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Abstract 

Hydrogen production from water splitting provides a potential source for clean energy storage. 

However, this process requires catalysts that can oxidize water to provide a source of electrons for proton 

reduction. Various molecular catalysts have been investigated based on their high activity and tunability, 

but their solubility and limited stability restrict their use in practical applications. Here, we reported a 

heterogenized iridium-NHC catalyst that can drive water oxidation reaction by electricity directly. The 

catalyst was prepared by two steps: first the NHC was immobilized on a gold surface, followed by reacting 

with [IrCp*Cl2]2. This strategy provides a convenient way to systematically evaluate catalysts under 

optimized conditions, potentially leading to new insights into electrochemical water oxidation processes 

and water oxidation catalyst design. 
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Chapter 1 

Introduction 

1.1 Introduction to Water Oxidation 

The extensive use of primary energy sources, including petroleum, coal, and natural gas 

has raised significant environmental and economic concerns in recent years.1 Access to clean, 

sustainable, and renewable energy sources has never been more important. Numerous renewable 

energy sources, including solar and wind, are intermittent and diffuse, making the need for storable 

clean energy significant.2 One potential way to produce hydrogen is from water splitting. The 

overall water splitting process can be presented as the following equation: 

2H2O + Energy → 2H2 +  O2                                                                                                             (1.1.1) 

The energy required to drive the water splitting reaction can be obtained from diverse processes, 

particularly, light-driven water splitting, water electrolysis, and photovoltaic technologies.3 In the 

approach of light harvesting, light energy is spread over the entire surface of the Earth, making it 

dilute on a power per unit area basis. Thus, methods for concentrating and storing this energy are 

required.4 On the other hand, water electrolysis permits the storage of intermittent energy on a 

global scale, making it more attractive option for highly versatile energy conversion technology.5 

In all cases of generating hydrogen from water, the most challenging step is the formation of 

oxygen, which is called “Water Oxidation”.6 The water oxidation reaction is both 

thermodynamically and kinetically demanding, resulting in slow kinetics without the use of a 

catalyst.7 The sluggish kinetics are likely due to the formation of reactive intermediate species such 

as superoxide, hydrogen peroxide and hydroxyl radicals.8 An efficient catalyst can stabilize these 
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intermediates, resulting in lower kinetic barriers, and consequently, faster rates of oxygen 

production.   

 

1.2 Biological Water Oxidation  

In natural systems, biological water oxidation is catalyzed by the oxygen evolving complex 

(OEC) in photosystem II (PSII).9 The OEC is a tetramanganese cluster that also contains a required 

calcium atom. PSII is a multi-subunit membrane protein, acting as the first light-transducing 

complex in the redox pathway of oxygenic photosynthesis. The oxidation of water by PSII is 

described as followed:  

2H2O + 2PQ + 4Hstroma
+  →  O2 + 2PQH2 + 4Hlumen

+                                                                      (1.2.1) 

Where PQ is plastoquinone and PQH2 is the reduced plastoquinol. In this reaction, the standard 

reduction potential at pH 5.0 is + 0.93 V.8 Because four electrons are transferred, this potential is 

equivalent to a reaction free energy of 3.72 V (0.93 V × 4), or 359 kJ mol-1. The stringent energetic 

and catalytic requirements of the reaction indicate that OEC is a highly optimized catalyst for water 

oxidation. To use nature’s solution for the design of artificial catalysts that can split water, it is 

important to understand the mechanism of the reaction. In 1970, Kok and colleagues proposed the 

S-states cycle.10 In their model, the OEC accumulates oxidizing equivalents by proceeding through 

five redox states, with S0 being the most reduced state and S4 the most oxidized state. The S4 state 

oxidizes water and reduces itself back to S0 state (Figure 1.1).  
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Figure 1.1 Models for five S states of the Kok cycle with Mn oxidation states of the inorganic 

core. Colors: manganese, purple; calcium, yellow; oxygen, red. Reproduced from reference 11. 

 

While the Kok cycle defines the redox intermediates formed in the process of water oxidation, there 

is missing information at the molecular level. Regarding the Kok cycle, many groups have been 

investigating inorganic Mn model complexes to propose a mechanism of water oxidation by PSII 

and to understand the structure of its active site. Proposals for the mechanism of O-O bond 

formation can be grouped into three categories. The earliest proposals involve exchange of oxygen 

atoms between µ-O bridges of Mn complex and water.11  The proposed mechanism is based on 

DFT calculation and 18O-labeled water isotope exchange. It involves an initial protonation of an 

oxo-bridge by water coordinated to MnIV, followed by opening of protonated bridge. After opening 

of bridge, the remaining steps are reverse of the preceding steps. Since Mn-centered oxidation may 

not occur in the S2 to S3 state transition, the proposed mechanisms have been focused on the 

intermediate in S4 state.12-14 The second type of proposed mechanisms involved coupling reactions 

of an oxyl radical, (Mn–O•) in the S4 intermediate.15 As Figure 1.2A shows, a  MnIV–oxyl radical 

reacts with a Mn-bridging oxo to generate oxygen.16 Siegbahn suggests that one of the water 

substrates first binds during the S2 to S3 transition and then is oxidized to an oxyl radical in S4 to 

carry out the reaction.17 The third category is the most consistent with synthetic WOCs.18 As Figure 
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1.2B shows, it involves nucleophilic attack of a calcium-bound water on the electrophilic oxygen 

atom of an MnV=O intermediate in the S4 state.16 Brudvig and coworkers proposed that a tightly 

bound Ca2+ located close to a Mn ion is a prerequisite for the mechanism of water oxidation.19 Their 

results suggest the use of calcium as a Lewis acid, and activation of water as nucleophile in the O-

O bond formation. Also, calcium maintains the hydrogen-bonding network around the OEC, which 

is necessary for progression beyond the S2 state. 

 

Figure 1.2 Proposed mechanisms of O–O bond formation in the S4 intermediate. (A) Oxyl 

radical coupling and (B) water-nucleophile attack. Substrate water oxygen atoms are shown in 

red. Reproduced from reference 17. 

 

There remain many unanswered questions about the structure and function of the Mn4CaO5 

cluster in the OEC, making translating the biological information to a chemical system highly 

challenging. 

 

 

1.3 Chemically and Electrochemically-Driven Water Oxidation 

As stated above, even though the detailed information on the mode of action of the 

Mn4CaO5 cluster in PSII is unclear, it still has become a source of inspiration for creating artificial 

catalysts. Although the generation of a light-driven system is the final goal in the field, the use of 

chemical oxidants provides a simple and rapid way of assessing the catalyst performance.20 The 
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biggest advantage of using chemical oxidants is that they enable studies in bulk solutions, resulting 

large amount of oxygen. The reaction driven by chemical oxidants is described as following: 

4 Ox+ + 2 H2O →  O2 + 4H+ + 4Ox                                                                                      (2.3.1) 

Chemical oxidants employed must have a reduction potential sufficient to oxidize the water 

oxidation catalyst (WOC). CeIV, used in the form of cerium ammonium nitrate (CAN), has been by 

far the most employed chemical oxidant to drive water oxidation in one electron step.20 CAN has a 

number of properties that make it especially attractive. First, it is a one electron oxidant that does 

not have the ability of oxo transfer reagent, therefore, the observed oxygen is produced by WOCs 

instead of decomposition of the oxidant. Second, it has a strong adsorption band in the UV, which 

can be used to track the consumption of oxidant during the TON of WOC.21 Third, CAN is 

commercially available, and remains stable in aqueous solution for a reasonable amount of time. 

CAN also has several disadvantages in the characterization of WOCs. Importantly, CAN is stable 

only at low pH (below 4), limiting the conditions of WOR.22 Also, CeIV can form insoluble cerium 

oxide materials upon reduction to CeIII, adding uncertainty to whether the WOC is functionally 

homogenous or heterogeneous.23 Another drawback of CAN is its high reduction potential of 

approximately 1.75 V vs. NHE, giving overpotential (potential above thermodynamic potential) of 

WOR about 0.75 V. Consequently, CAN drives WOCs with high activation energy barrier, and 

increases the chances for side reactions that might lead to degradation of the catalysts.24   

Other oxidants are ruthenium(III)tris(bipyridine) cation ([RuIII(bpy)3]3+) and potassium 

peroxymonosulfate (Oxone). ([RuIII(bpy)3]3+) can be used as alternative to CAN for driving WOCs. 

It is a one electron oxidant, and it is only stable under acidic conditions with pH below 4.20, 25, 26 

However, ([RuIII(bpy)3]3+) has relatively low reduction potential of 1.2 V vs. NHE, providing a very 

small overpotential for the WOR.27 It is extremely expensive to use as an oxidant, and it 

decomposes to ([RuII(bpy)3]3+) fairly quickly even in the solid state.26 For those reasons, very few 

WOCs have been characterized using ([RuIII(bpy)3]3+).25, 28  
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Different from CAN and ([RuIII(bpy)3]3+), Oxone is a powerful two-electron oxidant. 

Although it has seen extensive use in the study of the Mn terpyridine dimer, being a two-electron 

oxidant makes Oxone behave like an oxo-transfer reagent, leading to the possibility of producing 

oxygen by itself instead of through the oxidation of water.20, 29 In addition, it has a higher reduction 

potential is 1.82 V vs. NHE, comparable to CAN.20 Oxone is also stable up a pH of around 5.5, 

making characterization of WOCs at pH values close to neutral.30  

There are a number of chemical oxidants available for characterizing WOCs, each with 

their own advantages and disadvantages. Although the use of chemical oxidants can aid in the rapid 

characterization of WOCs, they do not perfectly mimic the conditions that will be experienced by 

a catalyst in a cell. Therefore, it is important to consider the effect of the chemical oxidants on the 

behavior of the WOCs before the water oxidation reaction. 

A viable alternative to the use of chemical oxidants is the use of electrochemistry to drive 

catalytic water oxidation. The process of water electrolysis is similar to the process of biological 

water splitting, in which an electrical potential difference is used to split water at two electrodes 

(Figure 1.3). The two half reactions at acidic pH values are as follows: 

Anode: 2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− (VAnode = 1.23 V vs. NHE)                                                            (1.3.1) 

Cathode: 2𝐻+ + 2𝑒− →  𝐻2 (VCathode = 0.0 V vs. NHE)                                                                       (1.3.2) 

Where VAnode and VCathode are the equilibrium potential for oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) respectively, and NHE is the standard hydrogen electrode.  
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Figure 1.3 Electrochemical system for water electrolysis. Reproduced from reference 32. 

 

In practice, the efficiency of water splitting is limited by the large overpotential of the 

OER.31 Here, overpotential is defined as the additional potential required above the thermodynamic 

minimum to drive an electrode at a given rate.7 In other words, to generate hydrogen at a specific 

rate, a voltage at least equal magnitude to 1.23 V must be supplied to the system. In electrochemical 

water oxidation, the need for a high overpotential (typically, more than 400 mV) arises from the 

presence of partially oxidized side products (e.g., HO•, H2O2), resulting in the requirement of more 

oxidizing equivalents.32 In systems employing homogeneous metal complexes, ligand oxidation 

and degradation also hamper the development of synthetic water oxidation electrocatalysts. This is 

problematic since it is possible that the homogeneous metal complex converts to secondary species 

under harsh oxidizing conditions.7 Complete loss of ligand can occur, resulting in the formation of 

metal oxide particles, which can themselves catalyze the OER, complicating the interpretation of 

observed catalytic activity. And it is difficult to distinguish the homogenous and heterogeneous 

catalysts.7 Although heterogeneous metal oxides have been used as catalysts for water electrolysis 

for many years,  homogeneous catalysts are of great interest since they can provide much greater 

mechanistic insight, however they must survive relatively harsh conditions.33 Understanding the 

stability of the homogeneous complex is also of critical importance in the preparation of 

immobilized systems. 
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1.4 Molecular Catalysts for Water Oxidation  

The best characterized homogenous catalysts for water oxidation are based on three 

elements: manganese, ruthenium and iridium.7 Mn complexes have been studied in relation to the 

structure and function of the OEC.34 A series of Ru complexes have been reported to show the 

ability to oxidize water. The ruthenium based “blue dimer” was the first reported homogeneous 

WOC, discovered by Meyer.35 Consequently, an abundance of synthetically accessible Ru 

complexes has been reported. In the case of iridium, it was known to be the most active and stable 

oxide catalyst for water oxidation for many years.7 Its homogeneous catalytic properties have been 

studied between 2000−2010.36, 37 There is also considerable interest in the use of base metals as 

catalysts for the OER, these include iron, cobalt, and copper.       

 

1.4.1 Manganese Catalysts 

Many groups have explored coordination complexes of manganese due to the relevance 

that synthetic manganese complexes can have as models of the OEC in PSII. The key intermediate 

formed in the water oxidation process of PSII has been postulated to be a MnV=O species that goes 

on to form O2.29 Since the OEC in PSII contains a µ-oxo-bridged manganese tetramer, many high-

valent multinuclear manganese oxo complexes have been reported.30 However, the ligand liability 

of Mn complexes became an issue, leading to instability of the catalyst under catalytic conditions. 

Nature has overcome the problem of ligand lability by encapsulating the Mn ions in the OEC within 

the proteins of PSII.38  

In 1997, the Brudvig group studied the reactivity of MnII ligand complexes of dipicolinate 

(dpa), 2,2’-bipyridine (bpy), 1,10-phenanthroline (phen), picolinate (pic) and 2,2’:6’,2”-terpyridine 

(terpy) with Oxone, a high potential two-electron oxidant (E° = 1.82 V vs NHE).20, 30 They found 
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that ligands dpa, bpy, phen and pic were quickly lost, followed by permanganate build up. 

However, the [NNN] L3-type terpyridine (terpy) ligand gave sustained oxygen evolution with little 

deactivation even after 1 h, as well as no observation of permanganate formation.30 Based on this 

result, in 1999, the Brudvig group published an Mn2
III,IV mixed-valence terpyidine dimer, also 

called “terpy dimer” with an isolated formula of [Mn-(terpy)(H2O)O]2(NO3)3 (Figure 1.4).39 

Oxygen evolution with this complex continues over several hours with Oxone as the oxidant.29 The 

reaction was carried out in buffered aqueous solutions over the pH range 3-6 as the Oxone salt is 

stable to decomposition and non-catalytic oxygen generation in this range. 

 

Figure 1.4 Molecular structure of [Mn(terpy)(H2O)O]2(NO3)3. Colors: manganese, green; 

nitrogen, blue; oxygen, red. Reproduced from reference 39. 

 

Further work has continued in an attempt to elucidate the details of this complex catalytic 

system.40 As previously noted, to have a better understanding of the underlying mechanisms, 

experiments should be conducted using oxidizing agents with no oxygen atoms to exclude the 

possibility of the participation of the oxidizing agent in the oxygen atom source. Therefore, Yagi 

and coworkers added this MnII terpy to the solution containing CeIV oxidant.41 Interestingly, the 

results showed that no oxygen was evolved in such homogeneous solution.41 In 2005, Collomb and 

coworkers investigated the electrochemical catalytic activity of this MnII terpy complex. Since the 

electrode exchanges only electrons, if O2 evolution occurs, the source of oxygen atoms will be 
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undoubtedly water.40 As Figure 1.5 shows, mononuclear precursor complex 1-1 [MnII(terpy)2]2+ 

can be oxidized to di-µ-oxo Mn2
III,IV complex 1-2. A further oxidation of 1-2 quantitatively yields 

the stable tetranuclear MnIV complex 1-4, which can also be formed by simple dissolution of the 

di-µ-oxo Mn2
IV,IV dimer 1-3 in aqueous solution. The formation of these high valent polynuclear 

oxomanganese complexes is due to the significant tendency of MnIV species to aggregate by 

formation of oxo bridges, which is a good synthetic analogue of the “dimers-of-dimers” model 

compound of the OEC in PSII. However, results showed complex 1-4 was unable to oxidize water, 

making it not a real catalyst for water oxidation. In a more general sense, this work demonstrates 

that a simple oxidation of 1-2 cannot produce molecular oxygen without the help of an oxygen 

transfer agent. Therefore, it cannot be considered as a real functional synthetic model of OEC of 

PSII.41 

 

Figure 1.5 Interconversion for Mono- (1), Bi- (2, 3), and Tetranuclear (4) Terpyridine Complexes 

in Aqueous Solutions; (E) Electrochemical Step, (C) Chemical Step. Reproduced from reference 

40. 

 

 

Several other Mn-based systems coupled to oxo-transfer oxidants were reported to evolve 

oxygen from water. Naruta and coworkers studied manganese bis(porphyrin) systems for oxygen 
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evolution. In their system, m-chloroperbenzoic acid is employed to drive formation of a bis-MnV-

oxo intermediate, which decomposes to form dioxygen upon treatment with triflic acid.42 Also, 

results from the Spiccia,43 Young,44 and Brudvig groups7 all demonstrated that electrocatalysis does 

not occur with molecular manganese in solution. Later, it was shown that manganese oxide 

materials formed in situ are the true catalyst for water oxidation.45 

 

1.4.2 Ruthenium Catalysts 

Meyer and coworkers reported the first molecular ruthenium (Ru) complex acting as a 

WOC.35 This Ru complex was also called the "blue dimer" and had the formula (cis,cis-

{[Ru(bpy)2(H2O)]2(µ-O)}4+). It consisted of an oxo-bridged binuclear compound in which each Ru 

atom was bound to two bpy ligands and an exchangeable water solvent molecule (Figure 1.6).46 

 

Figure 1.6 Molecular structure of [{RuIII(bpy)2(H2O)}2O]4+ (blue dimer). Colors: ruthenium, 

green; nitrogen, blue; oxygen, red; carbon, black. Reproduced from reference 46. 

 

 

This complex was a water oxidation catalyst under both chemical and electrochemical 

conditions. When the dimer was added to the solution with 50 or 100 equivalents of CeIV, oxygen 

was evolved cleanly and in the proper proportions based on the redox equivalents involved (4 

equivalents of  CeIV were produced along with 1 equivalent of oxygen). Because CeIV studies are 

limited to the strongly acidic pH values needed to stabilize the oxidant, electrothermy is applied to 
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solve such problem by adjusting the pH of electrolytes. Interestingly, the electrochemical studies 

showed that oxidation of this RuIII-RuIII dimer was pH dependent. Formation of a final RuV-RuV 

species (with two oxo ligands) was required for oxygen evolution.46 As Figure 1.7 shows, the RuIII-

RuIII dimer undergoes an initial one-electron oxidation to a RuIII-RuIV dimer. When the pH was 

above 2.2, RuIII-RuIV was oxidized to RuIV-RuV, followed by a pH-independent, one-electron 

oxidation to RuV-RuV. In solutions more acidic than pH 2.2, RuIV-RuV was unstable with respect to 

disproportionation, and oxidation past the RuIII-RuIV stage occurs by a net three-electron process 

accompanied by the loss of three protons.46 

 

Figure 1.7 Pourbaix (potential vs pH) diagram for blue dimer. The regions of the diagram are 

labeled with the expected oxidation state of the ruthenium centers in the dimer under the 

conditions. Reproduced from reference 46. 

 

In some reports, slow heterogeneous charge-transfer rate constants were observed under 

electrochemical conditions, suggesting that the dimer was precipitated onto the electrode surface. 

In that case, the exact coordination sphere of the ruthenium was unclear, making it difficult to rule 

out the influence of metal oxide catalysis.47 
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Inspired by the results of Meyer, Llobet and co-workers reported a new ruthenium dimer 

for water oxidation.48 In their complex, the unstable oxo bridge was replaced by the anionic and 

more rigid 3,5- bis-(2-pyridyl)pyrazole (Hbpp) bridge, a tetra-N-dentate ligand. Geometrically, Ru-

O-Ru could not be formed, and instead, two aqua groups are forced sufficiently close together to 

have a significant through-space intramolecular interaction (Figure 1.8).49  

 

 

Figure 1.8 Molecular structure of {[Ru(trpy)(H2O)]2(Hbpp)}3+. Colors: ruthenium, cyan; 

nitrogen, blue; oxygen, red; carbon, gray; hydrogen, light blue. Reproduced from reference 49. 

 

 

In the presence of CeIV and under optimized conditions, the catalyst showed turnover 

number (TON, nO2/ncatalyst) and turnover frequency (TOF, TON/time of reaction) values of 512 

and 0.78 min-1 respectively.50 Its water splitting rate is more than 3 times slower compared with 

blue dimer under similar conditions.48, 51 The exceptional performance of the complex is attributed 

to a) positioning of Ru=O groups rigidly facing each other, which should provide a favorable 

entropic situation for the occurrence of intramolecular event; b) the absence of the oxide bridge, 

thereby avoiding decomposition by the reductive cleavage; c) a lower degree of the competing side 
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reaction in which a water ligand is replaced by an anion because of the lower ruthenium oxidation 

states (Equation 1.4.2.1).49    

                                (1.4.2.1) 

 

From that moment on, a revolution in the research of Ru-based chemically and electrochemically-

driven WOCs took place with significant advances in the reported TOF and TON values as well as 

in the understanding of the pathway through which they form O-O bonds.52, 53 Even though the 

overall performance of Ru-based WOCs is remarkably superior, more electrochemical studies are 

needed for their heterogenized analogues to distinguish from homogeneous ones.  

In addition to dinuclear Ru catalysts, dozens of mononuclear Ru complexes have been 

investigated.54-56 In 2005, the Thummel group reported that a mononuclear ruthenium precursor 

with the bis-naphthyridyl-pyridine ligand was capable of catalyzing water oxidation.57 This 

complex evolved oxygen with a TOF of 0.13 h-1 in initial experiments and could reach 600 

turnovers overall.58 The advantage of this system is that accessing a RuV=O species is no longer 

required for water oxidation, while the RuIV=O state being the key point for the oxygen evolution.54  

As Figure 1.9 shows, in the neutral and basic conditions, Ru complexes with naphthyridyl-pyridine 

ligands involves a proton coupled electron transfer (PCET) driven low-energy pathway for O-O 

bond formation while the pathway of Ru(terpy)(bpy) series involves electron-proton transfer (EPT) 

with the presence of high energy RuV=O intermediate. Here, PCET refers a single chemical reaction 

step involving concerted transfer of both a proton and an electron without occurring of an 

intermediate. Therefore, PCET is more kinetically favorable than EPT. However, the reason for the 

success of the specific ligand structure is not yet clear.54  
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Figure 1.9 Water oxidation pathway of Ru(II) polypyridine complexes in neutral and basic 

conditions. Cat 1 and Cat 2 are the catalysts with naphthyridyl-pyrdine ligand. Cat 3 and Cat 4 are 

Ru(terpy)(bpy) series, Reproduced from reference 54. 

 

Following Thummel’s report, Meyer reported extensive electrochemical and mechanistic 

work with [Ru(terpy)(bpm)H2O]2+, where bpm = 2,2′-bipyrimidine.21 In this work, it is proposed 

that RuII-OH2 undergoes a two-electron oxidation to RuV=O species with oxygen evolution. Based 

on those results, Polyansky and coworkers considered that the RuIV=O and RuV=O species were 

found in related experiments to be in equilibrium, which can contribute to mechanistic ambiguities 

due to disproportionation reactions occurring under the reaction conditions.59 Continuing on from 

the Meyer report, Paul and co-workers improved the activity of the mononuclear Ru(terpy)(bpy) 

catalysts by installing pendant electron-donor ligands such as -OH and -OMe on the bpy unit.60 

Carrying out the WOR with CAN, a TON of 215 was measured, which is compared to 138 in 10 h 

for the non-oxygenated catalyst, and a TOF of 0.36 h-1 compared with 0.005 was measured over 

the same time period. Further, a series of ruthenium mononuclear complexes with different ligands 

have been reported to oxidize water to oxygen.56, 57, 61 In all of these cases, thorough electrochemical 

characterization of the catalytic performance of the mononuclear systems relative to dinuclear 

complexes is still lacking.  
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1.4.3 Iridium Catalysts 

Bernhard and co-workers originated the use of iridium in molecular catalysts for water 

oxidation.60 In their work, IrIII bearing substituted or unsubstituted 2-phenylpyridine (ppy) ligands 

were suitable WOC precursors, while [Ir(ppy)2(bpy)]+ showed no activity. This result indicated the 

key role being played by open coordination sites on iridium.62 In 2009, the Brudvig group published 

the use of the pentamethylcyclopentadienyl (Cp*) ligand along with a LX-type bidentate chelate 

ligands, either 2-phenylpyridine or 2-phenylpyrimidine as key ligands for Ir water oxidation 

catlysts. Notably, the oxygen evolution rate of their Cp*IrIII (chelate)X catalysts driven by CeIV 

oxidant was found with the order of 10 turnovers min-1, which is significantly faster than other 

systems known at that time.36 On the basis of the observed kinetics of oxygen evolution, as well as 

computational studies, in 2010, the Brudvig group proposed a mechanism for the activity of iridium 

half sandwich complexes of the types Cp*Ir(N-C)X, [Cp*Ir(N-N)X]X, and [CpIr(N-N)X]X as 

catalyst precursors for the homogeneous water oxidation to dioxygen (Figure 1.10).62 They 

proposed the sequential oxidation of IrIII precatalysts to form a key IrIV oxo complex, which acts as 

the active species in the formation of the O-O bond by reaction with water. Oxidation of the 

resulting peroxo intermediate yields the final oxygen product, and the catalyst is recovered by 

coordination of H2O. Water was confirmed as the source of the oxygen gas produced by using 

measurements of 18O incorporation. Chloride oxidation to hypochlorite or chlorine gas is a 

potentially competing reaction in these water-oxidizing systems.  
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Figure 1.10 Proposed pathway for oxygen evolution with iridium complexes serving as the 

catalyst.62 Reproduced from reference 62. 

 

 

To further examine the oxidative behavior of these complexes, electrochemistry was 

applied at different pH values.63 The results showed that there were multiple oxidation waves, 

suggesting that different reactions take place as the pH is changed, and suggests a pH-dependent 

speciation process. However, electrochemical studies cannot distinguish between homogeneous 

and heterogeneous catalysis of the complex. In order to provide insight on this question, the H/D 

kinetic isotope effect (KIE) was studied to determine the KH/KD ratio for both iridium complex and 

IrO2 nanoparticles. The results showed that the homogenous catalyst displayed distinct behavior 

compared with IrO2. Additionally, transmission electron microscopy (TEM) was used as an 

indication that IrO2 nanopartices were not observable from solutions containing CeIV and iridium 

complex.64 

Another notable precatalyst was reported by Watanabe group in 2010, namely 

[Cp*Ir(H2O)3]2+.65 This complex has distinct behavior from many other Cp* or Cp complexes. The 

oxidative electrochemical response of this complex is unique and is indicative of the deposition of  
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heterogeneous material.63 This represents a clear case that a well-defined coordination complex 

gives rise to a heterogeneous material that functions as the true catalyst for water oxidation.  

Regardless, the easy availability and high catalytic activity of Cp*Ir complexes sparked 

many groups to investigate different catalysts in this series. By now, a large library of Cp*Ir 

complexes have been investigated. The Macchioni group studied [Cp*Ir] derivatives with 

carboxylate ligation at the iridium center, including complexes of ethylenediamine tetraacetic acid 

(EDTA).66 Crabtree’s group investigated several monomeric and dimeric complexes to investigate 

the possibility of oxo-coupling pathways in oxygen evolution.67 Observations from those studies 

strongly suggest that the presence of an oxidatively stable chelate ligand in addition to Cp* is key 

for molecular catalytic activity for water oxidation.   

Another interesting type of iridium catalyst for water oxidation containing chelating 

triazolylidene ligands has been reported by Albrecht.68 Here, triazolylidene is the mesoionic 

carbene (MICs) derived from a 1,2,3-triazolium salt.69 In a mesoionic ring system, one is obliged 

to assign positive and negative formal charges (zwitterionic forms). In such case, no resonance 

form can be drawn without the introduction of formal charges.70-72 While the MICs based on 

imidazolium salts (two nitrogen atoms on the ring) and their metal complexes are well known, the 

triazolium-derived MICs (three nitrogen atoms on the ring) are less common (Figure 1.11).73 

However, Bertrand group reported stable, triazolium-derived MICs and their incorporation into 

simple metal complexes.74 Compared with imidazolium-derived MICs, the triazolium-derived 

MICs have greater σ-donation and decreased π-accepting ability. This, along with their reduced 

susceptibility to decomposition via dimer formation, makes them attractive targets for 

incorporation into metathesis catalysts.71, 75 
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Figure 1.11 Mesoionic carbenes. 

 

Triazolium-derived MICs are advantageous spectator ligands for WOCs. The MICs that 

lack a neutral resonance structure have large contributions from zwitterionic resonance forms, 

which may assist in stabilizing different metal oxidation states when coordinated to an appropriate 

transition metal.72, 76, 77 In addition, the ligands may serve as a transient reservoir of both positive 

and negative charge, therefore providing synergistic effects similar to those observed in bi- and 

multimetallic complexes.35, 48, 57, 61, 78 Albrecht’s triazolylidene iridium complex is highly robust in 

the presence of CAN as sacrificial oxidant with TONs over 40,000 (Figure 1.12).68  

 

Figure 1.12 Triazolylidene–iridium complex, reported by Albrecht. Reproduced from reference 

67. 

 

1.4.4 Other Catalysts 

Iron complexes have also been described as active molecular WOCs. This class of catalyst 

originated with Collin’s work from 1980 on the development of robust tetraamido macrocyclic 
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ligands (TAMLs) for iron.79 Later, Lloret and co-workers described several octahedral FeII 

complexes containing tetradentate ligands, which were equipped with oxidatively stable 8-quinolyl 

groups that also provide enhanced rigidity.80 A recent review by Fukuzumi and Hong showed that 

the homogeneous vs. heterogeneous nature of the catalytic Fe (II) complexes can depend on the 

acidic or basic conditions employed.81 

Among other metal complexes, Hill and coworkers reported the homogeneous cobalt WOC 

supported by polyoxometalate (POM) with a cubane-like structure.28 The Co-POM complex was 

very active and stable under chemically-driven water oxidation conditions, yielding a TON above 

1000 and a TOF of 300 min-1 at pH 8 with [Ru(bpy)3]3+ as sacrificial oxidant. However, the 

electrochemical study showed that the Co-POM catalyst was not stable under specific 

electrochemical conditions and small amount of CoII ions were formed in the solution. Finke and 

co-workers reported that once these ions were oxidized, a nearly undetectable but catalytically 

active cobalt oxide would be formed.82  

Recently, copper coordination complexes have attracted attention as catalysts for water 

oxidation  because CuII has both a well-defined coordination chemistry and an extensive redox 

chemistry based on reduction to Cu0 and CuI, and oxidation to CuIII or even CuIV.83 Mayer and co-

workers reported first copper based electrocatalyst for water oxidation, named as copper-

bipyridine-hydroxo complex.84 In their work, an overpotential of 0.75 V was required to achieve 

catalysis, but a high turnover frequency of ∼100 s−1 was estimated. More recently, many groups 

designed and synthesized copper complexes with pyridine derivatives. For example, the Lin group 

developed a copper-based electrocatalyst with 6,6′-dihydroxy-2,2′-bipyridine as the ligand.85 This 

complex exhibits a lower overpotential than the related copper-bipyridine-hydroxo complex.  

In other work, metal-free, organic compounds have been studied as catalysts for water 

oxidation. In 2012, the Glusac group showed that flavin derivatives can mediate water oxidation at 

glassy carbon and platinum electrodes. In their work, the catalysis relies on the electrode itself. As 
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a result, very high potential of 1.9 V is needed with relatively low turnover numbers of oxygen 

(∼13).86 

 

1.5 Heterogenous Catalysts for Water Oxidation 

Since the dawn of the 20th century, transition metal oxides (specifically ruthenium and 

iridium) have been observed to have good catalytic properties for water oxidation.87-89 Among 

these, iridium oxide was the most active and stable for oxygen evolution.90 Due to the relevance to 

PSII, manganese oxides have received increased attention in recent years. Kurz and coworkers 

reported that MnIII oxides containing calcium with high surface area prepared had higher activity 

than related calcium-free analogs.79 Later, Jaramillo and co-workers revisited manganese oxides 

for water oxidation in a bifunctional- electrode approach.91 In their work, manganese acetate was 

used for electrodeposition of manganese oxide. The activity of this material was impressive at high 

pH. Not surprisingly, in their work, iridium on carbon electrode was found to be the superior 

catalyst, and ruthenium was less effective. Instead of manganese, ruthenium and iridium, cobalt 

oxide containing phosphate has motivated research towards the use of abundant elements for water 

oxidation.92 

 

1.6 Heterogenized Catalysts for Electrochemical Water Oxidation 

Significant developments in the field of water oxidation have emerged over the past few 

years, including molecular systems and metal-oxide catalysts.7, 33 Compared with heterogenous 

systems, molecular catalysts feature well-defined catalytic moieties that are advantageous to study 

mechanistic information.93, 94 However, the effects of ligands complicate the catalyst performance, 

especially their degradation under harsh conditions.24, 95 Importantly, mononuclear homogeneous 
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WOCs can suffer from intermolecular degradation.96 Therefore, immobilization of molecular 

catalysts onto conductive substrates becomes a very attractive strategy.95, 97, 98  

In 2012, the Lin group reported carbon-grafted iridium complexes for electrochemical 

water oxidation.95 They prepared three iridium complexes, which were [Cp*IrCl(4-NH2-bpy)]Cl 

(A), [Cp*IrCl(5-NH2-bpy)]Cl (B) and [Cp*IrCl(pNH2-ppy)] (ppy=2-phenylpyridine) (C). Each of 

the complexes was grafted onto glassy carbon electrodes directly, leading to films 1-1, 1-2, 1-3 

from compounds A, B, and C respectively (Figure 1.13a). Catalytic currents from water oxidation 

at 1.6 V are 226, 16, and 55 μA/cm2 over the background for films 1-1, 1-2, and 1-3 respectively 

(Figure 1.13b). Apparently, film 1 has the largest catalytic current, however, to compare the 

electrochemical activity, it is necessary to determine the exact loading of catalysts. Here, 

inductively coupled plasma mass spectrometry (ICP-MS) was used. The catalyst loadings in film 

1-3 were 0.36, 0.091, and 0.043 nanomol/cm2. TOF for each catalyst was calculated based on the 

current at 1.6 V and the catalyst loading as measured by ICP-MS.  As a result, the Cp*Ir complex 

with the more electron-donating ppy ligand C is a more active WOC electrochemically than the 

WOCs with bpy ligands with the TOF value of 3.31 s−1, also confirmed by chemically driven 

catalysis with CAN as the sacrificial oxidant.  

 

Figure 1.13 Carbon-grafted iridium complexes for electrochemically water oxidation. (a) iridium 

complexes A-C grafted onto glassy carbon electrodes directly (b) Cyclic voltammetry for 1 

(purple), 2 (green), and 3 (red) compared to background (black), at 100 mV/s in acetate buffer 

(pH 5). Reproduced from reference 95. 
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The stability of the carbon-grafted WOCs was further examined by cyclic voltammetry 

under same condition. Much of the catalyst was lost during the 10 CV scans. Over three hours of 

electrolysis, most of the remaining bound catalyst is lost. The loss of catalyst is likely due to loss 

of carbon from the surface of the electrode, rather than catalyst decomposition, as carbon is 

oxidized at the potential used.  

Another example of a metal catalyst supported on a GC electrode involves a Ru-aqua 

complex, reported by Llobet in 2015.94 [RuII(bda)(NO)(N−N2)2]3+ (where N−N2 
2+ is 4- (pyridin-4-

yl) benzenediazonium and bda2− is [2,2′-bipyridine]-6,6′-dicarboxylate). At low potentials, the 

anchored Ru-aqua catalyst achieved a TOF of 0.27 s-1 at 0.87 V.  However, after few cycles, the 

catalyst slowly deactivated. Not surprisingly, at higher potentials, the catalyst readily decomposed 

to form RuO2 with TOF of 300 s-1. Thus, the anchored Ru molecular catalyst acted as a precursor 

for the generation of RuO2 electrodeposited on the electrode surface. Overall, the use of glassy 

carbon electrode for water oxidation at the oxidative potentials is a potential problem, leading to 

the loss of grafted catalysts. To overcome this, a carbon electrode with stable surface is needed, 

such as the boron doped diamond electrode (BDD) or nano-ITO-reticulated vitreous carbon 

electrode (nano-ITORVC), and an appropriate strategy for immobilization to the electrode 

surface.99, 100  

In 2016, the Brudvig group described an iridium catalyst with a silatrane functional group 

modified to nano-ITO electrode (Figure 1.14).97 The catalyst was found to perform 

electrochemically driven water oxidation in the condition of a 0.1 M KNO3 electrolyte at pH 5.8. 

Oxygen was produced at potential of 1.35 V vs NHE. Results showed that the catalyst has an 

overpotential of 462 mV with a TON of 304 and TOF of 0.035 s−1. Furthermore, the stability of 

this catalyst was examined by infrared (IR) spectroscopy. Both computational modeling and 

experimental IR spectra suggest that the catalyst retains its Cp* group during the first hour of 

catalysis and likely remains monomeric. 



 

24 

 

 

Figure 1.14 Electrochemical water oxidation of heterogenized iridium catalyst with a silatrane 

ligand on nano-ITO electrode in the condition of 0.1 M KNO3 electrolyte at pH 5.8. Reproduced 

from reference 97.  

 

Overall, heterogenized WOCs become an attractive strategy for electrochemical water 

oxidation. However, the stability of such catalysts is the biggest issue due to stability between 

anchored ligands and conductive substrates.  

 

1.7 Conclusions and Outlook 

For OEC in water oxidation reaction, manganese model complexes have been reported, but 

their mechanism of action is unclear. Mono-, and di-ruthenium complexes as well as iridium half 

sandwich complexes have been reported as molecular catalysts capable of oxygen evolution from 

water. Amine-coordinated multinuclear ruthenium complexes are more active than mononuclear 

ruthenium complexes and manganese complexes. This is likely because multinuclear structures can 

accumulate and delocalize four oxidizing equivalents. The biggest issue for water oxidation by 

homogenous catalyst and heterogenized catalyst is preventing their decomposition to metal oxides.  

An efficient PSII model has not been established so far. Construction of an efficient PS II would 

be an important subject for the 21st century in addition to the development of more active and stable 
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OEC model systems. With this, a more practical and higher efficient device for fuel generation 

from renewable energy carrier can be investigated.       
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Chapter 2 

Electrochemical Water Oxidation by Heterogenized Iridium-NHC 

Precatalysts 

2.1 Introduction  

As noted in the previous section, one of the major challenges for the global implementation 

of artificial photosynthesis is finding a competent catalyst for the water oxidation half reaction.1 

Some of the most active water oxidation catalysts (WOCs) are iridium complexes.2-8 In particular, 

iridium cyclopentadienyl complexes [Ir(Cp*)(L,L)X]+ (Cp* = C5Me5
−) containing a chelating N,N-

, C,N-, or C,C-bidentate ligand motif afforded high catalytic activity.9 Of these, Cp*Ir-type 

precatalysts are much more likely to remain homogeneous with chelating ligands bound to iridium 

center. Without such ligands, the complex can easily form heterogeneous IrO2 nanoparticles that 

are also catalytically active.10 In 2016, Brudvig reported a heterogenized iridium water oxidation 

catalyst with a silatrane functional group that was supported on metal oxide semiconductor 

surfaces.11 This complex had a remarkable TOF of 7.9 s-1 when bound to nano-ITO thin films. Later, 

Lin and co-workers applied similar strategy by immobilizing a Cp*Ir precatalyst in a molecular 

organic framework (MOF). When treated with chemical oxidants, the Cp* ring was degraded to 

yield active monomeric WOCs.12 

Herein, we describe our design of a supported WOC that employs addressable N-

heterocyclic carbenes (NHC) with chelating N,N-, ligands to coordinate to Cp*Ir complex, followed 

by self-assembling on gold surface. The resulting heterogenized iridium-NHC catalyst will be 

characterized via XPS and electrochemical techniques and employed in water oxidation catalysis.  
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2.1.1 N-Heterocyclic Carbene Ligand in Surface Chemistry 

The basic structural feature of NHCs is the presence of a stable divalent carbon 

incorporated into a nitrogen-containing heterocycle.13 The first isolated free NHC was reported in 

1991.14 Since then, many advances have been made on the synthesis, characterization and reaction 

of NHCs with diverse electronic and steric properties.15-17 The chemistry of NHCs has become 

mainstream in organometallics.18-20 Due to their good σ-donating ability, NHCs are known to form 

stronger bonds with most metals relative to phosphines.21 Recently, the application of carbene 

ligands to surfaces has received more attention.22, 23 The well-established tendency of NHCs 

binding to and stabilizing a large fraction of elements has inspired researchers to utilize NHCs as 

anchors for surface modification. There are several potential advantages over traditional surface-

anchoring groups, such as enhanced stabilization, ease-of-synthesis, the potential for delocalized 

bonding, and structural diversity.24 

 

2.1.1.1 Addressable NHC Anchors for Gold Surface  

Since 1983, the chemisorption of thiols on gold surface has enabled countless technological 

advances in the fields of electronics, sensing, microfabrication, and nanotechnology. Although 

thiols are widely applied in surface chemistry, S-Au monolayers have limitations, for example, the 

relatively weak S-Au bond (∼45 kcal/mol)25 can lead to monolayer desorption at moderate 

temperatures (∼100−150 °C)26 and they are highly sensitive to oxidation.27, 28 Furthermore, the 

geometries of S-Au monolayers cannot be clearly defined.29 Finally, S-Au bonds typically have 

low conductance, limiting the use in molecular electronics applications.30   

The first example of the introduction of an NHC onto a planar metal was reported by 

Siemeling and co-workers.31 In their work, a THF solution containing 1,3-diethylbenzimidazol-2-
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ylidene (BIEt) 2-1 and its dimer was used for film fabrication on gold (Scheme 2.1). There are two 

proposed mechanisms of deposition of BIEt 2-2 monolayers on gold surface: (1) the dimer could 

coordinate to the surface and undergo fission; or (2) the dimer could be in depletive equilibrium 

with the less stable monomeric form, and the latter would bind to the gold surface, which would 

cause more dimer to dissociate. 

 

Scheme 2.1 Deposition of free NHC (in equilibrium with NHC dimers) to planar gold surfaces. 

Proposed pathways are labeled as (1) and (2).   

 

The NHC 2-2@Au monolayer was characterized by X-ray photoelectron spectroscopy 

(XPS) and C K-edge near-edge X-ray absorption fine structure spectroscopy (NEXAFS). XPS 

results suggested that there were some co-adsorbed BIEt dimer and remaining surface contaminants 

could not be completely ruled out. Carbon 1s XPS data showed presence of C=O film 

contamination (around 5%). It is known that amide moieties (N–C=O) can be easily formed by 

reaction of NHCs with trace amounts of water and oxygen.32-34 Although the authors ruled out the 

contaminations based on one N 1s peak at 400.2 eV, the signal-to-noise ratio in the N 1s region 

leaves room for this possibility. Lastly, NEXAFS was used to predict the tilt angle of the NHC 

to the surface with the value of 30 ± 6° relative to the normal to the surface, suggesting the 

enetetramine would likely lie flat on the surface.  

Following Siemeling’s paper, the Johnson group reported first examples of functionalized 

NHCs on gold surfaces in 2013.23 In their work, free carbenes were deposited on surface directly 
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by treating  imidazolium salt with strong base, potassium hexamethyldisilazide (KHMDS), or by 

heating carbon dioxide adducts. Figure 2.1 shows examples of aryl bromide and β,3,5-

trimethylstyrene-substituted NHCs. The surface was characterized by XPS and quartz crystal 

microbalance with dissipation (QCM-D). QCM-D can provide areal mass densities (AMD) of 

NHCs. The AMD results were corresponded to a roughly ∼74% surface coverage based on the 

dimensions of the NHC in the crystal structure of an isolated Au(I) complex, indicating the 

monolayers were densely packed.35 Later, the NHC monolayers were studied for surface 

functionalization. While the cross-coupling of the aryl bromide-functionalized NHC was not 

successful, the β,3,5-trimethylstyrene-substituted NHC showed great success to polymerize the 

surface with a pentafluorophenyl exo-norbornene derivative, characterized by XPS (Figure 

2.1). Johnson’s report showed a substantial improvement in the area of functionalized NHCs, which 

can be deposited and derivatized via pendant functional groups.  

 

Figure 2.1 The formation of addressable NHCs binding to planar Au surface, followed by 

functionalization with example of polymerization. Reproduced from reference 23. 
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2.1.1.2 Enhanced Stability of NHC Monolayers at Gold Surface  

In 2014, the Crudden group prepared a variety of NHC self-assembled monolayers (SAMs) 

on gold surfaces, and carried out a detailed comparison of stability relative to sulfur based SAMs.22 

In the work, the NHC SAMs were prepared by treating benzimidazolium salts with potassium 

tert-butoxide (KOtBu), which is an amine-free base, followed by filtration and subsequent 

reaction with gold surface under nitrogen. The NHC-Au monolayers showed markedly greater 

resilience to chemical conditions than thiols, specifically extreme pHs and strongly oxidizing 

conditions. Among the NHCs tested, the iPr2bimy NHC 2-3 demonstrated superior stability. While 

thiol monolayers are unstable even in THF at RT, in the case of  NHC 2-3 the monolayers were 

virtually unchanged by all the listed conditions (Figure 2.2).  

 

Figure 2.2 XPS data demonstrating stability of iPr2bimy (2-3) on gold surface under various 

conditions. Reproduced from reference 22. 

 

In the same report, the addressable NHC concept was expanded by incorporating a reactive 

azide functionality on the backbone of the iPr2bimy scaffold. The characterization of azido-NHC-
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Au monolayer was confirmed by XPS and contact-angle measurements. The NHC-derived SAMs 

were characterized with high thermal, hydrolytic, chemical, oxidative stabilities marking important 

landmark in the development of NHC−surface anchors.   

 

2.1.1.3 Hydrogen Carbonate Azolium Salt Deposition of NHC SAMs 

The formation of organic films on gold surfaces employing NHCs has been useful strategy 

for generating stable organic films. However, as described above, free NHCs are typically prepared 

with strong bases, for example, KOtBu, KHMDS under inert atmosphere, with rigorous exclusion 

of air and moisture. It has been shown problematic with the use of base, leading to contamination 

of metal surface. As an alternative, in 2016, Crudden group reported the use of benzimidazolium 

hydrogen carbonates as bench stable solid precursors for the preparation of NHC films in solution.36  

In 2012, Taton reported the preparation of imidazolium hydrogen carbonate via between 

imidazolium iodide salts and KHCO3.37 However, this method was shown to give variable amounts 

of iodide anion, which will coordinate strongly to gold. Mina Narouz, a graduate student in Crudden 

group, developed two methods to isolate pure hydrogen carbonate salts (Scheme 2.2). The first 

involved oxidative removal of the iodide counterion in the presence of CO2, and the second 

involved ion exchange resin. For both methods, the iodide counterion was oxidized to iodine, thus 

iodine as the precipitate can be separated from NHC hydrogen carbonate salt by filtration.  

 

 

Scheme 2.2 Benzimidazolium hydrogen carbonate exchange with iodide oxidation of NHC 2-4. 
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Ion exchange resins are popular methods for removing unwanted counterions from 

substrates. However, the hydrogen carbonate exchange resin is not commercially common. To 

prepare the hydrogen carbonate resin, Mina treated hydroxide-based ion exchange resins with 

bubbling CO2 through a suspension for 2 hours. This method makes an important improvement in 

the preparation of bench-stable NHCs under ambient conditions. 

 

2.1.2 Electrochemical Reaction 

Since we will employ electrochemical methods in this chapter, some key electrochemical 

concepts will be defined. Electrochemical reactions involve electron transfer from a molecule or 

ion with the change of its oxidation-reduction state. Such reaction can be determined by difference 

in electric potential between the electrodes. The cell potential, measured in volts (V), where 1 V = 

1 joule/coulomb (J/C), is a measure of the energy available to drive charge externally between the 

electrodes. In electrochemical reactions, the fundamental observables are current and potential. For 

a given interfacial process, the current can be treated as the rate of the reaction and is dependent on 

the applied potential. Since varying the potential is equivalent to the changing of the driving force 

for the electrode reaction, the relationship between current and potential is of key importance in 

electrocatalysis.38 

In electrochemistry, voltammetry is one of the techniques employed to investigate the 

electrolysis mechanisms, including potential step, linear sweep, and cyclic voltammetry.39 For all 

the cases above, a voltage is applied to the electrode and the corresponding current that results is 

monitored. The essential elements needed for an electrochemical measurement are as follows: (1) 

an electrode, usually made of an inter metal; (2) a solvent, usually having a high dielectric constant 

to enable the passage of current; (3) a background electrolyte, an electrochemically inert salt (e.g. 
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NaCl or tetrabutylammonium perchlorate, TBAP) with a high concentration of, for example, 0.1 

M to allow the current to pass; (4) the reactant with a low concentration of, for example, 10-3 M. 

 

2.1.2.1 Cyclic Voltammetry  

Cyclic voltammetry (CV) is the most widely used techniques to acquire qualitative 

information about electrochemical reactions.40 It provides a rapid location of redox potentials of 

the electroactive species and the effect of media on the redox process. Figure 2.3  represents the 

expected response of a reversible redox couple.40 It is assumed that only the oxidized form O is 

present initially. At the beginning, a negative (cathodic) potential scan, which is the forward scan, 

is chosen for the first half-cycle. As the applied potential approaches the characteristic potential for 

the redox process, a cathodic current begins to increase, until a peak is reached. The characteristic 

peak in the CV is caused by the formation of diffusion layer near the electrode surface. The volume 

of solution at the electrode surface containing reduced molecules (R) is called the diffusion layer, 

and it continuous to grow throughout the scan. Thus, when the scan moves to more negative 

potentials, the thickness of diffusion layer increases, resulting in a decrease in current (current is 

carried by migration of ions in solution). When the scan direction is reversed, in the positive 

(anodic) direction, reduced molecules (R), accumulated near the electrode surface are reoxidized 

back to "O" molecules.  
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Figure 2.3 Typical cyclic voltammogram for a reversible redox process. Reproduced from 

reference 40. 

 

On the CV diagram, four of the observables, the two peak currents and two peak potentials 

provide important information. If the reverse-to-forward peak current ratio is unity, the system is a 

simple reversible couple. The difference between anodic and cathodic peak potentials is smaller 

than 56 mV at 25 °C for one electron transfer.41 On the other hand, if the individual peaks are 

reduced in size and widely separated, the system is an irreversible couple. 

 

2.1.2.2 Linear Sweep Voltammetry   

Unlike CV, there is no reverse scan for linear sweep voltammetry (LSV). In most cases, 

CV is applicable where LSV is used. However, in the case of an irreversible reaction, LSV is more 

useful. An important parameter in this case is the scan rate. The current response is altered as the 

scan range changes. Figure 2.4  shows a series of LSV measurements with different scan rates.40 It 

is apparent that total current increases with increasing scan rate. This again can be rationalized by 
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the size of diffusion layer. When the scan rate is slow, the diffusion layer will grow much further 

from the electrode surface, resulting in small current. Most importantly, if the peak current 

increases linearly with the square root of the scan rate, the analyte is freely diffusing in solution. 

When the analyte adsorbs to the electrode surface, the current is expected to vary linearly with the 

scan rate. Another point from Figure 2.4 is the position of the current maximum. If the peak occurs 

at the same voltage, it is a characteristic of the electrode reaction, representing reversible reactions.  

 

 

Figure 2.4 Linear sweep voltammetry with increasing scan rate. Reproduced from reference 40.   

 

 

2.1.2.3 Overpotential and the Tafel Plot  

In electrocatalysis, overpotential is often measured to describe the efficiency of the 

electrocatalyst. The term overpotential is the potential difference between a half-cell reaction’s 

thermodynamically determined potential and its experimentally observed potential. The existence 

of overpotential implies more energy is required than expected to drive a reaction.42 To understand 

the concept, the operational voltage to drive a reaction can be described as below:  

Vop = Veq + ƞA + ƞC + ƞΩ                                                                                                                            (2.1.2.3.1) 
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Using water electrolysis as an example, the equilibrium potential Veq is 1.23 V. ƞA and ƞC are the 

overpotentials required to overcome kinetic barrier for oxygen evolution reaction (OER) at the 

anode and the hydrogen evolution reaction (HER) at the cathode, respectively. ηΩ is the additional 

overpotential required to compensate for resistance losses within the device.42 The overpotential 

can be reduced or eliminated with the use of an electrocatalyst. For an ideal system, ƞA and ƞC could 

be close to zero, and ηΩ could be minimized by efficient design of the electrochemical device. In 

reality, it is never the case, and the total efficiency losses can be up to 85%.43 

To understand the characteristics of an electrocatalytic process, a Tafel plot is often used. 

The Tafel plot gives a measure of the rate of increase of electrode potential with the log of the 

current density. In 1987, Conway contended that the Tafel slope is a more important measure for 

electrocatalytic performance than i0, the measure of kinetic rate of a reaction.44 This is rationalized 

by the fact that i0 is measured at the thermodynamic potential and does not characterize the kinetics 

of the electrode at higher, more practical current densities.  

Figure 2.5  shows the Tafel plot of two different catalytic materials.44 In Figure 2.5a, 

catalyst I has low i0 relative to catalyst II, and so could be considered less active. However, catalyst 

II has larger Tafel slope than catalyst I, indicating catalyst II experiences greater polarization (a 

side effects of the electrode process) with increasing current density. Consequently, catalyst I has 

lower overpotential than catalyst II at higher current densities. This is important for systems like 

water electrolysis where high current densities at minimum operational voltages are required for 

economic viability. In Figure 2.5b, the current density for catalyst I requires smaller changes in 

overpotential than for catalyst II, making it a more practical real-world material. Therefore, a low 

Tafel slope is widely acknowledged as an indicator of efficient electrocatalytic performance.45 
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Figure 2.5 Tafel plot of two different catalysts, illustrating the significance of Tafel slopes for 

determining the favorable electrocatalytic properties. ΔVI and ΔVII indicate the overpotential 

changes necessary to alter the current output Δlogi of catalyst I and II, respectively. Reproduced 

from reference 44.  

 

 

2.2 Results and Discussion  

2.2.1 Catalyst Preparation and Heterogenization 

The heterogenized iridium catalyst was designed using an addressable NHC carbene with 

chelating N,N-, ligands to coordinate with Cp*IrCl complex.  There were four steps to synthesize 

this heterogenized iridium-NHC catalyst. Imidazole[4,5-f][1,10]phenanthroline (2-7) was chosen 

as the backbone for the ligand. It was prepared via a multicomponent condensation starting from 

commercially available 1,10-phenanthroline-5,6-dione (2-6), formaldehyde and ammonium acetate 

in acetic acid. Next, alkylation using isopropyl iodide, followed by benzyl bromide provided 

benzimidazolium ion 2-9, as a precursor to the desired carbene (Scheme 2.3).  
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Scheme 2.3 Synthesis of NHC ligand. 

 

 

The structure of compound 2-9 was confirmed by X-ray crystallography. X-ray quality 

crystals were prepared by dissolving purified 2-9 in methanol and layering this solution with 

toluene. The crystal structure is shown in Figure 2.6. The bond length between N3 and C14 is 1.493 

± 6Å, and the bond length between N4 and C17 is 1.474 ± 6 Å. In addition, the bond angle between 

C5-N3-C14 is 128.90° ± 4°, and the bond angle between C6-N4-C17 is 129.82° ± 4°. 

 

Figure 2.6 Crystal structure of NHC ligand (2-4). Colors: nitrogen, blue; carbon, black. 
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Once compound 2-9 was obtained, it was reacted with [Cp*IrCl2]2 at 40 °C in methanol for 

16 hours to give iridium-NHC complex 2-10, a yellow powder with 21% yield (see experimental, 

synthetic methods). To deposit the iridium-NHC complex on gold surface directly, different 

strategies were applied. And all the conditions were summarized in Table 2.1.  

 

Table 2.1 Conditions for the attempted deposition of iridium-NHC complex 2-10 onto a gold 

surface. 

 

 

Since our group found that after changing bromide anion of NHC to hydrogen carbonate 

anion, the NHC ligand can be self-assembled on gold surface directly (described in section 2.1.1.3), 

the same strategy was applied to this iridium-NHC complex (Table 2.1, Entry 1). The iridium 

complex 2-10 was treated with 3.0 equiv of HCO3-resin in methanol in 30 min with stirring. The 

resulted product was analyzed with 1H-NMR spectroscopy, but the resulting 1H-NMR spectrum 

showed only the solvent peak, suggesting that iridium-NHC complex 2-10 decomposed during the 

column. It is known in our group that the use of the resin is sometimes problematic for highly 
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functionalized compounds. An alternative approach examined by our group suggests that NHCs 

can be deposited on gold directly without any base if no halide ions are present.63 Currently this 

method still needs to be fully tested, but considering the difficulties we found in preparing the 

desired bicarbonate anion, we decided to attempt it. To avoid moisture while exchanging the 

bromide for a non-halide counterion, I treated iridium-NHC complex 2-10 with potassium 

hexafluorophosphate (KPF6) in anhydrous MeCN (Table 2.1, Entry 2) (See Experimental 4.2). The 

product iridium-NHC complex with PF6
-(2-12) was analyzed by 1H-NMR, 31P-NMR, 19F-NMR and 

13C-NMR (See Appendix 4.7.1). Compared with 1H-NMR of complex 2-10, the resulting 1H-NMR 

of complex with PF6
- (2-12) showed there was 0.04 ppm difference for the peak shifts. In addition, 

31P-NMR showed peaks around -150 ppm, and 19F-NMR showed peaks around -75 ppm. 13C-NMR 

was remained unchanged. All the NMR results showed the presence of hexafluorophosphate anion. 

After that, NHC-PF6
- (2-12) was reacted with Au/ Si in methanol with a concentration of 2 mM 

overnight. However, XPS results showed there were no iridium signals, indicating that the iridium-

NHC complex 2-10 might not be deposited on gold surface. However, as the anion exchange was 

not rigorously checked by elemental analysis, we cannot rule out that this was a problematic step.  

Since the anion exchange methods did not seem to work, the deprotonation of iridium-NHC 

complex 2-10 with different bases was performed. All the deprotonation was formed under nitrogen 

atmosphere. KOtBu was considered first to deprotonate complex 2-10 in anhydrous THF. The 

procedure was followed from Crudden’s paper.22 The complex 2-10 itself was not soluble in 

anhydrous THF. After reacting with KOtBu for 2 hours, complex 2-10 was still not soluble in 

anhydrous THF (Table 2.1, Entry 3). Therefore, I left the reaction on for 14 more hours (Table 2.1 

Entry 4). The THF was then evaporated under vacuum, and the resulting solid was dissolved in 

toluene and filtered through diatomaceous earth (celite) and reacted directly with Au/ Si. However, 

XPS showed there were no iridium signals. The reason might be that the complex 2-10 was not 

soluble in anhydrous THF, which afftects the deprotonation process. After that, I treated complex 
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2-10 with 1.5 equiv of K2CO3 in anhydrous MeCN. The reaction was stirred for 16 hours, followed 

by filtering though a cotton plug to remove the solid K2CO3 (Table 2.1 Entry 5) and reacting with 

Au/ Si for another 16 hours. XPS analysis of the film resulting from this treatment showed no 

iridium signals. The reason might be that K2CO3 is partially soluble in anhydrous MeCN, therefore 

iridium-NHC complex 2-10 was not completely deprotonated. To increase the solubility of K2CO3, 

methanol was used as solvent while other conditions remained same (Table 2.1 Entry 6). However, 

again, there was no iridium detected on the surface by XPS, indicating the iridium-NHC complex 

2-10 might not be deposited on gold surface. Finally, Et3N was used as base in neat conditions but 

again there was no iridium detected by XPS (Table 2.1 Entry 7).  

All the results suggested that the direct deposition of the iridium-NHC complex 2-10 on 

gold surface was problematic.  

 

2.2.2 NHC Hydrogen Carbonate Synthesis and Film Generation 

Instead of directly depositing iridium-NHC complex 2-10 on gold, I turned to the 

deposition of the NHC ligand itself on a gold surface, which would then be followed by reaction 

with [Cp*IrCl2]2 (Scheme 2.4). To accomplish this, compound 2-9 was first treated with resin-

HCO3 to exchange the bromide for the hydrogen carbonate and give 2-11 in 69% yield (see the 

experimental procedure). Once the hydrogen carbonate salt 2-11 was obtained, it was dissolved in 

methanol at a concentration of 10 mM, followed by reacting with gold at room temperature 

overnight. After the presence of the NHC on the gold surface was confirmed by XPS, the 

heterogenized iridium-NHC catalyst was prepared by reacting the NHC film 2-12 with a solution 

of [Cp*IrCl2]2 (2 mM in methanol) at 40 °C for 16 hours.  The results of this immobilization are 

described in the next section. 
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Scheme 2.4 Preparation of heterogeneous iridium-NHC catalyst 2-13. 

 

2.2.3 XPS Characterization of NHC films 

2.2.3.1 NHC Film 2-12  

All XPS spectra were calibrated to an Au 4f7/2 metallic gold binding energy of 83.95 eV.46 

Figure 2.7 shows the C 1s region and N 1s region of NHC film 2-12. The ratios of carbon to nitrogen 

were calculated based on the percentage of atomic concentrations of C 1s (28.1%) and N 1s (2.3%). 

The experimental value of C/N ratio was 10, while the theoretical value was 6, indicating excess 

of carbon source. In 2017, Marder reported a method to calculate NHC coverage on a gold surface 

based on the N/Au ratio (Equation 2.2.3.1.1).47  

𝑁𝑁

𝐴
= (

𝐼𝑁

𝐼𝐴𝑢(𝑡𝑜𝑡𝑎𝑙)
) ∙ (1.19 × 1016𝑐𝑚−2)                                                                                  (2.2.3.1.1) 

Following his equation, the coverage of NHC film 2-12 was calculated to be 3.9 × 1014 

molecules/cm2 with atomic concentration of N 1s (2.3%) and Au 4f (69.7%). In Marder’s work, the 
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experimental coverage of iPr2bimy 2-3 NHC was (3.3 ± 0.6) × 1014 molecules/cm2, similar to the 

calculated value of (3.40 ± 0.6) × 1014 molecules/cm2. The percentage ideal monolayer of iPr2bimy 

NHC was calculated by 100% × experimental coverage/ideal coverage. And the result was 99% 

ideal monolayer. Compared with Marder’s work, the coverage of NHC film 2-12 was similar with 

a difference of 0.5 × 1014 molecules/cm2. Since NHCs have substituents with varying degrees of 

steric bulk and orientation, the absolute molecular coverage of a given NHC will vary depending 

on its bulk. According to X-ray crystallography data of NHC ligand 2-9, the isopropyl substituted 

group and phenyl substituted group have similar bond lengths and bond angles to NHC backbone, 

indicating those two different substituents do not influence the degree of steric bulk and orientation 

too much. Therefore, NHC film 2-12 has similar coverage as the iPr2bimy NHC does, indicating 

the formation of monolayer of NHC film 2-12. In addition, our group published that the coverage 

of iPr2bimy 2-3 NHC was 3.5 molecule/ nm2, similar to the coverage of NHC film 2-12.22  

To assess the coverage of NHC film 2-12 and the possibility of impurities, the C 1s peak 

was fitted and analyzed (Figure 2.7a). The experimental data showed that the C 1s binding energies 

were distributed over a wide region, from 283.0 to 290.0 eV, indicating that carbon was present in 

many different environments. In the C 1s spectrum, the signal at 284.7 eV was attributed to sp2 

C=C carbons corresponding to literature value of 284.3 eV.48 The peak at 285.7 corresponded to 

sp3 C-C and sp2 C=N bond atoms, matching the literature value for sp3 C-C at 285.3 eV, and sp2 

C=N at 285.9 eV.48  The sp2 C=C has lower bonding energy than sp3 C-C because the 

electronegativity of the sp2 hybridized orbitals is greater than that of sp3 ones.49 The increasing 

electron density leads to the decrease of binding energy. Since XPS detects the binding energy of 

electrons, it is similar to ionization energy of an atom.46 The higher effective positive charge on the 

atom, the higher ionization energy. Consequently, the greater the electron withdrawing power of 

the substituents bound to the atom, the higher the binding energy.46 In addition, sp3 C-N (286.8 eV) 

with the literature value of 286.7 eV48 had higher binding energy than sp3 C-C because nitrogen is 
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more electronegative than carbon, resulting in the carbon bonded to nitrogen is more positively 

charged. All the results were summarized in Table 2.2. Using the area of C-N  peak as base, the 

percentage of sp2 C=C, sp3 C-C with sp2 C=N, sp3 C-N was 16%, 6%, and 2%, while the theoretical 

value was 12%, 6%, and 2% respectively. By comparing with theoretical value, the surface of NHC 

film was contained amorphous and oxidized carbon contamination.  

The N 1s peak is also shown in Figure 2.7b and is characterized by a wide peak from 399.0 

eV to 402.2 eV. The asymmetric peak of N 1s indicates nitrogen atoms in different chemical 

environments.50 The N bonded in a pyridine-like configuration was at 400.0 eV, similar to literature 

value of 399.2 eV from acridine.51 The second type of nitrogen was from NHC with the peak of 

400.9 eV, close to literature value of 400.6 eV.52 All the results were summarized in Table 2.3. 

Based on the peak area, the ratio of those two Ns was calculated. By comparing with literature 

value, the area of nitrogen in a pyridine-like configuration was more than the area of nitrogen from 

NHC. The possible reason might due to the peak fitting. There might be more other nitrogens on 

surface.       

Overall, XPS results indicated the successful deposition of NHC ligand 2-12 on gold 

surface with the result of N 1s at 400.2 eV. And the coverage of NHC 2-12 was similar to the 

coverage of iPr2bimy NHC, indicating the monolayer formation of NHC 2-12. The experimental 

C/N ratio was greater than theoretical one due to the excess of carbon source on surface. After 

analyzing the C 1s fitted peaks, it can be concluded that surface of NHC film 2-12 was contained 

amorphous and oxidized carbon contamination.  
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Figure 2.7 XPS analysis of NHC film 2-12. (a) C 1s fitting curve; (b) N 1s curve. 

 

 

Table 2.2 XPS data analysis of C 1s 

 
C=C C-C, C=N C-N 

BE (eV) 284.7 285.7 286.8 

Area 2985.5 843.1 456.1 

% (Experimental) 16 6  2  

% (Theoretical) 12 6 2 

 

 

 

Table 2.3 XPS data analysis of N 1s 

 
N from pyridine N from NHC 

BE (eV) 400.0 401.0 

Area 512.4 271.3 

% (Experimental) 4 2  

% (Theoretical) 2 2 
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2.2.3.2 Iridium-NHC Film 2-13 

XPS was also used for analysis of the supported iridium catalyst 2-13@Au. In addition to 

examination of the C and N signals, the presence of iridium was also probed, and provides 

information about the oxidation state of iridium as well. In Figure 2.8, the heterogenized iridium-

NHC film 2-13@Au (red line) is compared with homogenous complex 2-10 (black line). The 

iridium signal in 2-13@Au appears as an asymmetric doublet (4f7/2 at 62.23 eV, Ir 4f5/2 at 65.20 

eV) with a splitting of a 3.0 eV. The area ratio of Ir 4f7/2/ Ir 4f5/2 was found to be 1.28. According 

to spin orbital splitting, the peaks will have specific area ratios based on the degeneracy of each 

spin state.53 Therefore, the area ratio for the Ir peaks (Ir 4f7/2/ Ir 4f5/2) is predicted be 4:3, 

corresponding to 8 electrons in the 4f7/2 level and 6 electrons in the 4f5/2 level. For iridium-NHC 

complex 2-10@Au (black line), the Ir(III) state also had an asymmetric doublet (4f7/2 at 62.07 eV, 

4f5/2 at 65.08 eV) with a splitting of a 3.0 eV and an area ratio of 1.30.  

Importantly, these results indicate that the observed peaks on the film are not from Ir2O3 or Ir(OH)3 

because the former is thermodynamically unfavorable, and the latter is reported to have a more 

symmetrical peak profile with a binding energy identical to that of IrO2.54 For a single IrO2 crystal, 

the peak of Ir4f7/2 is at 61.7 eV and the peak of Ir 4f5/2 is at 64.7 eV.55  
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Figure 2.8 XPS spectrum of Ir4f core level of heterogenized iridium-NHC 2-17 (red) and iridium-

NHC complex 2-13 (black). 

 

The corresponding Cl 2p peak of heterogenized iridium-NHC 2-13@Au was also plotted (Figure 

2.9). The chlorine region displayed three peaks at binding energy of 197.99 eV, 198.98 eV, and 

200.33 eV. The binding energy at 197.99 eV was probably due to the absorption of chloride anion, 

from the reaction of NHC film 2-12 with [Cp*IrCl2]2.  The refence value of Au-Cl binding energy 

is 196.9 ± 0.4 eV.56 The ~0.4 eV binding energy shift is due to the different concentration of 

solution. The binding energy at 198.98 eV represents Ir-Cl bond with reference value of 199.3 eV.54 

The last binding energy value at 200.33 eV is probably due to the covalent form of chlorine Cl0 in 

HCl with the reference value of 200.9 eV.57 As described before, atom with more electrons, here is 

Cl- has smaller binding energy, compared with Cl0. Additionally, the coverage of heterogenized 

iridium-NHC film 2-13 was calculated using Marder’s method. The coverage was 6.03 × 1014 

molecules cm-2 with N 1s (2.3%) and Au 4f (44.4%).  
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Figure 2.9 XPS data of Cl(2p) of heterogenized iridium-NHC film 2-13. 

 

 

2.2.4 Electrochemical Measurements 

2.2.4.1 Iridium-NHC complex 2-10 

Before examining the electrochemical performance of heterogenized iridium-NHC film, 

the redox properties of iridium-NHC complex 2-10 were measured via CV. A glassy carbon 

electrode (GCE) was used as the working electrode. The GCE and the gold electrode are both 

suitable for water oxidation reaction because they all have high overpotential for oxygen evolution, 

and therefore have a wide electrochemical potential window. However, compared with the gold 

electrode, the GCE is less electrochemically active, and is much less likely to interact with the 

interferences. In other words, most species do not absorb on the surface of GCE, especially if it is 

clean and has very little oxygen functionality.58  

If water oxidation is directly accessible as the dominant electrochemical process, it would 

be expected to show a strong pH dependence, with a more basic solution giving rise to an earlier 

onset of catalytic current or greater current at high pH.59 In these studies, only pH 6.4 was used 

because bipyridine ligand oxidation has been reported for metal complexes above pH 7.60 As shown 



 

55 

 

in Figure 2.10, in the control experiment with 0.1M KNO3 as electrolyte (black line), there were no 

redox peaks produced. The CV of iridium-NHC complex 2-10 (red line), on the other hand was 

irreversible with an oxidation peak at 1.30 V (vs Ag/AgCl), and a reduction peak at 0.57 V (vs Ag/ 

AgCl). These redox peaks represent the oxidation of Ir(III) at 1.30 V. As described in section 1.6, 

the Lin group reported similar Cp*Ir(bpy) WOCs.12 The current density of their [Cp*IrCl(5-NH2-

bpy)]Cl molecular catalyst was 0.8 mA/cm2 with a concentration of 2 mM in acetate buffer at pH 

5. In our case, the current density measured for iridium-NHC complex 2-8 was 0.01 mA/cm2 with 

a concentration of 0.1 mM in potassium nitrate solution at pH 6.4. Although there are some 

differences in terms of how the measurement was made, the low catalytic current generated was 

likely due to the low concentration of iridium-NHC complex on the surface.  

  

Figure 2.10 Cyclic voltammetry of iridium-NHC complex 2-8 (red), and control experiment 

(black). CV was recorded at 50 mV/s in 0.1 M KNO3 solution with pH 6.4. WE: glassy carbon 

electrode, CE: Pt wire, RE: Ag/AgCl. 0.1 mM of iridium-NHC 2-10 was used.  

 

 

2.2.4.2 NHC Film 2-12 

Before measuring the catalytic activities of heterogenized iridium-NHC film, the 

electrochemical properties of NHC film was examined via CV. Figure 2.11a shows the surface of 

bare gold in electrolyte (red line), which is characterized by an oxidation peak at 1.12 V, and a 
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reduction peak at 0.83 V. This is very similar to the expected literature value as reported by Zeng 

et al. for bare gold in 1.0 mM of KNO3, which has an oxidative peak at 1.2 V and a reductive peak 

at 0.79 V.61 After the immobilization of the NHC ligand 2-10, the redox peaks of bare gold 

disappeared (black line). No redox peaks for the NHC film were observed, while a new reduction 

peak at 0.74 V appeared. The stability of the NHC film was examined by running 100 CV cycles 

from 0 V to 1.6 V with a scan rate of 50 mV/s. In Figure 2.11, the 100th cycle of NHC film is shown 

in blue. Interestingly, a new oxidation peak appeared at 1.18 V, and a new reduction peak appeared 

at 0.68 V. As the number of scans increased, the current density of the redox peaks of NHC film 

increased gradually (Figure 2.12). As shown in Figure 2.12, the arrows indicated the continuous 

increasing current density. The results showed that the NHC film 2-12 was unstable after multiple 

CV scans to 1.6 V. Since the difference of redox potentials of NHC (∆Ep = 0.5 V) was not same as 

the bare gold one (∆Ep = 0.29 V), indicating that most of the NHC was removed from the gold 

surface, but decomposition products likely remain on the gold surface. But the reason why large 

current was produced is unknown. Consequently, the NHC film is not stable at high voltages of  

1.6 V.  

  

Figure 2.11 Cyclic Voltammetry of bare gold surface (red), NHC film (black). (b) NHC film 

after 100 CV cycles (blue). CV was recorded at 50 mV/s in 0.1 M KNO3 solution with pH 6.4. 

WE: Au/ Si, CE: Pt wire, RE: Ag/AgCl.  
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Figure 2.12 Cyclic voltammetry (CV) of 100 cycles of NHC film 2-12. CV was recorded at 50 

mV/ s in 0.1 M KNO3 solution with pH 6.4. WE: Au/ Si, CE: Pt wire, RE: Ag/ AgCl. 

 

 

2.2.4.3 Iridium-NHC Film 2-13 

Having examined the redox properties of iridium-NHC complex 2-10 and NHC film 2-12, 

we then investigated the electrochemical properties of heterogenized iridium-NHC 2-13@Au. In 

Figure 2.13, the redox properties of heterogenized iridium-NHC film 2-3@Au is shown in red. The 

first oxidation peak appears at 0.9 V, and the second oxidation peak at 1.3 V. When the scan was 

reversed, the first reduction peak appeared at 1.42 V, and the second reduction peak appeared at 

0.8 V. Compared with bare gold and NHC film, the most notable change was the high catalytic 

current produced by heterogenized iridium-NHC film. At 1.6 V, the current density produced by 

heterogenized iridium-NHC film was 0.038 mA/ cm2, while the current density produced by NHC 

film and bare gold was only 0.013 mA/cm2 and 0.006 mA/cm2, respectively. The small current 

density may be due to a small active area. Initially, the area of gold electrode is small with a value 

of 1.0 cm2. After NHC immobilized on gold surface, the surface contained amorphous and oxidized 

carbon contamination. Also, during the process of doping iridium on NHC film, chlorine was 

absorbed on gold surface. All the processes above made the surface area containing iridium-NHC 

catalyst smaller, which might cause the low catalytic current.  
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Figure 2.13 Cyclic Voltammetry of bare gold surface (black), NHC film 2-12 (blue), 

heterogenized iridium-NHC film 2-13 (red). All the CVs were recorded at 5 mV/s in 0.1 M 

KNO3 solution with pH 6.4. WE: Au/ Si, CE: Pt wire, RE: Ag/AgCl. 

 

To determine the efficiency of heterogenized iridium-NHC catalyst 2-13@Au, we 

measured the overpotential and Tafel slope. Linear sweep voltammetry (LSV) was carried out to 

construct the Tafel plot. The onset of iridium oxidation took place at about 1.31 V vs RHE (blue 

line) and the onset of water oxidation at approximately 2.13 V vs RHE (red line) (Figure 2.14). The 

onset potential here is the potential at which current starts to rise and corresponds to the beginning 

of a chemical reaction.  

 

Figure 2.14 Linear sweep voltammetry of heterogenized iridium-NHC film 2-13. LSV was 

recorded at 5 mV/s in 0.1 M KNO3 solution with pH 6.4. WE: Au/Si, CE: Pt wire, RE: Ag/AgCl. 

ERHE = E(Ag/AgCl) + 0.059 pH+0.197 V. 
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A Tafel plot was constructed from the LSV data using overpotentials between 0.2 V and 

0.6 V. The Tafel slope gives information about catalytic activity, such that a smaller Tafel slope 

corresponds to a better the catalyst. For iridium oxides, Tafel slopes were reported in the range of 

40 to 60 mV/dec.62 Compared with iridium oxides, the iridium-NHC film 2-7 had incredibility large 

Tafel plot of  248 mV/dec. This is consistent with the low catalytic activity previously determined 

for this system (Figure 2.15). Other possible reasons might be the surface area of counter electrode 

was much smaller than working electrode, limiting the process at working electrode or the 

possibility of leaks in the cell (not all oxygen was excluded). 

 

 

Figure 2.15 Tafel plot of heterogenized iridium-NHC catalyst 2-13@Au. ƞ = 𝐸𝑅𝐻𝐸 − 1.23 V. 

 

The experiment was carried out at different scan rates to determine if the observed catalytic 

activity is diffusion controlled or surface controlled (Figure 2.16). Comparing current density vs. 

the square root of the scan rate gave a better linear relationship (R2 of 0.998) than current density 

vs. scan rate (R2 of 0.983) (Figure 2.17). In other words, this heterogenized iridium-NHC catalyst 

2-13 was not stable under this applied electrochemical conditions (high potential of 1.6 V). This 

result was also confirmed by XPS. The coverage of this heterogenized iridium-NHC film 2-13 was 

dropped to 2.84 × 1014   molecules cm-2 from 6.03 × 1014   molecules cm-2. After electrochemistry, 
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there was no iridium peak. In the future, a smaller potential of 1.3 V should be applied to examine 

the redox properties and stabilities of this heterogenized catalyst at lower voltages.  

 

Figure 2.16 Linear sweep voltammetry of heterogenized iridium-NHC film with various scan 

rate from 5mV/ s to 500 mV/s in 0.1 M KNO3 solution with pH 6.4. WE: Au/Si, CE: Pt wire, RE: 

Ag/AgCl. 

 

 

 

Figure 2.17 Linear relationship between current density and scan rate and SQRT scan rate. (a) 

Current density vs scan rate. (b) current density vs. SQRT scan rate. 

 

2.3 Conclusions and Future Work 

A heterogenized iridium-NHC catalyst was designed with an NHC carbene with chelating 

N,N-, ligands coordinating to  IrCp*Cl complex. Since the direct deposition of iridium-NHC 

complex 2-10 was not successful, the route was changed to deposit NHC ligand 2-11 on the gold 
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surface, followed by reaction with [Cp*IrCl2]2. The synthesis starts with generation of imidazo[4,5-

f] 1,10-phenathroline from commercially available 1,10-phenanthroline-5,6-dione, followed by 

alkylation with isopropyl iodide. Due to the steric hinderance effect, the second alkylation was 

carried out with benzyl bromide. Subsequently, the bromide counterion of NHC 2-9 was switched 

to hydrogen carbonate ion via ion exchange resin, giving us a bench-stable NHC hydrogen 

carbonate salt 2-11, followed by reacting with gold in methanol overnight. XPS results showed 

NHC ligand 2-11 was successfully deposited on gold surface with C/N ratio of 10 and a coverage 

of 3.86 x 1014 molecules/cm2. The XPS results suggested that NHC ligand 2-12 monolayer is 

formed with carbon contamination on the surface. Iridium-NHC film 2-13 was then generated by 

reacting NHC film 2-12 with 2 mM of [Cp*IrCl2]2 in methanol. XPS results showed the successful 

formation with peaks of Ir 4f7/2 at 62.23 eV and Ir 4f5/2 at 65.20 eV. However, the processes of 

generating heterogenized iridium-NHC film 2-7, described above resulted small catalytic surface 

area, representing small amount of iridium on the specific area of electrode. This was confirmed 

by electrochemical study with low catalytic current of 0.038 mA/cm2. Through optimizing the 

conditions, both iridium-NHC complex 2-10 and heterogenized iridium-NHC film 2-13 displayed 

an oxidation peak at 1.3 V, indicating that this iridium-NHC film is catalytically active. The onset 

of water oxidation catalyzed by this heterogenized iridium-NHC film 2-7 was at approximately 

2.13 V vs RHE. The Tafel slope of this heterogenized iridium-NHC catalyst was 248 mV/dec, 

which is large compared with iridium oxides with a range of 40 mV/dec to 60 mV/dec, and indicates 

a low catalytic activity.  

The stability of NHC film 2-12 was examined by CV by performing 100 CV cycles from 

0 V to 1.6 V with a scan rate of 50 mV/s. Results suggested that NHC film was not stable at high 

potentials. In addition, CV with different scan rates were performed and analyzed. The result 

indicated iridium was removed from the surface under these conditions (potential at 1.6 V), 

indicating the heterogenized iridium-NHC film 2-12 was not stable.  
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In the future, QCM will be applied to determine the amount of loading iridium before and 

after electrochemistry, to calculate the TOF with current at the applied potential.  To achieve a 

stable NHC film 2-12, a smaller potential of 1.3 V will be applied, followed by water oxidation 

with this iridium-NHC catalyst 2-12 at 1.3 V. In addition, chemically-driven water oxidation will 

be examined with CAN to quantify the TOF and TON.  
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Chapter 3 

Conclusion and Outlook 

Water is the source of both oxygen and hydrogen, but energy is needed for hydrogen 

production by water splitting. To evolve hydrogen efficiently in a sustainable manner, it is 

necessary to overcome the higher potential that water oxidation produces. Therefore, the 

development of a catalyst for water oxidation to evolve oxygen becomes an important key goal for 

a technology-based water splitting. Chapter 2 describes homogeneous, heterogenous and 

heterogenized WOCs, as well as energy sources that can drive the water oxidation reaction. The 

generation of heterogenized WOCs includes the immobilization of molecular catalysts onto 

conductive substrates. Their catalytic performances are examined under electrocatalytic conditions. 

Among three examples introduced in Chapter 2, only Brudvig’s iridium catalyst with a silatrane on 

nano-ITO is stable after treatment with electrochemistry. While other heterogenized WOCs are lost 

during the electrolysis or decomposed to metal oxide.   

It is a challenging to design a WOC with suitable driven energy source. The most difficult 

part is to design a chelated ligand to sterilize the catalyst. Bipyridine is the widely used ligand in 

water oxidation reactions, however, it may not provide a sufficiently strong bond to Ir to prevent 

its loss into solution. For most WOCs prepared with a bipyridine ligand, metal oxides are the final 

product after water oxidation reaction, making it difficult to distinguish if the reaction is catalyzed 

by homogeneous molecular catalysts or heterogenous metal oxide catalysts. Despite this fact, we 

chose to prepare bipy-based catalysts to test the concept of NHC-to-gold immobilization.  

In Chapter 3, the generation of an iridium-NHC catalyst is described as an NHC with a 

chelating N,N- bidentate ligand to coordinate an IrCp*Cl complex. There are only four steps to 

synthesize this heterogenized catalyst, starting with synthesis of imidazole[4,5-

f][1,10]phenanthroline from commercially available 1,10-phenanthroline-5,6-dione, followed by 
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alkylation using isopropyl iodide or benzyl bromide. After that, its hydrogen carbonate salt was 

generated and deposited on gold surface directly. By reacting the NHC ligand film with [Cp*IrCl2]2 

we were able to generate the heterogenized iridium catalyst. Here, XPS was the major technique to 

characterize the surface with success. The electrochemistry results showed this heterogenized 

iridium-NCH has catalytic activity for water oxidation, but LSV results showed the iridium came 

off from the gold surface. Since NHC film was unstable at 1.6 V. We are not sure if the instability 

of heterogenized iridium-NHC film was caused by NHC film or the bipyridine bonding with 

iridium itself.   

In the future, different chelated ligands will be synthesized including C,N-, and C,C-

bidentate ligands to increase the stability of NHC film. Different transition metals including 

ruthenium and copper will be applied to investigate the different catalytic properties of water 

oxidation and other reactions. In addition, treatment with CAN will be studied to get robust TOF 

and TON before electrochemistry. Also, QCM will be applied to determine the amount of loading 

iridium before and after electrochemistry, together to calculate the TOF with current at applied 

potential. This will permit the comparison of TOFs under chemical oxidation and electrochemistry 

to be analyzed. Finally, voltage of oxygen formation by the heterogenized catalysts will be 

determined electrochemically. Oxygen production will also be quantified using a specially 

designed gas chromatograph and 18O-labeled water. 
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Chapter 4 

Experimental  

4.1  Methods  

Pentamethylcyclopentadienyl iridium(III) dichloride dimer was prepared according to literature 

procedure.1  Solvents were used without purification. All the chemicals were obtained from Sigma 

Aldirch, Oakwood Chemicals or Acros Organics without further purification. Au/Si chips were 

prepared by electron-beam deposition at a thickness of 200 nm Au on a Si wafer with 20 nm of Ti 

as the adhesion layer (Nanofabrication Facility at University of Western Ontario). All 

electrochemical measurements were performed with three-electrode configuration electrochemical 

cell. A reference electrode (Ag/AgCl/3.0 M KCl) and a platinum counter electrode were used for 

all the experiments.  

 

4.2 Instruments   

1H and 13C NMR, spectra were recorded on Bruker Avance-400, 500 and 700 MHz spectrometers. 

Chemical shifts are reported in delta (δ) units, expressed in parts per million (ppm) downfield from 

tetramethylsilane, using residual protonated solvent as an internal standard (1H NMR CDCl3: 7.26, 

methanol-d4: 3.31 ppm; 13C NMR CDCl3: 77.16, methanol- d4: 49.00 ppm). All 2D spectra (COSY, 

HSQC, HMBC, NOESY) were acquired in the phase-sensitive mode. All data were acquired, 

processed, and displayed using BrukerXWinNMR and MestReNova software and a standard pulse-

sequence library. All measurements were carried out at 298 K. Mass spectrometry was carried out 

using a Micromass Platform LCZ 4000 system. XPS measurements were performed using a 

Thermo Microlab 310F ultrahigh vacuum (UHV) surface analysis instrument using Al Kα X-rays 
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(1486.6 eV) or Mg Kα (1253.4 eV) at 15 kV anode potential and 20 mA emission current with a 

surface/detector take off angle of 75°. All electrochemical measurements were performed with 

CHI6055E electrochemical workstation (CH Instruments, Austin, TX). 

 

4.3 Synthetic Methods   

1H-imidazo[4,5-f][1,10]phenanthroline (2-7) This product was synthesized according to 

literature procedures.2 Yield: 1.03 g (4.7 mmol, 85%) of a white powder. 1H NMR (400 MHz, 

DMSO) δ 9.02 (dd, J = 4.3, 1.8 Hz, 2H), 8.82 (dd, J = 8.1, 1.8 Hz, 2H), 8.45 (s, 1H), 7.82 (dd, J = 

8.1, 4.3 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 147.78, 143.51, 140.88, 129.47, 123.34. 

 

1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthroline (2-8) 1 g of 2-7 (4.5 mmol) was dissolved 

in 20 ml of acetonitrile and treated with 2.2 g (6.8 mmol) of cesium carbonate . 

Then 1.4 ml (14 mmol) of isopropyl iodide was added to the stirred solution. After 

refluxing overnight, the solvent was removed in vacuo and the reside was 

redissolved in chloroform and washed with water. The combined organic phase 

was dried over Na2SO4 without further purification. Yield: 0.86 g (3.3 mmol, 73%) of a light brown 

powder.  1H NMR (700 MHz, Methanol-d4) δ 8.83 (d, J = 4.2 Hz, 1H1), 8.79 (d, J = 4.2 Hz, 1H11), 

8.62 (dt, J = 8.1, 1.6 Hz, 1H9), 8.43 (dd, J = 8.5, 1.8 Hz, 1H3), 8.24 (s, 1H6), 7.60 (dd, J = 8.1, 4.3 

Hz, 1H10), 7.55 (dd, J = 8.4, 4.2 Hz, 1H2), 5.01 (p, J = 6.7 Hz, 1H14), 1.64 (d, J = 6.6 Hz, 6H15). 13C 

NMR (101 MHz, Methanol-d4) δ 147.73, 146.72, 143.22, 142.80, 139.36, 135.58, 129.67, 128.96, 

123.35, 123.25, 123.19, 122.76, 119.45, 49.71, 21.90. EIS-HRMS: m/z: [M+] Calcd for C16H15N4: 

263.12912; found: 263.12906 m/z.  
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 3-Benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-bromide (2-9). 0.8 g of   

2-8 (3.0  mmol) was dissolved in 5 mL of benzyl bromide. The solution 

was stirred at 120 °C for 1 hr, after which time a viscous yellow precipitate 

formed. DMF (5ml) was added to the stirred solution. After two more 

hours at 120 °C, a yellow precipitate was formed. The crude was allowed 

to cool down, the precipitate was filtered off and was washed with diethyl ether. The crude product 

was purified by recrystallization from methanol and toluene. Yield: 0.65 g (1.5 mmol, 50%). 1H 

NMR (700 MHz, Methanol-d4) δ 10.26 (s, 1H6), 9.69 (d, J = 8.7 Hz, 1H9), 9.45 (d, J = 4.9 Hz, 

1H11), 9.34 (d, J = 4.8 Hz, 1H1), 9.19 (d, J = 8.6 Hz, 1H3), 8.50 (dd, J = 8.7, 4.9 Hz, 1H10), 8.22 

(dd, J = 8.8, 4.9 Hz, 1H2), 7.46 – 7.37 (m, 5H17), 6.46 (s, 2H16), 5.91 (p, J = 6.6 Hz, 1H14), 2.00 (d, 

J = 6.5 Hz, 6H15). 13C NMR (176 MHz, Methanol-d4) δ 147.52, 147.13, 142.05, 137.92, 137.82, 

136.92, 136.21, 132.38, 129.38, 128.79, 126.94, 126.35, 126.34, 126.15, 125.95, 120.36, 119.51, 

54.55, 53.60, 21.43. EIS-HRMS: m/z: [M+] Calcd for C23H21N4: 353.17607; found: 353.17483 

m/z.  

 

 Iridium-NHC Complex (2-10) Compound 2-9 (0.5 g, 1.1 mmol) was dissolved in 15 ml of 

methanol, followed by adding [Cp*IrCl2]2 (0.5 g, 0.5 equiv.). After stirring 

at 40 °C overnight, a yellow precipitate was formed. The solvent was 

removed. The crude product was purified by precipitation from methanol 

and ether. Yield: 0.3 g (0.23 mmol, 21%) of a yellow powder. 1H NMR 

(500 MHz, Methanol-d4) δ 10.19 (s, 1H6), δ 9.60 (ddd, J = 6.5, 5.4, 1.0 Hz, 

1H9), 9.58 – 9.54 (m, 1H11), 9.48 (ddd, J = 6.4, 5.3, 1.0 Hz, 1H1), 9.09 (ddd, J = 10.9, 8.6, 1.1 Hz, 

1H3), 8.49 (ddd, J = 10.7, 8.7, 5.4 Hz, 1H10), 8.23 (ddd, J = 9.8, 8.7, 5.4 Hz, 1H2), 7.58 – 7.38 (m, 

5H17), 6.47 (s, 2H16), 5.93 (p, J = 6.5 Hz, 1H14), 2.03 (d, J= 6.5 Hz, 6H15), 1.86 (d, J = 14.7 Hz, 

15H18). 13C NMR (126 MHz, Methanol-d4) δ 152.86, 152.46, 146.27, 146.10, 134.05, 133.85, 
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133.64, 132.38, 129.43, 128.88, 128.32, 127.73, 126.80, 126.51, 126.32, 121.22, 120.40, 90.65, 

54.59, 53.61, 21.33, 7.65. EIS-HRMS: m/z: [C33H36N4ClIr]2+: 358.11259.  

 

3-Benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-bicarbonate (2-

11) Resin-HCO3 was activated according to literature procedures.3 

Resin-HCO3 (4.4 ml, 3 equiv.) was transferred to a 20 ml vial. The 

resin   was washed with methanol (3 × 2 ml). 1 g of 2-9 (2.3 mmol) 

was dissolved in 2 ml of methanol and transferred to the resin. The 

mixture was stirred at RT for one hour. Solution was collected and filtered through a cotton 

plug. Methanol was removed in vacuo. The resulting oily residue was then washed with 

ether resulting in a white powder. Yield: 0.7 g (1.6 mmol, 69%). 1H NMR (400 MHz, 

Methanol-d4) δ 9.26 (d, J = 3.2 Hz, 1H9), 9.18 (d, J = 7.7 Hz, 1H11), 9.15 (d, J = 3.2 Hz, 

1H1), 8.75 (d, J = 8.4 Hz, 1H3), 8.07 (dd, J = 8.6, 4.3 Hz, 1H10), 7.78 (dd, J = 8.5, 4.4 Hz, 

1H2), 7.52 – 7.24 (m, 5H17), 6.35 (s, 2H16), 5.83 (dq, J = 12.9, 6.6 Hz, 1H14), 1.97 (d, J = 

6.4 Hz, 6H15). 13C NMR (101 MHz, Methanol-d4) δ 13C NMR (101 MHz, Methanol-d4)  δ 

159.92, 150.18, 150.03, 144.70, 144.46, 133.10, 131.12, 130.97, 129.28, 128.59, 125.99, 125.77, 

125.62, 124.47, 123.90, 118.39, 117.63. 53.89, 53.26, 21.49. EIS-HRMS: m/z: [M+] Calcd for 

C23H21N4: 353.17607; found: 353.17499 m/z.  
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Iridium-NHC Complex with PF6
- (2-12) Compound 2-10 (0.01 g, 0.012 mmol) was dissolved in 

2 ml of anhydrous MeCN, followed by adding KPF6 (0.005 g, 1.5 equiv.). 

After stirring under nitrogen atmosphere overnight, the undissolved solid 

was removed via a plug of cotton without any other purifications. Yield: 

0.07 g (0.009 mmol, 75%) of a yellow powder. 1H NMR (500 MHz, 

Methanol-d4) δ 9.58-9.53 (m, 1H9), 9.58 – 9.54 (m, 1H11), 9.44 (ddd, J = 

6.4, 5.3, 1.1 Hz, 1H1), 9.05 (ddd, J = 10.9, 8.6, 1.1 Hz, 1H3), 8.45 (ddd, J = 10.7, 8.7, 5.3 Hz, 1H10), 

8.19 (ddd, J = 9.8, 8.6, 5.3 Hz, 1H2), 7.52 – 7.38 (m, 5H17), 6.43 (s, 2H16), 5.55 (m, 1H14), 1.99 (d, 

J= 6.5 Hz, 6H15), 1.82 (d, J = 14.8 Hz, 15H18). 13C NMR (126 MHz, Methanol-d4) δ 13C NMR 

(126 MHz, Methanol-d4) δ 152.86, 152.46, 146.27, 146.10, 134.05, 133.85, 133.64, 132.38, 

129.43, 128.88, 128.32, 127.73, 126.80, 126.51, 126.32, 121.22, 120.40, 90.65, 54.59, 53.61, 21.33, 

7.65. 31P NMR (203 MHz, Methanol-d4) δ -134.24, -137.73, -141.23, -144.72, -148.21, -151.71, -

155.20. 19F NMR (471 MHz, Methanol-d4) δ -74.12, -75.62. 

 

4.4 Deposition of Carbenes on Gold  

NHC films prepared for electrochemical cycling using Au/Si substrates. The substrates were 

electrochemically cleaned prior to each experiment by running a cyclic voltammetry immersed in 

a 0.5 M H2SO4 solution between 0 V and + 1.6 V for 100 cycles at a scan rate of 0.5 V s-1.  

 

4.5 Hydrogen Carbonate Salt Method 

NHC films were prepared by immersion of the gold substrates in 10 mM solutions of the 

corresponding hydrogen carbonate salt in methanol for 24 hours at RT in air. Substrates then 

were rinsed in methanol (5 x 2 mL) and dried under an argon gas (4.8 Praxair) stream for 1 

minute. 
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4.7 Appendix 

4.7.1 NMR Spectra   

 

 

Figure 4.1 1H-NMR of 1H-imidazo[4,5-f][1,10]phenanthroline (2-7) in DMSO-d6. 
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Figure 4.2 1H-NMR of 1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthroline (2-8) in Methanol-d4 
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Figure 4.3 13C-NMR of 1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthroline (2-8) in       

Methanol-d4. 
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Figure 4.4 1H-NMR of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bromide (2-9) in Methanol-d4. 

 

 



 

79 

 

 

Figure 4.5 13C-NMR of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bromide (2-9) in Methanol-d4. 
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Figure 4.6 2D-Cosy of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bromide (2-9) in Methanol-d4 
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Figure 4.7 2D-Noesy of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bromide (2-9) in Methanol-d4. 
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Figure 4.8 HSQC of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-bromide 

(2-9) in Methanol-d4. 
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Figure 4.9 HMBC of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bromide (2-9) in Methanol-d4. 
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Figure 4.10 1H-NMR of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bicarbonate (2-11) in Methanol-d4. 
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Figure 4.11 13C-NMR of 3-benzyl-1-isopropyl-1H-imidazo[4,5-f][1,10]phenanthrolin-3-ium-

bicarbonate (2-11) in Methanol-d4. 
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Figure 4.121H-NMR of compound iridium-NHC complex (2-10) in Methanol-d4. 
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Figure 4.13 13C-NMR of iridium-NHC complex (2-10) in Methanol-d4. 
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Figure 4.14 2D-Cosy of iridium-NHC complex (2-10) in Methanol-d4. 
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Figure 4.15 2D- Noesy of iridium-NHC complex (2-10) in Methanol-d4.. 
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Figure 4.16 HSQC of iridium-NHC complex (2-10) in Methanol-d4. 

 



 

91 

 

 

Figure 4.17 HMBC of iridium-NHC complex (2-10) in Methanol-d4. 
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Figure 4.18 1H-NMR of compound iridium-NHC complex with PF6
- (2-12) in Methanol-d4. 
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Figure 4.19 31P-NMR of compound iridium-NHC complex with PF6
- (2-12) in Methanol-d4. 
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Figure 4.20 19F-NMR of compound iridium-NHC complex with PF6
- (2-12) in Methanol-d4. 
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Figure 4.21 13C-NMR of compound iridium-NHC complex with PF6
- (2-12) in Methanol-d4. 
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4.7.2 Crystal Data and Structure Refinement for NHC Ligand  

Empirical formula  C24H26Br2N4O1 

Formula weight  546.31 

Crystal Color, Habit yellow, plate-like 

Crystal dimensions (mm) 0.207  0.195  0.191 

Crystal system  monoclinic 

Space group  P21/c [14] 

Unit cell parametersa  

 a (Å) 10.1558(8) 

 b (Å) 12.3331(10) 

 c (Å) 21.1860(17) 

  (°) 90 

  (°) 95.985(3) 

  (°) 90 

 V (Å3) 2639.1(4) 

 Zb 4 

F(000) 1104 

Density (calcd) 1.375 Mg/m3 

Absorption coefficient () 3.092 mm-1 
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4.7.3 Atomic coordinates (× 104), equivalent isotropic displacement parameters (Å2 × 103) 

and site occupancy factors for NHC ligand  

 _____________________________________________________________________________  

Atom x y z U(eq)  

 _____________________________________________________________________________  

 

N(1) 1625(4) 11147(3) -394(2) 23(1) 

N(2) 1845(4) 10878(3) 843(2) 26(1) 

N(3) 1488(4) 7164(3) -618(2) 22(1) 

N(4) 1754(4) 6921(3) 406(2) 24(1) 

C(1) 1483(5) 11380(4) -1012(2) 32(1) 

C(2) 1350(5) 10578(4) -1455(2) 34(1) 

C(3) 1370(5) 9520(4) -1269(2) 31(1) 

C(4) 1528(4) 9258(4) -622(2) 23(1) 

C(5) 1566(4) 8181(4) -339(2) 23(1) 

C(6) 1724(4) 8022(3) 312(2) 21(1) 

C(7) 1820(4) 8904(3) 762(2) 21(1) 

C(8) 1933(5) 8836(4) 1427(2) 31(1) 

C(9) 2008(6) 9769(4) 1775(2) 38(1) 

C(10) 1968(5) 10766(4) 1472(2) 30(1) 

C(11) 1777(4) 9946(4) 505(2) 21(1) 

C(12) 1638(4) 10103(4) -186(2) 23(1) 

C(13) 1593(5) 6431(4) -149(2) 26(1) 

C(14) 1344(5) 6875(4) -1306(2) 30(1) 

C(15) 736(6) 5753(4) -1404(2) 42(1) 

C(16) 2681(6) 6962(5) -1554(3) 45(1) 

C(17) 1983(5) 6296(4) 1000(2) 28(1) 

C(18) 3418(5) 6361(4) 1291(2) 29(1) 

C(19) 3687(6) 6484(5) 1943(3) 42(1) 

C(20) 4987(6) 6500(6) 2214(3) 52(2) 

C(21) 6020(6) 6406(6) 1841(3) 58(2) 

C(22) 5738(6) 6270(5) 1196(3) 53(2) 

C(23) 4447(5) 6248(5) 921(3) 39(1) 

O(30) 3815(6) 2861(5) 1406(3) 97(2) 
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C(31) 3562(13) 3654(7) 1828(5) 125(4) 

Br(1) 132(1) 1901(1) 2724(1) 31(1) 

Br(2) 1747(1) 1400(1) 5088(1) 39(1) 

 


