpy)2(H2O)RuORu(H2O)(bpy)2]4+) contains bipyridine ligands and catalysed water oxidation 

in the presence of a sacrificial oxidant CAN with a TON of 13.2 and TOF of 0.0042 s–1. Another 

homogeneous ruthenium dimeric system, [Ru2
II(µ-OAc)(bpp)(trpy)2]2+ (bpp = 2,2'-(1H-

pyrazole-3,5-diyl)dipyridine, trpy = 2,2':6',2''-terpyridine) used in chemical water oxidation was 

reported by Llobet and colleagues40 in 2004. The bpp ligand aided in enforcing the cis 

geometry of the two ruthenium centres. The addition of the metal complex to CAN resulted in 

the evolution of oxygen at the rate of 0.014 s-1. Ruthenium complexes have played a vital role 

in the mechanistic studies of homogeneous water oxidation and the characterisation of the 

intermediates detailed in Scheme 2.7.41-43 Meyer et al.41 reported on the first single-site 

mechanistic study using ruthenium complex 1, which was proposed based on electrochemical 

data and UV-visible spectroscopy.  

 

Figure 2.3: [RuII(tpy)(bpm)(OH2)] (ClO4
-)2·2H2O water oxidation catalyst. 

Scheme 2.7 shows a proposed mechanism of CAN driven water oxidation catalysed by 

[Ru(tpy)(bpm)(OH2)]2+(1) and [Ru(tpy)(bpz)(OH2)]2+ (tpy = 2,2′:6′,2′′-terpyridine, bpm = 2,2′-

bipyrimidine, bpz = 2,2′-bipyrazine). Upon the addition of 2 equivalents of Ce(IV) to a solution 

of [Ru(tpy)(bpm)(OH2)]2+ in 0.1 M HNO3 the catalyst is oxidized to a high valent Ru(tpy)-

(bpm)(O)]2+ intermediate. Further addition of one equivalence of Ce(IV) to [Ru=O]2+, or 3 

equivalents of Ce(IV) to [Ru(OH2)]2+ results in the formation of an intermediate [Ru=O]3+, which 

is short-lived. The [Ru=O]3+ undergoes an O-O bond formation via WNA by the second water 

molecule to give a peroxide cation, [Ru(tpy)(bpm)(OOH)]2+, which was characterised by redox 

titration. The peroxidic cation [Ru(tpy)(bpm)(OOH)]2+ is very unstable, decomposing in 

minutes to give [Ru-OH2]2+, which releases oxygen, and the catalyst is regenerated.  
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Scheme 2.7: An example of a proposed mechanism of chemical water oxidation by a ruthenium dimer.41 

 

Thummel et al.44 reported dinuclear ruthenium complexes ligated by 3,6-bis-[6′-(1′′,8′′-

naphthyrid-2′′-yl)-pyrid-2′-yl]pyridazine and  mononuclear complexes containing a  2,2'-(4-

(tert-butyl)pyridine-2,6-diyl)bis(1,8-naphthyridine) scaffold (Figure 2.4). Both the dinuclear and 

mononuclear complexes were active in water oxidation in the presence of CAN as the 

chemical oxidant. For both dinuclear and mononuclear complexes, the highest turnover 

numbers are observed with 4-methylpyridine (3 and 6) as the axial ligand with TONs of 3200 

and 580, respectively. In comparison with other reported systems, the 4-methylpyridine makes 

the catalyst more robust. The dinuclear complexes were more active as compared to the 

mononuclear complexes. 

 



Chapter 2: Literature review 

16 
 

 
Figure 2.4: Mononuclear and dinuclear ruthenium complexes investigated in chemical water oxidation. 

 

A [Ru(bda)(isoq)2] (H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid; isoq = isoquinoline) was 

reported as an efficient chemical water oxidation catalyst in the presence of CAN.45 The 

complex resulted in a TOF of 303 s-1, which is comparable to reaction rate (100-400 s-1) of the 

OEC of PSII. The complex was found to be more active than the frequently reported 

[Ru(bda)(pic)2] (pic = 4-picoline). Abdel-Magied et al.46 studied the effect of different 

substituents on water oxidation catalysis using mononuclear tetradentate ruthenium 

complexes (Figure 2.5). Water oxidation was investigated at a neutral pH using 

[Ru(bpy)3](PF6) (bpy = 2,2′-bipyridine) as the chemical oxidant. Complexes containing 

electron-donating substituents, methyl (Me) (9) and methoxy (OMe) (10) were found to be 

more efficient with a TON of 26 and a TOF of 0.50 s-1 for complex 9 and a TON of 21 and a 

TOF of 0.45 s-1 for complex 10. 

   
Figure 2.5: Ruthenium complexes used in chemical water oxidation using [RuIII(bpy)3](PF6)3 as a                                

chemical oxidant. 
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The efficiency of iridium complexes in chemical water oxidation is comparable to that of 

ruthenium complexes. The first reported iridium complexes are cyclometalated aquo 

complexes ([IrIII(R1R2ppy)2-(OH2)2]+) (ppy = phenylpyridine) containing a bis-phenylpyridine 

ligand framework.47 The oxidation of the complex with CAN as the primary chemical oxidant 

resulted in oxygen evolution in a homogeneous aqueous solution. The initial rate was 10 ~ 50 

mmol h-1 with a TOF of 0.93 ~ 4.6 x 10-3 s-1. The effect of donating groups on iridium complexes 

in water oxidation catalysis was studied by Navarro et al.48  

Pyridylidene amide ligated iridium complexes (14-17), shown in Figure 2.6, were studied using 

CAN as the chemical oxidant. Upon the introduction of electron-donating groups on the 

complex, the TOF increased from 1600 h-1 to 3300 h-1. The study investigated the effect of 

different substituents on the water oxidation activity, which shows that the ligand framework 

plays a vital role in the activity of the water oxidation catalyst. 

 

  

Figure 2.6: Iridium complexes for water oxidation. 

 

Although ruthenium and iridium complexes are efficient water oxidation catalysts, the 

drawback of using these metals is that they are rare, toxic, and expensive. Over the years, 

there has been a growing number of reports on chemically-driven homogeneous water 

oxidation using first-row transition metals such as iron, cobalt, copper, and manganese as 

catalysts.  
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2.5.1.2.2 Manganese complexes 

Manganese complexes best mimic natural photosynthesis as the PSII responsible for water 

oxidation in nature contains a manganese atom. This makes exploring manganese complexes 

as water oxidation catalysts an interesting topic. Manganese is also a cheap and abundant 

metal that exhibits redox flexibility which activates the generation of high valent species that 

oxidises water. A dinuclear complex [H2O(terpy)Mn(O)2Mn(tpy)OH2](NO3)3 (18) shown in 

Figure 2.7  has been studied using different oxidants as summarised in Table 2.1. The complex 

shows activity towards chemical water oxidation in the presence of NaOCl (TON 4, TOF 

0.0033 s-1), CAN (TON 17, TOF 320), and oxone (TON >50, TOF 0.034 s-1). Tagore et al.49 

observed low oxygen evolution with complex 18 using CAN as the primary oxidant with a TON 

of 0.54. The use of clay compounds as support for complex 18  using CAN as the primary 

oxidant improved the activity significantly to a TON of 17 and a TOF of 320 s-1.50-51 

  

Figure 2.7: A dinuclear manganese complex [H2O(tpy)Mn(O)2Mn(tpy)OH2](NO3)3  studied in chemical 
water oxidation. 

 
Table 2.1: Catalytic activities of manganese-based complex 18 using different oxidants. 

Cat Oxidant TON TOF
  

Reference 

18 NaOCl 4 0.0033 52 

18 Oxone >50 0.034 35 

18 CAN 0.54 - 49 

18 CAN 17 320 50-51 

 

The mechanism for O2 formation from the reaction of complex 18 with sodium hypochlorite is 

shown in Scheme 2.8. Complex 18 initially reacts rapidly to form the Mn(IV/IV) dimer. The 

Mn(IV/IV) dimer can then react with sodium hypochlorite to form a Mn(V)=O dimeric 

intermediate, the species that are featured in the O–O bond-forming step. The proposed 

mechanism for O–O bond formation involves an attack of OH on the Mn=O to form a peroxo 

dimer, which rapidly reacts with two further oxidising equivalents and releases O2. 
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Permanganate would form in a competing reaction by disproportionation of the Mn(V/V) dimer 

to give Mn(VII) and Mn(III). 

 

 
Scheme 2.8: Proposed mechanism of chemical water oxidation using a manganese dimeric complex 

18.52 

 

2.5.1.2.3 Iron(II) complexes 

The interest towards iron-based water oxidation catalysts is due to the redox chemistry of the 

metal, which is necessary for electron transfer processes during water oxidation catalysis. 

Additionally, iron is one of the most abundant and inexpensive redox-active metals.53-55 Fillol 

et al.56 reported efficient water oxidation catalysts based on nitrogen-based iron complexes, 

[Fe(X)2(LN4)](LN4 = 1-(2′-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane) (Me2Pytacn) 

(N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)-cyclohexane-1,2-diamine (mcp), N,N′-dimethyl-N,N′-

bis-(2-pyridylmethyl)-ethane-1,2-diamine (mep), N,N′-bis(2-pyridylmethyl)-2,2′bipyrrolidine  

(bpbp) and tris-(2-pyridylmethyl)amine(tpa); X = Cl, OTf)) 19-23 (Figure 2.8). The complexes 

achieved a TON of  360 when using CAN and >1000 when sodium m-periodate was used as 

the oxidant.56 
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Figure 2.8: Tetradentate iron complexes used in chemical water oxidation catalysis.56  

The mechanism of the chemically-driven water oxidation reactions is illustrated in Scheme 2.9 

below. Spectroscopic monitoring demonstrates that the initial Fe(II) complexes [Fe(X)2(LN4)] 

are oxidised immediately by excess Ce(IV), which results in the formation of the resting-state 

water–oxo compound [FeIV(O)(H2O)(LN4)]2+. The bimolecular rate law extracted from the 

kinetic analysis suggests that the RDS involves further 1e- oxidation of the oxo-iron(IV) 

complex by Ce(IV), to form a highly oxidising [FeV(O)(OH2)(LN4)]3+ intermediate. Given the high 

oxidation state of the metal centre, the water ligand must be nucleophilic and the 

[FeV(O)(OH)(LN4)]2+ intermediate is expected to be formed. Subsequent attack of a water 

molecule, assisted by a hydrogen-bond interaction with the hydroxide ligand, forms the O–O 

bond, which reduces the Fe(V) to form the [FeIII(OOH)(H2O)(LN4)]2+ intermediate LN4FeIII–OOH. 

The closure of the catalytic cycle can be envisioned as two possible pathways. The first 

possibility comprises further oxidation of intermediate LN4FeIII–OOH to give LN4FeIV–OOH or 

LN4FeV–OOH, and O2 extrusion via reduction of the metal centre to Fe(II) or Fe(III), 

respectively. The second possibility involves protonation of the hydroperoxide ligand in 

LN4FeIII–OOH extruding H2O2 and forming a Fe(III) species that is oxidized rapidly by Ce(IV), 

and thereby closes the catalytic cycle. 
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Scheme 2.9: Proposed mechanism for chemical water oxidation catalysed by [FeII(X)2(LN4)] complexes 
using CAN as the primary oxidant. 

 
 

 

Figure 2.9: Iron complexes used in chemical water oxidation. 

 
Panchbhai et al. 57 evaluated mononuclear tetrazadentate iron catalysts (24 and 25) shown in 

Figure 2.9 using CAN as the oxidant, monitoring the oxygen evolution using the Clark-type 

oxygraph. The complexes were able to catalyse water oxidation and resulted in a TON of 14 

and a TOF of 0.18 s-1.  
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2.5.1.2.4 Copper(II) complexes 

Copper complexes are attractive WOCs owing to their widespread bio-mimetic chemistry with 

oxygen. However, there is a lack of research in chemically-driven water oxidation using copper 

complexes. The challenge encountered in chemical water oxidation using copper complexes 

is the precipitation of CAN under basic conditions.  

 

 

Figure 2.10: A copper complex ([(L)CuII(NO3)] (L =(E)-3-(pyridin-2-yldiazenyl)naphthalen-2-ol))  studied 
in chemical water oxidation with CAN as the primary oxidant. 

Wei et al.58  have reported [(L)CuII(NO3)] (L =(E)-3-(pyridin-2-yldiazenyl)naphthalen-2-ol) (26) 

(Figure 2.10) as a homogeneous catalyst for water oxidation under both electrochemical and 

chemical conditions. Under chemically-driven water oxidation conditions, the complex resulted 

in a TOF of 4.0 kPa h−1. 

Najafpour et al.59 studied the activity of the same copper complex (26) in the presence of CAN. 

No activity was observed as the catalyst was not stable due to the highly acidic environment. 

At a higher pH (pH 11), the phosphate buffer used resulted in the precipitation of CAN. To 

date, all of the reports on copper(II)  complexes are studied in electrocatalytic water oxidation. 

2.5.1.2.5 Cobalt complexes 

Reports on homogeneous cobalt complexes are mostly on photochemical water oxidation and 

only a few on chemically-driven cobalt water oxidation catalysis. Examples of cobalt 

complexes investigated towards photochemical water oxidation are illustrated in Figure 2.11. 

Nakazono et al.60 studied three cobalt porphyrins, CoTMPyP (TMPyP = 5,10,15,20-Tetrakis(1-

methyl-4-pyridinio)porphyrintetra(p-toluenesulfonate)) (27), CoTCPP (TCPP = Tetrakis(4-

carboxyphenyl)porphyrin)(28) and CoIIITPPS (TPPS = meso-tetraphenylporphine-

4,4',4;5,10,15,20-tetrakis(4-sulfophenyl)porphyrin)) (29) towards photochemical water 

oxidation using RuII(bpy)3
2+/Na2S2O3. At pH 11, the CoIIITPPS complex (29) was the most 

active with a TON of 121.8 and TOF of 0.170 s-1. The proposed mechanism indicated that the 

O-O bond formation step involved a bimolecular radical coupling process. Another report on 

photochemical water oxidation using a cobalt complex was by Das et al.61  

A [CoII(Py5OH)(Cl)](BF4) (30) showed activity towards photochemical water oxidation in the 

presence of RuII(bpy)3
2+ and Na2S2O3 resulting in a TON of 51 and TOF of 1.3 s-1. The ability 
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of complex 30 to catalyse chemically-driven water oxidation was studied using RuII(bpy)3
2+ as 

the primary oxidant resulting in a TON of 15. The report highlighted the role of the chlorido 

ligand as part of the catalyst, which was to prevent the formation of CoIII
2 species that impede 

the catalytic activity of the complex in wet acetonitrile. Literature reports above show that the 

commonly used oxidant is the RuII(bpy)3
2+, which is based on a rare, expensive, and toxic 

ruthenium metal. There are no reports on cobalt-based chemically driven water oxidation using 

inexpensive primary oxidants such as CAN, creating a gap in research of cobalt-based water 

oxidation catalysts using easily accessible oxidants.  

 

Figure 2.11: Cobalt complexes studied in chemical water oxidation. 

 

  Electrocatalytic water oxidation 

The electrocatalytic water splitting of water to produce oxygen and hydrogen under applied 

potential difference is illustrated in Scheme 2.10. The evaluation of homogeneous molecular 

catalysts differs from that of well-established heterogeneous WOCs. This section details 

parameters that are necessary for the evaluation of homogeneous electrocatalytic WOCs and 

some of the first-row metal complexes that have been investigated towards electrocatalytic 

water oxidation. 

 



Chapter 2: Literature review 

24 
 

 

Scheme 2.10: A scheme illustrating water oxidation under applied voltage. 

 

2.5.2.1 Parameters for evaluating a molecular electrocatalyst 

Overpotential and onset potential 

The benchmarking of molecular homogeneous catalysts is not as established in comparison 

to heterogeneous electrocatalysts. In homogeneous electrocatalytic systems, parameters 

such as onset potential and overpotential are considered important in deducing the activity of 

an electrocatalyst. Overpotential is the difference between the equilibrium potential 

(thermodynamic potential) and the potential at which the catalyst operates at a specific current 

under specific conditions. The overpotential can be calculated from equation (2.4) where the 

onset potential (Eonset) is where the catalytic current onset occurs.62 Both the onset potential 

and the overpotential can be obtained from the cyclic voltammetry curve. 

Overpotential = Eonset - (1.23-(0.059pH))    (2.4) 

TOF calculation 

The turnover frequency (TOF) is an important parameter to define the activity of the catalyst. 

TOF is defined as the amount of product converted from the reactant per mol of the effective 

catalyst per unit time. In homogeneous electrocatalytic water oxidation, the TOF can be 

derived from the following equations (2.5) to (2.8): 

icat = ncatFA [Cat] (kcatDCat)1/2   (2.5) 

ip = 0.4633nFA[Cat] (nFvDCat/RT)1/2  (2.6) 

ip =2.69 x105n3/2ADCat1/2 v1/2                      (2.7)  

icat/ip = (0.359 nc/np
3/2kcat

1/2)1/v1/2                      (2.8) 

Equation (2.5) is the Randles-Sevcik equation, which relates the peak current (ip) to the 

number of electrons transferred in the redox event (n), the area of the working electrode (A), 

catalyst concentration (Cat), and the scan rate (v). Equation (2.7) is the Randles-Sevcik 
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equation at 25 C̊. The ratio of equation (2.5)/(2.7)(icat/ip) results in equation (2.8), where nc is 

the number of electrons transferred in water oxidation (4 electrons), np is the number of 

transferred electrons during the redox process of the catalyst, which is a non-catalytic redox 

event, and v is the scan rate. The pseudo-first-order rate constant kcat (TOF), is calculated 

from the slope of the icat/ip vs 1/v1/2 graph.63-65 

 

Catalyst stability 

Investigating the integrity of the molecular catalyst in homogeneous electrocatalytic water 

oxidation is important, as highly oxidising conditions can lead to the decomposition of the 

molecular complex. In many literature reports, complexes are decomposed to form 

corresponding oxides or hydroxides, which are equally efficient or more than the molecular 

complex.28, 66 Therefore, the analysis of post-reaction electrolytes and electrodes in 

homogeneous systems is important to establish the true nature of the catalyst, whether 

homogeneous or heterogeneous. Methods that can be used include spectroscopic methods 

such as UV-Vis and FTIR, monitor spectral absorbance changes of the complex before and 

after electrolysis. MS can be used to monitor complexes or free ligands in solution after 

electrolysis. Physical characterisation methods such as SEM, XPS, and EDX can be used to 

identify metal oxides formed.66-67 The presence of nanoparticles in the post-electrolysis 

solution can be confirmed by dynamic light scattering (DLS).68-69 Electrochemical methods 

involve the investigation of the electrochemical behaviour of the electrolyte pre- and post-

electrocatalysis. The electrolyte is measured with a clean polished electrode to observe the 

possible changes of the complex post-electrocatalysis. Thereafter, the electrode is rinsed 

without polishing and reused in a fresh electrolyte (blank) to detect the formation of metal 

oxides or hydroxides deposited on the surface of the electrode. Metal ion scavengers can also 

be used to confirm the decomposition of the molecular complex. In this case, during the 

catalysis, other ligands such as bipyridine and EDTA are added into the system to weakly 

coordinate to the metal centre. The coordination of the ligands can change the electrochemical 

behaviour of the catalyst system.70 
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2.5.2.2 Catalysts used in electrocatalytic water oxidation 

Metals that have been used in electrocatalytic water oxidation include rare and expensive 

metals such as ruthenium and iridium. The interest in the development of electrocatalytic water 

oxidation catalysts based on cheap, abundant, and environmentally friendly metals such as 

copper, nickel, and manganese, has been on the rise.71-73  

2.5.2.2.1 Manganese complexes 

There have been a few reports of manganese-based electrocatalytic water oxidation. The first 

manganese electrocatalytic water oxidation catalyst was a manganese porphyrin dimer 

reported in 1994 by Naruta et al.74, with the highest TOF being 0.11 min–1. More than 20 years 

later, a soluble manganese-oxo cluster [Mn12O12(O2CC6H3(OH)2)16(H2O)4] was reported by 

Mayaan et al.75 The manganese cluster was found to be a highly active electrocatalytic as a 

water oxidation catalyst at an overpotential of 334 mV at pH 6. The high activity of the 

manganese cluster in electrocatalytic water oxidation is attributed to the high nuclearity of the 

cluster. 

2.5.2.2.2 Nickel(II) complexes 

Reports on nickel-based electrocatalytic WOCs have been slowly increasing.76-80 Nickel 

complexes investigated in electrocatalytic water oxidation are summarised in Table 2.2. A 

nickel complex, [L-NiII-OH2]Cl2 (L = 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine) (PY5)) (31)  shown 

in Figure 2.12 is an active  electrocatalyst oxidising water at an overpotential of 907 mV and 

a high TOF of 145 s-1 in aqueous phosphate buffer solutions (pH 10.8).79 Water oxidation 

catalysis takes place at a single site and proceeds via water nucleophilic attack as shown in 

Scheme 2.11. 
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Figure 2.12:  Nickel complexes efficient in electrocatalytic water oxidation. 

 

Another example of a nickel-based catalyst efficient in electrocatalytic water oxidation is a bio-

inspired nickel complex (32) ligated by a redox active ligand, 2-((((6-(2,4-

dimethylphenyl)pyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)methyl)phenol.77 The complex 

was efficient towards electrocatalytic water oxidation at a low overpotential of 383 mV at 

neutral pH with a TOF of 0.15 s-1. The redox-active ligand was useful in avoiding high valent 

nickel intermediates. Zhang et al.80 reported a nickel-based complex, 

[Ni(TMC)(CH3CN)](NO3
⁻)2 (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) 

(33) efficient in electrocatalytic water oxidation at an overpotential of 590 mV and a TOF of 

9.95 s-1, which the highest TOF reported for nickel-based complexes studied in solutions at 

neutral pH. An N, N′-dimethyl-N, N′-bis(pyridin-2-ylmethyl)-1,2-diaminoethane ligated nickel(II) 

(34) complex containing two labile sites, was an efficient electrocatalyst at an overpotential of 

753 mV in acetate buffer at pH 6.5. The acetate ions assisted in the formation of active 

intermediates and atom proton transfers (APT) in O-O bond formation. Another example 

where the buffer played an essential role in accelerating the proton-coupled electron transfer 

(PCET) process is with a nickel complex [Ni(mcp)(H2O)2](ClO4)2 (35)  (mcp  = (1R,2R)-

N1,N2-dimethyl-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane). This complex was able to 

catalyse electrochemical water oxidation at a low overpotential of 480 mV and a TOF of        

0.19 s-1. 



Chapter 2: Literature review 

28 
 

Table 2.2: A summary of nickel complexes in electrocatalytic water oxidation. 

Catalyst Reaction conditions Overpotential/mV Kcat/s-1 Reference 

31 Sodium phosphate buffer 

(0.2 M, pH 10.8) 

907 145 79 

32 Sodium phosphate buffer 

(0.1 M, pH 7) 

383 0.15 77 

33 Sodium phosphate buffer 

(0.1 M, pH 7) 

590 9.95 80 

34 NaOAC (0.3 M, pH 6.5) 753 - 76 

35 Sodium phosphate buffer 

(0.1 M, pH 7) 

480 0.19 78 

 

The mechanistic pathway of complex 31 is illustrated in Scheme 2.11. The catalyst, [L-NiII-

OH2]2+ is oxidised to [L-NiIII-OH]2+. The [NiIII-OH]2+ is further oxidised forming a high valent 

nickel oxo species ([L-NiV=O]3+).  The [L-NiV=O]3+) undergoes a PCET process with the 

phosphate as the proton acceptor resulting in O-O bond formation forming a [L-NiIII-OOH]2+ 

intermediate. Further oxidation of a [L-NiIII-OOH]2+ leads to the formation of the peroxido 

complex, [L-NiIII-OO-]2+. The decomposition of the peroxido complex releases oxygen and the 

catalyst is regenerated. All these findings point to a common reaction mechanism for a single-

site transition metal-based water oxidation catalyst. 
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Scheme 2.11: An example of a proposed mechanism in electrocatalytic water oxidation catalysed by 

[L-NiII-OH2]Cl2 (L = PY5) complex in phosphate buffer. 

 

2.5.2.2.3 Cobalt complexes 

There have been a few cobalt complexes (Figure 2.13) as summarised in Table 2.3, which 

have been reported as efficient electrocatalytic water oxidation catalysts.61, 81  Wang et al.82 

investigated a cobalt porphyrin complex, CoIII-TDMImP (36) (TDMImP = 5,10,15,20-tetrakis-

(1,3-dimethylimidazolium-2-yl)porphyrin) capable of catalysing electrochemical water 

oxidation at an overpotential of 920 mV at neutral pH. In the study, the role of the buffer base, 

which is to accept protons during O-O bond formation was highlighted. An N,N′-bis(2′-

pyridinecarboxamide)-1,2-benzene ligated cobalt complex (37) exhibited a high TOF of ~81.54 

s-1 at pH 8.6 and an overpotential of 560 mV. The mechanistic route (Scheme 2.12) is 

analogous to that of ruthenium and nickel complexes. As described in the mechanism, the 

product of the oxidation is the CoIV species, which is a highly oxidised Co-oxo intermediate. 

The intermediate is responsible O-O coupling and water oxidation. Another example is a cobalt 

complex, L–Co(II)–L (L = (E)-4-((2-hydroxynaphthalen-1-yl)diazinyl) benzenesulfonate (38) 

capable of oxidising water under applied voltage. The complex was efficient in electrocatalytic 

water oxidation at an overpotential of 520 mV and a high TOF of 5 s−1 in phosphate buffer at 

pH 9.  
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Figure 2.13: Cobalt complexes used in electrocatalytic water oxidation. 

 

 

Scheme 2.12: Mechanism of an N, N′-bis(2′-pyridinecarboxamide)-1,2-benzene ligated complex (37).81 
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Table 2.3: Cobalt complexes in electrocatalytic water oxidation. 

Catalyst Reaction conditions Overpotential/mV Kcat/s-1 Reference 

36 Sodium phosphate buffer 

(0.20 M, pH 7) 

920 - 82 

37 Sodium phosphate buffer 

(0.25 M, pH 8.6) 

560 81.54 81 

38 Sodium phosphate buffer 

(pH 9) 

520 5 83 

 

2.5.2.2.4 Copper(II) complexes  

 

  
Figure 2.14: Copper complexes used in electrocatalytic water oxidation. 

 

Copper (II) complexes have been extensively studied in electrocatalytic water oxidation.70, 84 

Copper has been a metal of interest due to its low toxicity and low cost. Another attractive 

feature of copper in the development of water oxidation catalysis is its well-established 

biomimetic O2 chemistry.85-86 Examples of copper(II) complexes that have been studied in 

electrocatalytic water oxidation catalysts are shown in Figure 2.14, while Table 2.4 

summarises the activities of these complexes. The first reported copper-based molecular 

electrocatalyst for water oxidation was by Mayer et al.87, who showed an application of a 
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simple Cu-bipyridine system (39). The electrocatalyst was very efficient with TOF of 100 s-1 in 

extremely basic solutions (pH range 11.8 to 13.3) and at a relatively high overpotential of 750 

mV. Among the complexes studied at neutral pH, a tetranuclear complex [Cu4(bpy)4(µ2-

OH)2(µ3-OH)2(H2O)2]2+(bpy = 2,2′-bipyridine) 40 was efficient in electrocatalytic water oxidation 

at an overpotential of 730 mV in comparison to mononuclear complexes 41 and 42, which 

catalysed water oxidation at an overpotential of 880 mV. This indicates that the multinuclear 

sites in complex 40 contribute to the efficiency of water oxidation. A copper(II) polypeptide 

complex, [(TGG4-)CuII-OH2]2- ligated by a triglycylglycine macrocyclic ligand (TGG) 43 was 

active in electrocatalytic water oxidation at a lower overpotential of 520 mV and a TOF of 33 

s-1 in 0.25 M phosphate buffer at pH 11. The mechanistic pathway for water oxidation of a 

copper polypeptide complex 37 is illustrated in Scheme 2.13. 

 

 

Scheme 2.13: Proposed electrocatalytic water oxidation by a negatively charged copper complex,                                                    

[(TGG4-)CuII-OH2]2-. 88 

 

In the mechanism, the initial catalyst, [(TGG4-)CuII-OH2]2- is oxidised to [(TGG4-)CuIII-OH]2-. A 

second irreversible oxidation, which arises from further oxidation of [(TGG4-)CuIII-OH]2- is 

observed at Ep, a = 1.32 V vs NHE. The said oxidation peak is pH-dependent, suggesting 

additional proton loss. The product of the second oxidation would be the formally d7          
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[(TGG4-)-CuIV(O)]2-, which is analogous to the reactive d3 RuV(O) form of Ru polypyridyl 

complexes. The CuIV(O) species undergoes a rate-limiting O−O bond formation through the 

WNA mechanism which involves the reaction with a second water molecule. As found for 

[RuV(tpy)(bpm)(O)]3+, oxo transfer may involve a second water molecule or added base (OH−, 

HPO4
2−, PO4

3−), which serves as a proton acceptor and atom proton transfer (APT) to give a 

hydroperoxide intermediate (CuII(OOH)) directly. The irreversibility for the second oxidation, 

and the elevated current levels following oxidation to [(TGG4−)CuIV(O)]2−, presumably come 

from further oxidation of the intermediate peroxide, release of O2, and re-entry into the catalytic 

cycle, followed by further oxidation of [(TGG4−)CuII(OOH)]3−. This mechanism is analogous to 

the mechanism established for single-site Ru polypyridyl  water oxidation catalysts.41 

Table 2.4: A summary of copper(II) complexes used in electrocatalytic water oxidation. 

Catalyst Reaction 

conditions 

Overpotential/mV Kcat/s-1 Reference 

39 0.1 M electrolyte 

(NaOAc+NaOH) 

pH 11.8–13.3  

750 100 87 

40 0.1 M pH 7.0 

PBS 

730 - 89 

41 0.2 M pH 7.0 

PBS 

880 - 90 

42 0.2 M pH 7.0 

PBS 

880 - 90 

43 0.25 M pH 11 

PBS 

520 33 88 

 
 

 Conclusions 

Water splitting offers an environmentally friendly route to the production of hydrogen. Natural 

photosynthesis inspires the development of efficient water oxidation catalysts. Chemical water 

oxidation allows for the screening and optimisation of catalysts, whereas electrocatalytic water 

oxidation allows for the study of catalyst behaviour in a photo-electrochemical cell. There has 

been extensive research on water oxidation catalysts based on precious metals such as 

ruthenium and iridium complexes. The contribution made by studies of ruthenium-based water 

oxidation catalysis on the mechanistic pathways of water oxidation is commendable. Most of 

the reported mechanisms on water oxidation catalysis are analogous to the well-established 

ruthenium intermediates. There has been an increase in research focusing on water oxidation 
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catalysts based on earth-abundant, cheap, and environmentally friendly metals such as Mn, 

Fe, Ni, Cu, and Co. Among the earth-abundant and inexpensive metals, Mn and Fe complexes 

are mostly used towards chemical water oxidation, whereas Cu, Co, and Ni are mostly used 

towards electrocatalytic water oxidation. From this review, it is evident that abundant and 

cheap metals are capable of oxidising water to oxygen regardless of the route taken. 
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 Synthesis and characterization of 

bis(pyrazolyl)pyridine copper(II) complexes as catalysts 

in chemical and electrocatalytic water oxidation. 
  

3.1 Introduction 

Hydrogen is a clean and renewable energy source, or rather an energy store used to generate 

power in fuel cells, which provides an attractive alternative to fossil fuels. An environmentally 

friendly method to produce molecular hydrogen is through the oxidation/splitting of water, an 

abundant natural resource.1-3 Different approaches to water oxidation have been considered, 

which include chemically driven and electrocatalytic water oxidation. As water oxidation is a 

multi-electron process, with a multi-proton transfer, which is associated with an uphill energy 

transformation, the use of catalysts is therefore required.2 The oxidation of water using 

chemical oxidants has been extensively studied over the years.3-7 To be effective, chemical 

oxidants, must be able to oxidise the pre-catalysts to form the active catalyst intermediates. 

CAN has been the sacrificial oxidant of choice amongst others, which include sodium 

peroxodisulfate, Ru(III) tris(bipyridine) cation, potassium peroxymonosulfate (oxone), and 

sodium m-periodate. The preference for CAN over other oxidants is due to its stability in 

aqueous solutions and its availability.8 Numerous Ru and Ir metal complexes have been 

reported as efficient homogeneous molecular catalysts for water oxidation.4, 7, 9 The major 

drawbacks associated with the development of catalysts derived from these metals are high 

cost, scarcity, and toxicity. It is therefore advantageous to develop water oxidation catalysts 

(WOCs) based on cost-effective, nontoxic, and abundant first-row transition metals. This holds 

great benefits towards a green and renewable energy environment. Over the years, there has 

been a growing number of reports on chemically-driven homogeneous water oxidation 

reactions employing first-row transition metals such as Fe, Co, Cu, and Mn as catalysts.10. 

Das et al.11 explored the water oxidation activity of two Fe-complexes bearing a pentapyridyl 

ligand (pyridine-2,6-diylbis[di(pyridin-2-yl)methanol]) towards CeIV-induced water oxidation 

(TON of 16) under acidic condition (pH~1.5) and could identify high valent iron oxo 

intermediates as the active species. They also proposed two different mechanisms for water 

oxidation that are largely dependent on pH. Panchbhai et al.12 evaluated tetrazadentate (N,N′-

diisopropyl-N, N′-bis(2-pyridylmethyl)-1,2-diaminoethane and N-methyl-N-(2-pyridinylmethyl)-

2,2′-bipyridine-6-methanamine) ligated iron complexes using CAN as the primary oxidant, 

obtaining a TON of 14. Reports on chemical water oxidation employing copper(I or II) 

complexes are scarce.13 Copper (II) complexes have been extensively studied in 

electrocatalytic water oxidation.14-20 Electrocatalytic water splitting involves the production of 

oxygen and protons under applied potential difference. Water oxidation, i.e., OER, takes place 
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at the anode, while the HER, i.e., proton reduction, takes place at the cathode in an 

electrochemical cell setup. Most of the reports of electrocatalytic WOCs are on metal oxides 

rather than molecular complexes.21 Irrespective of the focus on metal oxides, the development 

of molecular electrocatalytic water oxidation catalysts based on abundant environmentally 

friendly metals such as nickel, iron, cobalt, and copper has been on the rise due to the 

possibility of structural and electronic tuning to obtain improved catalysts.22-25 The first copper 

homogeneous electrocatalyst was reported by Mayer et al.15 The copper(II) bipyridine complex 

operating at pH 11 to 13.3 was efficient in electrocatalytic water oxidation at an overpotential 

of 750 mV with a TOF of 100 s-1. Han and co-workers16 reported a tetrakis(4-N-

methylpyridyl)porphyrin ligated Cu(II) complex efficient towards electrocatalytic water 

oxidation at neutral pH. The complex catalysed water oxidation at a low overpotential of 310 

mV and a TOF of 30 s-1. The decomposition of the molecular complex followed by 

electrodeposition of nanoparticles on the working electrode is a controversial topic in the 

development of homogeneous water oxidation catalysts. In some cases, the molecular 

complex is a precursor of nanoparticle films that are active in water oxidation, which then 

suggests that the water oxidation is heterogeneous. 26-29 There are only a few reports on 

chemically-driven Cu(II) complexes.  

In this chapter, we report on the synthesis of bis(pyrazol-1-ylmethyl)pyridine Cu(II) complexes 

and their ability to catalyse chemical water oxidation under acidic conditions (pH 1). The 

complexes are also investigated for electrocatalytic water oxidation in a phosphate buffer at 

pH 7. 

 

 

 

 

 

 

 

 

 



Chapter 3: Synthesis and characterization of bis(pyrazolyl)pyridine copper(II) complexes as 
catalysts in chemical and electrocatalytic water oxidation. 

41 
 

3.2 Results and discussion 

3.2.1 Synthesis and characterisation of complexes, C3.1 to C3.5. 

 

 
Scheme 3.1: Synthesis route for copper(II) complexes C3.1 to C3.5. 

Novel bis(pyrazol-1-ylmethyl)pyridine ligated copper(II) complexes C3.1-C3.5 were 

synthesised from previously reported ligands30-31 The preparation of these ligands involves a 

phase transfer catalysis reaction. The ligands were obtained in good yields with 94 % for L1, 

95 % for L2, 46 % for L3, and 93 % for L4. Characterization of these ligands was done using 

Nuclear Magnetic Resonance spectroscopy, 1H, and 13C{1H} NMR spectroscopy. Figure 3.1 

shows the proton NMR spectrum and the assignment of peaks for ligand L2 as an example. 

The methyl groups on the pyrazole appear as a singlet upfield around 2.18 ppm. The linker 

proton appears as a singlet around 5.25 ppm whereas the pyrazolyl proton appears as a 

singlet around 5.85 ppm. Aromatic protons of the pyridine ring appear further downfield with a 

doublet around 6.69 ppm and a triplet around 7.54 ppm. The peak assignment on the 13C{1H} 

NMR is shown in Figure 3.2. The carbons on the methyl groups on the pyrazolyl moiety are 

upfield at 11.39 to 13.9. The linker carbon appears at 54.74 ppm and the pyrazolyl carbon at 

105.84 ppm. The aromatic carbons appear further downfield around 120.19-157.82 ppm. The 

ligands were further characterised by FTIR and the stretching frequency of interest was the 

C=N of the pyridine ring. 
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Figure 3.1 1H (Dichloromethane-d2) NMR spectrum of ligand L2. 

 

Figure 3.2: 13C{H} (Dichloromethane-d2)  NMR of L2 

 

L1-L4 and copper(II) chloride dihydrate (CuCl2·2H2O). Complex C3.5 was synthesised from 

L2 and copper(II) triflate (Cu(CF3SO3)2) as illustrated in Scheme 3.1. The complexes were 

obtained in low to excellent yields, C3.1 (87%), C3.2 (88%), C3.3 (33%), C3.4 (54%), and 

C3.5 (46%). Complex characterization was carried out using characterisation techniques such 

as FTIR, magnetic susceptibility, mass spectrometry, and elemental analysis. The comparison 

of the stretching frequencies of the C=N of the pyridine ring in ligands L1-L4 and stretching 

frequencies of complexes C3.1 to C3.5 confirmed the coordination of the metal through the 

C=N of the pyridine ring as shown in Table 3.1.  
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Table 3.1: FTIR stretching frequencies of (C=N) (py)  in the ligands and complexes. 

Ligand (C=N) (py) ν cm-1 Complex (C=N) (py) ν cm-1 

L1 1596 C3.1 1605 

L2 1579 C3.2 1601 

L3 1593 C3.3 1603 

L4 1575 C3.4 1602 

L2 1579 C3.5 1610 

 

The complexes are expected to be paramagnetic (d9) with one unpaired electron. Magnetic 

susceptibility studies were done in dimethylformamide (DMF) for complexes C3.1 to C3.4 and 

in acetonitrile (MeCN) for complex C3.5 at room temperature (22 to 25 °C). The magnetic 

moments (μeff) ranged from 1.83 to 2.22 BM, which confirms the +2 oxidation state of the metal 

centre and the d9 electronic configuration with one unpaired electron. The electron donor 

ability of the complexes as well as the anions could possibly result in slightly different magnetic 

moment values although all the complexes have one unpaired electron. The magnetic moment 

values are within the range of similar reported Cu(II) complexes.32-35  

 

 

Figure 3.3: ESI-MS spectrum of complex C3.2. 

 

A fragmentation pattern of the mass spectrum is shown for complex C3.2 in Figure 3.3. In the 

mass spectrum, complexes C3.1 and C3.2 show the molecular ion peak with a loss of one 

chloride ion ([M-Cl-]) with an m/z of 337.02 and 358.11, respectively. Complexes C3.3 and 

C3.4 show a loss of two chloride anions with m/z of 526.30 and 606.17, respectively, while 

complex C3.5 shows the molecular ion peak with the loss of one triflate anion. Elemental 

analysis was conducted to confirm the purity of the isolated complexes. The complexes are 

hygroscopic and can easily absorb moisture from the environment. Water molecules were 

 

[M-2Cl]+ 
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present in complexes C3.2 to 3.4, while complex C3.5 contained one molecule of acetonitrile 

that was used as the solvent during synthesis. All the above-mentioned techniques confirmed 

the successful synthesis of Cu(II) complexes. 

 

3.2.2 Chemical water oxidation catalysed by complexes, C3.1 to C3.5 

 

 

Scheme 3.2: Chemical water oxidation catalysed by Cu(II) complexes C3.1 to C3.5. 

 

Given the solubility of Cu(II) complexes C3.1 to C3.5 in water, complex C3.1 and C3.2 were 

investigated for chemically-driven water oxidation using CAN as the primary oxidant     

(Scheme 3.2). Oxygen evolution reactions were performed using a standard Clark-type 

oxygraph electrode (Hansatech Instruments) placed in a thermostated cell (25 °C) for all 

measurements. The signal was recorded for the entire duration of the experiment at 1.0 s 

intervals using the Oxygraph+ software (Hansatech Instruments). The oxygen evolution 

curves are shown in Figure 3.4. The complexes had low activities with TONs of 1.81 and 2.07 

and TOFs of 0.0068 s-1 and 0.0078 s-1 for complexes C3.1 and C3.2, respectively. Complex 

C3.2 containing the methyl-substituted pyrazole on the ligand scaffold was the more active in 

comparison to complex C3.1 with the unsubstituted pyrazole moiety on the ligand framework. 

The presence of the electron-donating group enhances water oxidation by lowering the 

reduction potential of the metal. The low activities in solely aqueous media could be due to 

the de-coordination of the ligands from the metal, which is more prevalent in water due to the 

increased lability of the metal-ligand bond.36 
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Figure 3.4: Oxygen evolution curves of complexes C3.1 and C3.2 with water as the solvent. 

 

Complexes C3.1 to C3.5 were studied in chemically driven water oxidation in a mixture of 

MeCN and H2O (1:1) instead of just water using CAN as the sacrificial oxidant. Figure 3.5a 

shows a drastic increase in O2 concentration after the addition of the catalyst to CAN, which 

is indicated by the arrow. The TOF was calculated from the steepest region (5 seconds 

reaction time) on the TON curve. The oxygen evolution curves obtained after 5 minutes 

reaction time are shown in Figure 3.5b   and the activities are summarised in Table 3.2. An 

enhancement in activity when the reaction is performed in MeCN and H2O (1:1) was observed 

as compared to the reaction done in water only. The TON of complex C3.2 increased from 

2.07 to 4.22 and the TOF increased from 0.0078 s-1 to 0.033 s-1, which was a substantial 

improvement. Complex C3.2 was the most active of the complexes containing the chloride 

anion (C3.1-C3.4). Replacing the chloride anion with triflate improved the TOF significantly 

from 0.033 s-1 for complex C3.2 to 0.115 s-1 for complex C3.5. This can be attributed to the 

lability of triflate anions, which is greater than that of chloride anions. The triflate anions detach 

faster from the complex allowing for the rapid insertion of the substrate, water.37 This 

observation contradicts a report by Fillol et al. wherein the Fe complexes containing chloride 

and triflate anions showed comparable results.2 Complex C3.5 deactivates faster over time in 

comparison to complex C3.2, regardless of having higher a TOF as observed in Figure 3.2b. 
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Figure 3.5a:Oxygen evolution curves showing the catalytic region after catalyst addition performed in a 
mixture of MeCN:H2O (1:1); 3.5b: Oxygen evolution curves of complex C3.1 to C3.5 in 
chemical water oxidation after 5 minutes’ reaction time.  
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Table 3.2: Copper(II) chemically driven water oxidation. 

Complex  aTON  bTOF  

C3.1 2.95 0.018 

C3.2 4.22 0.033 

C3.3 1.55 0.005 

C3.4 1.26 0.006 

C3.5 3.50 0.115 

Reaction conditions: 25 μM, [CAN]: 110 mM, Solvent: MeCN:H2O (1:1, total volume: 2 mL). a TON after 
5 minutes’ reaction time. b, TOF was calculated from the steepest slope of the TON curve over a 5 
second period. 

 

3.2.3 Electrocatalytic water oxidation mediated by complexes C3.1 to C3.5 

 
Scheme 3.3: Electrocatalytic water oxidation catalysed by Cu(II) complexes C3.1-C3.5  dissolved in 0.2 

M phosphate buffer at pH 7. 

 

Cu(II) complexes C3.1 to C3.5 were evaluated towards electrocatalytic water oxidation in a 

phosphate buffer using cyclic voltammetry (CV) (Scheme 3.3). The Cu(II) complexes are 

water-soluble and readily dissolve in phosphate buffer solutions. The solution of complexes 

dissolved in 0.2 M phosphate buffer was degassed with nitrogen for 15 minutes before each 

experiment. The CVs were obtained under air using a glassy carbon working electrode (GCE), 

Ag/AgCl reference electrode, and a platinum wire counter electrode. The rotating disk 

electrode (RDE) was set at 3000 rpm to avoid the build-up of oxygen bubbles on the surface 

of the GCE. Potentials were measured versus an Ag/AgCl electrode and are reported versus 

NHE by adding +0.199 V to the measured potential.  
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Figure 3.6: Cyclic voltammograms of complex C3.2 (0.5 mM) in 0.1 M Bu4NPF6 in MeCN (blue) and 
C3.2 in 0.1 M Bu4NPF6 in MeCN with added 5% (v/v) phosphate buffer at pH 7 
(orange)recorded at a scan rate of 50 mV s-1. 

 

Scanning a solution of 0.5 Mm C3.2 dissolved in 0.1 M Bu4NPF6 in MeCN from -0.5 to +1.7 V, 

showed a reversible redox wave at E1/2 = +0.57 V; this wave is assigned to the oxidation of 

Cu(II) to Cu(III) (Figure 3.6).20, 38 The addition of 5% phosphate buffer (v/v) into the solution 

enhances the catalytic current with an irreversible wave responsible for water oxidation visible 

at an onset potential of +1.57 V.  

 

 

Figure 3.7: Cyclic voltammograms of 0.1 mM C3.1 to C3.5 in 0.2 M phosphate buffer pH 7 recorded at 

a scan rate of 100 mV s-1.  
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Complexes C3.1 to C3.5 (0.1 mM) were investigated in electrocatalytic water oxidation in 0.2 

M phosphate buffer at pH 7 (Figure 3.7). Scanning from -0.5 to +1.7, the Cu(III)/Cu(II)  redox 

couple was shifted to lower potentials in a phosphate buffer as compared to when recorded in 

MeCN, which can be attributed to solvent effects. The irreversible peak was not as well defined 

in phosphate buffer, although in some cases the oxidation of Cu(II) to Cu(III) could be 

observed, the reduction of Cu(III) to Cu(II) was not visible. This could be a result of complex 

decomposition under electrochemical conditions.39 The oxidation of Cu(II) to Cu(III) was 

followed by a large irreversible wave responsible for water oxidation with onset potentials 

ranging from + 1.50 to +1.64 V.  

 

 
Figure 3.8: CVs of 0.5 mM C3.1-C3.5 in 0.1 M Bu4NPF6 in MeCN showing the Cu(III)/Cu(II) redox couple 

recorded at a scan rate of 10 mV s-1.The y axis shows the normalised current. 
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Complex C3.2 efficiently catalysed water oxidation at the lowest overpotential of 683 mV              

(Table 3.3 entry 2). The second-lowest overpotential of 743 mV was obtained with complex 

C3.5 (Table 3.3 entry 5), which has the same ligand scaffold as complex C3.2 and triflate 

anions instead of chloride anions. The low overpotentials of these complexes can be attributed 

to the electron-donating ability of methyl groups on the pyrazolyl moiety of the ligand. 

Complexes C3.3 (Table 3.3 entry 3) and C3.4 (Table 3.3 entry 4) resulted in the highest 

overpotential of 823 mV. Complex C3.3 bears the tertiary group on the pyrazole meanwhile  

C3.4 contains the phenyl group on the pyrazole. The oxidation potentials of the Cu(III)/Cu(II) 

redox couples shown in the CVs in Figure 3.8 supported the trend observed in the activity of 

the complexes. Comparingcomplexes C3.2 to C3.4, complex C3.2 had the lowest oxidation 

potential of +0.57 V, and the lowest overpotential. Conversely, complexes C3.3 and C3.4 had 

the highest oxidation potential of 0.77 and 0.88 V, respectively, and the highest overpotentials. 

Although complex C3.1 had the lowest oxidation potential of +0.45 V, the complex catalysed 

water oxidation at a higher overpotential of 783 mV as compared to complex C3.5, which had 

an oxidation potential of +0.72 V. This observation could suggest that complex C3.1 containing 

the unsubstituted pyrazolyl moiety on the ligand is easily oxidised and therefore not stable. 
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Table 3.3: Copper (II) complexes as pre-catalysts in electrocatalytic water oxidation. 

Entry Complexes Reaction conditions aOverpotential/mV Reference 

1 C3.1 0.2 M phosphate buffer pH 7 783 This work 

2 C3.2 0.2 M phosphate buffer pH 7 683 This work 

3 C3.3 0.2 M phosphate buffer pH 7 823 This work 

4 C3.4 0.2 M phosphate buffer pH 7 823 This work 

5 C3.5 0.2 M phosphate buffer pH 7 743 This work 

6 [Cu(THAM)(H2O)2]SO4 
0.2 M phosphate buffer pH 

12 
390 40 

7 [Cu(en)2(OH2)2]2+  
0.2 M phosphate buffer pH 

12 
540 41 

8 [Cu(TPA)(OH2)](ClO4)2 0.1 M borate buffer pH 9.2 749 42 

9 [Cu(MeTPA)(OH2)] 0.1 M borate buffer pH 9-11 600 28 

a The overpotential was calculated as follows: Overpotential = Eonset-(1.23-(0.059pH)). Eonset is extrapolated from the CV using the tangent method en = 1,2-

ethylenediamine, THAM = tris(hydroxymethyl) aminomethane, TPA = tris(2-pyridylmethyl)amine) 
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3.2.3.1 Evidence of heterogeneous nanoparticles 

Determining the nature of species which are active catalysts for water oxidation is a necessary 

exercise as there is a fine line between homogeneous and heterogeneous water oxidation 

catalysis. This is caused by the decomposition of the molecular catalyst that leads to the 

formation of nanomaterials, which are also active towards water oxidation.43-44 Indeed, the 

presence of heterogeneous species was confirmed by electrochemical methods. The first 

evidence of nanomaterial electrodeposition on the glassy carbon electrode surface was the 

gradual increase in current with each increasing cycle45-46 as observed in Figure 3.9. The 

glassy carbon electrode was analysed by SEM post-electrocatalysis; however, no CuO 

nanoparticles could be observed. The CuO nanomaterials could be present in very low 

concentrations below the SEM detection limits. The electrolyte was also analysed by DLS and 

no nanoparticles were observed in the solution.  

 

 

Figure 3.9: CVs showing 0.5 mM C3.2 in phosphate buffer pH 7 cycled 20 times at 100 mV s-1. 

 

To further check for electrodeposition on the glassy carbon electrode, the electrode was rinsed 

post-electrolysis with the phosphate buffer and reanalysed in a blank buffer solution, which 

showed an increase in current (Figure 3.10). Decreasing the pH of the phosphate buffer to 6 

did not improve the stability of the complex as observed in Figure 3.11 wherein the 

electrodeposition of nanomaterial was observed when the rinsed glassy carbon was analysed 

in a blank buffer. Electrocatalytic water oxidation mediated by copper(II) complexes C3.1 to 

C3.5 is not homogeneous and proceeds as a result of CuO nanomaterials formed in situ. In 
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comparison to other complexes that act as pre-catalysts in the electrodeposition of 

nanoparticles, complexes C3.1 to C3.5 have higher potentials as observed in Table 3.3. 

 

 
Figure 3.10: CVs of 0.1 mM C3.2 in 0.2 M phosphate buffer at pH 7 after 6 cycles, the rinsed electrode 

in 0.2 M phosphate buffer (blank), and the polished electrode in the blank solution recorded 
at  100 mV s-1. 

 

 

Figure 3.11: CVs of 0.1 mM C3.2 in 0.2 M phosphate buffer at pH 6 after 6 cycles, the rinsed electrode 
in 0.2 M phosphate buffer (blank), and the polished electrode in the blank solution recorded 
at 100 mV s-1. 
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3.3 Conclusions 

Bis(pyrazol-1-ylmethyl)pyridine ligated copper(II)-chloride and triflate complexes, C3.1- C3.5, 

were successfully synthesised and characterised using analytical techniques. The copper(II) 

complexes showed activity in chemically-driven water oxidation in aqueous media using CAN 

as the primary oxidant; however, improved activities were observed when the reaction was 

carried out in a MeCN: H2O(1:1) mixture. Complex C3.2 was the most active of the copper 

chloride complexes (C3.1-C3.4) with a TON of 4.22 and TOF of 0.033 s-1. Replacing the 

chloride anion with triflate improved the TOF to 0.115 s-1 as observed with complex C3.5. The 

copper(II) complexes showed activity in electrocatalytic water oxidation at pH 7; however, the 

molecular complexes acted as pre-catalysts in the electrodeposition of CuO nanomaterials on 

the glassy carbon electrode. The structure of the catalyst influenced the activity as complex 

C3.2 had the lowest overpotential (683 mV) and complex C3.3 and C3.4 had the highest 

overpotential (823 mV). This suggests that the ligand may play a role in the morphology of the 

formed CuO nanoparticles. 

3.4 Experimental 

3.4.1 General considerations 

Reagents for the synthesis of ligands such as 3,5-dimethylpyrazole, 2,6-

bis(chloromethyl)pyridine, 2-(chloromethyl)-pyridine hydrochloride, and hydrazine 

monohydrate were purchased from Sigma Aldrich and used as received. The pyrazolyl ligand 

precursors, 3,5-di-tert-butyl-1H-pyrazole and 3,5-diphenyl-1H-pyrazole, were synthesised 

following literature procedures.47 (Pyrazol-1-ylmethyl)pyridine ligands were synthesised 

following literature procedures.30-31 The metal precursors Cu(OTf)2 (Sigma-Aldrich) and 

CuCl2·2H2O (Saarchem) were used as received. All moisture and oxygen-sensitive reactions 

were performed using Schlenk techniques. The solvents were distilled under a nitrogen 

atmosphere using Na metal for diethyl ether and CaH2 for dichloromethane as drying agents. 

NMR (1H and 13C) spectra were recorded on a Bruker Ultrashield Plus at 600 MHz and 151 

MHz respectively. FTIR analysis was done on a BruckerAlpha-P range infrared instrument 

fitted with ATR in the range of 400 cm-1 to 4000 cm-1. Magnetic susceptibility studies were 

done using a Sherwood Scientific MK1 with 4mm diameter sample tubes containing 50 mM of 

the sample. Mass spectrometry was performed on BrickermicroTOF-Q II mass spectrometer. 

Elemental analysis was performed on a Perkin Elmer 2400 Elemental Analyzer. Cyclic 

voltammetry studies were done on a BioLogic VSP potentiostat employing a water-jacketed 

electrochemical cell connected to a refrigerated temperature controller (Julabo F-12 ED). DLS 

analysis was performed on a Mastersizer 2000 Ver. 5.60 from Malvern instruments. 
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3.4.2 Synthesis of ligands and complexes 

3.4.2.1 Synthesis of 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine (L1) 

A mixture of 2,6-bis(chloromethyl)pyridine (0.5 g, 2.84 mmol) and pyrazole (0.38 g, 5.68 mmol) 

was dissolved in toluene (20 mL). To the mixture, 12 mL of 40% NaOH was added followed 

by 10 drops of tetrabutylammonium hydroxide (TBAOH). The reaction mixture was stirred at 

80-90 °C for 18 h. The reaction workup involved the separation of the organic layer from the 

aqueous layer. The organic layer was washed with water (2 x 20 mL) and dried over MgSO4. 

The solvent was evaporated under reduced pressure resulting in an oily clear product. Yield: 

0.64 g (94 %) .1H NMR: (600 MHz, ppm, CDCl3): δ 5.42 (s, 4H, CH2), 6.29 (s, 2H,4-H (pz)), 

6.80 (d, 2H, Hβ (py), 2JHH = 6.0 Hz) 7.50-7.55 (m, 5H, Hγ (py), 5-H (pz), 3-H(pz)). 13C{1H} NMR: 

(150 MHz, ppm, CDCl3): δ 57.29 (CH2), 106.22 (4-C (pz)), 120.47 (Cβ (py)) 129.9 (5-C (pz) 

138.08 (Cγ (py)) 139.93 (3-C) (pz) 156.49 (Cq). FTIR (ATR) ν cm-1: 1596 (C=N) (py). 

3.4.2.2 Synthesis of 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine (L2) 

Following the same synthetic procedure as L1, L2 was synthesised from 2,6-

bis(chloromethyl)pyridine (0.5 g, 2.84 mmol) and 3,5-dimethyl-1H-pyrazole (0.55g, 5.68 

mmol). The product was isolated as a white solid. Yield: 0.79 g (95 %).1H NMR: (600 MHz, 

ppm, CD2Cl2): δ 2.18 (s, 12H,CH3 (pz)), 5.25 (s, 4H, CH2), 5.85 (s, 2H,4-H (pz)), 6.69 (d, 2H, 

Hβ (py), 2JHH = 12.0 Hz) 7.54 (t, 1H, Hγ (py), 
3JHH = 12 Hz).13C{1H} NMR: (150 MHz, ppm, CDCl3): 

δ 11.39 (5-CH3), 13.9 (3-CH3), 54.74 (CH2), 105.84 (4-C (pz)), 120.19 (Cβ (py)) 138.38(Cγ 

(py)),140.25 (3-C (pz)), 148.05 (5-C (pz)) 157.82 (Cq). FTIR (ATR) ν cm-1: 1579 (C=N) (py). 

3.4.2.3 Synthesis of 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine (L3) 

L3 was synthesised from 2,6-bis(chloromethyl)pyridine (0.25 g, 1.42 mmol) and 3,5-di-tert-

butyl-1H-pyrazole (0.51 g, 2.84 mmol) in the same manner as the synthesis of L1. The product 

was isolated as a pale-yellow solid. Yield: 0.304 g (46 %).1H NMR: (600 MHz, ppm, CDCl3): δ 

1.24 (s, 18H, 5-(CH3)3 (pz)), 1.30 (s, 18H, (3-CH3)3 (pz)), 5.53 (s, 4H, CH2), 5.91 (s, 2H,4-H 

(pz)), 6.28 (d, 2H, Hβ (py), 2JHH = 6.0 Hz) 7.39 (t, 1H, Hγ (py), 
3JHH = 6.0 Hz). 13C{1H} NMR: (150 

MHz, ppm, CDCl3): δ 30.2 (5-(CH3)3), 30.6(3-(CH3)3), 31.32 (5-C(CH3)3), 31.95 (3-C(CH3)3), 

56.31(CH2), 100.54 (4-C (pz)), 118.93 (Cβ (py)) 137.82 (Cγ (py)), 152.04 (5-C (pz)), 157.02 

(Cq), 160.77 (3-C (pz)).FTIR (ATR) ν cm-1: 1593 (C=N) (py). 
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3.4.2.4 Synthesis of 2,6-bis((3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine (L4) 

L4 was prepared from 2,6-bis(chloromethyl)pyridine (0.5 g, 2.84 mmol) and 3,5-diphenyl-1H-

pyrazole (1.25 g, 5.68 mmol) following the same procedure as the synthesis of L1. The product 

was isolated as a white solid. Yield: 1.44 g (93 %) 1H NMR: (600 MHz, ppm, CDCl3): δ 5.45 

(s, 4H, CH2), 6.67 (s, 2H, 4-H (pz)), 6.87(d, 2H, Hγ, 2JHH= 6 Hz), 7.30-7.35 (m,16H, Ph) 7.47 

(t,1H, Hγ, 3JHH = 6.0 Hz) 7.84 (d, 4H, Ph, JHH = 12 Hz). 13C{1H} NMR: (150 MHz, ppm, CDCl3): 

δ 54.74 (CH2), 10C26(4-C (pz)), 119.91 (Cβ (py)) 137.99(Cγ (py)),139.75 (3-C (pz)), 148.05 (5-

C (pz)) 157.02 (Cq). FTIR (ATR) ν cm-1: 1575 (C=N) (py). 

3.4.2.5 Synthesis of complex C3.1 

Complex C3.1 was synthesised from 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine (0.072 g, 0.30 

mmol) dissolved in 2.5 mL of dichloromethane and copper chloride dihydrate (CuCl2·2H2O)  

(0.051 g, 0.30 mmol) dissolved in 2.5 mL dichloromethane. The blue solution was stirred at 

room temperature for 24 h. The solution was reduced, and the addition of diethyl ether (3 x10 

mL) resulted in the precipitation of the complex, which was dried under vacuum. The product 

was isolated as a blue solid. Yield: 0.0972 g (87 %). ESI-MS (m/z): 337.02 [M-Cl] Elemental 

Analysis: Calculated (found) for: C13H13Cl2CuN5 C,41.78(41.52); H, 3.51(3.53); N, 18.74(19.5) 

FTIR (ATR) ν cm-1: 1605 (C=N) (py). μeff = 1.88 BM 

3.4.2.6 Synthesis of complex C3.2 

Complex 3.2 was synthesised from 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine 

(0.089 g, 0.30 mmol) dissolved in 2.5 mL of dichloromethane and copper chloride dihydrate 

(CuCl2·2H2O) (0.051 g, 0.30 mmol) dissolved in 2.5 mL dichloromethane. The green solution 

was stirred at room temperature for 24 h. The solution was reduced and the addition of diethyl 

ether (3 x10 mL) resulted in the precipitation of the complex, which was dried under vacuum. 

The product was isolated as a green solid. Yield: 0.1278 g (88 %). ESI-MS (m/z): 358.11 [M-

2Cl]+. Elemental Analysis: Calculated (found) for: C17H27Cl2CuN5O3 C, 42.20(42.94); 

H,5.62(4.72); N, 14.47(14.91). FTIR (ATR) ν cm-1: 1601 (C=N) (py). μeff = 1.86 BM 

3.4.2.7 Synthesis of complex C3.3 

Complex C3.3 was synthesised from 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine 

(0.093 g, 0.20 mmol) dissolved in 2.5 mL of dichloromethane and copper chloride dihydrate 

(CuCl2·2H2O) (0.034 g, 0.20 mmol) dissolved in 2.5 mL dichloromethane. The green solution 

was stirred at room temperature for 24 h. The solution was reduced and the addition of diethyl 

ether (3 x10 mL) resulted in the precipitation of the complex, which was dried under vacuum.  

The product was isolated as a green solid. Yield: 0.0420 g (33%). ESI-MS (m/z): 526.30 [M-
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2Cl]+ Elemental Analysis: Calculated (found) for: C29H49Cl2CuN5O2 C, 54.92(54,78); H, 

7.79(6,75); N, 11.04(11,26). FTIR (ATR) ν cm-1: 1603 (C=N) (py). μeff = 1.89 BM 

3.4.2.8 Synthesis of complex C3.4 

Complex C3.4 was synthesised from 2,6-bis((3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine          

(0.109 g, 0.20 mmol) dissolved in 2.5 mL of dichloromethane and copper chloride dihydrate 

(CuCl2·2H2O) (0.034 g, 0.20 mmol) dissolved in 2.5 mL dichloromethane. The green solution 

was stirred at room temperature for 24 h. The solution was reduced and the addition of diethyl 

ether (3 x10 mL) resulted in the precipitation of the complex, which was dried under vacuum. 

The product was isolated as a green solid. Yield: 0.0804 g (54%). ESI-MS (m/z): 606.17 [M-

2Cl]+. Elemental Analysis: Calculated (found) for: C37H37Cl2CuN5O4 C, 59.24(58.52); H, 

4.97(3.56); N, 9.34(8.96). FTIR (ATR) ν cm-1: 1602 (C=N) (py). μeff = 2.22 BM 

3.4.2.9 Synthesis of complex C3.5 

Complex C3.5 was synthesised from 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine 

(0.089 g, 0.30 mmol) dissolved in 2.5 mL of acetonitrile and copper triflate (Cu(CF3SO3)2 

(0.108 g, 0.30 mmol) dissolved in 2.5 mL acetonitrile. The green solution was stirred at room 

temperature for 24 h. The solution was reduced and the addition of diethyl ether (3 x10 mL) 

resulted in the precipitation of the complex, which was dried under vacuum The product was 

isolated as a green solid. Yield: 0.0955 g (46%). ESI-MS (m/z): 507.06 [M-OTf]+ Elemental 

Analysis: Calculated (found) for: C21H24CuF6N6O6S2 C, 36.13(36.03); H, 3.47(3.40); N, 

12.04(11.80) FTIR (ATR) ν cm-1: 1610 (C=N) (py). μeff = 1.83 BM 

 

3.4.3 Electrocatalytic water oxidation 

CV technique was carried out for electrochemical characterization of the electrocatalysts 

employing a conventional water-jacketed three-electrode electrochemical cell connected to a 

refrigerated temperature controller (Julabo F-12 ED). The counter electrode used was the 

platinum wire (Bio-Logic) and the reference electrode was a Ag/AgCl electrode (Bio-Logic). A 

glassy carbon electrode disc insert (Sigradur G, HTW Germany) with a geometrical area of 

0.196 cm2 was used as the working electrode. Before performing experiments, the glassy 

carbon was polished with 0.05 μM alumina suspension (Gamma Micropolish II, Buehler) and 

was subsequently washed with Milli-Q water, ethanol (Merck), and isopropanol (Merck). The 

working electrode was assembled into a rotating disc electrode setup. Current Potential curves 

of the samples were recorded using a VSP double-channel potentiostat from biologic science 

instruments. Current potential curves of the samples were recorded using a VSP double-

channel potentiostat from BioLogic Science Instruments. 
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3.4.4 Chemical water oxidation 

Oxygen evolution reactions were performed using a standard Clark-type oxygraph electrode 

(Hansatech Instruments) placed in a thermostated cell (25 °C) for all measurements. The 

signal was recorded for the entire duration of the experiment at 1.0 s intervals using the 

Oxygraph+ software (Hansatech Instruments). The signal was calibrated using a mixture (1:1) 

of acetonitrile and water ([O2] = 261 μM, 25 °C).48 Stock solutions of the catalysts were freshly 

prepared by dissolving the complex in acetonitrile. The stock solution was then degassed with 

argon to ensure an oxygen-free solution. Following the addition of the CAN (Sigma Aldrich), 

the cell was purged with argon before catalyst addition.  
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 Synthesis and characterisation of bis(pyrazol-1-

ylmethyl)pyridine-ligated Cu(I) complexes as catalysts 

in chemical and electrochemical water oxidation. 
 

4.1 Introduction 

Copper complexes are attractive as WOCs due to their biomimetic chemistry with oxygen.1-4 

In redox metalloenzymes, copper coordinated to a variety of nitrogen donor ligands produce 

η1 and η2  as well as μ-η1 η2 peroxo complexes. Some of these copper peroxo complexes 

undergo facile and reversible O-O bond formation and cleavage under mild conditions, an 

important mechanistic step in water oxidation. Reports on chemical water oxidation employing 

copper(I or II) complexes are scarce.5 To date, most of the reports on copper(II) water 

oxidation have been studied relative to electrocatalytic water oxidation.6-11 The initial study on 

copper-based molecular electrocatalysts for water oxidation was done by Mayer and 

coworkers12 in an application of a very straightforward Cu-bipyridine system. The 

electrocatalyst was very efficient with a TOF of 100 s-1 in extremely basic solutions (pH range 

11.8 to 13.3) and at a relatively high overpotential (750 mV). Electron paramagnetic resonance 

spectroscopy (EPR) was used to ascertain the nature of the species in solution, with 

(bpy)Cu(OH)2 proposed as the active intermediate of the catalyst beyond pH 12. Praneeth et 

al.9 reported a multinuclear copper complex ligated by 1,3-bis(6-hydroxy-2-pyridyl)-1H-

pyrazole active in electrocatalytic water oxidation at an overpotential of 500 mV at pH 12.5. 

UV-Vis spectroscopy and energy-dispersive X-ray (EDX) spectroscopy were used to 

demonstrate that the catalyst operates as a homogeneous molecular catalyst. Najafpour et 

al.13 reported a copper(II) complex [(L)Cu(NO3)], (L = deprotonated (E)-3-(pyridin-2-

yldiazenyl)-naphthalen-2-ol) evaluated towards both electrocatalytic and chemical water 

oxidation. The complex was not active towards chemical water oxidation using CAN due to its 

instability in acidic solution. Electrocatalytic water oxidation at pH 11 led to the decomposition 

of the molecular complex to form CuO nanoparticles. Scanning electron microscopy (SEM) 

and EDX analysis confirmed that the copper complex is not a molecular homogeneous water 

oxidation catalyst. Li et al.14 evaluated a tetranuclear chair-like copper(II) complex 

[Cu4(bpy)4(µ2-OH)2(µ3-OH)2(H2O)2][C8H4O4]2 (bpy = 2,2′-bipyridine, C8H4O4 = terephthalate 

dianion) containing aqua- and bridging μ-hydroxo ligands in electrocatalytic water oxidation at 

neutral pH. The complex oxidised water at an overpotential of 730 mV in a phosphate buffer 

at pH 7. Homogeneity of the catalyst during the electrocatalysis was confirmed. The working 

pH plays a vital role in the stability of homogeneous electrocatalytic water oxidation catalysts. 

Lu et al.15 observed an entirely homogeneous oxidation of water at pH 8; however, the 

formation of heterogeneous species was observed at pH 12 during electrocatalytic water 
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oxidation catalysed by diamine Cu(II) complexes. Copper, an inexpensive and abundant 

metal, has shown a great deal of potential in the development of efficient electrocatalytic water 

oxidation catalysts; however, there is still a lack of chemically-driven water oxidation 

processes that employ copper complexes.  

In this chapter, we report the preparation of novel bis(pyrazol-1-ylmethyl)pyridine copper(I) 

complexes bearing different donating groups on the pyrazole ring, which are the first Cu(I) 

complexes that display activity for chemically-driven water oxidation under acidic conditions 

(pH 1) and electrocatalytic water oxidation under a neutral pH of 6.5. 

 

4.2 Results and discussion 

4.2.1 Ligand and complex synthesis 

Bis(pyrazol-1-ylmethyl)pyridine Cu(I) complexes, C4.1 to C4.4, were synthesised following 

previously reported procedures for bis(pyrazol-1-ylmethyl)pyridine ligands16-17 and 

[Cu(MeCN)4PF6] (Scheme 4.1). The synthesis resulted in the preparation of four complexes 

bearing different groups on the pyrazolyl moiety, namely H (C4.1), Me (C4.2), t-Bu (C4.3), and 

Ph (C4.4), which were isolated in moderate to good yields, C4.1 (88%), C4.2 (72%), C4.3 

(70%), C4.4 (65%). The complexes were characterised by a variety of spectroscopic and 

analytical techniques, including Fourier-transform infrared (FTIR) spectroscopy, magnetic 

susceptibility, nuclear magnetic resonance (NMR) spectroscopy, electrospray ionisation mass 

spectrometry (ESI-MS), elemental analysis, and single-crystal X-ray diffraction (scXRD). 

 

Scheme 4.1: Preparation of the bis(pyrazol-1-ylmethyl)pyridine Cu(I) complexes, C4.1 to C4.4 

 

 

Magnetic susceptibility studies were conducted in acetonitrile at room temperature. The μeff-

values for C4.1 to C4.4 were zero, which confirmed that these complexes are diamagnetic in 
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the +1 oxidation state.18-19 As such, they were further characterised by NMR (1H and 13C) 

spectroscopy. Figure 4.1 and Figure 4.2 show examples of  1H and 13C NMR spectrums of 

complex C4.2.  In the 1H NMR spectra of complexes C4.1 to C4.4, the methylene and pyrazole 

protons were observed in the range of  5.21 to 5.71 and 6.02 to 7.09 ppm, respectively, 

coinciding with a downfield shift in comparison to the free ligands, which is characteristic of 

the coordination of the ligand to the metal centre.20-22 Analogous shifts of the methylene and 

pyrazole carbon resonances were observed in the 13C NMR spectra of C4.1 to C4.4. It should 

be noted that C4.1 oxidised rapidly in solution, leading to NMR spectral data which is 

characteristic of a paramagnetic species shown in the appendix. This is attributed to the 

destabilising effect of the noncoordinating PF6 anion. NMR spectral data of the chloro 

analogue of C4.1 was consistent with a diamagnetic Cu(I) system. 

 

 

Figure 4.1: 1H (Dichloromethane-d2) NMR spectrum of  ligand C4.2 
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Figure 4.2: 13C{H} (Dichloromethane-d2)  NMR of C4.2 

 
Table 4.1: FTIR stretching frequencies of (C=N) (py)  in the ligands and complexes 

Ligand (C=N) (py) ν cm-1 Complex (C=N) (py) ν cm-1 

L1 1596 C4.1 1600 

L2 1579 C4.2 1600 

L3 1593 C4.3 1604 

L4 1575 C4.4 1597 

 

 FTIR analysis of C4.1 to C4.4 showed a slight shift in the  C=N
 absorption band to lower 

wavenumbers in the range 1597 to 1604 cm-1 as shown in Table 4.1, further confirming 

successful complexation.23-24 Complexes C4.1 to C4.4 were also characterised by ESI-MS 

operating in positive ion mode. The molecular ion peak was identified as the cationic species 

at m/z 302.05, 358.11, 526.30, 606.17 for complexes C4.1 to C4.4, respectively. Figure 4.3 

shows a fragmentation pattern of complex C4.2. Finally, elemental analysis of C4.1 to C4.4 

established the bulk purity of the isolated complexes. 
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Figure 4.3: ESI-MS spectrum of complex C4.2 

 

The molecular structures of complexes C4.2, C4.3, and C4.4 were established with single-

crystal XRD analysis. Diffraction quality crystals were obtained by slow diffusion of diethyl 

ether into saturated dichloromethane solutions of the complexes at 4 C. Ellipsoid diagrams 

for C4.2, C4.3, and C4.4 are provided in Figure 4.4, while crystallographic data and selected 

bond lengths and angles are provided in Table 4.2 and 4.3, respectively. The coordination 

geometry around the metal centre for C4.2, C4.3, and C4.4 is a distorted T-shape, with N1-

Cu1-N3 and N3-Cu1-N3′ bond angles in the range 89 to 98 and 173, respectively. The Cu1-

N1 (pyridine) bond lengths were in the range of 2.075 to 2.110 Å. In the case of complex C4.2, 

the Cu1-N3/3′ (pyrazole) bond lengths were in the range of 2.058 to 2.076 Å. In contrast, the 

Cu1-N3/3′ (pyrazole) bond lengths were slightly shorter for C4.3, in the range of 1.924 to 1.940 

Å. The shortest bond lengths for Cu1-N3/3′ (pyrazole) in the range of 1.910 to 1.907 Å were 

observed for complex C4.4. The introduction of bulkier groups reduces the Cu1-N3/3′ 

(pyrazole) bond length as a result of steric effects.25 The observed bond lengths are within 

range for analogous Cu(I) complexes reported in the literature.26-28 

 

[M]+ 
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Figure 4.4: Ellipsoid diagrams of C4.2, C4.3, and C4.4, respectively, drawn at 50% probability. 
Hydrogen atoms were omitted for clarity. 

 

 

 

 

 

 

                                                                                                                                                                         

 

 

 

 

 

 

 

C4.2 
C4.3 

C4.4 



Chapter 4: Synthesis and characterisation of bis(pyrazol-1-ylmethyl)pyridine-ligated Cu(I) 
complexes as catalysts in chemical and electrochemical water oxidation. 

67 
 

Table 4.2: Crystal data and refinement for C4.2, C4.3, and C4.4 

 

 

 

Parameter C4.2 C4.3 C4.4 

Chemical formula C17H21CuF6N5P C29H45CuF6N5P C37H29CuF6N6P 

Formula weight 

(g/mol) 

503.90 670.21 753.15 

Temperature (K) 293(2) 293(2) 273(2) 

Wavelength (Å) 0.71076 0.71076 0.71076 

Crystal size (mm) 0.200 x 0.200 x 

0.200 

0.200 x 0.200 x 

0.200 

0.097 x 0.111 x 

0.279 

Crystal system Monoclinic Orthorhombic Monoclinic 

Space group P 1 21/n 1 P 21 21 21 P 1 21/c 1 

a (Å) 8.2344(6) 11.3842(9) a = 11.7594(5) 

b (Å) 14.8317(10) 15.6425(10) 23.6227(11) 

c (Å) 17.2444(12) 18.2628(13) 13.1379(6) 

α (deg) (°) 90 90 90 

β (deg)(°) 95.076(5) 90 112.115(2) 

γ (deg)(°) 90 90 90 

Volume (Å3) 2097.8(3) 3252.2(4) 3381.1(3) 

Z 4 4 4 

Dcalc (g/cm3) 1.589 1.369 1.480 

Absorption 

coefficient (mm-1) 

1.182 0.781 0.763 

F(000) 1020 1404 1536 

Goodness of Fit on 

F2 

1.287 1.192 1.496 

Final R1 indices 

[I>2σ(I)] 

0.0799 0.0507 0.664 

wR2 [ I>2σ(I)] 0.1818 0.1369 0.1951 
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Table 4.3: Selected bond lengths and bond angles for C4.2, C4.3, and C4.4 

Bond lengths (Å) C4.2 C4.3 C4.4 

Cu1-N1 2.075(4) 2.110(3) 2.101(3) 

Cu1-N3 2.077(5) 1.924(4) 1.910(2) 

Cu1-N3 2.058(5) 1.940(4) 1.907(2) 

             Bond Angles (Deg) (°)  

N1-Cu1-N3 89.2(2) 92.3(2) 95.41(1) 

N1-Cu1-N3 97.6(2) 93.9(1) 93.41(1) 

N3-Cu1-N3 173.2(2) 173.2(2 171.12(1) 

 

4.2.2 Cu(I)-catalysed chemically-driven water oxidation  

The copper(I) complexes C4.1 to C4.4 were investigated as pre-catalysts for chemically-driven 

water oxidation (Scheme 4.2). Oxygen evolution was recorded as a function of time on a 

Hansatech Oxygraph (Hansatech Instruments Ltd, Norfolk, England), with the oxygen 

evolution curves shown in Figure 4.5. 

 

Scheme 4.2: Chemically driven water oxidation catalysed by C4.1 to C4.4 

 

The activity of C4.1 to C4.4 towards water oxidation was investigated in the presence of CAN 

at pH 1. The arrow indicates the point of addition of the catalyst to the reaction mixture. From 

the slope of the curves, it is evident that all of them are catalytically active. Complex C4.2 was 

the most active followed by C4.3 with TOF-values of 0.31 and 0.14 s-1 respectively, whereas 

C4.4 is the least active with a TOF of 0.0086 s-1.  
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Figure 4.5: Oxygen evolution curves for Cu(I) complexes C4.1 to C4.4  

 

The results obtained in these reactions are summarised in Table 4.4. Copper(I) complexes 

having electron-donating substituents such as Me (C4.2) and t-Bu (C4.3) showed higher 

activity with a TON of 4.6 and 3.96, and TOF of 0.31 and 0.14 s-1 respectively, while complexes 

containing unsubstituted pyrazole (C4.1) and the phenyl substituent (C4.4) resulted in lower 

activities with a TON of 2.67 and 2.30, and TOF of 0.13 s-1 and 0.0086 s-1, respectively. The 

comparatively higher activity of C4.2 and C4.3 can be attributed to the electron-donating ability 

of the substituents on the ligand framework. The presence of electron-donating groups in the 

ligand framework lowers the oxidation potential of the metal centre, which, in turn, increases 

the observed water oxidation efficiency.29-31 Das et al.32 made a similar observation with their 

two structurally similar heteroleptic Ru-complexes having t-Bu and NO2 groups on the 

terpyridine ligand as electron-donating and electron-withdrawing substituents.  
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Table 4.4: Summary of results of different copper(I) complexes towards chemical water oxidation with 
CAN 

Entry Catalyst aTON bTOF 

1 C4.1 2.67 0.13 

2 C4.2 4.60 0.31 

3 C4.3 3.96 0.14 

4 C4.4 2.30 0.0086 

Reaction conditions: 25 μM, [CAN]: 110 mM, solvent: MeCN: H2O (1:1, 2 mL); a) TON after 5 minutes 
reaction time; b) TOF was calculated from the steepest slope of the TON curve over a 5 second period. 

 

The results from Figure 4.5 and Table 4.4 are also supported by cyclic voltammetry (CV) 

studies (Figure 4.6). Figure 4.3(Inset) shows an irreversible wave assigned to the first 

oxidation of complex C4.2 from Cu(I) to Cu(II) at Epa +0.224 V (vs normal hydrogen electrode 

(NHE)).14 Complexes C4.1 to C4.4 showed a reversible Cu(III)/Cu(II) couple with E1/2-values 

in the range +0.56 to +0.83 V (vs NHE).33 Complex C4.2 had the lowest oxidation potential 

(E1/2 = +0.56 V) and was the most efficient pre-catalyst for chemically-driven water oxidation 

(TON and TOF of 4.6 and 0.31 s-1 respectively). The most positive oxidation potential (E1/2 = 

+0.83 V) was observed for the least active phenyl (acting as an electron-withdrawing group) 

substituted complex C4.4. The oxidation potentials of the unsubstituted complex C4.1 and the 

t-butyl substituted complex C4.3 were E1/2 = +0.59 V and +0.82 V, respectively. Although C4.3 

had a more positive oxidation potential than C4.1, it was more stable under the highly acidic 

conditions, as it had a TON of 3.96. Steric effects can be a contributing factor to the stability 

of the metal-bound substrate intermediate during a catalytic cycle.30 Therefore, the activity of 

these catalysts is influenced by both electronic and steric effects on the pyrazolyl moiety of 

the catalyst. 
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Figure 4.6: CVs of the Cu(I) complexes (0.5 mM) performed in 0.1 M Bu4NPF6 in acetonitrile with the 
glassy carbon as the working electrode, platinum wire as a counter electrode, and Ag/AgCl 
as the reference electrode. The scan rate was 10 mV s-1. Inset: A cyclic voltammogram 
showing irreversible wave assigned to the first oxidation of Cu(I) to Cu(II) for complex C4.2. 
The reversible waves showing the reversible Cu(III)/Cu(II) couple of C4.1 to C4.4 

Complex C4.2 was chosen for further investigations towards water oxidation due to its high 

activity. The rate dependency on [Cu] was studied and the data is illustrated in Figure 4.7. The 

initial rate was determined from the first 5 seconds of the reaction time after the addition of the 

catalyst. At low concentrations of 2.5-10 μM, a non-linear dependency between the catalyst 

concentration and the dioxygen evolution was observed, which is characteristic of a second-

order reaction (Figure 4.7a). This suggests the formation of copper dimers at low catalyst 

concentration prior to catalyst activation.34-36 As the concentration increases, the initial reaction 

rate becomes first order as a function of [Cu], which is indicative of only one Cu complex being 

involved in the O-O bond formation step, and therefore water oxidation proceeds via water 

nucleophilic attack (Figure 4.7b).36-38 The similar change in reaction order as the concentration 

increases was also observed by Shaffer et al.39 where ruthenium bipyridine-dicarboxylate 

complexes were investigated in CAN-driven water oxidation.  
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Figure 4.7: Initial rate data of the catalyst system studied using C4.2 and 110 mM CAN as the primary 

oxidant showing a, second-order at low concentrations and b, first-order at higher 
concentrations  

 

The effect of [CAN] on the activity was studied at high [Cu] associated with mononuclear Cu(I) 

species using C4.2 (25 μM) as shown in Figure 4.8. At low [CAN], the rate shows a linear 

dependency on the concentration of CAN, attributed to the formation of a Cu-CAN complex at 

low [CAN].40 At a higher [CAN] (>10 mM), the reaction order is observed to be zero indicating 

saturation behaviour. Therefore, the rate-determining step at low Ce(IV) concentrations could 

be viewed as an interaction between the oxidant and the catalyst forming a Cu-CAN active 

complex. At high CAN concentrations, the Cu-CAN interaction is reversible and independent 

of [CAN], and therefore a zero reaction order is observed.37, 40 The addition of excess amounts 

of CAN does not lead to an increase in the activity of the catalyst.38 This could be due to 

catalyst decomposition caused by ligand oxidation or hydrolysis of the metal centre due to the 

highly acidic medium.  
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Figure 4.8: Effect of CAN on the activity of the catalyst studied using 25 μM C4.2. 

 

Other chemical oxidants such as sodium m-periodate (NaIO4) and sodium persulfate 

(Na2S2O8) were studied in chemically-driven water oxidation using C4.2, as illustrated in Table 

4.5. The initial pH of the solution was dependent on the oxidant used, with CAN having the 

lowest pH of 1, while the use of Na2S2O8 exhibited a pH of 2.23 and NaIO4 a pH of 4.50. CAN 

resulted in the highest activity with the highest TON (4.6) and TOF (0.31 s-1) among the three 

investigated oxidants. Although Na2S2O8 had the lowest TOF (0.044 s-1), the catalyst is more 

stable exhibiting the second highest TON of 4.02. These results demonstrate that the catalyst 

is most active in highly acidic conditions with CAN as the primary oxidant and Cu-CAN is the 

active form of the catalyst, as was proposed by Codola et al.40 with their highly active Fe-

complex. 

 

Table 4.5: The effect of a chemical oxidant on the TON and TOF of water oxidation 

Oxidant Concentration 

(mM) 

TONa TOFb 

CAN 110 4.6 0.31 

Sodium-m-

periodate 

110 3.77 0.14 

Sodium persulfate 110 4.02 0.044 

Reaction conditions: 25 μM, Solvent: MeCN:H2O (1:1, 2 mL); a) TON after 5 minutes’ reaction time; b) 
TOF was calculated from the slope of the first 5 seconds on the TON curve 
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4.2.3 Cu(I)-catalysed electrocatalytic water oxidation  

 

Scheme 4.3: Electrocatalytic water oxidation using Cu(I) complexes C4.1 to C4.4 

 

4.2.3.1 The effect of catalyst structure on electrocatalytic water oxidation 

Cu(I) complexes C4.1 to C4.4 were evaluated as pre-catalysts for electrocatalytic water 

oxidation in a phosphate buffer (Scheme 4.3) using CV (Figure 4.9). The Cu(I) complexes are 

insoluble in aqueous solutions; therefore, the complexes were first dissolved in a solution of 

acetonitrile and 0.1 M NBu4PF6 (supporting electrolyte) followed by the addition of 20% (v/v) 

0.2 M phosphate buffer (pH 6.5). The solution was degassed with nitrogen for 15 minutes, 

prior to each experiment. The CVs were obtained under air using a glassy carbon working 

electrode (GCE), Ag/AgCl reference electrode, and a platinum wire counter electrode. 

Potentials were measured versus Ag/AgCl electrode and are reported versus NHE through 

the addition of +0.199 V to the measured potential.  

 

 

Figure 4.9: CVs of Cu(I) complexes C4.1 to C4.4 [0.42 mM] in a mixture of MeCN and 20% (v/v) 
phosphate buffer (0.2 M, pH 6.5) recorded at a scan rate of 100 mV s-1. 
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On scanning at 100 mV s-1 from 0.0 to +1.7 V, solutions of 0.42 mM in MeCN and 0.2 M 

phosphate buffer at pH 6.5, all complexes C4.1 to C4.4 exhibited a reversible oxidation peak 

between E1/2  = +0.56 V and +0.83 V assigned to the Cu(III)/Cu(II) redox couple.33 This was 

followed by a large irreversible pH-dependent oxidation wave with an onset potential from 

+1.52 V to +1.63 V attributed to the oxidation of water. This irreversible wave is absent on the 

CV of the complex in a solution of MeCN and 0.1 M NBu4PF6; however, the wave emerges 

upon the addition of 20% (v/v) 0.2 M phosphate buffer (pH 6.5) as illustrated for complex C4.2 

in Figure 4.10. 

 

 
Figure 4.10: CVs of Cu(I) complex C4.2 [0.5 mM] in a solution of MeCN and 0.1 M NBu4PF6 (blue) and 

C4.2 [0.42 mM] in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) 
(orange) recorded at a scan rate of 100 mV s-1. 

 

The activities of complexes C4.1 to C4.4 were compared based on the overpotential at pH 6.5 

(Table 4.6). Complex C4.2 had the lowest overpotential of 674 mV and a TOF of 9.77 s-1 

making it the most active complex among the four catalysts used in this study. In comparison 

to literature, complex C4.2 has a lower overpotential and higher TOF than most reported 

copper pre-catalysts (Table 4.6 entries 7-12). However, our most active pre-catalyst, C4.2, still 

falls short in comparison to the current state of the art in copper-catalysed electrocatalytic 

water oxidation (Table 4.6, entries 5-6 and 13). The most active copper electrocatalyst is the 

recently reported tetra-amidate macrocyclic ligated copper complex which efficiently catalysed 

water oxidation at a very low overpotential of 200 mV and the highest TOF of 140 s-1 in 

phosphate buffer at pH 7.41  Complex C4.1 had the second-lowest overpotential of 744 mV 

followed by complex C4.3 at 774 mV. The least active complex, with the highest overpotential 

of 784 mV, was complex C4.4. The overpotentials of the Cu(I) complexes are within the range 

of reported copper complexes studied at near-neutral pH (500-1000 mV).14, 42-43 The order of 

overpotentials from lowest to highest is dependent on the oxidation potentials (CuIII/CuII) of the 
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complexes. Complex C4.2 with the lowest oxidation potential of E1/2 = +0.56 V resulted in the 

lowest overpotential of 670 mV, whereas complex C4.4 with the highest oxidation potential of 

E1/2 = +0.83 V resulted in the highest overpotential of 780 mV. The order of activity based on 

TOF for the electrocatalytic water oxidation was as follows: C4.2 > C4.4 > C4.1 > C4.3, 

whereas in CAN-driven water oxidation the order of activity based on TOF was: C4.2 > C4.3 

> C4.1 > C4.4. Complex C4.2 is the most active in both the CAN-driven chemical water 

oxidation and electrocatalytic water oxidation; however, the least active complex C4.4 in CAN-

driven water oxidation had the second-highest TOF of 1.47 s-1 for electrocatalytic water 

oxidation. The difference in activity trends between chemical water oxidation and 

electrocatalytic water oxidation was also observed by Olivares et al.44 with iridium complexes 

containing C, N‐bidentate chelating triazolylidene‐pyridyl ligands as catalysts. They observed 

enhanced activity for CAN-driven water oxidation in the presence of electron-donating groups 

on the ligand scaffold, whereas in electrocatalytic water oxidation, the activity is highest when 

the triazolylidene ligand is unsubstituted. It indicates an I2M (binuclear) type mechanism 

where steric plays an important role, instead of a WNA mechanism in electrocatalytic water 

oxidation with these systems.45 As observed in Table 4.6, there is no clear correlation between 

overpotential and TOF, since a catalyst can have a low overpotential and a low TOF. However, 

complex C4.2, which had the lowest overpotential in this study, also had the highest TOF 

among the four complexes. 
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Table 4.6: Calculated overpotentials of copper complexes C4.1 to C4.4 at pH 6.5 

Entry Catalyst 46 
(mM) 

pH Overpotentiala 
/mV 

TOFb/ 
s-1 

Reference 

1 C4.1 0.42 6.5 744 0.33 This work 

2 C4.2 0.42 6.5 674 9.77 This work 

3 C4.3 0.42 6.5 774 0.30 This work 

4 C4.4 0.42 6.5 784 1.47 This work 

5 Cu porphyrin 1.0 7.0 300 30 46 

6 [(Py3P)Cu(OH)]- 0.7 8.0 400 20 47 

7 [Cu2(BPMAN)(m-OH)]3+ 1.0 7.0 800 0.60 43 

8 [Cu(en)2]2+ 1.0 8.0 540 0.40 15 

9 [Cu4(bpy)4(µ2-OH)2 

(µ3-OH)2(H2O)2]2+ 
1.0 7.0 730 - 14 

10 [Cu(TPA)(OH2)]2+ 1.0 7.0 970 0.10 48 

11 Cucyclam 1.0 7.0 880 - 42 

12 CuMe4cyclam 1.0 7.0 880 - 42 

13 CuTAML 1.0 7.0 200 140 41 

a The overpotential was calculated as follows: Overpotential = Eonset-(1.23-(0.059pH)). Eonset is extrapolated from the CV using the tangent method. b TOF was 
calculated from the slope of icat/ip vs 1/v1/2 . Abbreviations used in this table: porphyrin = tetrakis(4-N-methyl-pyridyl)porphyrin, Py3P = N,N-bis(2-(2-
pyridyl)ethyl)pyridine-2,6-dicarboxamidate, bpman = 2,7-[bis(2-pyridyl-methyl)aminomethyl]-1,8-naphthyridine, en = 1,2-ethylenediamine, bpy = 2,2′-
bipyridine,TPA = tris-(pyridylmethyl) amine, cyclam = 1,4,8,11-tetraazacyclotetradecane, Me4cyclam = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane 
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4.2.3.2 Kinetic studies 

The effect of catalyst concentration on the catalytic current was studied using complex C4.2 

in 0.2 M phosphate buffer at pH 6.5 (Figure 4.11). The catalytic current at 1.7 V varies linearly 

with catalyst concentration at low concentrations (< 0.1 mM). This indicates that water 

oxidation occurs at a single site and that O-O bond formation proceeds via a water nucleophilic 

attack mechanism.47, 49-51 Although this is the most common O-O bond formation pathway in 

electrocatalytic water oxidation involving copper complexes, it is disputed by Koepke et al.7 

who suggest that molecular copper-catalysed water oxidation O-O bond formation does not 

proceed through the WNA mechanism, instead, the I2M mechanism is thermodynamically 

more favourable. Intermolecular WNA and redox isomerisation of the dimer were concluded 

in energetically accessible pathways. It should be noted that their results were obtained at pH 

12.5, significantly higher than the operating pH in this study. Kafentzi et al.52 studied 

electrocatalytic water oxidation using a copper(II) complex, [(RPY2)Cu(OTf)2] (RPY2 = N-

substituted bis[2-pyridyl(ethylamine)] ligands; R = indane; OTf = triflate). At neutral pH 6 to 8, 

the complex was suggested to catalyse water oxidation at a single site with O-O bond 

formation proceeding via the WNA mechanism. At higher pH, catalysis ceased and can be 

attributed to the formation of dinuclear copper(II) species. Changes in copper complex 

speciation induced by pH changes were also observed by Barnett et al.12 where a copper 

bipyridine complex was studied in electrocatalytic water oxidation. EPR spectroscopic studies 

showed that at pH-values lower than 8, a monomeric aquo complex [(bpy)Cu(H2O)2]2+ is 

observed, whereas at pH-values 8 to 12, the dimeric form of the complex [(bpy)Cu(μ-OH)2]2+ 

is dominant. At pH higher than 12, a monomeric bis-hydroxide (bpy)Cu(OH)2 is observed. The 

literature reports suggest that at near-neutral pH, monomeric species are most likely to be 

responsible for water oxidation catalysis; therefore, O-O bond formation proceeds via the WNA 

mechanism. 
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Figure 4.11: The effect of concentration of the catalytic current at 1.7 V studied using complex C4.2 at 

pH 6.5. 

 

The effect of scan rate on the catalytic current was evaluated for C4.1 to C4.4. The catalytic 

oxidation wave at 1.7 V was scan rate dependent as shown for C4.2 in Figure 4.12. The current 

at 1.7 V was linearly dependent on the square root of the scan rate, which is indicative of a 

diffusion-limited process, thereby indicating a homogeneous water oxidation.53 

 

 
Figure 4.12: Scan rate dependence of 0.42 mM C4.2 scanned at 100 to 4 000 mV/s. Inset: Linear scan 

rate dependence of the catalytic current at 1.7 V versus the square root of the scan rate 

 

 

 

 

 

 

 

 



Chapter 4: Synthesis and characterisation of bis(pyrazol-1-ylmethyl)pyridine-ligated Cu(I) 
complexes as catalysts in chemical and electrochemical water oxidation. 

80 
 

A graph of catalytic current/peak current as a function of 1/(scan rate)1/2 was plotted as shown 

in Figure 4.13. From equations (4.1) to (4.4) kcat, which is the catalytic TOF, was calculated 

from the slope of the graph.53-55 

Icat = ncatFA[Cu](kcatDCu)1/2 (4.1) 

In equation 1 ncat = 4, which is the number of electrons transferred during water oxidation, F 

is the Faraday constant, A is the electrode surface area in cm2, [Cu] is the concentration of 

the catalyst (in mol/L), and DCu is the diffusion coefficient of the catalyst. The peak current for 

the non-catalytic redox couple Cu(III/II)  at E1/2 = +0.56 vs NHE varies linearly with the square 

root of the scan rate. The result is consistent with the Randles-Sevcik equation. 

ip = 0.4633nFA[Cu](nFvDCu/RT)1/2 (4.2) 

At 25 C equation (4.2) becomes (4.3): 

ip = 2.69 x 105n3/2ADCu
1/2 [Cu] v1/2 (4.3) 

The ratio of equation (1)/(2), icat/ ip results in equation (4.4) 

icat/ ip = (0.359 nc/np
3/2kcat1/2)1/v1/2 (4.4) 

where nc is the number of electrons transferred during water oxidation (4 electrons), np is the 

number of electrons transferred in a non-catalytic redox event for the Cu(III/II) couple (1 

electron), and v is the scan rate. Catalytic turnover frequency, kcat (TOF) is calculated from the 

slope of the plot icat/ip vs 1/v1/2. 

 

 

Figure 4.13: A graph of catalytic current/peak current (Icat/Ip) as a function of 1/(ν)1/2 studied using 
complex C4.2 
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4.2.3.3 pH dependence studies 

The effect of pH on the Cu(I) catalysed electrocatalytic water oxidation was investigated using 

complex C4.2 as shown in Figure 4.14. A decrease in the onset potential was observed upon 

increasing the pH from 4.0 to 6.5 consistent with a proton-coupled electron transfer (PCET) 

process.33, 50 The onset potential for water oxidation displays pH dependence with a slope of 

44mV/pH (Figure 4.14 Inset).  

 

 

Figure 4.14: CVs showing the effect of pH on the activity of the catalyst studied by complex 0.42 mM 
C4.2 in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M) pH 4 to 6.5 recorded 
at a scan rate of 100 mV s-1.Inset:The effect of pH on the onset potential studied in 0.42 
mM C4.2 a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M) pH. The onset 
potential was determined using the tangent method. 

 

4.2.3.4 Evidence for homogeneous catalysis 

Investigating the integrity of molecular WOCs is often necessary as there is a possibility of 

catalyst degradation and nanoparticle formation. In such cases, nanoparticles are the active 

species for water oxidation instead of the molecular catalyst.56-57 During electrocatalysis, no 

discolouration of the electrodes was observed and suggests that no electrodeposition of 

nanomaterials took place on the electrode. The absence of electrodeposition after six cycles 

was confirmed by using a rinsed electrode in a blank solution as shown in Figure 4.15. The 

current observed was the same as that of the new polished electrode, and therefore no 
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electrodeposition was observed after six cycles. The post-electrolysis solution of 0.42 mM 

C4.2 in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) was analysed by 

dynamic light scattering (DLS). The DLS results in Figure 4.16 show that there are no copper 

oxide nanoparticles generated in the solution. All the above-mentioned methods, which 

probed the true nature of the catalyst, proved that the catalyst is entirely homogeneous, and 

no heterogeneous species were observed. 

 

 

Figure 4.15: CVs in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) of 0.42 mM 
C4.2 (blue) after six cycles, followed by a rinsed electrode in a fresh blank solution (orange) 
and a new polished electrode in blank solution (grey), recorded at a scan rate of                    
100 mV s-1. 

 

 

a 
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Figure 4.16: a Data graph of the background against a 0.42 mM C4.2 in a mixture of MeCN and 20% 
(v/v) phosphate buffer (0.2 M, pH 6.5) in the absence of the electrolyte; b, particle 
distribution in the absence of the supporting electrolyte determined by DLS measurements 
post-electrolysis of 0.42 mM C4.2 in a mixture of MeCN and 20% (v/v) phosphate buffer 
(0.2 M, pH 6.5)  

 

4.2.3.5 Stability of the catalyst 

The stability of the catalyst was investigated by scanning the electrolyte 150 times in the CV 

from -0.5 to +2V (Figure 4.17). The shape of the curve changed slightly as the number of 

cycles increased due to the formation of oxygen bubbles on the surface of the glassy carbon 

electrode, which interferes with the analysis. The current increased slightly after 33 cycles, 

which hinted at the formation of additional active species. Therefore, electrodeposition on the 

glassy carbon after 150 cycles was investigated by using a rinsed electrode in a fresh blank 

solution (Figure 4.18). A catalytic current was observed, which confirmed the electrodeposition 

of nanoparticles on the electrode surface, implying catalyst degradation over time and points 

to the catalyst not being stable over a long period. 

 
Figure 4.17: CVs in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) of 0.42 mM 

C4.2 scanned 150 times at a scan rate of 100 mV s-1 

b 
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Figure 4.18: CVs in a mixture of MeCN and 20% (v/v) phosphate buffer (0.2 M, pH 6.5) of 0.42 mM 

C4.2 (blue) after 150 cycles, followed by a rinsed electrode in a fresh blank solution 
(orange) and a new polished electrode in blank solution (grey), recorded at a scan rate of                   
100 mV s-1. 

 

4.3 Conclusions 

Novel bis(pyrazol-1-ylmethyl)pyridine copper(I) complexes bearing different groups on the 

pyrazolyl moiety, C4.1-C4.4, were successfully synthesised and characterised. Complexes 

C4.1- C4.4 show activity towards chemically driven water oxidation with CAN as the primary 

chemical oxidant. The complexes show stability under extremely acidic conditions of pH ~1. 

Complex C4.2 bearing a methyl group on the pyrazole was the most active catalyst with a 

TON and TOF of 4.6 and 0.31 s-1, respectively. The substituents on the pyrazolyl moiety had 

a significant influence on catalytic activity, with electron-donating groups resulting in higher 

activities. The initial rate order changes with catalyst concentration as the reaction is second-

order at low [Cu], whereas at high [Cu] concentration the reaction is first order. Therefore, 

depending on [Cu], O-O bond formation proceeds via both the I2M and WNA mechanistic 

pathways. Complexes C4.1-C4.4 were active for electrocatalytic water oxidation under applied 

potential differences in solutions of MeCN and phosphate buffer at near-neutral pH of 6.5. 

Complex C4.2 resulted in the lowest overpotential of 674 mV and the highest TOF of 9.77 s-1 

among the four complexes, which, to the best of our knowledge, is better than most of the 

reported copper complexes that operate at neutral pH. The catalytic current at 1.7 V showed 

a linear dependence on the concentration of the catalyst, which suggests single-site water 

oxidation catalysis taking place via the WNA mechanism. A PCET process is involved in water 

oxidation since the onset potential decreased with increasing pH. The order of reactivity of the 

complexes between chemical and electrocatalytic water oxidation differed slightly due to 

different reaction conditions and corresponding different water oxidation mechanisms. 
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Regardless, complex C4.2 was the most active among the catalysts evaluated in this study 

for both chemical and electrocatalytic water oxidation. 

4.4 Experimental Section 

4.4.1 General considerations 

All moisture and oxygen-sensitive reactions were performed using Schlenk techniques. The 

solvents were distilled under a nitrogen atmosphere using Na metal for diethyl ether and CaH2 

for dichloromethane as drying agents. The metal precursor tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(MeCN)4PF6) was purchased from Sigma Aldrich and used as 

received. The oxidants CAN(Sigma Aldrich), sodium-m-periodate (Sigma Aldrich), and sodium 

persulfate (Sigma Aldrich) were used as received. NMR (1H and 13C) spectra were recorded 

on a Bruker Ultrashield Plus at 600 MHz and 151 MHz respectively. FTIR analysis was done 

on a Bruker Alpha-P range infrared instrument fitted with ATR in the range of 400 to               

4000 cm-1. Magnetic susceptibility studies were done using a Sherwood Scientific MK1 with 

4mm diameter sample tubes containing 50 mM of the sample. Mass spectrometry was 

performed on Bruker microTOF-Q II mass spectrometer. Elemental analysis was performed 

on a Perkin Elmer 2400 Elemental Analyzer. CV studies were done on a BioLogic VSP 

potentiostat employing a water-jacketed electrochemical cell connected to a refrigerated 

temperature controller (Julabo F-12 ED). DLS studies were performed on a Mastersizer 2000 

Ver. 5.60 from Malvern instruments. 

 

4.4.2 Synthesis of complexes 

4.4.2.1 Synthesis of complex C4.1 

A solution of 2,6-bis(1H-pyrazol-1-yl)methyl)pyridine (L1, 0.060 g, 0.25 mmol) in 2.5 mL 

dichloromethane was added to a solution of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(MeCN)4PF6) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The 

resulting green solution was stirred under argon for 2 h at room temperature. The solution was 

reduced, and the addition of diethyl ether (3 x 10 mL) resulted in the precipitation of the 

complex, which was dried under vacuum. The complex was isolated as a green solid. Yield: 

0.0978 g (88 %). FTIR (ATR) ν cm-1: 1600 (C=N). ESI-MS (m/z): 302.05 [M]+. Analysis calc. 

(found) for C13H13CuF6N5P: C 34.87 (35.0); H 2.93 (3.21); N 15.64 (14.78). 

4.4.2.2 Synthesis of complex C4.2 

A solution of 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine (L2, 0.074 g, 0.25 mmol) in 

2.5 mL dichloromethane was added to a solution of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(MeCN)4PF6) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The 

resulting yellow solution was stirred under argon for 2 h at room temperature. The solution 
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was reduced, and the addition of diethyl ether (3 x 10 mL) resulted in the precipitation of the 

complex, which was dried under vacuum. The complex was isolated as a yellow solid. Yield: 

0.0910 g (72 %). 1H NMR (C4.2): (600 MHz, ppm, CD2Cl2): δ 2.43 (s, 6H, 5-CH3 (pz)), 2.45 (s, 

6H, 3-CH3 (pz)), 5.21 (s, 4H, CH2), 6.10 (s, 2H,4-H (pz)), 7.61 (d, 2H, Hβ (py), 2JHH = 6.0 Hz) 

8.01 (t, 1H, Hγ (py), 
3JHH = 6.0 Hz).13C{1H} NMR: (150 MHz, ppm, CDCl3): δ 12.07 (5-CH3), 

15.31 (3-CH3), 51.57 (CH2), 106.89 (4-C (pz)), 124.59 (Cβ (py)) 138.38(Cγ (py)),141.52 (3-C 

(pz)), 147.40 (5-C (pz)) 152.90 (Cq). ESI-MS (m/z): 358.11 [M]+. FTIR (ATR) ν cm-1: 1600 

(C=N). Analysis calc. (found) for C17H21CuF6N5P: C 40.52 (40.16); H 4.20 (3.93); N 13.90 

(13.24).  

4.4.2.3 Synthesis of complex C4.3 

A solution of 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine  (L3, 0.116 g, 0.25 

mmol) in 2.5 mL dichloromethane was added to a solution of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(MeCN)4PF6) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The 

resulting yellow solution was stirred under argon for 2 h at room temperature. The solution 

was reduced, and the addition of diethyl ether (3 x 10 mL) resulted in the precipitation of the 

complex, which was dried under vacuum. The complex was isolated as a yellow solid. Yield: 

0.1173 g (70%). 1H NMR: (600 MHz, ppm, CDCl3): δ 1.45 (s, 18H, 5-(CH3)3 (pz)), 1.54 (s, 18H, 

(3-CH3)3 (pz)), 5.53 (s, 4H, CH2), 6.02 (s, 2H,4-H (pz)), 7.68 (d, 2H, Hβ (py), 2JHH = 6.0 Hz) 

7.97 (t, 1H, Hγ (py), 
3JHH = 6.0 Hz).13C{1H} NMR: (150 MHz, ppm, CDCl3): δ 30.19 (5-(CH3)3), 

31.35 (3-(CH3)3), 31.75 (5-C(CH3)3), 32.27 (3-C(CH3)3), 54.15(CH2), 101.97 (4-C (pz)), 124.14 

(Cβ (py)) 141.05(Cγ (py)), 151.55 (5-C (pz)), 154.91(Cq), 162.45 (3-C (pz)).ESI-MS (m/z): 

526.30 [M]+. FTIR (ATR) ν cm-1: 1604 (C=N). Analysis calc. (found) for C29H51CuF6N5O3P: C 

47.96 (47.45); H 7.08 (6.05); N, 9.64 (8.69). 

4.4.2.4 Synthesis of complex C4.4 

A solution of 2,6-(3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine (L4, 0.136 g, 0.25 mmol) in 2.5 

mL dichloromethane was added to a solution of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(MeCN)4PF6) (0.094 g, 0.25 mmol) in 2.5 mL dichloromethane. The 

resulting yellow solution was stirred under argon for 2 h at room temperature. The solution 

was reduced, and the addition of diethyl ether (3 x 10 mL) resulted in the precipitation of the 

complex, which was dried under vacuum. The complex was isolated as a yellow solid. Yield: 

0.1220 g (65 %)1H NMR: (600 MHz, ppm, Acetone-d6): δ 5.71 (s, 4H, CH2), 7.09 (s, 2H, 4-H 

(pz)), 7.35(d, 2H, Hγ, 2JHH= 6 Hz), 7.63-7.68 (m,16H, Ph(H)) 7.97 (t,1H, Hγ, 3JHH = 6.0 Hz) 8.11 

(d, 4H, Ph(H), JHH = 12 Hz).13C{1H} NMR: (150 MHz, ppm, Acetone- d6): δ 53.12 (CH2), 

128.42(4-C (pz)), 129.64 (Cβ (py)) 130.25(Cγ (py)),130.39 (3-C (pz)), 131.12 (5-C (pz)) 132.39 

(Cq) . ESI-MS (m/z): 606.17 [M]+. FTIR (ATR) ν cm-1: 1597 (C=N). Analysis calc. (found) for 

C37H31CuF6N5OP: C 57.70 (57.85); H 4.06 (4.34); N, 9.09 (8.45). 
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4.4.3 Crystallographic data collection 

Single crystals of C4.2, C4.3, and C4.4 were mounted on a nylon loop and centred in a stream 

of liquid nitrogen at 293(2) K. Crystal evaluation and data collection were performed on a 

Bruker D8 Quest Eco diffractometer with Mo Kα radiation (λ = 0.71073 Å). Data collection, 

reduction, and refinement were performed using SAINT58 and SADABS,59 which form part of 

the APEX3 software package.60 The structures were solved by direct methods and refined by 

full-matrix least-squares on F2 using SHELX-201661 within the X-seed graphic user interface.62-

63 All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed 

using calculated positions and riding models. Crystal structure data for complexes C4.2-C4.4, 

with accession numbers CCDC 2034903-2034905, is available from the CCDC. 

4.4.4 Chemical water oxidation 

Oxygen evolution reactions were performed using a standard Clark-type oxygraph electrode 

(Hansatech Instruments) placed in a thermostated cell (25  C̊) for all measurements. The 

signal was recorded for the entire duration of the experiment at 1.0 s intervals using the 

Oxygraph+ software (Hansatech Instruments). The signal was calibrated using a mixture (1:1) 

of acetonitrile and water ([O2] = 261 μM, 25  C̊).64 Stock solutions of the catalysts were freshly 

prepared by dissolving the complex in acetonitrile. The stock solution was then degassed with 

argon to ensure an oxygen-free solution. Following the addition of the CAN, the cell was 

purged with argon before catalyst addition. 

4.4.5 Electrocatalytic water oxidation 

CV technique was carried out for electrochemical characterisation of the electrocatalysts 

employing a conventional water-jacketed three-electrode electrochemical cell connected to a 

refrigerated temperature controller (Julabo F-12 ED). The counter electrode used was the 

platinum wire (Bio-Logic) and the reference electrode was a Ag/AgCl electrode (Bio-Logic). A 

glassy carbon electrode disc insert (Sigradur G, HTW Germany) with a geometrical area of 

0.196 cm2 was used as the working electrode. Before performing experiments, the glassy 

carbon was polished with 0.05 μM alumina suspension (Gamma Micropolish II, Buehler) and 

was subsequently washed with Milli-Q water, ethanol (Merck), and isopropanol (Merck). The 

working electrode was assembled into a rotating disc electrode setup. Current Potential curves 

of the samples were recorded using a VSP double-channel potentiostat from biologic science 

instruments. Current Potential curves of the samples were recorded using a VSP double-

channel potentiostat from BioLogic Science Instruments. 
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 Synthesis, characterization, and catalytic 

evaluation of bis(pyrazol-1-ylmethyl)pyridine-ligated 

Co(II) complexes in water oxidation reactions.               

5.1 Introduction 

Cobalt is one of the transition metals of interest in the development of WOCs. Owing to its 

abundance and ability to readily change its oxidation state, which is an attractive feature for 

water oxidation. Cobalt oxides have been explored as water oxidation catalysts, however, they 

are not efficient.1-3 Among the first-row transition metals, cobalt has the highest oxidation 

potential of 1.84 V vs NHE, which makes it unfavourable to oxidise Co(II) without a ligand to 

stabilise Co(III). Therefore, the ligand plays an important role in cobalt-mediated water 

oxidation. The interest in cobalt-based water oxidation catalysts has been on the rise with 

more cobalt electrocatalysts reported than chemical and photochemically-driven water 

oxidation catalysts. Wang and co-workers4 reported on a cobalt porphyrin complex that is 

efficient towards electrocatalytic water oxidation at an overpotential of 920 mV under mild 

conditions at neutral pH. The homogeneity of the catalyst was confirmed using various 

characterisation techniques. The critical role that the buffer plays, which is accepting protons 

during the O-O bond formation was established.4 Wang et al.5 reported the most active cobalt 

electrocatalyst, an N, N′-bis(2′-pyridinecarboxamide)-1,2-benzene ligated cobalt(II) complex 

with a TOF of 81.54 s-1. The complex catalysed water oxidation at an overpotential of 560 mV 

at pH 8.6. Another homogeneous cobalt electrocatalyst ([L2CoII(CH3OH)4] L= (E)-4-((2-

hydroxynaphthalen-1-yl)diazinyl)benzenesulfonate), which catalysed electrocatalytic water 

oxidation at an overpotential of 520 mV with a TOF of 5 s-1 at pH 9 was reported by Shi et al.6 

Investigations into the nature of the catalyst proved that the catalyst was entirely 

homogeneous. One of the drawbacks in the development of cobalt molecular water oxidation 

catalysts is the decomposition of the ligands under electrochemical conditions, which leads to 

the formation of oxides that are also active in water oxidation. There has been a considerable 

amount of cobalt complexes that have been previously reported as stable homogeneous water 

oxidation catalysts, which after further investigations, revealed that heterogeneous CoOx 

species were involved in water oxidation.7-13 A dinuclear cobalt complex (TPA)Co-(μ-OH)(μ-

O2)Co(TPA)](ClO4)3 (TPA = tris(2-pyridylmethyl)amine) was reported as a homogeneous 

molecular catalyst in photochemical water oxidation.10 Investigations of the complex using 

several characterisation methods such as scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), and 

electrochemical methods revealed the possibility of CoOx catalysing water oxidation. Safdari 

et al.8 studied a cobalt complex [CoIII(DPKOH)2]Cl (DPK = di(2-pyridyl)ketone) previously 
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reported as a homogeneous photochemical water oxidation catalyst by Zhao et al.13 

Characterisation techniques such as cyclic voltammetry (CV) and  SEM-EDX confirmed the 

presence of cobalt-based species of the fluorine-doped tin oxide (FTO) electrode, which could 

be responsible for water oxidation. Investigating the stability of a molecular water oxidation 

catalyst is important as there is a possibility of ligand decomposition, resulting in the deposition 

of CoOx film on the surface of the working electrode, which behaves as a heterogeneous water 

oxidation catalyst. Most of the reports on homogeneous cobalt complexes are on 

photochemical water oxidation.14 Das et al.15 reported a cobalt(II) complex, 

[CoII(Py5OH)(Cl)](BF4) (Py5 = 2,6-bis(methoxydi(pyridin-2-yl)methyl)pyridine) that showed 

activity towards photochemical water oxidation in the presence of RuII(bpy)3
2+ and Na2S2O3 

resulting in a TON of 51 and TOF of 1.3 s-1. The catalytic activity of the complex was also 

studied in chemical water oxidation using RuII(bpy)3
2+ as the primary oxidant resulting in a 

TON of 15. To the best of our knowledge, there are no reports on chemically-driven water 

oxidation with Co(II) using the readily available and inexpensive CAN. 

Herein we report the synthesis and characterisation of five cobalt complexes, C5.1 to C5.5, 

and their ability to catalyse electrocatalytic water oxidation with the emphasis on their stability 

as homogeneous water oxidation catalysts. The complexes are also investigated in 

chemically-driven water oxidation with CAN as the primary oxidant 
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5.2 Results and discussion 

5.2.1 Synthesis and characterisation of cobalt complexes C5.1 to C5.5 

 

Scheme 5.1: Cobalt complexes investigated towards chemical and electrocatalytic water oxidation. 

 

Cobalt complexes C5.1 to C5.4 were synthesised by reacting previously synthesised ligands 

(L1-L4) and CoCl2·6H2O dichloromethane. Complexes C5.1-C5.4 have been reported 

before16, whereas complex C5.5 is novel. Complex C5.5 was synthesised from L2 and 

Co(BF4)2·6H2O in acetonitrile (Scheme 5.1). The complexes were obtained in moderate to 

good yields; C5.1 (83%), C5.2 (71%), C5.3 (62%) C5.4 (48%), C5.5 (87%). The complexes 

were successfully characterised using analytical techniques such as FTIR, elemental analysis, 

and magnetic susceptibility.  
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Table 5.1: FTIR stretching frequencies of (C=N) (py)  in the ligands and complexes. 

Ligand (C=N) (py) ν cm-1 Complex (C=N) (py) ν cm-1 

L1 1596 5.1 1601 

L2 1579 5.2 1605 

L3 1593 5.3 1610 

L4 1575 5.4 1607 

L2 1579 5.5 1604 

 

FTIR confirmed the coordination through the pyridine C=N wherein the stretching frequencies 

of C=N (pyridine) of the ligands were compared to that of the complexes as illustrated in Table 

5.1. There was a shift from lower wavenumbers in the ligands (L1-L4) to higher wavenumbers 

in complexes C5.1 to C5.5. Magnetic susceptibility studies for complexes C5.1 to C5.5 were 

done in solution at room temperature (22-25 °C). Complexes C5.1, C5.2, and 5.5 were 

dissolved in acetonitrile, while complexes C5.3 and C5.4 were dissolved in dichloromethane. 

The magnetic moments (μeff) of complexes C5.2 to C5.5 ranged from 4.61 to 5.68 BM and for 

complex C5.1 the μeff was 1.93 BM, which occurs in less common situations. These values 

show that the complexes are paramagnetic with a +2 oxidation state of the metal (Co2+) and 

a d7 configuration with three unpaired electrons (high-spin complexes). Complex C5.1 was an 

exception with a d7 configuration with one unpaired electron (low-spin complex). The μeff 

values are in range with reported Co complexes with a +2 oxidation state.17-19  

 

Figure 5.1: ESI-MS spectrum of complex C5.2 showing the subsequent loss of chloride anions. 
 

[M-Cl]+ 

[M-2Cl]+ 
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 ESI-MS spectroscopy was also used to characterise the complexes with an example of a 

fragmentation pattern of C5.2 shown in Figure 5.1. The pattern shows the subsequent loss of 

the chloride anions with [M-Cl]+ having a m/z of 389.0859 and [M-2Cl]+ with a m/z of 354.1098. 

Complex C5.1, C5.3, and C.5.4 showed a loss of a chloride ion with a m/z of 332.95, 557.42, 

and 637.15 respectively. Complex C.5.5 showed a bound water molecule [(M+H)·H2O]+ with 

a m/z of 373.11. Elemental analysis confirmed the purity of the complexes and illustrate the 

hygroscopic nature of the complexes. Although the complexes were thoroughly dried and 

stored under argon in the glove box, almost all the complexes contained a few molecules of 

water. The complexes could easily absorb moisture from the environment during analysis. 

This is not unusual as the complexes were synthesised from hydrates and therefore have a 

high affinity for water molecules. 

5.2.2 Electrocatalytic water oxidation using cobalt complexes C5.1-C5.5 

 
Scheme 5.2: Electrocatalytic water oxidation of cobalt complexes C5.1 to C5.5 in phosphate buffer at         

pH 5 

 
Figure 5.2: CVs of cobalt complexes C5.1 to C5.5 (0.1 mM) in 0.2 M phosphate buffer at pH 5 recorded 

at a scan rate of 100 mV s-1.  

 

The Co(II) complexes C5.1 to C5.5 were evaluated towards electrocatalytic water oxidation in 

phosphate buffer (Scheme 5.2) using CV (Figure 5.2). Co(II) complexes C5.1-C5.5 are water-

soluble and readily dissolve in phosphate buffer solutions. The solution of complexes 

dissolved in 0.2 M phosphate buffer was degassed with nitrogen for 15 minutes before each 

experiment. The CVs were obtained under air using a glassy carbon working electrode (GCE), 

Ag/AgCl reference electrode, and a platinum wire counter electrode. The RDE was rotated at 

3 000 rpm to avoid the accumulation of oxygen bubbles on the GCE surface. Potentials were 
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measured versus Ag/AgCl electrode and are reported versus NHE through the addition of 

+0.199 V to the measured potential. Upon scanning solutions of 0.1 mM in 0.2 M phosphate 

buffer at pH 5 at 100 mV.s-1 from -1.0 to +1.7 V, all complexes C5.1 to C5.5 exhibited a 

reversible oxidation peak between E1/2  = +0.26 V and +0.40 V assigned to the Co(III)/Co(II) 

redox couple.6 The reversible Co(III)/Co(II) redox couple was followed by a large irreversible 

wave with onset potentials ranging from +1.50 V to +1.57 V (vs NHE). The irreversible peak 

is due to the oxidation of Co(III) to Co(IV)20-21 species and the wave is visible in a CV performed 

in a solution of 0.1 M NBu4PF6 and DMF (Figure 5.3). The addition of 5% (v/v) of 0.2 M 

phosphate buffer at pH 5 resulted in an increase in current and the well-defined Co(IV) 

irreversible peak disappears, which is as a result of the formation of a high valent cobalt oxo 

CoIV(O) responsible for water oxidation.22 

 

 
Figure 5.3: CVs of complex C5.2 (0.5 mM) performed in 0.1 M Bu4NPF6 in DMF (Blue) and C5.2 

performed in 0.1 M Bu4NPF6 in DMF with added 5% (v/v) phosphate buffer at pH 5 recorded 
at a scan rate of 100 mV s-1. 

 

5.2.2.1 The effect of catalyst structure on electrocatalytic water oxidation 

The activities of complexes C5.1-C5.5 were compared to previous studies based on 

overpotential and TOF as summarised in Table 5.2. Complex C5.2 and C5.5 had the lowest 

overpotential of 565 mV. These complexes bear the methyl-substituted pyrazole on the ligand. 

The low overpotential is attributed to the electron-donating ability of the methyl groups in the 

complex. Complexes C5.2 and C5.5 have the same ligand but differ in the anionic species 

with chloride anion in complex C5.2 and tetrafluoroborate in complex C5.5. Complex C5.5 had 

the highest TOF of 855 s-1, which suggests that the anion in the complex affected the efficiency 

of the catalyst. This TOF is the highest in comparison to the reported Co electrocatalysts, 
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either homogeneous or heterogeneous as observed in Table 5.2 (entries 5-7). Complex C5.3 

with bulky tertiary butyl on the pyrazole had resulted in the highest overpotential of 635 mV 

followed by complex C5.4 containing electron-withdrawing phenyl substituted pyrazole on the 

ligand framework, which catalysed water oxidation at an overpotential of 625 mV. Although 

complex C5.4 had slightly lower overpotential in comparison to C5.3, complex C5.4 had the 

lowest TOF of 75 s-1.  

 

Table 5.2: A summary of activities of Co complexes C5.1 to C5.5 in comparison to previous studies  

Entry Complexes PH 
Overpotentiala 

/mV 
TOF /s1 Reference 

1 C5.1 5 585 119 This work 

2 C5.2 5 565 326 This work 

3 C5.3 5 635 152 This work 

4 C5.4 5 625 75 This work 

5 C5.5 5 565 855 This work 

6 Co3O4 5 325 0.035 23-24 

7 Co(PO 3)2 6.4 440 0.21  25 

8 [(L)CoII]Cl2 8.6 688 81.54 5 
a The overpotential was calculated as follows: Overpotential = Eonset-(1.23-(0.059pH)). Eonset is 

extrapolated from the CV using the tangent method. [(L)CoII]Cl2 (L= N, N′-bis(2′-pyridinecarboxamide)-

1,2-benzene. 

 

5.2.2.2 Kinetic studies 

The effect of catalyst concentration on the catalytic current was studied using complex C5.2 

at pH 5. As the concentration increased from 0.03 mM to 0.1 mM the current also increased, 

as shown in Figure 5.4a. The relationship between the catalyst concentration and the catalytic 

current at 1.7 V was non-linear. The plot in Figure 5.4b is indicative of a second-order rate of 

reaction. This suggests that the electrocatalytic water oxidation does not take place at a single 

site and proceeds via the radical coupling of two oxos (I2M) mechanism. 
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Figure 5.4 a:, CVs showing C5.2 in 0.2 M phosphate buffer at varying concentrations (0.03 mM-0.1 mM) 

recorded at 100 mV s-1 and 5.4b: the effect of concentration on the catalytic current at 1.7 
V studied using complex C5.2 in 0.2 M phosphate buffer at pH 5.   

 

The CVs of 0.1 mM C5.2 in 0.2 M phosphate buffer at pH 5 recorded at different scan rates 

are shown in Figure 5.5. An increase in catalytic current with increasing scan rates is 

observed. A graph of catalytic current/peak current as a function of 1/(scan rate)1/2 was plotted 

as shown in Figure 5.6. From equations (5.1) to (5.4) kcat, which is the TOF, was calculated 

from the slope of the graph.26-28 

Icat = ncatFA[Co](kcatDCu)1/2 (5.1) 

In equation 5.1 ncat = 4, which is the number of electrons transferred during water oxidation, F 

is defined as the Faraday constant, whereas A is the electrode surface area in cm2, [Co] is the 

concentration of the catalyst (in mol/L), and DCo is described as the diffusion coefficient of the 

a 

b 



Chapter 5: Synthesis, characterization, and catalytic evaluation of bis(pyrazol-1-
ylmethyl)pyridine-ligated Co(II) complexes in water oxidation reactions. 

100 
 

catalyst. The peak current for the non-catalytic redox couple Co(III/II) at E1/2 = +0.37 vs NHE 

for complex C5.2 varies linearly with the square root of the scan rate. The result is consistent 

with the Randles-Sevcik equation. 

ip = 0.4633nFA[Co](nFvDCu/RT)1/2 (5.2) 

At 25 C equation (5.2) becomes (5.3): 

ip = 2.69 x 105n3/2ADCo
1/2 [Cu] v1/2 (5.3) 

The ratio of equation (1)/(2), icat/ ip results in equation (5.4) 

icat/ ip = (0.359 nc/np
3/2kcat1/2)1/v1/2 (5.4) 

Where nc is the number of electrons that are transferred in water oxidation (4 electrons), np is 

the number of electrons transferred in a non-catalytic redox event for the Co(III/II) couple (1 

electron) (E1/2  = +0.26 V to +0.40 V), and v is the scan rate. Catalytic turnover frequency, kcat 

(TOF) is calculated from the slope of the plot icat/ip vs 1/v1/2. 

 

 
Figure 5.5: CVs showing the effect of scan rate on the catalytic current studied using 0.1 mM C5.2. 
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Figure 5.6: A plot of Icat/Ip versus1/(Scan rate)1/2.  

 

5.2.2.3 Investigating the integrity of the molecular catalyst  

Complex C5.1 was used to study the stability of cobalt complexes over a range of pH (5-7) as 

it contains a simple unsubstituted pyrazole ligand. Different methods were used to confirm the 

formation of CoOx nanoparticles during electrocatalysis. At pH 7, the metal ion scavenger 

method was used to detect the presence of free Co2+ in the solution. A solution of 0.1 mM 

C5.1 was cycled six times and at the end of the 6th cycle Ca(OH)2, a source of Ca2+, was added 

into the reaction mixture for it to bind to any free Co2+ ions in solution. A decrease in the current 

was observed after the addition of Ca(OH)2, indicating the presence of nanoparticles in solution 

(Figure 5.7a). At pH 7, discolouration of the platinum wire was also observed, which is another 

indication of nanoparticle formation. Furthermore, to check for any electrodeposition on the 

glassy carbon electrode, the glassy carbon electrode was rinsed with the buffer and cycled 

again in a blank buffer solution. A considerable amount of current was observed, as shown in 

Figure 5.7b.  
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Figure 5.7: CVs of 0.1 mM C5.1 in phosphate buffer at pH 7 at the end of the 6th cycle showing the 
presence of nanoparticles detected by a  metal-ion scavenger method, b  Checking for 
electrodeposited material on the GCE surface. 

 

To establish the nature of the CoOx nanoparticles formed, the electrodeposition was optimised 

by cycling 0.5 mM C5.2 in 0.2 M phosphate buffer at pH 7 20 times at 100 mV.s-1. The first 

evidence of electrodeposition is the gradual increase in current with each cycle as can be seen 

in Figure 5.8. Thereafter, the glassy carbon electrode was analysed by SEM-EDX. The SEM 

images in Figure 5.9 show a layer of the electrodeposited nanoparticles on the glassy carbon 

electrode. The EDX pattern (Figure 5.10) confirmed the presence of cobalt species on the 

electrodeposited layer. 
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Figure 5.8: CVs of C5.2 (0.5 mM) dissolved in 0.2 M phosphate buffer at pH 7 cycled 20 times at a scan 

rate of 100 mV.s-1 
 
 

 
Figure 5.9: a,SEM image (scale 30 μm) of the bare polished GCE. SEM images b, (scale 300 μm),            

c, (scale 100 μm), and d, (scale 10 μm ) showing the GCE post-electrocatalysis of 0.5 mM 

C5.2 in phosphate buffer at pH 7 after 20 CV cycles. 

a b 

d c 
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Figure 5.10: EDS pattern of the GCE post-electrocatalysis of 0.5 Mm 5.2 in phosphate buffer after 20 
CV cycles. 

 

Decreasing the pH to 6 resulted in a faint discoloration on the platinum wire and a decrease 

in current upon the addition of the Ca(OH)2. At pH 5.5, the addition of the Ca(OH)2 did not lead 

to a decrease in current; however, a very faint brown colour was observed on the platinum 

wire. At pH 5, there was no discolouration of the platinum wire and the addition of Ca(OH)2 did 

not lead to any decrease in current. To further ascertain the electrodeposition of the 

nanoparticles at the GCE surface, the GCE was rinsed with the buffer post-electrolysis. The 

rinsed GCE was cycled in a blank buffer solution without the catalyst. A significant current was 

observed, as shown in Figure 5.11, which is higher than that of the blank solution with a 

polished electrode, which confirmed electrodeposition of the CoOx nanoparticles on the GCE, 

even though visual discolouration was not observed. 
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Figure 5.11: CV of 0.1 mM 5.1 in 0.2 M phosphate buffer pH 5, and CV of the rinsed GCE in phosphate 
buffer only (blank) and new polished GCE in the blank. 

 
 

5.2.3 Chemical water oxidation catalysed by cobalt complexes C5.1 to C5.5 

 
Scheme 5.3: Chemical water oxidation catalysed by complexes C5.1-C5.5 with CAN as the primary 

oxidant. 
 

Cobalt complexes C5.1 to C5.5 were investigated towards chemical water oxidation with CAN 

as the primary oxidant in a 1:1 mixture of MeCN:H2O (Scheme 5.3). Attempts to do the reaction 

solely in water were not successful as low activities were observed. All the complexes were 

active and the oxygen evolution curves as confirmed by an increase in [ O2] upon the addition 

of a catalyst shown in Figure 5.12a. Figure 5.12b shows the TON after 5 minutes’ reaction 

time.  
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Figure 5.12a: The oxygen evolution curves showing how the reaction proceeds for the first 10 seconds, 

the arrow shows the catalyst addition to the reaction mixture. 5.12b: Oxygen evolution 
curves of cobalt(II) complexes C5.1 to C5.5 showing the TON for 5 minutes’ reaction 
time. 

  

A summary of the activity metrics of C5.1-C5.5 towards chemical water oxidation is shown in 

Table 5.3. Among the complexes containing the chloride anions (C5.1-C5.4), complex C5.2 

was the most active with a TON of 5.37 and a TOF of 0.31 s-1. Complex C5.2 contains electron-

donating methyl groups on the pyrazole in the ligand framework, which can be attributed to 

the efficiency of the catalyst in chemical water oxidation. Although complexes C5.1 and C5.3 

had comparable TONs of 3.43 and 3.46 respectively, complex C5.3 is more active with a TOF 

of 0.31 s-1. This suggests that despite being more active, complex C5.3 deactivates faster 

under highly acidic conditions during water oxidation. Deactivation of the molecular complex 

under highly acidic conditions is very common. This is due to the decomposition of the ligand 

framework of the catalyst, which can be caused by ligand oxidation, ligand de-coordination, or 

a combination of both.29-30 Complex C5.4 containing electron-withdrawing phenyl substituents 

on the pyrazole moiety of the complex was the lowest-performing complex with a TON of 1.45 

a 

b 
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and a TOF of 0.0075 s-1. Changing the anion did not influence the activity as complex C5.5 

containing a tetrafluoroborate (BF4
-) anion (TON 3.35 and TOF, 0.21 s-1) was less active as 

compared to chloride-containing complex C5.2. 

 

Table 5.3: Summary of results of different Cobalt (II) complexes on chemical water oxidation with CAN  

Entry Complex aTON bTOF 

1 C5.1 3.43 0.06 

2 C5.2 5.37 0.31 

3 C5.3 3.46 0.28 

4 C5.4 1.45 0.0075 

5 C5.5 3.35 0.21 

Reaction conditions: [Co]: 25 μM, [CAN]: 110 mM, Solvent: MeCN: H2O (1:1, total volume: 2 mL). a, 
TON after 5 minutes’ reaction time. b, TOF was calculated from the steepest slope of the TON curve 
over a 5-second period. 

 

5.3 Conclusions 

Bis(pyrazol-1-ylmethyl)pyridine-ligated Co(II)-chloride and -tetrafluoroborate complexes C5.1-

C5.5 were successfully synthesised and characterised. Complexes C5.1- C5.5 showed 

activity towards electrocatalytic water oxidation at pH 5. Complex C5.2 was the most active 

complex among the chloride-containing complexes (C5.1-C5.4), displaying efficient 

electrocatalytic water oxidation at an overpotential of 565 mV and a TOF of 326 s-1. The least 

active chloride-containing complexes were C5.3 and C5.4, mediating electrocatalytic water 

oxidation at an overpotential of 635 and 625 mV, and TOF of 152 s-1 and 75 s-1, respectively. 

Replacing the chloride anion with the tetrafluoroborate anion did not influence the 

overpotential; however, complex C5.5 had the highest TOF of 855 s-1. The complexes were 

very active; however, the presence of heterogeneous cobalt species was confirmed using 

various techniques. This suggests that the complexes are not entirely homogeneous during 

the electrocatalytic water oxidation process. Cobalt complexes C5.1 to 5.5 were active towards 

chemically-driven water oxidation. Complex C5.2 was the most active with a TON of 5.37 and 

TOF of 0.31 s-1; meanwhile, complex C5.4 was the least active complex with a TON of 1.45 

and a TOF of 0.0075 s-1. In the case of chemical water oxidation, replacing the chloride anion 

with tetrafluoroborate did not improve the activity. 

 



Chapter 5: Synthesis, characterization, and catalytic evaluation of bis(pyrazol-1-
ylmethyl)pyridine-ligated Co(II) complexes in water oxidation reactions. 

108 
 

5.4 Experimental 

5.4.1 General considerations 

All moisture and oxygen-sensitive reactions were performed using Schlenk techniques. The 

solvents were distilled under a nitrogen atmosphere using Na metal for diethyl ether and CaH2 

for dichloromethane as drying agents. NMR (1H and 13C) spectra were recorded on a Bruker 

Ultrashield Plus at 600 MHz and 151 MHz respectively. FTIR analysis was done on a 

BruckerAlpha-P range infrared instrument fitted with ATR in the range of 400   cm-1 to     

4000cm-1. Magnetic susceptibility studies were done using a Sherwood Scientific MK1 with 

4mm diameter sample tubes containing 50 mM of the sample. Mass spectrometry was 

performed on BrickermicroTOF-Q II mass spectrometer. Elemental analysis was performed 

on a Perkin Elmer 2400 Elemental Analyzer. Cyclic voltammetry studies were done on a 

BioLogic VSP potentiostat employing a water-jacketed electrochemical cell connected to a 

refrigerated temperature controller (Julabo F-12 ED). DLS analysis was performed on a 

Mastersizer 2000 Ver. 5.60 from Malvern instruments. SEM analysis were done using SEM 

(FEI Quanta FEG 250) with an integrated XMax 20 EDX system (Oxford Instruments). 

5.4.2 Synthesis of complexes 

5.4.2.1 Synthesis of Complex C5.1 

Complex C5.1 was synthesised from 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine (C3.1) (0.071 g, 

0.30 mmol) dissolved in 2.5 mL of dichloromethane and cobalt(II) chloride hexahydrate (0.071 

g, 0.30 mmol) dissolved in 2.5 mL of dichloromethane. The reaction mixture was stirred for    

24 h. The solution was reduced, and the addition of diethyl ether (3 x10 mL) resulted in the 

precipitation of the complex, which was dried under vacuum. The product was isolated as a 

purple solid. Yield: 0.1019 g (83%). ESI-MS (m/z): 332.95 [M-Cl-H]+ Elemental Analysis: 

Calculated(found) for C13H17Cl2CoN5O2: C, 38.54(38.39); H, 5.23(3.78); N, 17.29(16.72).FTIR: 

1601(C=N), 2958 (H2O). μeff = 1.95 BM. 

5.4.2.2 Synthesis of Complex C5.2 

Complex C5.2 was synthesised from 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine 

(C3.2) (0.089 g, 0.30 mmol) dissolved in 2.5 mL of dichloromethane and cobalt(II) chloride 

hexahydrate (0.071 g, 0.30 mmol) dissolved in 2.5 mL of dichloromethane. The reaction 

mixture was stirred for 24 h. The solution was reduced, and the addition of diethyl ether (3 x10 

mL) resulted in the precipitation of the complex, which was dried under vacuum. The product 

was isolated as a blue solid. Yield: 0.094 g (71%). ESI-MS (m/z): 389.08 [M-Cl]+. Elemental 

Analysis: Calculated (found) for C17H23Cl2CoN5O: C, 46.07(47.14); H, 5.23(5.51); N, 

15.80(15.97). FTIR: 1605(C=N), 2958 (H2O).μeff = 4,61 BM. 
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5.4.2.3 Synthesis of complex C5.3 

Complex 5.3 was synthesised from 2,6-bis((3,5-di-tert-butyl-1H-pyrazol-1-yl)methyl)pyridine 

(3.3) (0.139 g, 0.30 mmol) dissolved in 2.5 mL of dichloromethane and cobalt(II) chloride 

hexahydrate ( 0.071g, 0.30 mmol) dissolved in 2.5 mL dichloromethane. The reaction mixture 

was stirred for 24 h. The solution was reduced, and the addition of diethyl ether (3 x10 mL) 

resulted in the precipitation of the complex, which was dried under vacuum. The product was 

isolated as a blue solid. Yield: 0.111 g (62%). ESI-MS (m/z): 557.42 [M-Cl]+. Elemental 

analysis: Calculated (found) for C29H45Cl2CoN5: C, 58.68 (58,48); H, 7.64(7,9); N, 

11.80(11,74); FTIR: 1610 ( C=N), 2958 (H2O). μeff = 5,68 BM. 

5.4.2.4 Synthesis of complex C5.4 

Complex C5.4 was synthesised from 2,6-bis((3,5-diphenyl-1H-pyrazol-1-yl)methyl)pyridine 

(C3.4) (0.0967 g, 0.18 mmol) dissolved in 2.5 mL of dichloromethane and cobalt(II) chloride 

hexahydrate (0.043 g, 0.18 mmol) dissolved in 2.5 mL dichloromethane. The reaction mixture 

was stirred for 24 h. The solution was reduced, and the addition of diethyl ether (3 x10 mL) 

resulted in the precipitation of the complex, which was dried under vacuum. The product was 

isolated as a blue solid. Yield: 0.058 g (48%). ESI-MS (m/z): 637.15 [M-Cl]+ Elemental 

analysis: Calculated (found) for C37H39Cl2CoN5O5: C, 58.20(58.30); H, 5.15(4.04); N, 

9.16(8.24). FTIR: 1607 (C=N), 2958 (H2O). μeff = 5,43 BM. 

5.4.2.5 Synthesis of complex C5.5 

Complex C5.5 was synthesised from 2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine 

(C3.2) (0.089g, 0.30 mmol) dissolved in 2.5 mL of acetonitrile and cobalt(II) tetrafluoroborate  

hexahydrate Co(BF4)2·6H2O (0.102 g, 0.30 mmol) dissolved in 2.5 mL of MeCN. The reaction 

mixture was stirred for 24 h. The solution was reduced, and the addition of diethyl ether (3 x10 

mL) resulted in the precipitation of the complex, which was dried under vacuum. The product 

was isolated as a brown solid. Yield: 0.1374 g (87%). ESI-MS (m/z): 373.11 [(M+H)·H2O]+ 

Elemental Analysis: Calculated (found) for C17H27B2CoF8N5O3: C, 35.08 (35.37); H, 4.68(4.23); 

N, 12.03(12.23) %. FTIR: 1604 (C=N), 2958 (H2O). μeff = 4,49 BM. 

5.4.3 Chemical water oxidation 

Oxygen evolution reactions were performed using a standard Clark-type oxygraph electrode 

(Hansatech Instruments) placed in a thermostated cell (25  C̊) for all measurements. The 

signal was recorded for the entire duration of the experiment at 1.0 s intervals using the 

Oxygraph+ software (Hansatech Instruments). The signal was calibrated using a mixture (1:1) 

of acetonitrile and water ([O2] = 261μM, 25  ̊C).31 Stock solutions of the catalysts were freshly 

prepared by dissolving the complex in acetonitrile. The stock solution was then degassed with 

argon to ensure an oxygen-free solution. Following the addition of the CAN, the cell was 

purged with argon before catalyst addition. 
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5.4.4 Electrocatalytic water oxidation 

CV technique was carried out for electrochemical characterisation of the electrocatalysts 

employing a conventional water-jacketed three-electrode electrochemical cell connected to a 

refrigerated temperature controller (Julabo F-12 ED). The counter electrode used was a  

platinum wire (Bio-Logic) and the reference electrode used was a Ag/AgCl electrode (Bio-

Logic) A glassy carbon electrode disc insert (Sigradur G, HTW Germany) with a geometrical 

area of 0.196 cm2 was used as the working electrode. Before performing experiments, the 

glassy carbon was polished with 0.05 μM alumina suspension (Gamma Micropolish II, 

Buehler) and was subsequently washed with Milli-Q water, ethanol (Merck), and isopropanol 

(Merck). The working electrode was assembled into a rotating disc electrode setup. Current 

Potential curves of the samples were recorded using a VSP double-channel potentiostat from 

biologic science instruments. Current Potential curves of the samples were recorded using a 

VSP double-channel potentiostat from BioLogic Science Instruments. 
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Chapter 6: Concluding remarks and future 

recommendations 

 
6.1 Concluding remarks 

Water oxidation offers a green route of producing hydrogen, which is a promising energy 

storage solution. The inspiration found in natural photosynthesis in the development of water 

oxidation catalysts is commendable. Research in the development of water oxidation catalysts 

based on earth-abundant, non-toxic, and cheap metals such as Cu, Fe, Ni Co has attracted a 

great deal of attention. 

Bis(pyrazol-1-ylmethyl)pyridine ligated Cu(II) (C3.1-C3.5), Cu(I) (C4.1-C4.4), and Co(II) (C5.1-

C5.5) complexes were successfully synthesised and characterised. The complexes showed 

activity towards chemical and electrocatalytic water oxidation. Cu(II) complexes, C3.1-C3.5, 

were the least active towards both chemical water oxidation and electrocatalytic water 

oxidation. Amongst these Cu(II) complexes containing the chloride anion, the highest TON 

(4.22) and TOF (0.033 s-1) for chemical water oxidation in the presence of CAN were achieved 

using complex C3.2. Complex C3.2 bears an electron-donating methyl group on the pyrazolyl 

moiety, which contributes to the high activities. The TOF improved by more than three-fold 

when the chloride anion was replaced by a triflate anion wherein complex C3.5 achieved a 

TOF of 0.115 s-1. In electrocatalytic water oxidation, Cu(II) complexes act as pre-catalysts in 

the in situ generated CuO nanoparticles, which are the actual active species catalysing water 

oxidation. Although the molecular catalyst decomposes, the effect of molecular structure could 

be easily established with the methyl-substituted C3.2 having the lowest overpotential.  

This study represents the first examples of the application of copper(I) complexes towards 

water oxidation. Complexes C4.1-C4.4 showed activity towards chemically-driven water 

oxidation with CAN as the primary oxidant. Complex C4.2 resulted in the highest TON of 4.60 

and a TOF of 0.31 s-1. The initial rate data indicated that at low [Cu], chemically-driven water 

oxidation involves two metal centres and proceeds through the I2M mechanism. At high [Cu], 

chemically-driven water oxidation takes place at a single site via the WNA mechanism. The 

lowest overpotential towards electrocatalytic water oxidation at 674 mV was achieved with 

complex C4.2. The catalyst was confirmed to be entirely homogeneous and no CuO 

nanomaterials were observed. The novel Cu(I) complexes show potential as the first efficient 

Cu(I)-based WOCs.    

Cobalt(II) complexes, C5.1-C5.5, showed activity towards electrocatalytic water oxidation at 

pH 5 with very high TOFs (75 to 855 s-1). The TOFs observed for these complexes are much 
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higher than those of previously reported cobalt complexes. Despite the high activity, the 

complexes were not stable and the presence of CoOx nanomaterials was confirmed. The 

complexes also showed activity in chemically-driven water oxidation with a highest of TON 

5.37 and the highest TOF of 0.31 s-1 achieved by complex C5.2.  

Overall, the catalyst structure contributed immensely to the activity of chemical and 

electrocatalytic water oxidation. Complexes containing the methyl-substituted pyrazole were 

more efficient as compared to complexes containing the weakly donating phenyl substituents. 

This highlights the importance of ligand design principles during the development of molecular 

WOCs as they can be fine-tuned to enhance the activity. 

 

6.2 Future recommendations 

This study shows that water-soluble Cu(II) and Co(II) complexes have potential in 

electrocatalytic water oxidation. However, the main challenge is the decomposition of the 

molecular catalyst, which leads to the formation of nanomaterials. The decomposition of the 

molecular catalyst could be as a result of ligand oxidation, ligand de-coordination, or a 

combination of both. In complexes based on first-row transition metals, the metal-ligand bonds 

are much more labile in water, which results in de-coordination. The stability of the molecular 

catalyst under highly oxidising conditions can be improved in many ways, including ligand 

modification and stabilisation through immobilisation. The ligand can be modified by tuning 

the electronic and steric properties to avoid de-coordination and ligand oxidation. 

Immobilisation of the molecular catalyst on the surface of electrodes, in porous materials, and 

on the surface of other solids can also improve the stability of the molecular catalyst. 

Copper(II) and cobalt(II) complexes show potential as chemically-driven water oxidation 

catalysts. Optimisation of these catalyst systems in chemical water oxidation is recommended. 
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Appendix: Supplementary information 

This section covers examples of spectral data such as NMR, FTIR and ESI-MS included in 

each chapter. Additional information on how TOF in chemical water oxidation was extrapolated 

is also included. The tangent method to determine the onset potential for the calculation of the 

overpotential is illustrated here.  

Supporting information for Chapter 3: Synthesis and characterization of bis(pyrazolyl)pyridine 

copper(II) complexes as catalysts in chemical and electrocatalytic water oxidation. Supporting 

information 

 

Figure S1: 1H NMR spectrum for L1 
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Figure S2: 13C{H} NMR for ligand L1 

 

 

 

Figure S3: H NMR spectrum for L3 
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Figure S4: 13C{H} NMR spectrum for L3 

 

Figure S5: 1H NMR spectrum for L4 
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Figure S6: 13C{H} NMR spectrum for L4  

 

Figure S7: FTIR spectrum for L1 

C
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Figure S8: FTIR spectrum for L2 

 

Figure S9: FTIR spectrum for L3 
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Figure S10: FTIR spectrum for L4 

 

Figure S11: FTIR spectrum for C3.1 
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Figure S12: FTIR spectrum for C3.2 

 

Figure S13: FTIR spectrum for C3.3 
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Figure S14: FTIR spectrum for C3.4 

 

Figure S15: FTIR spectrum for C3.5 
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Figure S16: ESI-MS Spectrum for C3.1 

 

 

Figure S17: ESI-MS Spectrum for C3.3 

 

 

Figure S18: ESI-MS Spectrum for C3.4 
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Figure S19: ESI-MS Spectrum for C3.5 

 

Figure S20: A tangent method for the determination of onset potential for complex C3.2. 
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Supporting information for Chapter 4: Synthesis and characterisation of bis(pyrazol-1-

ylmethyl)pyridine-ligated Cu(I) complexes as catalysts in chemical and electrochemical 

water oxidation. 

 

 

Figure S21: 1H NMR spectrum of complex C1 in Acetone-d6 

 

Figure S22: 13C{H} NMR spectrum of complex C1 in Acetone-d6 
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Figure S23: 1H NMR spectrum of an in situ synthesised L1 and CuCl complex in CDCl3 

 

 

Figure S24: 13C{H} NMR spectrum in situ synthesised L1 and CuCl complex in CDCl3 
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Figure S25: 1H NMR spectrum for C4.2 

 

 

Figure S26: 13C{H} NMR spectrum for C4.2 
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Figure S27: 1H NMR spectrum for C4.3 

 

 

Figure S28: 13C{H} NMR spectrum for complex C4.3 
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Figure S29: 1H NMR spectrum for C4.4 
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Figure S30: 13C{H} NMR spectrum for C4.4 

 

 

 

Figure S31: FTIR spectrum for C4.1 
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Figure S32: FTIR spectrum for C4.2 

  

Figure S33: FTIR spectrum for C4.3 
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Figure S34: FTIR spectrum for C4.4 

 

 

Figure S35: ESI-MS Spectrum for C4.1 

 

Figure S36: ESI-MS Spectrum for C4.2 
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Figure S37: ESI-MS Spectrum for C4.3 

 

 

Figure S38: ESI-MS Spectrum for C4.4 

 

Figure S39: The oxygen evolution curves of Cu(I) complexes C4.1 to C4.4 after 5 minutes’ reaction 

time. 
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Supporting information for Chapter 5: Synthesis, characterization, and catalytic 

evaluation of bis(pyrazol-1-ylmethyl)pyridine-ligated Co(II) complexes in water 

oxidation reactions. 

 

Figure S40: FTIR spectrum for C5.1 

 

Figure S41: FTIR spectrum for C5.2 
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Figure S42: FTIR spectrum for C5.3 

 

Figure S43: FTIR spectrum for C5.4 
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Figure S44: FTIR spectrum for C5.5 

 

Figure S45: ESI-MS Spectrum for C5.1 
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Figure S46: ESI-MS Spectrum for C5.3 

 

Figure S47: ESI-MS Spectrum for C5.4 
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Figure S48: ESI-MS Spectrum for C5.4 

 

Figure S49: Linear graphs showing the slopes of the TON graph for complexes C5.1-C5.5 


