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Abstract 

 

Carbon nitride’s properties can be tuned through the coordination of metal 

atoms, which can lead to enhanced catalytic activity. However, to date, there are few 

reported examples of inner-sphere coordination of metal complex fragments to 

carbon nitride. Therefore, the effects of coordination of metal complex fragments to 

carbon nitride haves been investigated.  

 

Reaction of the rhenium carbonyl complex, [ReCl(CO)5] with the surface of 

urea-derived carbon nitride (UCN) results in [ReCl(CO)3(UCN)], with a rhenium 

concentration of 0.39 mmol g-1. The synthesis of the manganese analogue resulted 

in manganese oxidation leading to [Mn(UCN)] ([Mn] = 0.24 mmol g-1). Infrared 

spectroscopy, along with crystal structures of molecular analogues, 

[MCl(CO)3(DMNA-κ2N, N’)] (M = Re, Mn) was used to gain insight into the 

coordination of metals complex fragments to carbon nitride. 

  

Two morphologies of carbon nitride, unstructured urea-derived carbon nitride 

(UCN) and porous cyanamide derived carbon nitride (CCN), were then decorated with 

[Ru(bpy)2]2+ fragments. The carbon nitride structure affected metal loading, as 

[Ru(bpy)2(UCN)](PF6)2 ([Ru] = 0.016 mmol g-1) showed lower metal loading compared 

to [Ru(bpy)2(CCN)](PF6)2 ([Ru] = 0.076 mmol g-1). [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 

was synthesised as a molecular analogue to gain insight into the coordination mode. 

The photocatalytic activities of [Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(UCN)](PF6)2 

were completely inhibited compared to the undecorated materials. EPR and 

photoluminescence suggested the presence of rapid, efficient quenching of excited 

states in ruthenium decorated carbon nitride. 

 

 [IrCl2Cp*(UCN)] ([Ir] = 0.069 mmol g-1) was synthesised to design a novel, 

recyclable hydrogenation catalyst. Direct hydrogenation reactions were carried out 

using hexane as a solvent, and despite low activity, [IrCl2Cp*(UCN)] showed good 

selectivity toward terminal alkenes and over 80% of catalytic activity was retained 

after 5 catalytic runs. 

 

 Direct coordination of metal complex fragments to carbon nitride is shown to 

be a viable route to tuning the properties of carbon nitride and developing recyclable 

novel catalysts.
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1 Introduction 

 

 Heterogeneous Catalysis and Carbon Nitride 

 

A catalyst reduces the activation energy of a chemical process without 

modifying the overall energy change of the reaction without itself being consumed, 

resulting in an increased rate and reduced overall energetic cost of the reaction.1 The 

design and implementation of novel catalytic processes can have world changing 

results. Perhaps the most impactful example of a catalytic process is the Haber-Bosch 

process of ammonia production, the process which accounts for nearly 50% of all 

nitrogen found in human tissues.2-4 Photocatalysts are a class of catalysts which are 

capable of absorbing light energy to generate excited states which can go on to 

perform reduction or oxidation processes.  

All catalysts can be classified as either homogeneous or heterogeneous in 

nature, dependant on the respective phases of the catalyst and reactants. 

Homogeneous catalysts, such as metal complexes, are often possible to characterise 

by e.g. IR or NMR spectroscopy in situ, allowing for easier investigation and 

understanding of mechanism and reactivity. In contrast, the active sites of 

heterogeneous catalysts can be difficult to characterise directly and their activity more 

challenging to understand. However, heterogeneous catalysts by their nature are 

easier to separate from reaction systems and allow more efficient processing, such 

as incorporation into flow systems and catalyst recycling.5 

Carbon nitride is a material of great interest in heterogeneous catalyst research 

due to its excellent thermal and chemical stability, photocatalytic properties and the 

development of several cheap, scalable syntheses making the material highly 

accessible.6-14 Tuning of the properties of carbon nitride by controlling synthesis 

conditions, post-modification of the material, or doping with metal atoms represents 

a large area of research in the field of catalyst development. 
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 The Structure and Properties of Carbon Nitride Materials 

 

1.2.1 The Structure of Carbon Nitride 

 

Carbon nitride was first described by Liebig in 1834 as one of the products of 

the combustion of mercury thiocyanate, the so-called ‘Pharaoh’s Serpent’ reaction. 

Observing a yellow, insoluble solid with a measured atomic composition of C3N4, 

Liebig named the compound ‘melon’.15 It was observed later on that ‘melon’ prepared 

by different methods had varying elemental compositions, which was postulated as a 

result of varying degrees of polymerisation of dicyanamide, making carbon nitride 

among the earliest discovered polymers.16 

More recently, carbon nitride has been rediscovered as a family of polymeric 

compounds with differing carbon, nitrogen and hydrogen compositions depending on 

the conditions of synthesis and precursors.8 The most thermodynamically stable 

structure of carbon nitride was calculated by density functional theory (DFT) methods 

by Kroke et al. to comprise a polymer based on tri-s-triazine (heptazine) units.17 Kroke 

et al. proposed that the heptazine units polymerise to form ‘two-dimensional’ sheets 

which stack analogously to the structure of graphite (Figure 1.1). The resulting phase 

of carbon nitride is often referred to as ‘graphitic’ carbon nitride.  

 

 

Figure 1.1: The structure of carbon nitride proposed by Kroke. et al.17 
 

It should be stated that other phases of carbon nitride are known, namely cubic 

carbon nitride and hexagonal beta carbon nitride.18-20 However, the majority of 

investigation to date has been performed on the graphitic phase due to the simpler 
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synthesis, higher stability and consequent greater accessibility of this phase. In this 

work, the term ‘carbon nitride’ will refer exclusively to the graphic phase. 

 

  

Figure 1.2: The structure of one layer of bulk graphitic carbon nitride  
 

The chemical structure of graphitic carbon nitride has been thoroughly 

investigated in recent years by complementary techniques including solid-state 

nuclear magnetic resonance spectroscopy, Fourier-transform infrared spectroscopy, 

and x-ray diffractometry.7 13C and 15N solid-state NMR experiments support the 

molecular structure proposed by Kroke et al. as shown in Figure 1.1, namely, that 

carbon nitride is a polymer of heptazine units.21 However, the overall bulk structure of 

the carbon nitride is currently understood to compose of 1-dimensional zig-zagging 

strands which hydrogen-bond together to form buckled sheets (Figure 1.2). These 

sheets then stack analogously to graphite.7 The surface of carbon nitride can be 

described as having ‘face sites’ along the plane of the heptazine chains, and imine-

rich ‘edge sites’ perpendicular to the plane of the sheets.22, 23 Understanding the 

structure of carbon nitride is key to understanding the photophysics and 

photochemistry of the material. 
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1.2.2 Photophysical Properties of Carbon Nitride 

 

Among the attractive properties of carbon nitride are its strong optical 

absorption and fluorescent properties, with delocalised electron-hole pairs formed 

rapidly after photon absorption.24  

Although the structure is a polymer of a highly conjugated monomer, the 

electronic structure of the material is suggested to more closely resemble a metal 

oxide rather than a conjugated polymer. Luminescence studies coupled with time-

dependant density functional theory (TD-DFT) measurements have suggested that 

excited electrons are not mobile along the polymer chains due to poor electron 

conjugation along the strands. Instead, electron mobility is achieved through π-

stacking interactions between chains.12, 24 This electron behaviour is in contrast to the 

‘classical’ semiconductor model, where photoexcited electrons are relatively freely 

mobile within the material in all dimensions. Graphitic carbon nitride is often 

considered as a ‘quasi-monomer’ – that is, an array of physically interlinked individual 

photoactive molecules, rather than a true semiconductor.12  Regardless, the energetic 

difference between the highest occupied and lowest unoccupied orbital in the ground 

state of carbon nitride is frequently referred to as a band gap. The band-gap of carbon 

nitride is highly dependent on the morphology, and therefore synthesis conditions. 

 

1.2.3 Mechanism of Carbon Nitride formation by Thermal Condensation 

  

The simplest method of carbon nitride synthesis involves the condensation of 

carbon and nitrogen rich precursors, such as melamine or cyanamide, at high 

temperatures.25, 26 The mechanism of carbon nitride formation under these conditions 

has been shown to proceed via the pathway shown in Scheme 1.1.27 Under high 

temperature conditions (above 340°C) low molecular weight, nitrogen rich 

compounds including cyanamide polymerise to form melamine.28 Above 400°C, 

further condensation to melam, melem and eventually melon is observed, 

concomitant with the release of gaseous ammonia.29, 30  
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Scheme 1.1: Mechanism of carbon nitride formation via thermal condensation of 
nitrogen-rich precursors27 

  

The final thermodynamic product of pyrolysis of nitrogen-rich organic 

precursors, therefore, is always a polymer of heptazine. However, by controlling the 

conditions of synthesis, elemental composition (i.e. C:H:N ratio), crystallinity and 

optical properties can all be tuned.  

 

1.2.4 The effect of synthesis conditions on properties of carbon nitride 

 

The synthesis of bulk carbon nitride can be achieved by the pyrolysis of 

different precursors. Table 1.1 shows selected literature data demonstrating the 

variety of methods of obtaining bulk carbon nitride, and the resulting materials band 

gaps and surface areas. 

The same molecular structure is observed for carbon nitride acquired by all 

methods, as a polymer formed of heptazine rings. The observed band gap for carbon 

nitride, however, varies between syntheses, as does the surface area of the resulting 

material. For instance, using thiourea as a precursor, a higher synthesis temperature 

results in a change in the band gap.31 It is proposed that the band gap decreases at 

higher temperatures as a result of a change in the crystallinity of the resulting carbon 

nitride.8, 32 Higher temperatures result in more crystalline carbon nitride as a result of 

ammonia loss. However, the planar spacing cannot decrease due to the large number 

of non-bonding electron pairs localised on the nitrogen atoms. The heptazine-

containing sheets therefore are proposed exhibit buckling predictably within the unit 

cell of carbon nitride when synthesised at higher temperatures.33 This buckling 

strongly effects the lower-energy n-π* electronic transition, increasing the absorption 

coefficient at wavelengths around 465 nm.32 This causes the apparent decrease in 

the band gap of the material as synthesis temperature is increased up to 600°C. At 

temperatures above 600°C, the thermal decomposition of carbon nitride becomes 

significant.34, 35 Thermal decomposition then results in smaller particles of carbon 
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nitride as reflected by a higher surface area. The smaller particle size increases the 

observed band gap as lower energy transitions become less efficient due to their 

arising from interactions between sheets. 

 

Table 1.1: Demonstrating the effect of precursor on the synthesised carbon nitride 
 

Precursor Synthesis Temperature, 

Time, Atmosphere 

Band Gap / eV Surface 

Area / m2 g-1 

Ref. 

Cyanamide 550°C, 4h, air 2.70 10 9 

Melamine 500°C, 2h, air 2.80 8 36 

 580°C, 2h, air 2.75   

Dicyandiamide 550°C, 2h, air 2.75 10 31 

Thiourea 450°C, 2h, air 2.71 11 31 

 550°C, 2h, air 2.58 18  

 650°C, 2h, air 2.76 52  

Urea 550°C, 2h, air 2.78 31 37 

Gyanidine 

Thiocyanate 

550°C, 2h, N2 2.74 8 38 

700°C, 2h, N2 2.89 42  

 

 In 2011 the synthesis of carbon nitride from urea in the absence of any 

additives was first published.39 In line with previous work, Chen et al. demonstrated 

that when heated to 400°C, urea thermally condenses to form planar, graphitic carbon 

nitride. At higher temperatures, XRD data combined with optical spectroscopy 

suggested that the degree of crystallinity (i.e. order within the planes) increased with 

higher annealing temperatures, concomitant with the observation of a red shift of the 

visible light absorbance edge (although the actual band gap was not calculated for 

each synthesis temperature). Urea has since become a high-profile precursor for 

carbon nitride due to the negligible cost of the precursor and facile synthesis method 

of carbon nitride.11, 13 In addition to the property differences resulting from the 

synthesis conditions, the properties of carbon nitride can also be controlled via 

physical post-modification. 

 

1.2.5 Physical Post-modification of Carbon Nitride 

 

The photochemical properties of carbon nitride have a strong dependence on 

the material structure. Subjecting bulk carbon nitride to ultrasonic exfoliation or 

oxidative etching has been shown to separate out the layers of heptazine sheets by 
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breaking down the hydrogen-bonding networks between the layers.40-42 The resulting 

carbon nitride ‘nanosheets’ have a higher band gap (2.97 eV) and a greatly enhanced 

surface area compared to bulk carbon nitride (306 m2 g-1
 compared to 10m2 g-1).43 

This supports the established understanding of low-energy transitions occurring 

between condensed sheets contributing to lower band gap carbon nitrides.12 Carbon 

nitride nanosheets have found use as photocatalysts for hydrogen evolution and as 

fluorescent sensors for metal ions.40, 42-45 

The properties of carbon nitride have been shown to be highly tuneable and 

controllable using only physical techniques. Understanding the relationship between 

structure and properties is key to developing novel carbon nitride catalysts. In addition 

to physical control over the material morphology, doping carbon nitride with metal 

species is a promising methodology to adding new properties to carbon nitride, such 

as novel catalytic sites and application, and enhanced light-absorption far beyond 

what is achievable by simply tuning morphology. 

 

 Modification of Carbon Nitride with Transition Metals 

 

1.3.1 The effect of metal doping on carbon nitride 

 

Incorporating iron into carbon nitride sheets was published by Antonietti et al. 

in 2009 via adding iron (III) chloride to the dicyandiamide precursor prior to thermal 

condensation.46 It was proposed that the iron was localised to ‘nitrogen pots’ in the 

condensed sheets of carbon nitride (Figure 1.3). The incorporation of both Fe and Zn 

was initially examined, with loadings of 1-20% by mass, and in all cases a shrinking 

of the band gap was observed.  

 A similar work has been published showing that copper doping of carbon 

nitride improves the photocatalytic activity of the material. Incorporation of 5% copper 

caused a red-shift in the visible light absorbance edge of the material concomitant 

with a twofold increase in dye degradation activity compared to the undoped carbon 

nitride.47 A similar work showed that copper-doped carbon nitride was a competent 

electrocatalyst for the hydrogen evolving reaction (HER).48 The iron-doped carbon 

nitride was inactive as an electrocatalyst for HER,  despite the similarity in the effects 

on the carbon nitride band gap of copper and iron doping. Therefore, although the 

photophysical properties of the carbon nitride are affected similarly by metal doping, 

the catalytic properties can be dependent on the metal species selected. 
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Figure 1.3: The 'nitrogen pot' environment within sheets of condensed carbon nitride 
as a site for metal coordination 

 

Initially, the shift in band gap was suggested to involve low-energy d-electrons, 

however, the band gap of carbon nitride is also seen to be reduced when doped with 

Zr4+, a formally d0 metal.49 Perhaps more interestingly, alkali metal doping is seen to 

have a similar band-gap shrinking effect.50, 51 Potassium doping is seen to have the 

same effect as transition metal doping, with 9% potassium loading decreasing the 

band gap from 2.7 eV to 2.42 eV, and tuning the level of potassium was seen to tune 

the band gap positions.52, 53 The valence band, measured by X-ray absorption, is seen 

to be reduced in energy as the potassium loading increases.54 Therefore, because 

the band gap is decreasing, the energy level of the conduction band is reduced even 

more than the energy level of the valence band due to metal doping.  

It is therefore observed that metal-doping of carbon nitride can be used in two 

ways to affect the photocatalytic activity of carbon nitride. In the bulk of the material, 

incorporated metal ions coordinate to multiple heptazine moieties, altering the bulk 

structure and resulting in a smaller band gap and decreased photoluminescence, 

often attributed to enhanced charge mobility within the material. Although the different 

metal dopants have different magnitude of band gap shrinking at different loading, 

this band gap shrinking phenomenon appears to be general.47, 51, 52, 55 

The second principal effect that metal doping carbon nitride can have is the 

inclusion of metal-based catalytic sites which allow access to catalysis not possible 

with the undoped material. This appears to be specific to the metal ion chosen, with 

difference catalysis observed for different metal dopants. 47, 55, 56 These catalytic sites 

are likely to be relevant on the surface of the material. The coordination environment 

of the metal will strongly control the reactivity of the overall materials, but the 
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investigation of single atom centres of carbon nitride is very challenging for several 

reasons. Among these are the high similarity of nitrogen and carbon atoms via 

extended X-ray absorption fine structure (EXAFS), the relatively low concentration of 

metal in the materials, and the relatively disordered surface of the carbon nitride. 

Therefore, indirect methods, such as DFT, are used to gain insight into metal 

coordination environment.57 

 

1.3.2 The Coordination Sphere of Metal Atoms in Metal-doped Carbon Nitride 

 

Cobalt (from CoCl3) has been incorporated into the structure of carbon nitride 

by mixing dicyandiamide with a cobalt chloride prior to thermal condensation to 

carbon nitride.58, 59. The resulting Co-g-C3N4 material showed a high activity when 

used as a water oxidation catalyst, which the authors attributed to the cobalt atoms 

serving as catalytic sites. DFT analysis of the material suggested a coordination mode 

as shown in Figure 1.4, which, though supported by EXAFS data, shows a 

coordinatively unsaturated cobalt atom which is likely to be unstable experimentally.  

Similar modifications of carbon nitride including the incorporation of copper and nickel 

atoms have also been shown.60, 61 These systems are not well characterised as metal 

complexes and it is likely that the coordination sphere of the metals is not well defined. 

 

 

Figure 1.4: Coordination of cobalt to carbon nitride as calculated by DFT studies62 
 

 A related catalyst was synthesised via atomic-layer deposition of cobalt onto 

an existing carbon nitride surface in the design of a hydrogen evolution calalyst.63 In 

this case, X-ray absorption near-edge structure (XANES) studies showed that the 

simulated spectra of a four-coordinate cobalt species matched experimental data 

(Figure 1.5). Here, the bidentate coordination of the heptazine rings to the metal 



Chapter 1 

32 
 

centre is also predicted, but a more complete view is taken with other nitrogen atoms 

within the ‘nitrogen pot’ involved in coordination. The average bond length, as 

calculated from EXAFS measurements, was 2.01 Å, close to what has been 

measured from crystal structures of cobalt-naphthyridine complexes (2.10 - 2.31 Å).63, 

64 Although the environment around the cobalt atom was still poorly defined, the cobalt 

site at the surface was shown to act as a supported single atom co-catalyst on carbon 

nitride.  

 

 

Figure 1.5: Tetradentate coordination of cobalt to carbon nitride as measured by 
XANES63 

  

 The previous examples are both based on the assumption that the metal 

coordinates inside the ‘nitrogen pot’ in between three connected heptazine rings. A 

DFT study on single atom Pd, Pt and Au coordination to the surface of carbon nitride 

was performed where more mobility was given to the heptazine units, and the lowest 

energy coordination is shown in Figure 1.6.65 In this example, the metal ion 

coordinates readily to one heptazine molecule in a bidentate fashion, however a 

second heptazine unit is proposed to coordinate perpendicular to the plane of the 

former interaction. This indicates that the bidentate coordination to the imine 

‘naphthyridine-like’ environment on carbon nitride is the strongest available mode, but 

that other coordination modes are accessible on the surface of carbon nitride. 

However, the coordination mode presented in Figure 1.6 seems unlikely to be 

experimentally available not only because of the instability due to coordinative 

saturation at the metal site (as mentioned previously), but also due to the assumption 

of an octahedral metal site geometry. The geometry of transition metal complexes, 

especially those in higher groups (including Pd, Pt and Au) can change based on the 

oxidation state of the metal.66 The oxidation state of the metal atom in the case of 
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these single-atom decorated materials is not known, and so it is challenging to 

comment on the validity of the coordination geometry shown in Figure 1.6. 

 

 

Figure 1.6: Coordination of single atoms of Pd, Pt and Au to carbon nitride 
  

In practice, doping the surface of carbon nitride with single-atom species is 

highly challenging, as precipitation of the metal salt as impurities (i.e. via an oxide, or 

nanoparticles) can easily occur.67 Single-atom doping has been achieved, however, 

with single atoms of platinum (loading 0.16% by mass) which have been shown to act 

as effective co-catalysts on the surface of carbon nitride. EXAFS measurements 

supported the single-atom nature of the platinum on the surface.68 The performance 

of these single-atom species is even higher than previous nanoparticle-based 

platinum cocatalysts.69 

 

 

1.3.3 Application of Carbon Nitride as a Support for Single Atom Catalysts 

 

 

Single atom-heterogeneous catalysts (SACs), whereby a catalytically active 

single metal atom is dispersed on the surface of a supporting substrate to improve 

catalytic properties, are a rapidly expanding field in heterogeneous chemistry.70-73 

Although carbon nitride has been shown to function as a metal free photocatalyst for 

several reactions, including the reduction of protons to hydrogen, Friedel-Krafts 

acylations, and alcohol oxidation, it does not appear to possess any ‘dark’ catalytic 

properties.6, 74, 75 Therefore, it is a good candidate as a substrate for single-atom 

catalysis for dark reactions, as catalysis can be ascribed purely to the single atom 

catalyst – although the surface amine moieties may be available as acid or base sites 

during catalysis.76 

 A series of hydrogenation catalysts have been produced by incorporating 

single atoms of gold, iridium, palladium, silver or platinum into carbon nitride.76 Two 
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methods were investigated – the first was a copolymerisation method, whereby the 

metal was combined with the carbon nitride precursor prior to thermal condensation.  

The second method investigated involved combining pre-synthesised carbon nitride 

with a metal salt, then reducing (using NaBH4) the metal salt to result in stable single-

atom metal catalysts. Characterisation by electron microscopy showed that although 

post-modification allowed for greater control of metal loading, metal clusters and 

nanoparticles are much more frequently observed compared to copolymerisation. 

 Carbon nitride has been successfully decorated with single atoms of palladium 

via a microwave-irradiation-assisted deposition, confirmed by aberration-corrected 

scanning transmission electron microscopy (AC-STEM) and EXAFS.77 The resulting 

material was shown to act as an excellent catalyst for Suzuki cross-coupling 

reactions, demonstrating how the ligand properties of carbon nitride can be exploited 

to result in active catalytic systems for high-profile chemistry. 

 

 

 

 Decoration of Carbon Nitride with Transition Metal Complexes 

 

1.4.1 Coordination through the outer sphere 

 

Doping of carbon nitride with single metal atom species has been shown to 

impart catalytic activity to carbon nitride with high selectivity and activity, however, the 

characterisation of the dopant environment remains a challenge. Inorganic 

complexes are much easier to characterise (e.g. via NMR, infrared spectroscopy) 

compared to single-atom species and therefore are much easier to study and 

improve. In addition, metal complexes are generally more stable than single metal 

atoms, and are more resistant to degradation during material preparation, e.g. by 

oxide formation. 

The combination of metal complexes with semiconductor materials has been 

well explored, for instance in the design of dye-sensitized solar cells.78-81 The most 

common approach is to modify the ‘outer sphere’ of metal complexes with hydrogen-

bonding groups such as carboxylic or phosphonic acids, which ensure good contact 

between the semiconductor and the metal complex.82 The grafted metal complexes 

alter the surface properties of the resulting hybrid material compared to the 

undecorated material, and, in contrast to single-atom doping, are much easier to 

characterise. 
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Reisner et al. have published several works based on a DuBois-type nickel-

based catalyst (NiP) shown to be competent in both electrochemical and 

photocatalytic water splitting (Scheme 1.2).83 NiP was combined with carbon nitride 

via an interaction with phosphonic acid groups on the outer sphere of the metal 

complex. 84 Whilst initial reactions used EDTA (ethylene-diamine tetraacetic acid) as 

a sacrificial electron donor, later it was shown that the oxidation of 4-methoxybenzyl 

alcohol could also complete an electron transfer pathway to generate hydrogen 

photocatalytically.85 This system has also been used to pair the oxidation of oxidation 

of lignocellulose with hydrogen evolution.86 This demonstrated that the intrinsic 

catalytic properties of carbon nitride were accessible when utilising decorated 

systems.  

 

Scheme 1.2: Combination of a Ni DuBois-type catalyst with carbon nitride for 
hydrogen evolution catalyst, reproduced with permission from ref. 82 

 

Maeda et al. have decorated carbon nitride with a ruthenium carbonyl complex 

to alter the photocatalytic properties of the material.87 Whilst the undecorated carbon 

nitride was reported to be inactive for carbon dioxide reduction, the resulting material 

showed carbon dioxide reduction with selectivity (80%) toward formic acid when 

irradiated in the presence of an electron donor (triethanolamine) and carbon dioxide.88 

It was proposed that photoexcited electrons within the carbon nitride were transferred 

to the surface-bound ruthenium complex to drive catalysis. The activity of the material 

was found to be enhanced even further by the addition of Ag, which is speculated to 

promote the reaction by improving electron transfer to the surface of the material.89 

This hybrid system was further developed by incorporating a dye between the 

carbon nitride and the catalytic site (Scheme 1.3).90 This improved the carbon dioxide 

activity of the system by a factor of 30, and increased the selectivity to 99%. The 

incorporation of the ruthenium dye is suggested to enhance activity by a combination 

of enhancing the visible light absorptive properties of the material and improving 

control over electron pathway.45, 91, 92 A similar system to that shown in Scheme 1.3 

has also been reported, with the ruthenium carbonyl catalytic site replaced with an 
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analogous rhenium carbonyl.93 This suggests that this approach is flexible, and the 

various components can be interchanged to improve activity and selectivity. 

 

 

Scheme 1.3: Carbon nitride decorated with a bimetallic RuRu' catalyst shows high 
selectivity for carbon dioxide reduction, reproduced with permission from ref. 86 

 

 

 Coordination of metal complexes to carbon nitride through the 

inner sphere 

 

It has been shown that directly coordinating ‘naked’ metal atoms to carbon 

nitride is an effective technique to alter the properties of carbon nitride, either to alter 

band gap and charge recombination or to confer catalytic properties to the material. 

It has also been shown that combining inorganic molecular species with carbon nitride 

via outer-sphere coordination can effectively alter the catalytic properties of the 

carbon nitride. 

Relatively unexplored, in contrast, is the combination of approaches – that is, 

to introduce a coordinatively unsaturated metal complex fragment to carbon nitride to 

exploit its coordination chemistry. The ancillary ligands around the metal centre 
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therefore simultaneously can act as reporters to aid characterisation (i.e. by NMR, IR 

spectroscopy) and can be altered to tune the material properties. 

 

Scheme 1.4: Direct coordination of a nickel catalyst to carbon nitride  
via the inner sphere of the metal 

 

An example of decorating carbon nitride via post-modification and 

coordination to the inner sphere of the metal is shown in Scheme 1.4.94 Based on 

hydrogenase enzymes, nickel treatment of carbon nitride was proposed to result in 

the 6 coordinate species shown in Scheme 1.4, which conferred improved light-

mediate hydrogen evolution activity to the carbon nitride. The nickel site was 

proposed to act as a catalytic site, and the structure was suggested as a result of x-

ray photoelectron spectroscopy (XPS) measurements.95 

Another attempt to utilise the coordination chemistry of carbon nitride with a 

metal complex fragment involved the grafting of a heteroleptic iridium dye via a simple 

evaporation method.96 The increased visible light absorption due to the iridium 

complex enhances the overall activity of the catalyst, however the characterisation of 

the metal complex environment was not thoroughly investigated, and there is little 

evidence that direct coordination between the iridium and carbon nitride is occurring. 

However, these initial studies have shown that coordination through the inner sphere 

could be a promising method to modify the catalytic and photophysical properties of 

carbon nitride. 
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 Conclusions 

 

Carbon nitride is a promising material in the field of heterogeneous catalysis 

due to high stability, ease of access and favourable intrinsic properties. Photophysical 

and catalytic properties have been shown to be tuneable by doping with single metal 

atoms or decoration by metal complexes. 

However, very little work exists investigating inner sphere coordination of a 

metal complex fragment (with ancillary ligands) directly to the surface carbon nitride. 

In those cases where is has been examined, although enhancement of the catalytic 

properties of the resulting composite material are observed, the characterisation of 

the material is usually achieved through bulk techniques, such as diffuse reflectance, 

powder X-ray diffractometry, and electrochemical measurements. The environment 

at the metal centre has not been thoroughly investigated in the previous works. 

 

 Aims 

 

The principal aim of this work is to investigate the coordination of metal complex 

fragments to the surface of carbon nitride. Established work demonstrates metal ions 

can coordinate in a bidentate fashion to the heptazine monomers of carbon nitride. 

Metal complex fragments will be chosen to react with carbon nitride in order to attempt 

to probe the coordination environment available on the surface of carbon nitride, 

enhance the intrinsic photochemical properties of carbon nitride, and impart dark 

catalytic activity to carbon nitride.  

The metal centres on decorated carbon nitrides will be investigated by 

spectroscopic methods, and a molecular analogue to bulk carbon nitride will be 

selected so that metal complexes which emulate the coordination to carbon nitride 

can be synthesised and fully characterised. A comparison between the spectroscopy 

of the metal-complex fragment decorated carbon nitride and an inorganic complex 

will allow for deeper insight into the interaction between the surface of carbon nitride 

and metal centres. 
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2 Synthesis and Characterisation of Metal Carbonyl 

Decorated Carbon Nitride 

 

 Introduction 

 

In the field of artificial photosynthesis, Group 7 metal carbonyl complexes of the 

type fac-[MX(CO)3(L)(L’)] (where M = Mn, Re; X = Cl, Br; and L and L’ represent a 

bidentate diimine ligand) have attracted a lot of attention since [ReCl(CO)3(bpy)] (bpy 

= 2, 2’-bipyridine) was shown to act as a catalyst in the photoreduction of CO2.97-100 

In addition, the distinct vibrational frequencies of the carbonyl ligands make them 

excellent ‘reporter’ ligands for identifying catalytically-relevant carbonyl species using 

infrared and Raman spectroscopy.101-103 

 

Figure 2.1: General geometry of fac-[MX(CO)3(L)(L')] 
 

Initial photochemical experiments on [ReCl(CO)3(bpy)] revealed that 

photoexcitation produced a relatively-long lived (25-50 ns) excited state with triplet 

character.104-106 This excited state was rapidly reductively quenched using an electron 

donor (such triethanolamine or triethylamine) to result in reduced [ReCl(CO)3(bpy)]-, 

with the electron primary localised on the 2, 2’bipyridine ligand.103, 104, 107 The chloride 

ligand then dissociates, and derivatives of the resulting 5-coordinate species, 

[Re(bpy)(CO)3]-, are of the most active homogeneous catalysts for selective carbon 

dioxide reduction to carbon monoxide in acetonitrile or DMF known.108 The reaction 

can be also performed electrochemically, with no need for photoexcitation, and 

proceeds via electron transfer from an electrode to a π* orbital on the diimine 

ligand.109  

The high selectivity of the catalyst is proposed to arise from a HOMO with mixed 

metal-ligand character favouring CO2 (π+σ) coordination rather than H+ (σ only).110 

Several variations on the catalyst exist, with many studies performed to investigate 

the effects of changing the diimine ligand species.111 Larger, bulkier ligands generally 

result in more stable, active catalysts, as the steric influence of the ligand prevents 

the formation of dimers which are catalytically inactive.100  
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Although initial reports claimed that [Mn(bpy)(CO)3]- did not react with carbon 

dioxide in the same manner as [Re(bpy)(CO)3]-, it was found that the addition of 

Brønsted acids activated the catalysis.112-114 Although addition of acids to rhenium 

catalysts also improves the turnover, the presence of acid is not in this case essential 

to see catalytic turnover.110 Employing manganese as opposed to rhenium is 

attractive not only due to the higher abundance (Mn is ca. 1.3 million times more 

abundant on Earth compared to Re), but also due to the lower overpotential required 

using Mn systems as electrocatalysts.100, 115-117 

Although homogeneous catalysts in general are easier to modify and analyse, 

heterogeneous catalysts benefit from easier product separation and catalyst 

recycling. Hybrid catalysts, consisting of ‘molecular-type’ catalytic sites on an 

insoluble support, present opportunities to combine the advantages of both molecular 

and bulk solid catalytic systems. In addition, utilising photoactive supports including 

carbon nitride have been shown to improve the activity of carbon dioxide reduction 

catalysts by promoting the photoreduction of the diimine ligand.45, 92, 118 

Early work in combining metal carbonyl chemistry with heterogeneous catalyst 

advantages was performed by directly reacting metal carbonyl precursors with metal 

oxides, including MgO, Al2O3 and SiO2.119-121 The relatively disordered nature of the 

surface of metal oxide caused the resulting hybrid system to contain multiple rhenium 

carbonyl species as identified by infrared spectroscopy. Grafting a pre-synthesised 

rhenium tricarbonyl complex onto the surface of graphite resulted in more uniformity 

of the resulting catalyst, but required a more complex chemical preparation 

pathway.122 

Less work has been published studying the incorporation of manganese 

carbonyl species into hybrid catalytic species. Although manganese carbonyls can be 

directly reacted with inert supports such as MgO to decorate the latter with metal 

carbon fragments, as with rhenium carbonyls, several manganese carbonyl species 

result from the reaction.123 The few reports of manganese carbonyl systems being 

incorporated into photoactive supports shows a rapid release of carbon monoxide 

after irradiation with visible light as the carbonyl ligands are lost.124, 125 
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Figure 2.2 The monomeric unit of carbon nitride compared to 5, 7-dimethyl-[1,8]-

naphthyridin-2-amine (DMNA) 
 

In contrast to the relatively disordered metal oxide surfaces, carbon nitride, a 

polymeric semiconductor, has a well-defined repeating unit, heptazine (Figure 2.2). 

Heptazine ligands have structural similarities to diimine ligands such as naphthyridine 

and bipyridine, and so carbon nitride may present many coordination sites with the 

same environment for metal species. The direct reaction of carbon nitride with metal 

carbonyl precursors has not yet been investigated, and therefore represents a novel 

research direction in the development of hybrid catalytic systems.  
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2.1.1 Objectives  

 

 Metal carbonyl species with diimine ligands are a well-understood class of 

inorganic complexes due to the ease with which infrared spectroscopy can be applied 

to investigate the geometry and electronics of the system.104, 107, 114 The structure of 

carbon nitride is a repeating unit of heptazine, which has a strong chemical 

resemblance to naphthyridine ligands, a class of diimine bidentate ligand.21, 126 

Despite the large quantity of literature covering both metal carbonyl species and 

carbon nitride, no investigation has to date been published where a metal carbonyl 

system has been grafted directly to carbon nitride through the metal centre. 

It is suggested that treatment of carbon nitride with metal carbonyl precursors 

will result in materials with metal complex fragments coordinating to the diimine units 

in the heptazine on the edge-sites of the carbon nitride. To aid the characterisation of 

the material, a molecular analogue will be synthesised and fully characterised. 5, 7-

dimethyl-[1,8]-naphthyridin-2-amine (DMNA) is a commercially available compound 

which presents a similar coordination environment to the heptazine unit, with two 

imine and a primary amine coordination site available.127, 128 Metal complexes 

incorporating DMNA as a ligand will be characterised by methods including X-ray 

crystallography and infrared spectroscopy. Insight into the metal environment on 

carbon nitride will be gained by comparing the infrared spectroscopy of the molecular 

system with that of the material. 

The metal-decorated carbon nitride will then be characterised fully to 

investigate the effect of the material properties of the carbon nitride, especially the 

photophysical properties. The stability of any metal-carbon nitride interaction will then 

be assessed before catalysis can be considered. 
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 Synthesis and Characterisation of Carbon Nitride 

 

2.2.1 Synthesis of UCN and CCN 

 

Two different morphologies of carbon nitride were synthesised as potential 

substrates for metal complex fragments. Urea-derived carbon nitride (UCN) was 

synthesised via a simple thermal condensation of urea performed by heating to 550°C 

for 3 hours in a ceramic crucible with a lid (Scheme 2.1). 

 

 

Scheme 2.1: Synthesis of UCN via thermal condensation of urea 
 

In addition to UCN, a templated, mesoporous cyanamide-derived carbon 

nitride (CCN) was synthesised (Scheme 2.2).129 An aqueous, acidic solution of 

cyanamide and tetraethylorthosilicate (TEOS) was co-precipitated by evaporation. 

The resulting co-precipitate of TEOS and cyanamide was then heated to 80°C to 

polymerise the TEOS to silica prior to thermal condensation of the trapped cyanamide 

to CCN. The silica template was then etched with ammonium bifluoride.  

 

 

 
Scheme 2.2: Synthesis of CCN, showing how a porous structure is obtained in the 

resulting material 
 

After synthesis, ‘raw’ CCN and UCN were both washed thoroughly with water 

and ethanol and stirred in a solution of ammonia in ethanol (2 mol dm-3) for three 

hours before isolation by filtration and washing with ethanol again (see section 2.3). 

UCN and CCN were characterised and compared using elemental analysis, infrared 

and diffuse reflectance spectroscopy, and powder X-ray diffraction (PXRD).  

 

2.2.2 Elemental Analysis (CHN) of UCN and CCN 

 

Table 2.1 shows the result of CHN analysis of samples of UCN and CCN. Both 

have an empirical formula close to the thermodynamic minimum of C3N4, however 
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both samples contain significant quantities of hydrogen. The hydrogen in carbon 

nitride samples is usually localised on the primary amines which connect heptazine 

units. The higher hydrogen content of CCN suggests a higher density of ‘edge-sites’ 

compared to UCN, which have a density on the surface compared to the bulk for 

connectivity reasons.130, 131 The increased hydrogen content in CCN may also be a 

result of increased water adsorbed to these edge-sites on the material surface. 

There is a significant portion of mass in CCN and UCN which does not arise 

from carbon, hydrogen, or nitrogen. As no crystalline impurities are indicated in the 

powder X-ray diffraction (see paragraph 2.2.5) it is likely that the rest of the elemental 

composition of the material arises from oxygen from water or surface carbonyl 

functionalities. 

 

Table 2.1: Elemental composition of UCN and CCN 

Material % Mass Empirical 

Formula  C H N Rest 

UCN 33.74 1.72 59.57 4.97 C3H1.9N4.5 

CCN 32.61 2.35 57.38 7.66 C3H3N4.4 

 

  

2.2.3 Infrared Spectroscopy of UCN and CCN 

 

Figure 2.3: ATR Infrared spectra of UCN and CCN 
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 The ATR-IR spectra of UCN and CCN are shown in Figure 2.3 and show 

several strong features. The band at 3000-3400 cm-1 corresponds to amine 

vibrations, whilst the many bands between 1000-1600 cm-1 correspond to C=N 

multiple bond vibrations. The sharp band at 800 cm-1 corresponds to the characteristic 

‘breathing’ mode of the heptazine heterocycle.130, 132 The infrared spectra of UCN and 

CCN are very similar and are consistent with both materials being polymers based on 

the heptazine unit. 

 

2.2.4 Diffuse Reflectance Spectroscopy (DRS) of UCN and CCN 

 

UCN and CCN are coloured powders, with UCN having a pale-yellow colour 

and CCN having a strong orange colour. To measure this more directly, diffuse 

reflectance spectroscopy of UCN and CCN was performed as shown in Figure 2.4. 

Low reflectance measurements in DRS spectra are attributed to absorption by the 

material. Whilst CCN shows broad absorption (i.e. low reflectance) across the visible 

light range, UCN only shows a sharp absorption at wavelengths below 420 nm. The 

reflectance above 100% at 450 nm observed for UCN is due to the luminescence of 

the material.  

 

Figure 2.4: Diffuse Reflectance Spectra of UCN and CCN 
 

The differences between the DRS reflect the morphology differences between 

the two materials. Carbon nitride can be described photophysically as an optical 

quasi-monomer, with poor exciton mobility along chains compared to relatively high 

exciton mobility between chains. 12, 24 Increased π-stacking with other chains within 
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the material increases the absorption coefficient of the lower energy n-π* transition, 

which is located at around 465 nm.32 Therefore, the increased absorption of visible 

light by CCN compared to UCN is indicative of a more condensed bulk material in the 

case of CCN. 12, 32 

 

2.2.5 Powder X-ray Diffraction of UCN and CCN 

 

Figure 2.5 shows the PXRD diffractograms of UCN compared to CCN and a 

calculated diffractogram obtained from the ICSD.133 The calculated diffractogram is 

based on the unit cell of carbon nitride and assumes a crystalline material. As-

synthesised carbon nitride, however, is highly amorphous, causing significant 

broadening of the expected peaks in experimental spectra.8, 75, 133-135 The five sharp 

peaks observed in both samples arise from the aluminium holder used during data 

collection and are marked with an asterisk (*). Both materials show a broad reflection 

at 27.4°,which corresponds to the interplanar distance between the sheets of carbon 

nitride.136 The interlayer spacing is the same in UCN and CCN. The feature at 13.2° 

is proposed to arise from the spacing between the ‘gaps’ between heptazine moieties 

within the planes.8, 137 The slightly increased sharpness of the peak at 13.2° in CCN 

compared to UCN is consistent with CCN being the more condensed, crystalline 

material, as supported by the DRS. 

 

Figure 2.5:Powder X-ray diffractograms of UCN and CCN compared to a calculated 
diffractogram. Peaks marked with asterisk (*) arise from aluminium sample holder 
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2.2.6 Brunauer-Emmett-Teller (BET) Analysis of UCN and CCN 

 

BET analysis (Figure 2.6) was performed to measure and compare the 

surface areas of UCN and CCN. The obtained values from the BET analysis, listed in 

Table 2.2, are very similar for each material, however the reliability of BET analysis 

for porous films is heavily debated.138, 139 However, whereas UCN shows an isotherm 

typical of an unstructured powder (type III), the isotherm collected from CCN shows 

a hysteresis typical of a porous material (type V), suggesting structural differences 

between UCN and CCN. 

 

 

Figure 2.6: N2 adsorption isotherms of UCN and CCN 
 

 The obtained BET surface area of CCN is approximately half of what was 

reported in the literature, likely a result of the lack of control in the templating 

method.129 However, the shape of the desorption isotherm is a good indicator of a 

more porous structure in CCN as opposed to UCN, as it demonstrates adsorbent 

retention on the surface of CCN. 

 

Table 2.2: Brunauer-Emmett-Teller (BET) surface area values of  
UCN and CCN calculated from nitrogen adsorption isotherm 

 

Sample BET Surface Area /m2 g-1 

UCN 42.4 ± 0.4 

CCN 40.5 ± 0.7 

 

 

 

UCN CCN 
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2.2.7 Comparison of UCN and CCN 

 

Compared to UCN, CCN is a more structured material with increased porosity 

and a higher concentration of edge-sites as suggested by CHN and BET analysis. In 

addition, the bulk material (i.e. the walls of the pores) of CCN is more condensed as 

indicated by PXRD and DRS studies.  

The molecular structure of the two materials is almost identical, with both UCN 

and CCN showing infrared spectroscopy consistent with a polymer based on 

heptazine units. Considering the overall target of investigating coordination to the 

heptazine unit, and the much quicker, more accessible and more scalable synthesis 

of UCN, UCN will be the primary material investigated for metal coordination in this 

chapter. 

 

 Effect of Base-treatment on UCN 

 

Initial experiments involving heating solutions of metal complex fragments with 

carbon nitride (Scheme 2.3, see section 2.4.1) did not result in any change in the 

spectroscopy of the materials. It was proposed that the surface of ‘as prepared’ 

carbon nitride was contaminated by positively charged species including protons 

which inhibited coordination. Treatment of UCN with basic solutions by stirring for 

three hours was performed to deprotonate the carbon nitride surface. 

 

2.3.1 Zeta-potential measurements of UCN 

 

Zeta-potential measurements were performed on aqueous dispersions of 

carbon nitride to measure the average surface change of particles of UCN before and 

after base treatment. The surface of raw UCN has a negative overall charge as 

consistent with the literature.140 The lack of metal coordination was suggested to be 

caused by ‘blocking’ of the coordination sites by acidic impurities. Treatment with 

base lowered the zeta potential and the resulting material showed positive results 

when decorated with metal complex fragments. Although treating UCN with aqueous 

hydroxide was shown to produce a material with a highly negatively charged surface, 

this is a result of UCN decomposition via amine substitution by hydroxide.141  To 

minimise changes to the structure of the carbon nitride, ammonia in ethanol was used 

to pre-treat the UCN prior to metal coordination throughout this thesis. 
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Table 2.3: Zeta potential measurements of base treated UCN 
 

Material Zeta Potential 

UCN (Raw) -28.7 ± 0.8 

UCN (NaOH treated) -58.1 ± 0.8 

UCN (NH3·EtOH treated) -33.3 ± 0.5 

 

  

2.3.2 Effect of Base Species on the Catalytic Activity of UCN   

 

In addition to zeta-potential, the photocatalytic hydrogen evolution activity of 

UCN after various base treatments was measured and is shown in Figure 2.7. UCN 

was stirred in a solution of one of three bases for three hours prior to isolation and 

drying. Bases used were NaOH (aqueous, 2 mol dm-3), NH4OH (aq, 2 mol dm-3) and 

NH3 (ethanolic, 2 mol dm-3). The materials were then decorated with 1-3 nm platinum 

nanoparticles following a literature procedure prior to evaluating for photocatalytic 

hydrogen evolution by GC.9 No hydrogen evolution is observed in the absence of 

platinum or sacrificial electron donor.  

It can be clearly seen that UCN cannot perform photocatalytic after treating 

with NaOH, likely due to the substitution of primary amine surface groups for alcohol 

functional groups.141 This effect is also likely to cause the eventual loss of activity 

seen when UCN is treated with aqueous ammonia, however, adsorbed ammonium 

provides a proton source for hydrogen evolution which is consumed after 

approximately 8 hours. In contrast, treating UCN with a base which does not contain 

hydroxide species does not remove the hydrogen evolution activity of the material. 
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Figure 2.7: Effect of base treatment on photocatalytic hydrogen evolution activity of 
platinised UCN. Samples of UCN are treated with base for three hours at room 
temperature, then isolated and dried. UCN is then decorated with platinum 
nanoparticles (1-3 nm) by combining with 2% weight H2PtCl6 and photolyzing with 
300 W Xe lamp in 10% vol. aqueous triethanolamine. Photocatalysis then performed 
on 30 mg catalyst, in 10% vol. aqueous triethanolamine (sacrificial electron donor) 
with λ > 420 nm. 
 

  

 

Following the zeta-potential measurements and catalytic results, ethanolic ammonia 

was selected as the base used to treat carbon nitride prior to metal decoration. 

Ethanolic ammonia does not appear to significantly change the chemical composition 

of the carbon nitride. 

 

2.3.3  Acid Site Analysis  

 

In an attempt to compare the surface properties of to the raw and base-treated 

UCN, acid site analysis was carried out by Amin Osatiashtiani at Aston University. A 

standard method of acid site analysis can be performed by saturating a sample with 

n-propylamine and performing thermal gravimetric analysis (TGA) and analysing the 

decomposition product, propylene, by mass spectrometry.142 The intensity of the 

mass signal at m/z = 41 as a function of decomposition temperature is collected and 

is shown in Figure 2.8.  

The broad peak centred around 530°C corresponds to the temperature at which 

propylamine decomposes to propylene, whilst the peak around 700°C corresponds 

to decomposition of the carbon nitride itself, and is likely to arise from loss of other 
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species, e.g. [HNC≡N]+ ions, during decomposition.29, 143 Analysis of the region at 

530°C allows quantification of the number of acid sites in the samples, which is shown 

in Table 2.4, along with example materials with which to draw comparison. 

 

 

Figure 2.8: Change in intensity of signal at m/z = 41 as a function of decomposition 
temperature of samples of carbon nitride saturated with n-propylamine 

 

The data listed in Table 2.4 suggests that more propylamine is released during 

thermal decomposition for the base-treated carbon nitride, which could be interpreted 

as the material becoming more acidic after treatment with ammonia, which is 

unexpected. However, one of the assumptions of the technique is that the material is 

not redox active, whereas carbon nitride is well known to show both oxidative and 

reductive chemistry.10, 75, 85, 142, 144, 145 This methodology is not reported previously for 

carbon nitride. This measurement therefore does not give a measure of the basicity 

of the surface for carbon nitride, however does show a difference in the surface of 

UCN after base treatment, although the values are unlikely to be meaningful.44, 146, 147 

However, this technique does not appear to provide valid, useful results when used 

with carbon nitride. 

 

Table 2.4: Acid site measurements of samples of carbon nitride 

Sample Acid loading / mmol g-1 Desorption Temperature / °C 

Raw UCN 0.05 530 

NH3 treated UCN 0.25 530 

SiO2 0.04 500 

ZrO2 0.13 400, 500 

PrSO3H / SiO2 1.5 370 
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 Decoration of UCN with Metal Carbonyl Fragments 

 

The principal aim of this chapter is to investigate whether carbon nitride can be 

utilised as ligand within a surface-bound metal complex. As the only significant 

different between UCN and CCN is the overall material structure, rather than its 

monomeric composition, and due to the considerably simpler, more scalable 

synthesis of UCN, UCN was selected for work within the rest of this chapter. 

 

2.4.1 Synthesis of [Mn(UCN)] and [ReCl(CO)3(UCN)] 

 

 

Scheme 2.3: Synthesis of metal carbonyl decorated UCN  
 

[ReCl(CO)3(UCN)]and [Mn(UCN)] were synthesised analogously, according to 

Scheme 2.3, by heating base-treated and dried UCN at reflux in a toluene solution of 

[MCl(CO)5] under nitrogen. Overall, the data collected suggests that [ReCl(CO)5] 

coordinates to UCN, resulting in [ReCl(CO)3(UCN)]. In contrast, the reaction between 

[MnCl(CO)5] and UCN appears to result in full decomposition of the manganese 

species, and atomic surface doping of UCN by manganese occurs to result in 

[Mn(UCN)]. 

The ICP-MS and PXRD of the samples will be presented first, demonstrating 

even distribution of metal decoration across the material surface. The molecular 

analogues of the materials, [ReCl(CO)3(DMNA)] and [MnCl(CO)3(DMNA)] will then be 

presented and the coordination environment of the metal to the DMNA briefly 

discussed. Direct comparison of the infrared spectroscopy of the materials to the 

molecular analogues will then be performed to gain insight as to the coordination of 

the metal complex fragments to the UCN. 
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2.4.2 Quantification of metal content in [Mn(UCN)] and [ReCl(CO)3(UCN)] by 

ICP-MS 

 

Inductively coupled plasma mass spectrometry (ICP-MS) was carried out on 

samples of [Mn(UCN)] and [ReCl(CO)3(UCN)] to determine the metal loading, as 

shown in Table 2.5. The molar loading is of the same order of magnitude for both 

[Mn(UCN)] and [ReCl(CO)3(UCN)], although Re has almost twice the loading 

compared to Mn. Chlorine analysis was also performed, which shows a Re: Cl ratio 

of 1: 0.85 close to the expected 1: 1 in [ReCl(CO)3(UCN)]. In contrast, in [Mn(UCN)] 

the Mn: Cl ratio of 1: 3.5 suggests that the [MnCl(CO)3] unit is not conserved in 

[Mn(UCN)]. 

 

Table 2.5: Metal and chlorine loading in [Mn(UCN)] and [ReCl(CO)3(UCN)]  
per gram of UCN 

 

Sample Metal Loading / 

mg g-1 

Metal Loading / 

mmol g-1 

Cl content /  

mg g-1 

Cl content / 

mmol g-1 

[Mn(UCN)] 13.3 0.242 29.9 0.843 

[ReCl(CO)3(UCN)] 73.5 0.395 11.7 0.329 

 

 

2.4.3 Powder X-ray Diffraction of [Mn(UCN)] and [ReCl(CO)3(UCN)] 

 

The overall morphology of the composite materials was measured by 

performing powder X-ray diffraction (XRD) on [Mn(UCN)] and [ReCl(CO)3(UCN)] 

(Figure 2.9). The sharp peaks seen in all patterns at 2θ = 38.2, 44.5, 64.8, 78.0 and 

82.2° arise from the aluminium holder used during data collection. [Mn(UCN)] and 

[ReCl(CO)3(UCN)] show the same broad peak at 2θ = 27.4° (d=0.325 nm) as was 

observed in UCN, corresponding to the interlayer stacking of the aromatic heptazine 

units.36, 74 The interlayer stacking distance is the same in [Mn(UCN)], 

[ReCl(CO)3(UCN)] and UCN, suggesting no intercolation of the metal fragments 

between the planes is occurring. The lack of additional signals in the XRD patterns of 

[Mn(UCN)] and [ReCl(CO)3(UCN)] suggests there are no significant crystalline 

impurities. 
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Figure 2.9: XRD patterns of UCN, [ReCl(CO)3(UCN)] and [Mn(UCN)].  
Resonances marked with an asterisk (*) arise from the aluminium sample holder. 

 

 

 Synthesis and Characterisation of [MCl(CO)3(DMNA-κ2N,N’)] 

 

Carbon nitride is generally insoluble and amorphous, making direct 

investigation of the metal-carbon nitride interaction challenging. In order to try to 

understand the coordination between metals and carbon nitride, a commercially 

available molecular ligand, 5,7-dimethyl-[1,8]-naphthyridine-2-amine (DMNA), was 

selected to act as a molecular analogue to the heptazine motif present in UCN with 

both naphthyridine and primary amine functionality theoretically available for metal 

coordination.  

In all previously published metal complexes containing DMNA, the coordination 

is between the naphthyridine nitrogen environments, with the primary amine 

uninvolved. Of the ten structures published in the CSD, six show coordination of 

DMNA to metal centres in a bidentate mode.64 Of the remaining structures, two 

complexes show coordination to metal centres in a monodentate mode and two 

exhibit a bridging coordination mode between two metal centres.64 Therefore, whilst 

bidentate coordination is the most common mode, other coordination modes are 

possible. 
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The complexes [ReCl(CO3)(DMNA)] and [MnCl(CO3)(DMNA)] were 

synthesised according to Scheme 2.4 and fully characterised by NMR, LIFDI-MS and 

CHN. X-ray crystallography and infrared spectroscopy was performed to characterise 

the coordination mode between the metal atoms and the DMNA, and in turn gain 

insight into the coordination mode between metal atoms and UCN. 

 

 

Scheme 2.4: Synthesis of [MCl(CO)3(DMNA- κ2N, N’)] (M = Mn, Re) 
 

 

2.5.1 X-ray Crystal Structure of [MCl(CO)3(DMNA-κ2N, N’)] (M = Re, Mn) 

 

 X-ray quality single crystals of [MCl(CO)3 (DMNA)] were obtained by vapour 

diffusion of diethyl ether into a saturated solution of the complex in acetone. The X-

ray crystal structures of [MCl(CO)3(DMNA)] are shown in Figure 2.10. Both 

compounds form monoclinic crystal systems, but have different space groups, with 

[MnCl(CO)3(DMNA)] being P21/n and [ReCl(CO)3(DMNA)] being C2/c. No unusual 

data refinement was carried out. Selected bond lengths and angles are listed in Table 

2.6. 

The coordination mode of the DMNA ligand to both manganese and rhenium 

is bidentate with both diimine nitrogen atoms coordinating to the metal, and the 

proximal primary amine group being uninvolved in metal coordination. 

Selected interatomic distances and angles are shown in Table 2.6. As 

expected, the metal-nitrogen distances observed in [MnCl(CO)3(DMNA)] (2.078(1) Å 

and 2.087(1) Å) are shorter compared to [ReCl(CO)3(DMNA)] (2.212(2) Å and 

2.218(2) Å). Both molecules show asymmetric coordination to the asymmetric 

bidentate ligand with M-N1 is the shorter metal-nitrogen bond, though the effect is 

less significant in [ReCl(CO)3(DMNA)]. The C-O bond distances observed for the 

carbonyl ligands are not significantly different between the two molecules (Table 2.8). 

The coordination environment around the metal centres can also be assessed 

by looking at the angles between the ligands. The ideal octahedral centre would have 

interligand angles of 90°. The environments in both complexes deviate from this ideal, 

as seen in the N2-M-Cl1 angle of 85.27(3)° in [MnCl(CO)3(DMNA)] and 81.71(6)° in 

[ReCl(CO)3(DMNA)].  



Chapter 2 

56 
 

 

Figure 2.10: X-Ray crystal structure of [MnCl(CO)3(DMNA-κ2N, N’)] and 
ReCl(CO)3(DMNA-κ2N, N’)]  with probability ellipsoids shown at the 50% level and 

hydrogens omitted for clarity 
 

Table 2.6: Selected bond distances in [MnCl(CO)3(DMNA-κ2N, N’)] and 
[ReCl(CO)3(DMNA-κ2N, N’)] 

Bond Distance / Å [MnCl(CO)3(DMNA- κ2N, N’)] [ReCl(CO)3(DMNA-κ2N, N’)] 

M-N1 2.078(1) 2.212(2) 

M-N2 2.087(1) 2.218(2) 

M-C11 1.087(1) 1.912(4) 

C11-O1 1.140(2) 1.149(4) 

M-C12 1.808(2) 1.896(4) 

C12-O2 1.142(2) 1.141(4) 

M-C13 1.796(2) 1.899(3) 

C13-O3 1.141(2) 1.150(4) 

M-Cl1 2.4058(6) 2.4935(9) 

Bond Angle / °   

N1-M-N2 64.05(5) 60.41(8) 

C11-M-C12 88.60(7) 86.4(2) 

C12-M-C13 89.48(7) 88.6(1) 

C13-M-C11 90.14(7) 88.4(1) 

N1-M-C13 90.54(6) 90.9(1) 

N1-M-Cl1 89.44(3) 85.89(6) 

N2-M-C13 93.23(6) 96.3(1) 

N2-M-Cl1 85.27(3) 81.71(6) 
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The ligand ‘bite angle’ between the two coordinating nitrogen atoms and the 

metal centre is seen to be smaller in [ReCl(CO)3(DMNA)], a result of the larger size 

of the rhenium atom and longer metal-nitrogen bonds. 

The DMNA ligand itself distorts upon metal coordination in both 

[MnCl(CO)3(DMNA)] and [ReCl(CO)3(DMNA)], with a contraction of C1-C8 and a 

significant reduction of the N1-N2 distance and N1-C1-N2 angle (Table 2.7).148 The 

N1-C2-N3 angle also slightly increases as well as the C2-N3 bond shortening after 

metal coordination, suggesting more electron-donation of the nitrogen lone pair into 

the aromatic system (i.e. increased sp2 nature of the lone pair). 

 

Table 2.7: Bond distance and angles in DMNA showing distortion upon coordination 
in [MCl(CO)3(DMNA-κ2N, N’)] 

 

Bond Distance / 

Å 

DMNA148 [MnCl(CO)3(DMNA)]. [ReCl(CO)3(DMNA)] 

C1-C8 1.424(3) 1.393(2) 1.395(3) 

N1-N2 2.304(3) 2.209(2) 2.229(3) 

N3-C2 1.353(5) 1.347(2) 1.341(4) 

    

Bond Angle / °    

    

N1-C1-N2 115.6(2) 109.0(1) 110.1(2) 

N1-C2-N3 118.7(3) 119.3(1) 120.1(2) 

 

This slight DMNA ligand distortion is seen in both [ReCl(CO)3(DMNA)] and 

[MnCl(CO)3(DMNA)], suggesting that structurally there is no significant difference in 

how energetically favourable the coordination is between the two metal complexes.  
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 Comparison of [MCl(CO)3(DMNA-κ2N, N’)] to [Mn(UCN)] and 

[ReCl(CO)3(UCN)] 

 

2.6.1 Infrared Spectroscopy of [MCl(CO)3(DMNA-κ2N, N’)]  

 

Measuring carbonyl ligand vibrational frequencies using infrared spectroscopy 

is a valuable tool in appraising the electron density on a metal and geometry around 

a metal in inorganic complexes. Infrared spectra of [MnCl(CO)3(DMNA)] and 

[ReCl(CO)3(DMNA)] were taken and the vibrations observed in the carbonyl region 

are summarised in Table 2.8.  

 

Table 2.8: Carbonyl stretching frequencies (ν(CO)/cm-1) in DCM for 
MnCl(CO)3(DMNA)] and [ReCl(CO)3(DMNA)] showing comparison to the 

corresponding 2,2’-bipyridine complexes 
 

Compound νCO / cm-1 

[MnCl(CO)3(DMNA)] 2035 1935 1916 

[MnCl(CO)3(bpy)]149 2025 1936 1913 

[ReCl(CO)3(DMNA)] 2025 1916 1899 

[ReCl(CO)3(bpy)]101 2024 1921 1899 

 

The number of carbonyl bands observed in the infrared spectrum of a metal 

complex immediately gives information about the number of carbonyl environments 

and the expected geometry. Facial metal tricarbonyl species such as 

[MCl(CO)3(DMNA)] typically show three distinct vibrational bands in the carbonyl 

region of the infrared spectrum. 128, 150 Of the three bands, the band at highest energy 

is assigned as the totally symmetric in-phase A’(1) vibration. The remaining 

vibrational modes are the equatorially asymmetric A’’ and totally symmetric out-of-

phase A’(2) modes.102, 151  

Metal carbonyl bonding can be understood as a combination of two principle 

interactions - donation from the carbonyl σ-orbital into an empty metal d-orbital, and 

‘back donation’ from a filled metal d-orbital into the carbonyl π* orbitals. The more 

electron-rich a metal centre, and the better orbital overlap between molecular orbitals, 

the more back donation, which in turn results in a weaker carbonyl bond and lower 

vibrational frequency. This is the reason that manganese tricarbonyl systems usually 

show higher ν(CO) compared to their rhenium counterparts.100, 116, 117, 152  
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2, 2’-bipyridine is a thoroughly investigated ligand both in metal carbonyl 

chemistry and in wider coordination chemistry applications when compared to the 

relatively small amount of research performed on naphthyridine complexes.108, 150, 153-

160 The number, intensity and values of carbonyl vibrational frequencies for 

[MCl(CO)3(DMNA)] are comparable to those seen in [MCl(CO)3(bpy)] (bpy = 2,2’-

bipyridine), which suggests the electronic properties and coordination observed in 

DMNA are not significantly different to that of bpy.101, 149 

 

 

2.6.2 Infrared Spectroscopy of [Mn(UCN)] and [ReCl(CO)3(UCN)] 

 

 
Figure 2.11: IR spectra of UCN, [Mn(UCN)] and [ReCl(CO)3(UCN)] 

 

Infrared spectroscopy is the simplest method by which to observed and 

characterise metal carbonyl species. The infrared spectra of UCN and 

[ReCl(CO)3(UCN)] are shown in Figure 2.11. The ATR-IR spectrum of [Mn(UCN)] and 

[ReCl(CO)3(UCN)] show that the structure of the carbon nitride has not been changed 

through the reaction, as the principle vibrational bands observed for UCN are 

observed in the decorated material. [ReCl(CO)3(UCN)] also shows strong vibrational 

bands in the carbonyl region, with a broad band centred at 1916 cm-1 and a sharper 

band centred at 2034-1. [Mn(UCN)] does not show these additional carbonyl-region 

vibrations. However, X-ray crystallography of [MnCl(CO)3(DMNA)] suggests that 

coordination between manganese and naphthyridine, and by extension heptazine, is 

favourable, and ICP-MS shows a significant loading of manganese in [Mn(UCN)].  
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As manganese carbonyls are less electrochemically stable to redox chemistry 

in comparison to rhenium carbonyls, it seems likely that a reaction is occurring 

between manganese carbonyl species and UCN resulting in ligand loss (i.e. carbonyl 

release), which has been observed in other solid-state supported manganese 

systems.124 Ligand loss is likely not observed in the case of [ReCl(CO)3(UCN)] due to 

the higher oxidation potential (and lower reduction potential) of rhenium carbonyls 

compared to manganese carbonyls.100, 116, 117, 152 The general label of “[Mn(UCN)]” is 

used to reflect that although presence of Mn is shown by ICP-MS, the environment 

around the manganese in this material is not known. 

It is unclear whether ligand loss occurs before or after coordination of 

manganese to carbon nitride, and investigating the precise mechanism is nontrivial 

due to the insoluble nature of the carbon nitride. However, it is apparent that carbon 

nitride is capable of reacting with redox-active metals rather than being limited to 

coordination chemistry. The observation of this redox behaviour of carbon nitride 

should be considered in other applications of carbon nitride as a ligand. The 

remainder of this chapter will focus on the more stable [ReCl(CO)3(UCN)]. 

 

 

2.6.3 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

of [ReCl(CO)3(UCN)] and UCN  

 

 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is an 

infrared technique with a higher surface sensitivity when compared to ATR-IR. 

DRIFTS was performed on UCN and [ReCl(CO)3(UCN)] and is shown in Figure 2.12. 

In addition to the infrared vibrations observed in ATR-IR, DRIFTS of UCN shows 

weaker bands around 2200 cm-1 corresponding to cyano-group vibrations.161 The 

ratio of metal-carbonyl vibrational band intensity to band intensity inherent to carbon 

nitride is higher when observed via DRIFTS compared to ATR. This suggests that 

species giving rise to the vibrational bands is concentrated on the surface rather than 

distributed through the bulk of the material. 
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Figure 2.12: DRIFTS spectra of UCN and [ReCl(CO)3(UCN)] 

 

2.6.4 Comparison of [ReCl(CO)3(DMNA-κ2N, N’)] to [ReCl(CO)3(UCN)] 

 

The carbonyl region of the infrared spectrum of [ReCl(CO)3(UCN)] is 

compared to [ReCl(CO)3(DMNA)] and [ReCl(CO)5] in Figure 2.13 and summarised in 

Table 2.9. The carbonyl vibrational band structure of [ReCl(CO)3(DMNA)] in a solution 

of DCM shows 3 bands, as expected for octahedral rhenium tricarbonyl species with 

a facial carbonyl arrangement.128, 150  However, due to the insolubility of 

[ReCl(CO)3(DMNA)], the ATR-IR of [ReCl(CO)3(DMNA)] is also performed. In the 

solid state, the vibrational bands broaden, causing an overlap of the peaks observed 

at 1899 and 1916 cm-1 in the solution spectrum of [ReCl(CO)3(DMNA)]. 

 

Figure 2.13: Infrared spectra of [ReCl(CO)3(UCN)] and related compounds 
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Table 2.9: Infrared spectroscopy of [ReCl(CO)3(UCN)] and related compounds 
 

Compound (IR condition) νCO / cm-1 

[ReCl(CO)5] (DCM) 1986, 2047 

[ReCl(CO)3(DMNA)] (DCM) 1899, 1916, 2025 

[ReCl(CO)3(DMNA)] (ATR) 1886 (br), 2018 

[ReCl(CO)3(UCN)] (ATR) 1916 (br), 2034 

 

The structure of the vibrational bands observed in [ReCl(CO)3(UCN)] are 

different from those observed in [ReCl(CO)5], indicating a chemical reaction has 

occurred between carbon nitride and the precursor rather than simply physisorption 

of the metal carbonyl to the surface. The bands seen in the carbonyl region of 

[ReCl(CO)3(UCN)] are very similar to those observed for [ReCl(CO)3(DMNA)]. The 

shift of νCO to higher frequency in [ReCl(CO)3(UCN)] compared to 

[ReCl(CO)3Cl(DMNA)] suggests that UCN is a less electron-donating ligand when 

compared to DMNA. 

 

2.6.5 Solid-State 13C CP-MAS NMR Spectroscopy 

 

Solid state NMR spectroscopy (13C CP-MAS) was performed with the goal of 

aiding the characterisation of the carbonyl environments in [ReCl(CO)3(UCN)]. The 

13C CP-MAS spectra of [ReCl(CO)3(UCN)] and UCN are shown in Figure 2.14.  

 

Figure 2.14: The 13C CP-MAS NMR spectrum (10 kHz spin rate) of 
[ReCl(CO)3(UCN)] (top) and UCN (bottom)  
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The two signals arising observed in  UCN at 157.8 ppm and 165.7 ppm 

correspond to the CN3 and N2CNHx environments respectively.162 The other bands 

observed either side of the main peaks are spinning-side bands and are separated 

by the spin rate (10 kHz).  No additional 13C CP-MAS signals are observed in 

[ReCl(CO)3(UCN)] arising from the carbonyl groups. Although this may simply arise 

due to a poorly defined metal site, it is also likely a result of a combination of the 

relatively low carbonyl concentration and quadrupolar broadening due to a rhenium-

carbon interaction.163, 164 This quadrupolar interaction between rhenium and carbon is 

responsible for the broadening seen in the 13C NMR carbonyl signals in 

[ReCl(CO)3(bpy)] in the region 220-180 ppm in Figure 2.15. In Figure 2.15, the sharp 

peaks between 120-160 ppm are due to the 2,2’-bipyridine ligand, and those between 

0-40 and 240-280 are spinning side-bands of these peaks. 

 

 

Figure 2.15: 13C CP-MAS NMR spectrum (10 kHz spin rate) of [ReCl(CO)3(bpy)] 
 

 

 

2.6.6 X-ray Photoelectron Spectroscopy (XPS) of UCN and [ReCl(CO)3(UCN)] 

 

X-ray Photoelectron Spectroscopy (XPS) was performed on samples of 

[ReCl(CO)3(UCN)] and UCN. A summary of the peaks, including full width half 

maxima of the fitted peaks, is shown in Table 2.10 and Table 2.11. The XPS spectra 

of the UCN are consistent with urea-derived amorphous carbon nitride.165 The 

nitrogen 1s region is fitted to show similar signals for [ReCl(CO)3(UCN)] and UCN in 

Figure 2.16. The strongest signal at 398.7 eV responds to the aromatic imine groups 

(CNC), with additional signals at 399.9 eV and 401 eV corresponding to the sp3 

nitrogen atom (NC3) and the surface amine groups (CNH) respectively (Figure 2.17). 
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Figure 2.16: N 1s XPS Spectra of UCN and [ReCl(CO)3(UCN)]  
 

 

 

Figure 2.17: Structure of the monomer of UCN with nitrogen (left) and carbon (right) 
atoms colour-coded to XPS data 

 

The C 1s region of the XPS spectra of [ReCl(CO)3(UCN)] and UCN is shown 

in Figure 2.18. In UCN, two peaks are modelled to fit the signal. The signal at 284.8 

eV is assigned to fit carbons adjacent to amines (C-N), while the signal at 288.6 eV 

is assigned to fit carbon environments adjacent to aromatic nitrogen atoms (C=N). A 

very weak peak at 286.1 eV is assigned to surface organic carbonyls (C=O) remaining 

from the urea precursor.  

 

Figure 2.18: C 1s XPS Spectra ofUCN and [ReCl(CO)3(UCN)] 
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Additional features are observed in the C 1s region of XPS spectrum of 

[ReCl(CO)3(UCN)] compared to UCN. The new feature with the strongest peak, 

modelled at 286.6 eV, is fitted to arise from C=O environments in the carbonyl 

ligands.166 A weaker signal fitted to 292 eV is also observed, which is suggested to 

arise from a shake-up transition.  

It is proposed that the peak at 292 eV is observed due to the interaction of a 

photoelectron and a rhenium centre, causing excitation of an electron from the 

rhenium d-orbitals to a defined π* orbital on the coordinating heptazine. The 

photoelectron loses energy equal to the excitation energy of this state (3.4 eV, 364 

nm, see Figure 2.26) and the detector registers this energy loss as an increase in the 

binding energy of the electron. This is referred to as a ‘shake-up’ peak. Section 2.8 

discusses the photochemistry of [ReCl(CO)3(UCN)] in more detail. 

 

Figure 2.19: XPS spectra (Re 4f region) of a sample of [ReCl(CO)3(UCN)] at two 
different sample collection times 

   

The Re 4f region of the XPS spectrum of [ReCl(CO)3(UCN)] is shown in Figure 

2.19. The two peaks observed at 42.2 eV and 44.6 eV are fitted to the Re 4f7/2 and 

Re 4f5/2 signals respectively, and the sharpness of the peaks (fwhm = 1.25 eV) 

suggests a single rhenium environment. This is comparable to the shifts observed for 

a rhenium tricarbonyl phenanthroline species grafted onto graphene, which exhibited 

sharp peaks at 41.3 and 43.7 eV.122 No metallic Re, which would be observed around 

40.7 eV, was observed.167  Rhenium oxides show broad peaks around the range of 

42.1-46.4 eV, which would be inconsistent with the presence of carbonyl vibrations in 

the infrared spectrum and a single rhenium species.168, 169 The Re peaks are therefore 

assigned as arising from a Re(I) carbonyl species. 
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Table 2.10: Summary of XPS fitted peaks observed in UCN  
 

Sample Region Peak / eV FWHM / eV Assignment 

UCN N 1s 398.7 1.14 CNC 

  400.0 1.29 NC3 

  401.1 1.46 CNH 

 C 1s 288.2 1.11 C=N 

  286.1 1.03 C=O 

  284.8 1.07 C-NH 

 

Table 2.11: Summary of XPS fitted peaks observed in [ReCl(CO)3(UCN)] 
 

Sample Region Peak / eV FWHM / eV Assignment 

[ReCl(CO)3(UCN)] N 1s 398.7 1.20 CNC 

  400.0 1.29 NC3 

  401.1 1.46 CNH 

 C 1s 292.0 1.50 π-π* 

  288.6 1.49 C=N 

  286.6 1.50 C=O 

  284.8 1.50 C-N 

 Re 4f 44.6 1.25 Re (I) 4f7/2 

  42.2 1.25 Re (I) 4f5/2 
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2.6.7 The Structure of [ReCl(CO)3(UCN)] 

 

 

Figure 2.20: Coordination mode of Re to DMNA in [ReCl(CO)3(DMNA- κ2N, N’)]  
and proposed coordination mode of Re to UCN in [ReCl(CO)3(UCN)] 

 

Due to the similarities in the structures of the infrared spectrum (Figure 2.13, 

Table 2.9) it is proposed that UCN and DMNA coordinate to Re analogously. 

Following the X-ray crystallography of the molecular analogues, it is proposed that 

the aromatic nitrogen environments in UCN coordinate in a bidentate mode to metal 

fragments as shown in Figure 2.20. This is consistent with all observations. The metal 

loading as measured by ICP-MS suggests that not all heptazine units are involved in 

coordination, and a higher concentration of metal carbonyl species exists on the 

surface as observed by DRIFTS. This supports the hypothesis that coordination is 

localised at the edge sites of the material, where the concentration of available diimine 

coordination environments is highest.7 

 

 

 

 Solution Stability of [ReCl(CO)3(UCN)] 

 

For the utility of carbon nitride as a ligand to be evaluated, the stability of the 

decorated material towards metal leaching was investigated. A simple leaching 

experiment was designed to show stability of [ReCl(CO)3(UCN)]  in solvent. Samples 

of [ReCl(CO)3(UCN)] were stirred in different solvents for three hours, after which the 

[ReCl(CO)3(UCN)] was isolated by filtration. Infrared spectroscopy was then 

performed on both the material and the filtrate. 
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2.7.1 ATR-IR of [ReCl(CO)3(UCN)] after solvent soaking 

 

The full ATR-IR spectrum of samples of [ReCl(CO)3(UCN)] after soaking in 

different solvents is shown in Figure 2.21. Each spectrum was normalised to the 

vibrational peak arising from the UCN at 1250 cm-1. The same data are expanded in 

Figure 2.22 on the carbonyl region. 

 

Figure 2.21: Infrared spectroscopy of [ReCl(CO)3(UCN)] after soaking in different 
solvents 

 

 

 

Figure 2.22: Expansion of carbonyl region of [ReCl(CO)3(UCN)] after soaking in 
different solvents 

 

 Due to the high infrared activity of the UCN itself, quantification of the 

intensities of νCO vibrational bands is difficult. The ATR-IR spectra do, however, show 
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a semi-quantitative measure of the stability of [ReCl(CO)3(UCN)]. Soaking 

[ReCl(CO)3(UCN)] in strongly coordinating solvents such as water, ethanol and 

acetonitrile results in a clear decrease in the intensity of the carbonyl vibrational 

bands. In contrast, soaking [ReCl(CO)3(UCN)] in less strongly coordinating solvents 

such as hexane, toluene and dichloromethane, results in a smaller loss of carbonyl 

vibrational band intensity.    

 

2.7.2 Solution IR of filtrate after [ReCl(CO)3(UCN)] soaking 

 

The solution infrared spectra obtained after [ReCl(CO)3(UCN)] was soaked in 

different solvents are shown in Figure 2.23. Infrared vibrations in the carbonyl region 

are clearly observed in all cases, showing that rhenium-carbonyl solution species are 

present after soaking in even weakly-coordinating solvents. Other rhenium species 

(i.e. chlorides) may also be present in solution, but would not be observed as easily 

using infrared spectroscopy. In agreement with section, 2.7.1, more coordinating 

solvents result in stronger vibrational bands in the solution spectra, however, this is 

not quantitative as each vibrational signal will  have a different absorption coefficient. 

 

 

Figure 2.23: Solution infrared spectroscopy after solvent soaking of 
[ReCl(CO)3(UCN)] 

 

 The data from Figure 2.23 is also shown in Figure 2.24, rescaled and stacked 

in order to more clearly show the vibrational band structure of the carbonyl region. It 

can be clearly seen that the vibrational band structure is dependent on the solvent, 

implying that the solvent is incorporated into the leached Re-containing species giving 

rise to the observed differences in the vibrational bands.  
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Figure 2.24: Solution infrared spectroscopy of after solvent soaking of 
[ReCl(CO)3(UCN)] 

 

It should be possible to identify the rhenium carbonyl ‘leaching products’ which 

give rise to the spectra observed in Figure 2.24 to gain insight into the mechanisms 

of decomposition. However, the signals observed in Figure 2.24 can be used to 

exclude the precursors, [Re2(CO)10] and [ReCl(CO)5], as well as [Re(CO)5]•, in all 

spectra. 170-173  

In acetonitrile, [ReCl(CO)3(CH3CN)2] is not observed, but two signals at 2055 

cm-1 and 1952 cm-1 may arise from [Re(CO)3(CH3CN)3]+.173, 174 In toluene, the signals 

at 2028 cm-1, 1948 cm-1 and 1935 cm-1 in the spectrum collected in toluene 

correspond to those observed for [(toluene·H)Re(CO)3], although another unidentified 

species appears to be present.174 In water, the peaks observed at 2037 cm-1 and 1916 

cm-1 correspond to those of [Re(CO)3(H2O)3]+.175 

Therefore, Figure 2.24 shows that when [ReCl(CO)3(UCN)] is soaked in 

toluene, water or acetonitrile, the strong Re-C bonds persist, preserving the rhenium 

tricarbonyl moiety. The more labile Re-N and Re-Cl bonds allow solvent coordination  

and so leaching of rhenium into solution is observed. Figure 2.24 is therefore further 

evidence that rhenium-tricarbonyl fragments are present on the surface of UCN. 

Carbon dioxide reduction is usually performed in acetonitrile due to the high 

solubility of CO2 in this solvent. The strong leaching effect observed in most solvents, 

including acetonitrile, means that [ReCl(CO)3(UCN)] is unsuitable for use as a 

heterogeneous carbon dioxide reduction catalyst. Due to the instability in appropriate 

solvents, the catalytic application of [ReCl(CO)3(UCN)] was not investigated. 

However, the photochemistry of the decorated carbon nitride was briefly investigated.  
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 Photophysical Behaviour of [ReCl(CO)3(UCN)] 

 

Following characterisation of the environment around the metal centre in 

[ReCl(CO)3(UCN)],  the photophysical properties of [ReCl(CO)3(UCN)] were 

investigated in order to determine the effects, if any, on the properties of the bulk UCN 

after metal coordination. Diffuse reflectance spectroscopy, steady state luminescence 

and time-resolved luminescence were performed on UCN and [ReCl(CO)3(UCN)]. 

 

2.8.1 Ground state optical spectroscopy of [ReCl(CO)3(UCN)], UCN and 

[ReCl(CO)3(DMNA)] 

 

The diffuse reflectance spectra of UCN and [ReCl(CO)3(UCN)] are overlaid on 

the absorption spectrum of a solution of [ReCl(CO)3(DMNA)] in Figure 2.25. UCN 

shows a distinct absorbance at wavelengths below 450 nm, corresponding to the 

band gap of carbon nitride at 2.7 eV.11 The band at 500 nm showing 120% reflection 

is a result of the strong fluorescence of the UCN during data collection (See section 

2.8.2). In contrast to UCN, [ReCl(CO)3(UCN)] shows absorption rather than emission 

between 420-520 nm. As absorption is not observed for wavelengths above 400 nm 

in [ReCl(CO)3(DMNA)] or UCN, it is suggested that the absorption of light at λ > 420 

nm by [ReCl(CO)3(UCN)] is associated with electron transitions from filled rhenium d-

orbitals positioned low in the band gap to the valence band of the carbon nitride – this 

can be considered a metal-to-ligand charge transfer (MLCT). 

 

Figure 2.25: Diffuse reflectance spectra of UCN and [ReCl(CO)3(UCN)] overlaid on 
 absorption spectrum of [ReCl(CO)3(DMNA)] (100 μmol dm-3 in DCM) 



Chapter 2 

72 
 

2.8.2 Steady-State Luminescence Behaviour of UCN, [ReCl(CO)3(UCN)] and 

ReCl(CO)3(DMNA)] 

 

Figure 2.26: 3-dimensional excitation/emission spectrum of solution of 
[ReCl(CO)3(DMNA)] 

  

In order to gain the full understanding of the photochemical processes 

occurring within UCN and [ReCl(CO)3(UCN)], 3-dimensional excitation/emission 

spectra were obtained of UCN, [ReCl(CO)3(UCN)] and [ReCl(CO)3(DMNA)]. 3-

dimensional plots show how the emission spectrum of the materials varies as the 

excitation wavelength is changed, plotted as a contour map with the most intense 

signals coloured red and less intense signals coloured blue. [ReCl(CO)3(DMNA)] 

shows a single emission band at λex = 370, λem = 410 nm, emission arising from the 

radiative decay of the MLCT excited state between rhenium and the diimine ligand.105 

3-dimensional excitation/emission spectra of UCN and [ReCl(CO)3(UCN)] 

were also obtained and are shown in Figure 2.27 and Figure 2.28 respectively. Three 

intense lines are also seen across the spectra of solid state samples at emission 

wavelengths with integer multiples of the excitation wavelength as a result of 

diffraction of the incident light through the solid phase samples.The 3-dimensional 

spectrum of UCN shows two overlapping features: an emission band at λex = 300, λem 

= 470; and another at λex = 390, λem = 470. These same processes are also observed 

in [ReCl(CO)3(UCN)], with no additional emission processes observed.  
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Figure 2.27: 3-dimensional excitation/emission spectrum of powder sample of UCN  
 

 

Figure 2.28: 3-dimensional excitation/emission spectrum of powder sample of 
[ReCl(CO)3(UCN)] 
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Figure 2.29: Emission spectra at λex = 300 (left) and λex = 390 (right)  of UCN, 
[ReCl(CO)3(UCN)] and [ReCl(CO)3(DMNA)] 

 

Data at λex = 300 nm and 390 nm has been extracted from Figure 2.26, Figure 

2.27 and Figure 2.28 and is shown in Figure 2.29 as 2-dimensional spectra for ease 

of comparison. It can be seen that [ReCl(CO)3(UCN)] shows the same feature as 

UCN, however λem is blue-shifted by 10 nm (Figure 2.29). It is unclear whether this 

shift can be considered a shift in the band gap of the carbon nitride, or whether this 

shift is due to the introduction of a different emission process occurring in  

[ReCl(CO)3(UCN)] which overlaps with the band gap of carbon nitride. 

 

2.8.3 Time Resolved Luminescence Behaviour of [ReCl(CO)3(UCN)] 

 

Figure 2.30: Time-resolved photoluminescence decay profiles obtained from toluene 
dispersions of UCN and [ReCl(CO)3(UCN)] under nitrogen using λex = 380 nm and 

λem = 440 nm 
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 Time resolved photoluminescence (TRPL) measurements were taken for 

samples of UCN and [ReCl(CO)3(UCN)] to determine the kinetics of the excited state 

or states obtained at λex = 380 nm and λem = 440 nm. The raw decay curves, along 

with the fitted decay profiles, are shown in Figure 2.30. To reduce the strong 

reflectance effect observed in solid powder samples, dispersions in degassed toluene 

were used for the TRPL measurements. Toluene was chosen to minimise leaching of 

rhenium into solution as seen in section 2.7, however solution rhenium is likely to still 

be present and may affect measurements. 

 The raw decay profile is fitted to Equation 1, with the values obtained for 

lifetime component values and contribution shown in Table 2.12. For UCN, three 

components were used to bring the value of χ2, the ‘goodness of fit’ factor closest to 

unity. The results indicate that the emission band observed from UCN arises due to 

three radiative processes. This assessment is strengthened by measuring the TRPL 

of UCN at two different emission wavelengths, 440 nm and 470 nm. Although the 

calculated values of the lifetime components don’t significantly vary with emission 

wavelength, the contribution of the longer lifetime component to the overall profile 

increases at the higher emission wavelength. This is concomitant with a decrease in 

the contribution of the shortest lifetime component at lower emission wavelengths. 

 

𝑹(𝒕) =  𝑩𝟏𝒆
(

−𝒕

𝝉𝟏
)

+ 𝑩𝟐𝒆
(

−𝒕

𝝉𝟐
)

+ 𝑩𝟑𝒆
(

−𝒕

𝝉𝟑
)
  Equation 1 

 

Table 2.12: Listed lifetime parameters (τx) and contribution to overall fit (BX) 
obtained from fitting of TRPL experiments obtained from toluene dispersions of 

UCN and [ReCl(CO)3(UCN)] using λex = 380 nm 
 

 

Material λem τ1 / ns B1 / 

% 

τ2 / ns B2 / 

% 

τ3 / ns B3 / 

% 

χ2 

UCN 440 2.1 ± 

0.04 

25 5.9 ± 

0.12 

47 22.7 ± 

0.69 

28 1.21 

 470 2.2 ± 

0.04 

21 6.3 ± 

0.16 

43 24.6 ± 

0.69 

36 1.08 

[ReCl(CO)3(UCN)] 440 1.9 ± 

0.05 

24 5.1 ± 

0.17 

46 20.4 ± 

0.77 

30 1.11 

 470 1.9 ± 

0.06 

18 5.2 ± 

0.17 

42 22.1 ± 

0.63 

40 1.13 
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 The data shown for UCN in Table 2.12 are in agreement with literature data.176 

Previous work suggests that the three components arise from three difference classes 

of excitons: direct recombination at the site of excitation (τ1); recombination after 

intraplanar exciton migration (τ2); and recombination after interplanar exciton 

migration (τ3).176-178  

 Of interest is how the data collected from [ReCl(CO)3(UCN)] so closely 

matches the obtained data from UCN. This suggests that despite the change in the 

optical band gap, the radiative decay processes observed for each material are 

essentially unaffected by metal decoration. However, non-radiative decay processes 

are not measured by this technique, and the literature suggests that metal-carbon 

nitride interactions are generally non-radiative.44, 179, 180 

 

 

2.8.4 Proposed Photophysical Processes Occuring in [ReCl(CO)3(UCN)] 

 

 
Figure 2.31 summarises a schematic of the proposed energy levels in 

[ReCl(CO)3(UCN)], as well as the photochemical processes that may be occurring. 

This schematic is a hypothesis formed on the basis of observations listed in this 

chapter and further experimental evidence will be needed to confirm this 

interpretation. 

Ordinary carbon nitride ‘band gap’ behaviour is observed in 

[ReCl(CO)3(UCN)]. This gives rise to the absorption processes below 400 nm, and 

the luminescence behaviour of [ReCl(CO)3(UCN)]. In addition, the DRS suggests that 

visible light absorption processes occur in [ReCl(CO)3(UCN)] (Figure 2.25). If the 

orbital labelled ‘d’, corresponding to the HOMO in [ReCl(CO)3(DMNA)] was positioned 

in energy between the valence band and the conduction band of the material, visible 

light would be absorbed (purple arrow) at a lower wavelength than the band gap as 

electrons are transferred from the d-orbitals on rhenium to the conduction band of the 

UCN.  This would formally be a MLCT excited state, though in this case transition 

could also be described as a band-gap transition. 
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Figure 2.31 Simplified schematic of photophysical processes observed to occur 

within [ReCl(CO)3(UCN)] 
 

Figure 2.28 shows no signals in [ReCl(CO)3(UCN)] corresponding to emission 

from the proposed MLCT state formed after excitation of an electron from a Re d-

orbital to the conduction band (shown in red on Figure 2.31). The lack of observed 

emission may be a result of the localised, relatively dilute nature of the rhenium. A 

non-radiative relaxation pathway, such as Förster Resonance Energy Transfer 

(FRET), or vibrational relaxation, may also exist.181  Ultrafast spectroscopy, such as 

that combining  visible light pump-infrared probe techniques, could be performed to 

gain deeper insight into this process. 

The XPS shake-up band observed in [ReCl(CO)3(UCN)] (Figure 2.18) 

provides evidence of the existence of a state approximately 370 nm (3.35 eV) higher 

in energy than the ground state. This state is distinct and positioned within the 

conduction band and may be a π* state localised in space on the heptazine moiety 

coordinated to the rhenium (red, Figure 2.31). The transition occurring during the 

shake-up peak may be the [ReCl(CO)3(UCN)] equivalent to the HOMO-LUMO (i.e. d-

π*) transition in [ReCl(CO)3(DMNA)]. 

The localised π* orbitals are not observed in absorption spectroscopy as the 

signal at 370 nm (shown in blue on Figure 2.31) would overlap with the absorption 

due to the band gap of the carbon nitride. It is also likely that an electron promoted to 

the π* orbital would quickly decay in energy within the conduction band continuum 

(orange arrow), and the resulting emission from the excited state would be identical 

to the MLCT state formed upon absorption at wavelengths above 400 nm. The excited 

π* state may also decay directly via charge transfer to the valence band, however 

this process would likely overlap with the ‘band gap’ emission also exhibited by 

[ReCl(CO)3(UCN)]. 
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The π* state is visible only in the XPS spectrum because of a specific 

interaction between the heavy rhenium atom and the high energy electron emitted in 

the XPS experiment. However, it is possible that ultrafast spectroscopic methods may 

also be able to discern this transition, and further experiments could confirm or deny 

the interpretation shown in Figure 2.31. 

Figure 2.31 is consistent will all observations to date and provides insight into 

the interaction between carbon nitride and the metal fragment. Whilst the heptazine 

moieties comprising carbon nitride can individually act as ligands, the interaction 

between directly coordinated metal complex fragments and carbon nitride appear 

more complex compared to adsorbed metal complexes. XPS and optical 

spectroscopy hints that distinct orbitals are formed within the energy band structure 

of the carbon nitride as a result of metal coordination, and it is hypothesised that these 

orbitals are localised both on the metal atoms and the coordinating heptazine 

moieties.  
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 Conclusions 

 

Two materials, UCN and CCN, have been synthesised and compared. For the 

first time, UCN was decorated directly with a metal carbonyl fragment, characterised 

by various spectroscopic techniques and compared to a molecular analogue of the 

heptazine unit. Initial ICP-MS experiments showed loading of 0.395 mmol g-1 of 

rhenium and 0.242 mmol g-1 of manganese, although the manganese carbonyl 

species was seen to decompose on the surface of carbon nitride. 

Although a simplistic model, DMNA was used to determine the most stable 

coordination mode likely to be observed on carbon nitride. A combination of crystal 

structures of molecular analogues with measurements by infrared spectroscopy 

provides evidence that the heptazine monomer within carbon nitride can act as a 

weak, 4-electron σ-donor ligand showing bidentate coordination to rhenium, 

comparable to bpy. The composite material is relatively stable in non-coordinating 

solvents but the metal-carbon nitride interaction breaks down in coordinating solvents 

over several hours. This leaching of metal into solution limits the application of 

[ReCl(CO)3(UCN)], because relevant catalysis of rhenium carbonyl complexes is 

generally performed in acetonitrile. 

Preliminary photophysical experiments have shown tentative insight into the 

effects of the coordination on the bulk semiconductor, suggesting that low-lying d-

orbitals within the band gap increase light absorption of the bulk material. This chapter 

provides a basis for the further exploration of utilising carbon nitride as a ligand, which 

will be covered in later chapters. 
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3 Ruthenium Decorated Carbon Nitride: Synthesis, 

Characterisation and Photophysics 

 

 Introduction 

 

Carbon nitride is an established photocatalyst, but its band gap of 2.7 eV is too 

large to mediate visible light activated processes.7, 10, 39, 126, 135 The band gap 

corresponds to an absorption wavelength of 400 nm, and though this can be tuned 

slightly by altering the structure of the material, the majority of photocatalytic activity 

is due to high-energy visible light.12, 32 Combining molecular dyes capable of 

absorbing lower-energy visible light with carbon nitride has been shown to enhance 

the photoactivity of the composite material.94, 182 However, the poor stability of organic 

dyes often leads to loss of this activity via dye decomposition during catalysis.183 

Metal diimine complexes, especially the metal complex ion [Ru(bpy)3]2+ (bpy = 

2,2’-bipyridine) have been long known for their photochemical properties.184 Upon 

efficient absorption of a visible light photon, an electron is transferred from the 

ruthenium-based t2g orbitals to the π* orbitals localised on the bpy ligands.185, 186 A 

triplet excited state, [Ru(bpy)3]2+*,  is then formed with a lifetime on the hundreds of 

nanoseconds timescale.153 

In the absence of quenching species, the excited state can decay radiatively, 

emitting a visible light photon. However, the excited state of [Ru(bpy)3]2+* can also 

react with several species to quench the excited state either reductively or 

oxidatively.184 The reduction and oxidation potentials under illumination have been 

exploited in several different applications, including sensors, luminescent devices and 

photocatalysis.187-193 

Significant interest in the interaction between molecular dyes and 

semiconductors is applied to the field of dye-sensitized solar cells (DSSCs).79 DSSCs 

commonly function by combining metal oxide semiconductors with derivatives of 

[Ru(bpy)2(L)2]2+ functionalised with carboxylic acid or phosphonic acid groups.158, 194 

Adjustments to the ligand anchoring group can have effects on electron transfer rate 

and therefore material stability and activity.195 This is because the excited state 

formed on the ruthenium tris-diimine moiety is transferred to the semiconductor via 

the ligand anchoring group in the outer sphere of the metal complex. 

Figure 3.1 is an energy diagram constructed using the measured reduction 

potentials of the HOMO and LUMO of [Ru(bpy)3]2+ (1.29 and -1.33 V respectively) 

and the valence and conduction bands of  carbon nitride  (-1.15 and 1.55 V) in 
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aqueous conditions at neutral pH.196, 197 It can be anticipated that an electron in a Ru 

t2g orbital could be excited by a photon of visible light into the π* orbital on the bpy 

ligands prior to transfer of this excited electron into the valence band of the carbon 

nitride. However, the direction of electron transfer will vary heavily on the relative 

energy levels of the π* orbital on the bpy ligands compared to the valence band of 

the carbon nitride, which in turn can be tuned by (among several other significant 

factors) altering the ligands coordinated to the ruthenium.197 

 

 

Figure 3.1: Measured reduction potentials of [Ru(bpy)3]
2+ compared to measured 

band positions carbon nitride (UCN/CCN) 
 

There are a small number of examples where carbon nitride has been modified 

by derivatives of [Ru(bpy)3]2+ in order to improve photocatalytic activity of the 

material.45, 82, 92, 118 However, in these examples, the [Ru(bpy)3]2+ derivative is placed 

between a catalytic site and the carbon nitride, behaving as an electron mediator 

where the electron transfer from catalytic site to semiconductor can be accelerated 

upon visible light irradiation (see Chapter 1).90 Electron transfer to the [Ru(bpy)3]2+ 

derivative improves the catalytic properties of the composite material by reducing 

recombination. In this case electron transfer occurs in the opposite direction to that 

shown in Figure 3.1, however it should be noted that this is caused by oxidation of 

the ruthenium dye component by a covalently attached catalytic centre during the 

reaction.  
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There is only one example at the time of writing, which was published during 

this work, which claims to have directly coordinated a metal complex to carbon nitride 

to improve the visible light photocatalysis.96  Scheme 3.1 shows how a heteroleptic 

iridium complex (Ir-T) was grafted directly to the surface of mesoporous, surface 

hydroxide modified carbon nitride (npg-C3N4-OH). The resulting material, referred to 

as ‘npg-C3N4-Ir-T’ showed a marked decrease in band gap (2.40 eV for npg-C3N4-

OH compared to 2.24 eV for npg-C3N4-Ir-T) and orders of magnitude of improvement 

in the rate of CO2 reduction to methanol.  

 

 

Scheme 3.1: Decoration of carbon nitride with a  
heteroleptic light-absorbing iridium complex 

 

However, in the case of npg-C3N4-Ir-T, only ICP-MS, XPS, PXRD, TEM and 

EDX were reported for the composite material, making it difficult to know the exact 

species and environment of the iridium content.96 Ideally, spectroscopy which can be 

targeted at characterising the metal environment (i.e. NMR, IR) would be performed 

in order to gain an understanding of both the carbon nitride-metal complex interaction, 

and the mechanism by which any change in the properties takes place. 

 

  



Chapter 3 

83 
 

3.1.1 Aims 

 

Following the coordination between [ReCl(CO)3] and carbon nitride analogous 

to a diimine, the coordination of [Ru(bpy)2]2+ moiety to carbon nitride was investigated 

to give a composite material comprising two photoactive units. Following the previous 

chapter, a molecular analogue of the composite, [Ru(bpy)2(DMNA)](PF6)2, was also 

synthesised to aid characterisation. 

Previous independent application of carbon nitride and [Ru(bpy)3]2+ to solar 

energy conversion and photocatalysis, and more recent examples of systems 

incorporating mixtures of carbon nitride and [Ru(bpy)3]2+ derivatives, provided 

motivation to explore direct coordination of ruthenium to carbon nitride and the 

photophysical processes of the resulting composite. It may be anticipated that direct 

coordination may increase the rate of electron transfer between carbon nitride and 

[Ru(bpy)2]2+ moieties, reducing the rate of recombination helping to drive 

complimentary photocatalytic processes occurring on carbon nitride of [Ru(bpy)2]2+.  
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 Synthesis of UCN and CCN 

 

UCN and CCN were synthesised and compared as previously described in 

Chapter 2. Although the synthesis of CCN is more time consuming, decorating both 

UCN and CCN with ruthenium is desirable when the higher photocatalytic activity of 

CCN is considered along with the aim of increasing the efficiency of photocatalysis. 

Decorating two different morphologies of carbon nitride would also provide insight as 

to how altering the macrostructure of the carbon nitride affects the metal-carbon 

nitride coordination and consequently the overall properties of the material.  

 

 Synthesis of [Ru(bpy)2(CCN)](PF6)2 and [Ru(bpy)2(UCN)](PF6)2  

 

 

Scheme 3.2: Synthesis of [Ru(bpy)2(CCN)](PF6)2/[Ru(bpy)2(UCN)](PF6)2 
 

Commercially available [RuCl2(bpy)2] was used as the ruthenium precursor for 

the synthesis of ruthenium decorated carbon nitrides. Initial reactions were performed 

by heating a solution of [RuCl2(bpy)2] with samples of carbon nitride at reflux. No 

significant change in the spectroscopy of the carbon nitrides was observed which was 

attributed to chloride ligands preventing ligand substitution. 

Therefore, [RuCl2(bpy)2] was first reacted with two equivalents of Ag(PF6) 

under nitrogen in order to remove the chloride ligands via precipitation of AgCl. To 

avoid complications with the separation of the AgCl precipitate from carbon nitrides, 

the red, ruthenium-containing solution was separated from the AgCl by filtration 

directly onto a sample of base-treated carbon nitride under an atmosphere of nitrogen 

(Scheme 3.2).  

 The reaction mixture was then heated to reflux under nitrogen and the 

progress of the reaction was monitored by measuring the visible-light absorption 

spectrum of an aliquot of filtered solution at selected time intervals. The absorption 

band with max. absorbance at 500 nm was monitored and plotted against time (Figure 

3.2). The decrease in the intensity of this band was assumed to reflect the ruthenium 

coordination to carbon nitride. Whereas ruthenium coordination was seen to be 

approximately complete within 24 hours for UCN, coordination to CCN was seen to 
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continue for a week before the reaction was stopped. The material was isolated by 

filtration and washed with excess water and ethanol to remove uncoordinated 

ruthenium species.  

The difference in depletion of the ruthenium from solution is reflected in the 

final metal content of the two materials as determined by ICP-MS (Table 3.1), with a 

much higher loading observed for [Ru(bpy)2(CCN)](PF6)2 compared to 

[Ru(bpy)2(UCN)](PF6)2. 

 

Figure 3.2: Change in solution absorbance at 500 nm of an ethanol solution of 
[Ru(bpy)2]

2+ heated at reflux with UCN (left) and CCN (right) 

 

 

 Bulk Characterisation of Ruthenium-Decorated Carbon 

Nitrides 

 

3.4.1 Elemental Analysis (ICP-MS) 

 

The ruthenium loading of CCN and UCN was measured by inductively-

coupled plasma mass spectrometry (ICP-MS) analysis after digestion of the samples 

in nitric acid (Table 3.1). In accordance with the results obtained by visible light 

absorption spectroscopy, the ruthenium content of [Ru(bpy)2(CCN)](PF6)2 is 

approximately five times higher than that of [Ru(bpy)2(UCN)](PF6)2. This increased 

loading of CCN implies that there are more edge-sites available compared to UCN, 

which is corroborated by the respective elemental composition of UCN and CCN (see 

Chapter 2). 
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Table 3.1: Ruthenium loading on [Ru(bpy)2(UCN)](PF6)2 and  
[Ru(bpy)2(CCN)](PF6)2 as measured by ICP-MS 

 

Material Ru Loading/ mg g-1 Ru Loading/ mmol g-1 

[Ru(bpy)2(UCN)](PF6)2 1.64 0.016 

[Ru(bpy)2(CCN)](PF6)2 7.77 0.076 

 

 

3.4.2 Powder X-Ray Diffraction (PXRD)  

 

 

Figure 3.3: Powder X-Ray diffractograms of ruthenium-decorated carbon nitrides.  
Resonances marked with an asterisk (*) arise from the aluminium sample holder. 

 

 Figure 3.3 shows the PXRD diffractograms of decorated and undecorated 

carbon nitrides.  The five sharp peaks observed in all samples arise from the 

aluminium holder used during data collection. The intensity of the broad feature at 

13.2° is more distinct in CCN than in UCN, and is proposed to relate to an in-plane 

feature, likely the spacing between the ‘gaps’ between heptazine moieties.8, 137 The 

increased sharpness of this peak in CCN is consistent with a more condensed, 

crystalline microstructure.  

All four materials show a broad resonance at 27.4°, corresponding to the 

interplanar distance between the sheets of carbon nitride.136 The consistency across 
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decorated and undecorated samples in the interlayer spacing suggests that 

ruthenium is not intercalating between the carbon nitride layers. In addition, no 

significant resonances are observed that suggest other crystalline impurities. 

 

3.4.3 Scanning Electron Microscopy (SEM) 

 

 

 

 

 

 

 

Figure 3.4: SEM images (x50000 magnification, scale bar = 100 nm) of UCN, CCN, 
[Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 

 

SEM was performed on all samples to gain insight into their morphology. 

Representative images (x50000 magnification) are shown in Figure 3.4. As discussed 

in Chapter 2, UCN has a highly amorphous morphology resulting from the 

uncontrolled synthetic method. In contrast, CCN appears more condensed, as 

reflected in both the DRS (Figure 3.6) and the PXRD data (Figure 3.3). Ruthenium 

treatment does not result in significant changes to the morphology of either material 

UCN [Ru(bpy)2(UCN)](PF6)2 

CCN [Ru(bpy)2(CCN)](PF6)2 
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as visible by SEM, and no evidence of aggregates of ruthenium on the surface of 

UCN or CCN is observed. 

 

3.4.4 Brunauer-Emmett-Teller (BET) Analysis 

 

 

 

 

Figure 3.5: N2 adsorption isotherms of UCN, CCN, [Ru(bpy)2(UCN)](PF6)2 and 
[Ru(bpy)2(CCN)](PF6)2 

 

 Nitrogen adsorption isotherms (Figure 2.6) were taken of each decorated and 

undecorated sample in order to measure their surface areas (listed in Table 2.2) 

according to Brunauer-Emmett-Teller (BET) theory. The surface area of the two 

undecorated samples of carbon nitride is similar, with both at around 40 m2 g-1. 

However, whilst the isotherm of UCN follows the expected shape for monolayer gas 

adsorption onto a non-porous solid, the Type V hysteresis observed during the 

desorption from CCN is indicative of gas retention by micropores within the material 

structure.  

UCN 
[Ru(bpy)2(UCN)](PF6)2 

 

CCN [Ru(bpy)2(CCN)](PF6)2 
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 The surface area of [Ru(bpy)2(UCN)](PF6)2 is higher than that of undecorated 

UCN, likely a result of the long period of time during which stirring the carbon nitride 

is subjected to stirring, leading to the grinding of the carbon nitride. In contrast, the 

[Ru(bpy)2(CCN)](PF6)2 shows a decrease in the surface area compared to CCN. This 

is likely a result of the ruthenium moieties blocking the micropores, thereby 

decreasing the effective surface area. 

 

Table 3.2: Brunauer-Emmett-Teller (BET) surface area values calculated from 
nitrogen isotherm (Figure 1.5 

 

Sample BET Surface Area /m2 g-1 

UCN 42.4 ± 0.4 

[Ru(bpy)2(UCN)](PF6)2 50.5 ± 0.5 

CCN 40.5 ± 0.7 

[Ru(bpy)2(CCN)](PF6)2 24.5 ± 0.2 

 

 

3.4.5 Dynamic Light Scattering (DLS) and Zeta-Potential Measurements 

 

Dynamic light scattering experiments were performed on undecorated and 

ruthenium-decorated samples of carbon nitrides. Average particle sizes were highly 

polydisperse in addition to being very large, making interpretation of each value in 

isolation difficult. However, there are two significant observations. 

The first is the increased particle size observed for samples based on CCN. 

Correlating well with BET and SEM data, the CCN appears to form larger, more 

condensed particles in suspension. In addition, treating each sample with ruthenium 

results in a decrease of the average size, likely due to the extended period of ‘grinding’ 

the stirred suspension during metal decoration. 

 

Table 3.3: Average particle diameter and particle surface charge 
 

Sample Average Diameter / nm Zeta-Potential / 

mV 

UCN  629.0 ± 14.7 -33.3 ± 0.5 

[Ru(bpy)2(UCN)](PF6)2 530.7 ± 6.13 25.1 ± 0.6 

CCN  848.8 ± 96.1 -29.0 ± 1.4 

[Ru(bpy)2(CCN)](PF6)2 761 ± 21.7 12.2 ± 0.4 
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 By performing DLS experiments on a suspension under the effects of an 

electric field, the zeta-potential, or electrokinetic potential, can be measured. The 

absolute values of the undecorated carbon nitride samples are as expected for 

samples of carbon nitride at pH = 7.40, 198 Of more interest is the observation of a 

significantly more positive zeta potential after metal coordination, suggesting that a 

positively charged species (i.e. Ru2+) has been grafted to the surface of the particle. 

The lower zeta potential of [Ru(bpy)2(CCN)](PF6)2 compared to 

[Ru(bpy)2(UCN)](PF6)2 is again suggestive of ruthenium being incorporated into the 

pores of CCN, distributing the charge more evenly through each particle, and 

therefore being less localised to the surface. 

 

3.4.6 Diffuse Reflectance Spectroscopy (DRS) 

 

 The DRS spectra of undecorated and ruthenium-decorated carbon nitrides 

are shown in Figure 3.6. A clear difference in the absorption profile of UCN and CCN 

is observed, as CCN is shown to absorb significantly more light at wavelengths above 

400 nm. This is due to the more condensed nature of the CCN compared to the UCN 

resulting in lower-energy transitions between more condensed π-stacked heptazine 

moieties.12, 32  

 

Figure 3.6 Diffuse reflectance spectroscopy of ruthenium decorated and 
undecorated carbon nitrides 
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After ruthenium decoration, both materials show a very clear colour change. 

UCN changes from yellow to pink, whilst CCN changes from orange to dark red. The 

latter is indicated by the DRS as the appearance of a strong, broad absorbance band 

centred at 500 nm. The broadness of this band extends almost across the entire 

visible range. 

 

 Local characterisation of ruthenium-decorated carbon nitride 

 

In addition to the bulk properties of metal decorated carbon nitride, NMR and 

IR spectroscopic methods were used to attempt to gain insight into the coordination 

environment around the ruthenium centre in both [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2. 

 

3.5.1 Infra-red spectroscopy of [Ru(bpy)2(UCN)](PF6)2 and 

[Ru(bpy)2(CCN)](PF6)2 

 

Figure 3.7 shows the ATR-IR spectra of the undecorated and ruthenium-

decorated carbon nitrides. The ATR-IR spectra of UCN and CCN show the same 

structure, with a sharp band corresponding to the heptazine ‘breathing’ mode and a 

broader region corresponding to several C=N bond vibrations.199 A new band at 844 

cm-1 
, corresponding to the (PF6)- anion, is seen in both the decorated materials.200 In 

addition, in [Ru(bpy)2(CCN)](PF6)2, where the ruthenium loading is higher, a band at 

752 cm-1 is observed, corresponding to a 2,2’-bipyridine twisting vibration mode.201 

No vibrational bands are observed at 844 cm-1 or 752 cm-1 in either of the undecorated 

materials. 

 

Figure 3.7 IR spectroscopy of ruthenium-decorated and undecorated carbon nitrides 
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3.5.2 Solid-State NMR Spectroscopy 

 

Figure 3.8 shows the 13C CP-MAS NMR spectra of the ruthenium-decorated 

and undecorated carbon nitrides. Both undecorated materials show resonances at 

164.6 and 156.7 ppm, both indicative of the heptazine moiety of carbon nitride.7 

Although CCN and UCN show different morphology by SEM and XRD, the ATR-IR 

and CP-MAS NMR experiments suggest that the local structure within the sheets of 

carbon nitride is the same, with the changes in properties of the two materials arising 

from differences on a larger scale. This is expected from previous observations in the 

literature.7, 8, 202 The weak peaks at around 60 and 260 ppm are spinning side-bands. 

 

 

Figure 3.8: 13C CP-MAS spectrum of ruthenium-decorated carbon nitrides (spin rate 
10 kHz) 

 

The solution 13C NMR spectrum of [Ru(bpy)3]Cl2 shows resonances at 156.7, 

123.6, 137.2, 126.7 and 151.1 ppm.203 In addition to the resonances arising from 

carbon nitride, the ruthenium-decorated materials show resonances at 136.0 ppm 
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and 123.6 ppm in the CP-MAS 13C NMR spectrum. The solid-state nature of these 

experiments causes broadening which is observed, and the peak at 123.6 ppm has 

a high intensity likely due to the overlap of two 13C NMR signals. The remaining two 

resonances expected from the 2,2’-bipyridine ligands are not seen as they overlap 

with the intense bands associated with the carbon nitride.  As reflected in the ICP-MS 

results (Table 3.1) the bipyridine signals are significantly less intense in 

[Ru(bpy)2(UCN)](PF6)2 compared to [Ru(bpy)2(CCN)](PF6)2.  

 

 

3.5.3 X-ray Photoelectron Spectroscopy (XPS) of [Ru(bpy)2(UCN)](PF6)2 and 

[Ru(bpy)2(CCN)](PF6)2 

 

The XPS spectra of [Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 were 

measured and key regions are shown in Figure 3.9, Figure 3.10, and  

Figure 3.11. The data is summarised in Table 3.4 and Table 3.5. The XPS 

data of UCN and CCN is also shown to demonstrate the differences not only between 

each ruthenium-decorated material, but also between the decorated and undecorated 

materials. 

The Ru 3d-C 1s region of [Ru(bpy)2(UCN)](PF6)2 compared to UCN is shown 

in Figure 3.9. The spectrum of [Ru(bpy)2(UCN)](PF6)2 in this region is complicated by 

the overlap of the C 1s and Ru 3d regions. The Ru 3d bands are observed at 281.1 

eV and 285.2 eV, consistent with a single molecular ruthenium-bipyridine species 

grafted onto a solid surface.80, 193 The C 1s regions of both [Ru(bpy)2(UCN)](PF6)2 and 

[Ru(bpy)2(CCN)](PF6)2 are fitted with an additional feature centred at 286.1 eV, 

corresponding to the C=C environments in the bipyridine ligands.193  
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Figure 3.9: XPS spectra of UCN, CCN, [Ru(bpy)2(UCN)](PF6)2 and 
[Ru(bpy)2(CCN)](PF6)2 (Ru 3d-C 1s region) 

 

 

The main C 1s peak, fitted at 288.1 eV, shows a shoulder fitted at 289.5 eV in 

[Ru(bpy)2(UCN)](PF6)2 which is absent in UCN. It is suggested that this is a shake-up 

peak, comparable to that seen in Re-UCN. This shake-up peak may arise from energy 

transfer from a liberated photoelectron and a ruthenium atom, promoting an electron 

from ruthenium d-orbitals to some higher energy state. It is labelled as a d-π* 

transition. 

 The XPS of [Ru(bpy)2(UCN)](PF6)2 shows several marked differences to 

[Ru(bpy)2(CCN)](PF6)2. Corresponding to previous ICP-MS and 13C CP-MAS NMR 

measurements, the intensity of the ruthenium signals as well as the C=C and C-N 

signals associated with the 2,2’bipyridine, is much higher in [Ru(bpy)2(CCN)](PF6)2. 

The positions of the fitted peaks are not significantly shifted, indicating that the 

ruthenium environment is the same in each decorated material. The d-π* shake-up 
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signal is not observed in [Ru(bpy)2(CCN)](PF6)2, which may be the result of no 

transitions occurring. The d-π* state may be formed, however observation is more 

challenging due to the weaker relative intensity and the increased FWHM 

(broadening) of the C=N peak in [Ru(bpy)2(CCN)](PF6)2,    

 

 

Figure 3.10: XPS spectra of [Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 (N 
1s region) 

 

In contrast to the Ru 3d-C 1s region, the N 1s region (Figure 3.10) looks very 

similar between UCN and [Ru(bpy)2(UCN)](PF6)2. However, the ratio between the 

peak heights in the N 1s spectrum vary, indicating a higher presence of imine-type 

nitrogen environments (associated with the 2-2’-bipyridine ligands) in 

[Ru(bpy)2(UCN)](PF6)2. The difference between CCN and [Ru(bpy)2(CCN)](PF6)2 is 

more considerable, again due to the increased concentration of 2,2’-bipyridine on the 

material surface. 
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Figure 3.11: XPS spectrum of [Ru(bpy)2(UCN)](PF6)2 (Ru 3p region) 

 

Due to the overlap of the Ru 3d and C 1s regions, the Ru 3p region was also 

analysed in each material (Figure 3.11). Due to the low concentration of ruthenium 

coupled with the lower population of the Ru 3p region compared to the 3d, the 

resulting specta are of relatively signal-to-noise ratio.  Two peaks are fitted for each 

material, at 462.7 and 484.1 eV for [Ru(bpy)2(CCN)](PF6)2, and 462.0 and 484.2 eV 

for [Ru(bpy)2(CCN)](PF6)2. These peaks corresponds to non-metallic ruthenium, but 

little confidence can be placed in this region of the spectrum due to the low signal-to-

noise ratio and the high broadness of each peak.204 The Ru 3d signals can be 

considered to be more reliable. 
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Table 3.4:Summary of XPS Data for UCN and CCN 
 

Sample UCN CCN Assignment 

Region Peak / eV FWHM / eV Peak / eV FWHM / eV 

N 1s 398.7 1.14 398.5 1.57 CNC 

 400.0 1.29 399.6 1.58 NC3 

 401.1 1.46 400.8 1.58 CNH 

C 1s 288.2 1.11 288.0 1.79 C=N 

 286.1 1.03 - - C=O 

 284.8 1.07 284.8 1.79 C-NH 

 

Table 3.5: Summary of XPS Data for [Ru(bpy)2(UCN)](PF6)2 and 
[Ru(bpy)2(UCN)](PF6)2 

 

Sample [Ru(bpy)2(UCN)](PF6)2 [Ru(bpy)2(CCN)](PF6)2 Assignment 

Region Peak / eV FWHM Peak / 

eV 

FWHM 

N 1s 398.7 1.21 398.3 1.49 CNC 

 400.0 1.30 399.7 1.23 NC3 

 401.1 1.46 400.9 1.08 CNH 

C 1s 289.5 1.30 - - d-π* 

 288.1 1.30 287.9 1.60 C=N 

 286.1 1.30 286.2 1.60 C=C 

 284.7 1.30 284.8 1.30 C-N 

Ru 3d 281.1 1.06 280.6 1.19 Ru 3d5/2 

 285.2 1.06 284.8 1.19 Ru 3d3/2 

Ru 3p 462.7 4.36 462.0 3.65 Ru 3p1/2 

 484.1 4.36 484.2 3.49 Ru 3p3/2 
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 Synthesis and Structure of [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 

 

 

 

Scheme 3.3: Synthesis of [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 

 

In order to gain further insight into the coordination to carbon nitride, a 

molecular analogue, 5,7-dimethyl-1,8-naphthyridine-2-amine (DMNA) was used to 

simulate the coordination environment on carbon nitride whilst allowing for additional 

characterisation. Ru(bpy)2(DMNA)](PF6)2 was synthesised analogously to ruthenium-

decorated carbon nitrides (Scheme 3.3), fully characterised by NMR, MS and CHN 

analysis, and single crystals were grown by vapour diffusion of diethyl ether into a 

solution of the complex in acetone. The obtained single crystals are triclinic and the 

structure was solved in the P-1 space group with one complex in the asymmetric unit. 

No unusual data refinement was carried out.  

 

 

Figure 3.12: X-ray crystal structure of [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 with 
hydrogens and counterions omitted for clarity, probability ellipsoids at the 50% level 
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The X-ray crystal structure (Figure 3.12) shows a bidentate (κ2-N,N’) 

coordination mode of the DMNA to the ruthenium centre. Bond lengths and angles 

are listed in Table 3.6, where they are compared to [Ru(bpy)3](PF6)2 and 

[Ru(tpy)2](PF6)2.205, 206 The comparison is referenced in section 3.9, where 

luminescent properties of the compounds is discussed. 

 

Table 3.6: Selected distances measured for [Ru(bpy)2(DMNA)](PF6)2 compared to 
[Ru(bpy)3]

2+ and [Ru(tpy)2]
2+ 

 

[Ru(bpy)2(DMNA)]2+ Distance 

/ Å 

[Ru(bpy)3]2+ Distance 

/ Å 

[Ru(tpy)2]2+ Distance 

/ Å 

Ru-N1 2.134(2) Ru-N1 2.08(1) Ru-N1 2.082(6) 

Ru-N2 2.109(3) Ru-N2 2.09(1) Ru-N2 1.949(7) 

Ru-N4 2.046(3) Ru-N3 2.08(1) Ru-N3 2.047(6) 

Ru-N5 2.033(2) Ru-N4 2.10(1) Ru-N4 2.052(7) 

Ru-N6 2.051(3) Ru-N5 2.09(1) Ru-N5 1.955(7) 

Ru-N7 2.043(3) Ru-N6 2.07(1) Ru-N6 2.063(7) 

 
Table 3.7: Selected angles measured for [Ru(bpy)2(DMNA)](PF6)2 compared to 

[Ru(bpy)3]
2+ and [Ru(tpy)2]

2+ 

 

[Ru(bpy)2(DMNA)]2

+ 

Angle / ° [Ru(bpy)3]

2+ 

Angle / ° [Ru(tpy)2]2

+ 

Angle / ° 

N1-Ru-N2 63.1(1) N1-Ru-N2 78.9(6) N1-Ru-N2 77.6(3) 

N4-Ru-N5 78.7(1) N3-Ru-N4 79.8(5) N2-Ru-N3 81.1(3) 

N5-Ru-N7 79.1(1) N5-Ru-N6 79.2(6) N4-Ru-N5 80.6(3) 

    N5-Ru-N6 78.4(3) 

N1-Ru-N5 163.2(1) N1-Ru-N4 171.0(6) N1-Ru-N3 158.7(3) 

N2-Ru-N6 168.6(1) N2-Ru-N5 170.8(6) N2-Ru-N5 177.9(3) 

N4-Ru-N7 175.9(1) N3-Ru-N6 169.8(6) N4-Ru-N6 158.9(3) 
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Figure 3.13: X-ray crystal structure of [Ru(bpy)3](PF6)2 and  [Ru(tpy)3](PF6)2 with 
hydrogens and counterions omitted for clarity, probability ellipsoids at the 50% 

level205, 206 
  

 In [Ru(bpy)2(DMNA)]2+
, the Ru-N bonds to the DMNA are longer than those 

to the bpy ligand (2.134(2) Å and 2.051(3) Å respectively), due to the strained 

coordination of the 1,8-naphthyridine moiety of the DMNA. The average Ru-N 

distance to bpy ligands in [Ru(bpy)2(DMNA)]2+
 (2.043(3) Å) is shorter than that for 

[Ru(bpy)3]2+ (2.08(1) Å), likely in compensation for the longer bonds to DMNA.206 The 

average Ru-N bond distance measured in [Ru(tpy)2]3+ is shorter yet (2.025(6) Å), 

due to the relative rigidity of the coordinated tpy unit. 

 The ‘bite angle’ of DMNA (63.1(1)°) is smaller than that of bpy (78.9(6)°). 

The bite angle of the bpy ligand is not seen to change significantly between metal 

complexes, and there is no significant difference between the bite angles of bpy 

(78.9(6)°) and tpy (80.6(3)°).  

 Ideally, each imine ligand would be positioned exactly 180° from the ligand 

trans to it. This is not seen in any of the three complexes, however the least deviation 

from this ideal geometry is seen in [Ru(bpy)3]2+, with an average trans-angle of 

170.5(6)°. The closest trans-angle to 180° is observed for [Ru(tpy)2]2+, with N2-Ru-N5 

at 177.9(3)°. However, the remaining four ligands are over 21° out of ideal alignment 

with the ligand trans to them, resulting in an average trans angle of 165.1(3)° for 

[Ru(tpy)3]2+. The distortion seen in [Ru(bpy)2(DMNA)]2+ is partway between the other 

two examples due to the asymmetry caused by the DMNA ligand, with an average 

trans angle of 169.2(1)°. 
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Table 3.8: Selected distances and angles in the DMNA ligand showing distortion 
upon ruthenium coordination 

 

Bond Distance / Å DMNA148 [Ru(bpy)2(DMNA)](PF6)2 

C1-C8 1.424(3) 1.389(5) 

N1-N2 2.304(3) 2.220(4) 

N3-C2 1.353(5) 1.342(5) 

   

Bond Angle / °   

   

N1-C1-N2 115.6(2) 108.7(3) 

N1-C2-N3 118.7(3) 118.7(3) 

 

As in previous systems, significant distortion is observed in the DMNA ligand 

after ruthenium coordination (Table 3.8). The C1-C8 and N1-N2 distances are 

reduced in [Ru(bpy)2(DMNA)]2+
 compared to the free ligand as the N1-C1-N2 angle is 

reduced. Although the C2-N3 distance is also reduced upon ruthenium coordination, 

unlike in the case of [MCl(CO)3(DMNA)], there is no observed change in N1-C2-N3 

angle. As with previous systems, the primary amine group is involved with hydrogen 

bonding with solvent molecules of crystallisation (not shown). 

 
 

3.6.1 Coordination Mode of [Ru(bpy)2]2+ to Carbon Nitride 

 

The crystal structure of DMNA provides a model for coordination of 

[Ru(bpy)2]2+ to carbon nitride that contains pseudo-tri-s-triazine and amine metal 

coordination sites. Characterisation of [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2 supports the presence of [Ru(bpy)2]2+ moieties. 13C CP-MAS 

NMR and IR spectroscopy suggest the presence of bpy ligands, with the IR vibrational 

frequencies of the bpy consistent with bpy coordinated to a metal centre. The 

retention of the (PF6)- ligand, as seen again by ATR-IR, suggests a charged species, 

supported by the zeta-potential measurements. PXRD and XPS data shows no 

evidence of other ruthenium species either intercalated or coordinated to the carbon 

nitride as single-molecule species or as crystalline impurities (i.e RuO2). 
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Therefore, based on the available evidence, coordination of [Ru(bpy)2]2+ to 

carbon nitride is consistent with the motif shown in Figure 3.14. Following IUPAC 

convention, the materials can be referred to as [Ru(bpy)2(CCN-κ2N, N’)](PF6)2 and 

[Ru(bpy)2(UCN-κ2N, N’)](PF6)2. 

 

 

Figure 3.14: Proposed coordination mode of [Ru(bpy)2]
2+ to carbon nitride 

 

 

 Photochemical Properties of [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2 

 

3.7.1 Photocatalytic Activity of Ruthenium Decorated Carbon Nitrides 

 

The effects on the absorption spectrum of UCN and CCN after [Ru(bpy)2]2+ 

coordination was clear, with a new, strongly absorbing band centred at 500 nm 

(Figure 3.6). Increasing light absorption can result in an increase in the efficiency of 

photochemical reactions, including photocatalysis, and therefore photocatalytic 

hydrogen production was investigated which is a well-established application of 

carbon nitride materials.  

Platinum nanoparticles have been shown to act as co-catalysts for several 

systems active for hydrogen evolution, including carbon nitride.9, 207Decorated and 

undecorated carbon nitrides were treated with 2% wt platinic acid in a 10% aqueous 

solution of triethanolamine (TEOA) under UV light to deposit 1-3 nm diameter 

platinum nanoparticles onto the surface of the materials, and then characterised by 

ICP-MS to measure Pt loading (Table 3.10).9 The rates of hydrogen evolution are 
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show in Figure 3.15 and summarised in Table 3.9. Controls were performed which 

showed no activity in the absence of either platinum or the sacrificial electron donor 

(triethanolamine). 

 

Table 3.9: Hydrogen evolution rates from platinised ruthenium decorated and 
undecorated carbon nitrides 

 

Material Hydrogen Evolution Rate / μmol g-1 hr-1 

CCN-Pt 338 

UCN-Pt 15.1 

[Ru(bpy)2(CCN)](PF6)2-Pt 0 

[Ru(bpy)2(UCN)](PF6)2-Pt 0 

 

 

 

Figure 3.15: Photocatalytic (λ > 400 nm) hydrogen evolvution as monitored by GC 
over time when using Ru(bpy)2(CCN)](PF6)2-Pt, CCN-Pt, UCN-Pt and 
[Ru(bpy)2(UCN)](PF6)2 Samples are decorated with platinum nanoparticles (1-3 nm) 
by combining with 2% weight H2PtCl6 and photolyzing with 300 W Xe lamp in 10% 
vol. aqueous triethanolamine. After isolation of platinised materials via filtration and 
drying, photocatalysis then performed on 30 mg catalyst, in 10% vol. aqueous 
triethanolamine (sacrificial electron donor) with λ > 420 nm 
 

 UCN-Pt and CCN-Pt both demonstrate activity toward hydrogen evolution 

(Figure 3.15, Table 3.9), although at different rates (Table 3.9). The principal cause 

for this difference in activities of the platinised carbon nitride is in part due to the 

different light absorption properties of UCN and CCN. Variations in surface sites and 

defects is also likely to play a significant role but are more experimentally challenging 

to quantify. 

 The complete inactivity of the ruthenium decorated materials was unexpected 

and intriguing.  ICP-MS results and TEM analysis (Table 3.10, Figure 3.16) have 
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shown that platinum nanoparticles of the expected size are formed on the surface of 

the [Ru(bpy)2(CCN)](PF6)2-Pt, indicating presence of co-catalyst on the surface of 

carbon nitride. The incident light filter was also changed from λ > 420 nm to λ > 470 

nm to attempt to localise excited states on [Ru(bpy)2(CCN)](PF6)2-Pt to the ruthenium 

moieties, however no catalysis was observed in this case either.  

 

 

Figure 3.16: TEM images of [Ru(bpy)2(CCN)](PF6)2-Pt showing the presence of Pt 
nanoparticles 

 

 

 Further controls were performed on CCN samples to investigate the reasons 

behind the lack of hydrogen evolution activity in ruthenium decorated carbon nitride.  

To emulate the thermophysical treatment subjected to a sample of 

[Ru(bpy)2(CCN)](PF6)2 during synthesis, CCN was subjected to stirring under 

refluxing in ethanol for one week prior to platinization. No significant change in activity 

was observed in the resulting CCN-Pt, suggesting a physical change in the surface 

sites or bulk material is not the cause of the lack of activity. 

 Another explanation of the inactivity of [Ru(bpy)2(CCN)](PF6)2 could be that 

the active sites for hydrogen evolution in CCN are all ‘blocked’ by the adsorption of 

ruthenium, preventing catalysis. Therefore, CCN-Pt was first synthesised and then 

decorated with ruthenium, resulting in Pt-CCN-Ru. In this case, the most active sites 

for hydrogen evolution are available for (and therefore accessible to) the platinum 

cocatalyst. However, [Ru(bpy)2(CCN-Pt)](PF6)2 also demonstrated a lack of hydrogen 

evolution activity, suggesting that the physical changes to the material surface are 

not the cause of the lack of activity for the other ruthenium-decorated carbon nitrides. 
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Table 3.10: Metal loadings for decorated CCN samples as measured by ICP-MS, 
zeta-potential measurements 

 

Material Ru 

Loading 

/ mg g-1 

Pt 

Loading / 

mg g-1 

HER / 

μmol 

g-1 hr-1 

Zeta-potential / 

mV 

CCN-Pt 0 2.59 338 -46.4 ± 1.3 

[Ru(bpy)2(CCN)](PF6)2-Pt 5.4 1.06 0 -44.5 ± 0.4 

[Ru(bpy)2(CCN-Pt)](PF6)2 9.6 1.25 0 23.8 ± 0.6 

  

Zeta-potential measurements were also carried out to investigate whether the 

change in the electrostatic change in the surface would provide an explanation for the 

lower activity (Table 3.10). In the active CCN-Pt, a low zeta potential of -46.4 mV is 

measured. This is expected as the addition of platinum nanoparticles generally 

causes a marked decrease in zeta-potential.69 Although the zeta potential of 

[Ru(bpy)2(CCN)](PF6)2 is significantly higher than that of CCN, after platinization, the 

zeta potential of [Ru(bpy)2(CCN)](PF6)2-Pt is very similar to that of CCN-Pt. This 

makes an explanation of the lack of activity based on the different surface potentials 

difficult to rationalise. 

 

Figure 3.17: A comparison of the hydrogen evolution activity of CCN-Pt and 
[Ru(bpy)2(CCN)](PF6)2-Pt to a sample of CCN-Pt with 0.5 mg [Ru(bpy)3]Cl2 added in 

solution. Reaction conditions identical to those shown in Figure 3.15. 
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 Figure 3.17 shows the importance of surface-bound ruthenium to the lack of 

hydrogen evolution activity. Although [Ru(bpy)2(CCN)](PF6)2-Pt shows no hydrogen 

evolution activity, adding the same quantity of ruthenium in the form of [Ru(bpy)3]Cl2 

to the photocatalytic reaction using CCN-Pt  does not significantly affect the hydrogen 

evolution activity, suggesting that a close physical proximity of ruthenium and carbon 

nitride are required for the quenching to occur. 

Having ruled out some of the simpler explanations for the catalytic inactivity of 

[Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2, the effect on the photophysical 

properties of carbon nitride due to ruthenium decoration was investigated. 

 

 

 Excited State Characterisation of [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2 

 

3.8.1 3-Dimensional Steady State Luminescence of [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2 

 

3-Dimensional excitation-emission spectroscopy was performed on UCN, 

CCN, [Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2  (Figure 3.18). A full 

emission spectrum is collected at different excitation wavelengths to gain a full 

overview of the emission bands observed. Due to the solid-state nature of the 

samples, strong peaks are observed at λem = λex and λem = 2λex due to first and second 

order diffraction of the incident light. The fluorescent signals of UCN and CCN are 

very similar, with broad emission bands at around 470 nm after excitation between 

wavelengths of 300-400 nm as expected from the literature.131 
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Figure 3.18 3D Excitation-emission spectroscopy of solid-state undecorated and 
ruthenium-decorated carbon nitrides 

 

3.8.2 2-Dimensional Steady State Luminescence of [Ru(bpy)2(CCN)](PF6)2 and 

[Ru(bpy)2(UCN)](PF6)2 

 

Although 3-dimensional emission spectra allow a wide view of the radiative 

processes occurring within a system, it is difficult to directly compare the ‘contour 

maps’ shown in Figure 3.18. to ease comparison between the systems, data at λex = 

300 nm and λex = 390 nm is extracted from the 3D spectra and are shown in Figure 

3.19 and Figure 3.20. 

UCN [Ru(bpy)2(UCN)](PF6)2 

 

 

CCN [Ru(bpy)2(CCN)](PF6)2 
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Figure 3.19: Emission spectra of CCN and [Ru(bpy)2(CCN)](PF6)2 at λem=300 nm 
(left) and 390 nm (right) 

 

 

Figure 3.20: Emission spectra of UCN and [Ru(bpy)2(UCN)](PF6)2 at λem=300 nm 
(left) and 390 nm (right) 

 

After decoration with ruthenium, a change is observed in the position of the 

band associated with bulk carbon nitride. As is the case with rhenium decoration (see 

section 2.8), the emission wavelengths decrease by approximately 30 nm. (Figure 

3.19 and Figure 3.20). This may be associated with the perturbation of the higher 

energy surface states on the carbon nitride upon ruthenium coordination. 

Of particular interest in the emission spectroscopy of [Ru(bpy)2(CCN)](PF6)2 or 

[Ru(bpy)2(UCN)](PF6)2 is the lack of any emissive signal arising from the new light 

absorption band (centred at 500 nm, Figure 3.6). Ruthenium diimine species often 

give rise to strong emission from the decay of triplet metal-to-ligand charge transfer 

(MLCT) excited states at λex = 450 nm λem = 500 nm.153, 184 The lack of this emission 
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is indicative either of no MLCT state forming in the first place, or of the quenching of 

the formed excited state. In order to gain more information, an investigation into the 

electronic properties of the molecular analogue, [Ru(bpy)2(DMNA)](PF6)2, was carried 

out. 

 

 Characterisation of [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 

 

3.9.1 Steady-state luminescence of [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 

 

[Ru(bpy)3]2+ is ubiquitous in photochemistry as a highly luminescent complex 

with a lifetime on the microsecond timescale.79, 154, 184, 208 In order to draw a 

comparison between [Ru(bpy)3]2+ and [Ru(bpy)2(DMNA)]2+
, and hence gain insight into 

the photophysical properties and the reactivity (or lack thereof) of 

[Ru(bpy)2(CCN)](PF6)2 and [Ru(bpy)2(UCN)](PF6)2, a photochemical and 

electrochemical analysis of [Ru(bpy)2(DMNA)]2+
 was performed.  

The 3-dimensional excitation-emission spectrum of [Ru(bpy)2(DMNA)](PF6)2 

was collected in a solution of acetonitrile and is shown in Figure 3.21 alongside its 

absorption spectrum. The two methods show good agreement, with three principle 

features. 

 

 

Figure 3.21: 3-Dimensional emission-excitation spectrum of a solution of 
[Ru(bpy)2(DMNA)](PF6)2 in acetonitrile 

 

The highest energy transition observed gives rise to an intense absorption 

around 340 nm, and excitation into this band leads to a strong emission at 400 nm, 
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associated with π-π* transitions between ligand orbitals.209 Excitation into two further 

absorption bands, centred around 400 nm and 450 nm, leads to emissions at 470 nm 

and 610 nm respectively, are associated with d-π* metal-to-ligand charge transfer 

(MLCT) bands.184 Significant overlap is seen in the last two absorption bands. 

It is generally seen that the MLCT region of the absorption band of ruthenium 

tris-triimine complexes shows multiple contributing peaks in heteroleptic systems.192 

It has been calculated that the lower-energy transition in heteroleptic systems is 

associated with the molecular orbital with the poorest mixing with the metal t2g 

orbitals.210 In the case of  [Ru(bpy)2(DMNA)](PF6)2 it is therefore proposed that the 

lowest energy MLCT transition is associated with an electron from ruthenium t2g 

orbitals to π* molecular orbitals with high electron density on the DMNA ligand, as the 

longer ruthenium-nitrogen bonds to DMNA compared to bpy are likely to lead to 

poorer orbital overlap and less mixing. This is loosely correlated by the relative 

emission intensities of the two states in Figure 3.21, as the lowest energy MLCT 

transition has approximately half the intensity of the higher energy MLCT transition. 

Emission spectra of [Ru(bpy)2(DMNA)](PF6)2 are shown after excitation at 380 

nm. Emission spectra from λex = 380 nm in different solutions are shown in Figure 

3.22. After excitation at 380 nm, a DCM solution of [Ru(bpy)2(DMNA)](PF6)2 shows 

two emission bands at 415 and 460 nm. No significant change is seen in the relative 

intensities of the two emission bands as a function of concentration, suggesting these 

are due to two discrete states as seen in the three-dimensional spectrum. 

 

Figure 3.22: Emission spectrum after λex = 380 nm for [Ru(bpy)2(DMNA)](PF6)2 at 
different concentrations in DCM (left) and different solvents (right) 

 

The emission band at 415 nm is assigned to a π-π* state associated with the 

ligand orbitals, and is shown to be solvent sensitive, blue-shifting in a hydrogen-

bonding solvent (acetonitrile) or in the solid state compared to DCM (Figure 3.22). 

The band at 460 nm is considerably weaker in acetonitrile compared to DCM, and 
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absent in the solid state. It is likely that the band at 460 nm is related to decay of a 

MLCT state, as shown in the three-dimensional spectrum. It should be noted that all 

spectra are taken in the absence of oxygen except in the case of solid-state samples 

due to experimental limitations. Therefore, oxygen may quench this emission in the 

solid-state case and explain the absence of the peak at 460 nm under these 

conditions.  

 

3.9.2 Time-resolved luminescence of [Ru(bpy)2(DMNA)](PF6)2 

 

 Time resolved emission spectroscopy of these peaks was carried out for both 

acetonitrile and DCM solutions. A good fitting of the overall emission decay profiles 

(Figure 3.23) was found using two components, which arise due to the formation of 

multiple excited states due to excitation at 380 nm; τ1 corresponds to the decay of the 

π-π* excited state, and τ2 corresponds to the decay of one of the MLCT charge-

transfer states. The emission lifetimes of [Ru(bpy)2(DMNA)](PF6)2 after excitation at 

380 nm are shown in Table 3.11, and appear to be solvent independent. 

 

Figure 3.23: Emission decay profile over time of [Ru(bpy)2(DMNA)](PF6)2  (10 umol 
L-1) at λex = 380 nm, λem = 510 nm in DCM and MeCN (offset). 
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Table 3.11: Values of lifetime components τ1 and τ2 in the emission of 
[Ru(bpy)2(DMNA)](PF6)2 after excitation at 380 nm 

 

Solvent τ1 / ns τ2 / ns 

Acetonitrile 4.96 ± 0.26 15.3 ± 2.5 

DCM 4.29 ± 0.06 15.8 ± 2.1 

 

 

The contributions of both components measured at different wavelengths in 

acetonitrile and DCM solution is shown in Figure 3.24. It is seen that the longer 

component, τ2, gives rise to the emission at longer wavelength, which is consistent 

with the assignment of the states the bands arise from. 

 

Figure 3.24: Change in contribution of lifetime components at different wavelength 
in 100μmol solutions of [Ru(bpy)2(DMNA)](PF6)2 in acetonitrile (left) and DCM (right) 
 

In addition to emission after excitation at 380 nm, [Ru(bpy)2(DMNA)](PF6)2 

also shows longer lived emission at 600 nm after excitation at 470 nm. The time-
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resolved decay curves (Figure 3.25, Table 3.12) show two components in the overall 

lifetime.  

 

Figure 3.25: Example decay curve of [Ru(bpy)2(DMNA)](PF6)2 of the excited state at 
λex = 470 nm, λem = 600 nm 

 

The longer component lifetime, τ2, is of the same order of magnitude to the 

values previously measured for [Ru(bpy)3]2+ and is proposed to result from radiative 

decay of a long-lived 3MLCT state.153 Though the contribution of τ1 is very small (Table 

3.12) the calculated fitting with a single component is significantly worse (χ2 = 2.98 

for one component, χ2 = 1.19 for two components). There is expected to be a large 

degree of uncertainty in the value of the contribution from each component due to the 

very significant difference in their magnitudes. 

 

Table 3.12: Lifetime component summary for emission in [Ru(bpy)2(DMNA)](PF6)2 at 
λex = 470 nm, λem = 600 nm 

 

 [Ru(bpy)2(DMNA)]2+ [Ru(bpy)3]2+ 

Solvent τ1 / ns Contribution / % τ2 / ns Contribution / % τ1 / ns 

MeCN 5.9 ± 0.1 3 702 ± 26 97 855 

DCM 5.0 ± 0.2 1 544 ± 9 99 488 

 

The two components of the decay curve at λex = 470 nm, λem = 600 nm are 

likely to arise from two different excited states with overlapping emission and 

absorption bands. In the excited state of [Ru(bpy)3]2+, ultrafast vibrational 

spectroscopy has provided evidence of localization of the excited electron to one of 

the ligands on the nanosecond time scale.186, 211 It is therefore suggested that in 

[Ru(bpy)2(DMNA)]2+, following absorption at 470 nm, three excited states are formed. 



Chapter 3 

114 
 

One state involves localisation of the high energy electron on the DMNA ligand, while 

the other two degenerate states involve localisation on a 2,2’-bipyridine ligand. One 

of the states has a longer lifetime than the other, but further spectroscopy (involving 

ultrafast vibrational spectroscopy) is required to gain insight into how these features 

relate. 

Although [Ru(bpy)2(DMNA)](PF6)2 shows emission from a MLCT state, no 

analogous emission is observed on the ruthenium moieties coordinated to carbon 

nitride (Figure 3.18). In order to attempt to explain this phenomenon, a molecular 

orbital diagram of [Ru(bpy)3]2+ is shown in Figure 3.26.154, 212 

 

 

 
Figure 3.26: MO diagram showing π-interaction between the frontier orbitals of the 

Ru with the surrounding ligands (L = 2,2’-bipyridine). The d-orbitals on Ru are 
shown already affected by the σ-bonding between Ru and L. 

 

 In [Ru(bpy)3]2+, the 3MLCT excited state has a long lifetime due to how ligand 

π* orbitals lie lower in energy than the dσg orbitals, meaning that a metal-centred 

(MC) state is not an energetically favourable decay pathway.185, 213, 214 However, in 

systems with weaker ligand field effects (such as in [Ru(tpy)2]2+, tpy = terpyridine) the 

dσg orbitals can have energies closer to the ligand π* orbitals, meaning that a MC 

state is a viable intermediate in non-radiative decay.213 As was shown in section 3.6, 

the crystal structure of [Ru(bpy)2(DMNA)]2+ shows deviation from the geometry seen 

in [Ru(bpy)3]2+
, and comparison can be drawn to [Ru(tpy)2]2+. 
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 In the previous chapter, where [ReCl(CO)3] fragments were coordinated to the 

surface of carbon nitride, infrared spectroscopy suggests that carbon nitride acts as 

a less electron-donating ligand when compared to DMNA. If this is because of 

decreased σ-overlap, carbon nitride can be classified as providing a weaker ligand 

field compared to DMNA. Therefore, whilst [Ru(bpy)2(DMNA)]2+ displays an electronic 

structure and luminescence comparable to [Ru(bpy)3]2+¸ the relative positions of the 

π* and dσg orbitals in [Ru(bpy)2(UCN)](PF6)2 may be more comparable to in 

[Ru(tpy)2]2+ in terms of the electronics of the metal. The state formed at 500 nm may 

therefore decay via a non-radiative 3MC state and be of too short a lifetime to perform 

useful photochemistry. 

It is also possible that no luminescence is seen in [Ru(bpy)2(UCN)](PF6)2 

because of immediate electron transfer of from an excited MLCT state to the 

conduction band of the carbon nitride. This electron-transfer emission quenching has 

been observed in dyes covalently grafted to carbon nanotubes, as well as having 

been observed in dye-sensitized solar-cells technology between ruthenium dyes and 

titania.209, 215, 216 Further investigation was carried out to determine the mechanism of 

quenching of catalysis and luminescence in ruthenium-decorated carbon nitrides. 

 

3.9.3 Electrochemistry of [Ru(bpy)2(DMNA)](PF6)2 

 

The electrochemistry of [Ru(bpy)2(DMNA)](PF6)2 was investigated and 

compared to [Ru(bpy)3]Cl2. Dynamic electrochemical measurements allow the 

energetic levels of reduction and oxidation processes to be measured to enable 

comparison with the positions of the conduction and valence bands of carbon nitride 

to gain insight as to where the thermodynamic positions of redox processes in 

[Ru(bpy)2(CCN)](PF6)2 and [Ru(bpy)2(UCN](PF6) could be expected.  

The cyclic voltammogram of [Ru(bpy)2(DMNA)](PF6)2 (Figure 3.27) shows four 

processes, one metal-based (E1/2 = 1.26 V) and three ligand based processes (E1/2 = 

-1.26, -1.48 and -1.67 V). The scans in red and blue demonstrate that these 

processes can occur independently. 
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Figure 3.27: Cyclic Voltammogram of [Ru(bpy)2(DMNA)](PF6) (1 mmol dm-3) in DMF 
with (NEt4)(PF6)  (100 mmol dm-3) as electrolyte. Ag/AgCl electrode used as 

reference, with carbon disk as working electrode and platinum wire as counter 
 

As shown in Table 3.13, the potentials of these processes on 

[Ru(bpy)2(DMNA)](PF6)2 are within 100 mV of the same processes on [Ru(bpy)3]Cl2 

(collected under identical conditions), processes occurring at more reducing (i.e. 

lower) potentials in [Ru(bpy)2(DMNA)](PF6)2. This corresponds to an increase in 

frontier energy levels in [Ru(bpy)2(DMNA)](PF6)2, likely a result of the poorer orbital 

overlap between the ruthenium and DMNA molecular orbitals compared to 2,2’-

bipyridine.185 

 

Table 3.13: Electrochemistry of [Ru(bpy)2(DMNA)](PF6)2 compared to [Ru(bpy)3]Cl2. 
All potentials in units of volts vs. SHE. Ru(bpy)2(DMNA)](PF6) (1 mmol dm-3) in DMF 

with (NEt4)(PF6)  (100 mmol dm-3) as electrolyte. Ag/AgCl electrode used as 
reference, with carbon disk as working electrode and platinum wire as counter 

 

Reduction 

Process 

[Ru(bpy)3]Cl2 [Ru(bpy)2(DMNA)](PF6)2  

Epa 

(Ox.) 
Epc (Red.) E1/2 Epa (Ox.) Epc (Red.) E1/2 

Ru2+/Ru3+ 1.41 1.30 +1.36 1.31 1.21 +1.26 

(L3)/ (L3)-
 -1.16 -1.22 -1.19 -1.23 -1.28 -1.26 

(L3)-/ (L3)2- -1.34 -1.40 -1.37 -1.44 -1.51 -1.48 

(L3)2-/ (L3)3- -1.59 -1.67 -1.63 -1.61 -1.73 -1.67 
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The reduction/oxidation measurements for the processes listed in Table 3.13 

are compared to the energy levels of the conduction band and valence band of carbon 

nitride in Figure 3.28.196 Assuming that the redox potentials in ruthenium-decorated 

carbon nitrides occur at a similar electrochemical potential to the molecular analogue, 

Figure 3.28 suggests that, thermodynamically, electron transfer from the ligand π* 

orbitals in the ruthenium moiety to the conduction band in the carbon nitride may be 

possible. However, as the absorption spectra of [Ru(bpy)2(DMNA)](PF6)2 and 

ruthenium-decorated carbon nitride show a different maximum peak absorption 

wavelength for the MLCT state (470 nm in the complex compared 500 nm on the 

material) the positions of the molecular orbitals in each case are unlikely to be in 

identical positions. 

 

 

 

Figure 3.28: Energetic positions of the redox processes observed for 
[Ru(bpy)2(DMNA)](PF6)2 

 

 

 The excited state of [Ru(bpy)2(UCN)](PF6)2 compared to UCN 

 

3.10.1 Time-resolved Luminescence of Ruthenium Decorated Carbon Nitride 

 

To explore a photophysical explanation of the lack of lower-energy emission 

and photocatalytic activity, time-resolved luminescence studies on the decorated 
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carbon nitride were carried out. For the experimental design, it was important that 

oxygen quenching of excited states be ruled out. Therefore, suspensions of UCN and 

[Ru(bpy)2(UCN)](PF6)2 needed to be used rather than solid-state materials. To 

minimise ruthenium leaching (i.e. to ensure all photochemistry measured was due to 

the material rather than dissolved ruthenium species) the stability of 

[Ru(bpy)2(UCN)](PF6)2 in different solvents was measured qualitatively. 

Figure 3.29 shows the UV-visible light absorption spectra of various solvents 

after samples of [Ru(bpy)2(UCN)](PF6)2 were stirred in them for 3 hours and solid 

removed via filtration. Comparable to the results seen in other coordinated metal 

systems, more coordinating solvents such as isopropanol and acetonitrile result in the 

emergence of significant absorption peaks corresponding to solution ruthenium 

species.  

 

Figure 3.29: UV-visible light absorption spectra of different solvents after leaching of 
Ru from [Ru(bpy)2(UCN)](PF6)2 

 

 Non-polar solvents, such as hexane and toluene, did not show any significant 

leaching of metal species into solution. As a result, toluene was chosen to act as the 

solvent for suspensions of [Ru(bpy)2(UCN)](PF6)2 and UCN for time-resolved 

fluorescence analysis (Figure 3.30). 
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Figure 3.30: Time-resolved emission intensity of UCN and [Ru(bpy)2(UCN)](PF6)2 in 
toluene dispersions  

under nitrogen atmosphere at λex = 380 nm, λem = 440 nm 
 

 Figure 3.30 shows the time-resolved emission intensity of toluene dispersions 

of UCN and [Ru(bpy)2(UCN)](PF6)2 at λex = 380 nm and λem = 440 nm under nitrogen. 

A cut-off filter (λ ≥ 380 nm) placed between the sample minimises signal due to 

scattering. The decay of the excited state of UCN follows an exponential curve, which 

has been fitted using a combination of three lifetime parameters, shown in Table 3.14. 

The values obtained are expected for bulk carbon nitride.217, 218 The values of these 

parameters are within error of each other for both [Ru(bpy)2(UCN)](PF6)2 and UCN, 

suggesting that the excited states as observed by emission spectroscopy are 

essentially of the same nature, arising from electronic transitions within the band gap 

of carbon nitride. 
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Table 3.14 Lifetime parameters for UCN and [Ru(bpy)2(UCN)](PF6)2 at λex = 380 nm, 
λem = 440 nm 

 

Parameter 

UCN (χ2 = 1.217) [Ru(bpy)2(UCN)](PF6)2 (χ2=1.183) 

Lifetime / ns Contribution 

/ % 

Lifetime / ns Contribution / 

% 

τ1 2.07±0.04 25.4 2.05±0.04 28.0 

τ2 5.88±0.14 46.5 5.87±0.15 45.8 

τ3 22.67±0.69 28.0 22.71±0.76 26.2 

 

 

3.10.2 Electron Paramagnetic Resonance (EPR) Spectroscopy 

 

Whilst emission spectroscopy can inform about the energetics and lifetimes 

of excited states, very little information about the nature of the excited states can be 

gained from this technique. EPR spectroscopy, however, can provide information 

about the location, number, and mobility of electrons within semiconductor materials. 

In particular, EPR spectroscopy may provide evidence for the presence of 

paramagnetic Ru(I) or Ru(III) species which would arise from electron transfer 

processes between the ruthenium moieties and carbon nitride.   

EPR spectroscopy of UCN and [Ru(bpy)2(UCN)](PF6)2 was performed at 77K 

in both the light and dark to learn more about the nature of the excited state formed 

in each case (Figure 3.31). The EPR spectrum of UCN shows a single, distinct signal 

with g = 2.0025, compared to the slight difference in [Ru(bpy)2(UCN)](PF6)2 where g 

= 2.0013. This matches previously observed EPR spectra of carbon nitride and 

corresponds with the signal expected from a carbon atom within the aromatic ring of 

the heptazine – likely arising from defects within the material.219-221 

 Upon illuminating the sample of UCN in the EPR cavity with a UV light, the 

overall integration of the EPR spectrum increases by almost a factor of four (Table 

3.15), showing the excitation of electrons into the conduction band and the 

consequent increase in concentration of unpaired electrons. 

 In contrast to the undecorated material the [Ru(bpy)2(UCN)](PF6)2 shows a 

very small increase in spin integration upon illumination with UV light, indicating a 

lower concentration of excited states under illumination compared to UCN. This 

suggests that excited states in [Ru(bpy)2(UCN)](PF6)2 are quenched rapidly, 

decreasing their concentration compared to UCN.  
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Figure 3.31: EPR spectra of UCN compared to [Ru(bpy)2(UCN)](PF6)2 in both dark 
and light (100 W Xe lamp with broadband output) 

 

 

Table 3.15: EPR parameters extracted from EPR spectroscopy of UCN and 
[Ru(bpy)2(UCN)](PF6)2 

 

Material g  Spin integration light: Spin 

integration dark 

UCN 2.0025 ± 0.0003 3.79 

[Ru(bpy)2(UCN)](PF6)2 2.0013 ± 0.0000 1.23 
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It is therefore likely that a quenching pathway exists between the metal and 

carbon nitride. Although EPR spectroscopy does not show evidence of a 

paramagnetic ruthenium species, the low concentration of the metal coupled with a 

short lifetime of the paramagnetic Ru species could explain the lack of this signal in 

the EPR spectrum. In addition, the broadening of Ru peaks can make them 

impossible to detect in the presence of high concentration spin systems, e.g. on 

titania.222  

 

3.10.3 Quenching of Emission in Ruthenium-decorated Carbon Nitride 

 

The quenching of carbon nitride excited states by interaction with solution 

species has been thoroughly studied. Despite numerous claims that the quenching of 

excited states in carbon nitride is caused exclusively by a single, specific species 

(including Hg2+, Cu2+, Ag2+, Fe3+, uric acid, propyl gallate, Cr (IV) and I-) the volume 

of literature suggests that this is a general rather than a specific quenching 

mechanism.44, 146, 147, 179, 180, 217, 223-227 In general, the proposed mechanism involves 

the excited state in carbon nitride decaying via non-radiative processes involving 

electron transfer to the solution species, however the mechanism has not been 

confirmed by experiment. 

The results shown in this chapter suggest that the surface excited states of 

carbon nitride are quenched by coordinated ruthenium. This quenching manifests as 

a lack of activity in photochemical hydrogen evolution reactions, and the significant 

decrease in the number of free electrons observed by EPR under UV-illumination. It 

is possible that the mechanism of the quenching involves non-radiative transfer of an 

electron to a state in between the energy of the conduction and valence bands of 

carbon nitride, although further ultrafast spectroscopic methods coupled with DFT 

calculations would be required to confirm this as the mechanism and to gain insight 

as to the actual mechanism of this quenching process. 

It is also possible that a non-radiative quenching mechanism, including Förster 

Resonance Energy Transfer (FRET) is occurring, whereby energy is transferred non-

radiatively between [Ru(bpy)2]2+ moieties and heptazine quasi-monomers in carbon 

nitride.12, 228, 229 To determine the exact method by which the quenching of the MLCT 

state formed in ruthenium-decorated carbon nitride occurs, further spectroscopy, 

including ultrafast transient absorption measurements, coupled with DFT analysis, 

could be performed. 
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 Conclusion 

 

Following results showing coordination of a rhenium moiety directly to the 

heptazine unit of carbon nitride, a ruthenium-containing complex fragment was 

coordinated to carbon nitride in the same manner. Spectroscopic measurements on 

the ground state of the materials support the hypothesis of bidentate (κ2-N,N’) 

coordination of the carbon nitride to the ruthenium metal complex fragment. Two 

morphologies of carbon nitride, unstructured UCN and mesoporous CCN were 

decorated in ruthenium fragments. CCN had a higher concentration of edge-sites (i.e. 

free diimine-type coordination sites) compared to UCN as measured by elemental 

analysis and BET surface area. This correlated with CCN being able to support almost 

5 times the amount of ruthenium as UCN as measured by ICP-MS. 

Although the ruthenium fragments strongly improve the light absorbing 

properties of the decorated materials, this does not translate into either improved 

luminescence or improved photocatalytic activity. In contrast, no luminescence is 

seen to arise from the ruthenium-based absorption process, and photocatalytic 

hydrogen evolution activity is lost after ruthenium decoration.  Time-resolved 

luminescence and EPR studies suggested that the coordinated ruthenium moieties 

allowed a highly efficient quenching of excited states formed near the surface to take 

place.  
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4 Synthesis and Characterisation of Iridium-Decorated Carbon Nitride 

in the Development of Novel Catalysts 

 

 Introduction 

 

In previous chapters, the coordination chemistry of carbon nitride has been 

discussed, with initial efforts made to coordinate metal complex fragments to the 

surface of carbon nitride to augment the material properties. An unexplored 

application of direct coordination between carbon nitride and a metal complex is the 

use of carbon nitride as a coordinating support for molecular catalysts. 

 

4.1.1 The Hydrogenation of Unsaturated Bonds 

 

Hydrogenation reactions, whereby an unsaturated multiple bond is reduced by 

the addition of hydrogen, are of global importance both in research and industrial 

settings.230-232 A wide variety of functional groups in different systems can be 

hydrogenated and as such a lot of research effort has been developing catalysts with 

favourable chemo-, regio- and stereo selectivity. Well known examples of transition-

metal catalysts for hydrogenation include Wilkinson’s catalyst, which is highly 

selective towards terminal alkenes, and the highly active Crabtree’s catalyst (Figure 

4.2).233-236 

 

 

Figure 4.1: Wilkinson's catalyst and Crabtree's catalyst are key homogeneous 
catalysts for hydrogenation 

 

 In general, hydrogenation catalysts react with dihydrogen under elevated 

pressures to form reactive metal hydride species which go on to reduce saturated 

systems. The highly reactive nature of the metal hydride intermediate can limit their 

application (i.e. with poor solvent or functional group tolerance), and so iridium 

pentamethylcyclopentadienyl complexes, also referred to as iridium ‘piano-stool’ or 

‘half-sandwich’ complex (Figure 4.2), were developed as catalysts with improved 
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water and air stability.237 Iridium piano-stool complexes are now established not only 

in direct hydrogenation, but also in the field of catalytic transfer hydrogenation 

(CTH).238-243  

 

Figure 4.2: Examples of iridium 'piano stool' complexes competent in aqueous CTH 
reactions 

 

In contrast to direct hydrogenation, in CTH a solution-phase hydride donor (such 

as an alcohol) is employed in combination with a proton donor, removing the hazards 

associated with high-pressure hydrogen. Iridium piano-stool catalysed CTH can even 

be performed in water (often using the formate anion as a hydride source), which is 

a positive step towards sustainable chemistry with low environmental impact.237, 244-

246 

 

4.1.2 Mechanism of Aqueous Catalytic Transfer Hydrogenation 

 

The mechanism of aqueous catalytic transfer hydrogenation has been well 

investigated. Initial observations that hydrogenation was seen to proceed slower for 

more electron-rich carbonyl centres (i.e. substrates with electron donating groups) 

suggested the rate-determining step involves nucleophilic addition of a metal-hydride 

species to the electrophilic carbon centre.240 The reaction was also shown to be highly 

pH-sensitive, favouring a neutral pH and with activity dropping significantly outside of 

the pH range 5-10.238 A later work also showed that the acidity of the primary amine 

ligand moiety can affect the catalyst activity, with higher acidity of the amine relating 

to a faster reaction rate.247 

Bearing the previous observations in mind, a mechanism (Scheme 4.1) was 

proposed.238 Initial formate coordination is followed by elimination of carbon dioxide, 

forming the active metal-hydride species.238, 248 At neutral pH (dependant on catalyst 

and solvent) the metal-hydride species transfers the hydride to the electrophilic 

carbon centre via nucleophilic addition. Protons are then transferred to the other 

unsaturated atom from water or another Bronsted acid. This step is where the 

enhancement from an acidic proximal primary amine arises, as a nearby amine can 
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protonate the substrate more efficiently than the solvent.247 This explains the strong 

pH dependence of the reaction. At high pH, metal-hydroxide species are formed 

which are catalytically inactive. At lower pH, formate anions protonate to formic acid, 

decreasing the reaction rate as the concentration of available hydride donor 

decreases. This explains the observation that relatively neutral pH ranges (5-10) 

present optimal conditions for the reaction.238 

 

 

 
Scheme 4.1: Mechanism of Aqueous Catalytic Hydrogen Transfer (M = Ru, Ir, Rh; X 

= Cl-, HCO2
-; X’ = O, NH)238 
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4.1.3 Combining Heterogeneous and Homogeneous Chemistry 

 

The high cost of iridium presents an economic barrier to widespread application 

of CTH chemistry. Improving the recyclability of these catalysts is an active area of 

research, involving the anchoring of catalytic sites to heterogeneous substrates to 

ease catalyst separation, recovery, and reuse. Catalysts for CTH reactions have 

already been covalently grafted to several solid-state supports, including carbon 

nanotubes, polystyrene, silica and zirconium-based metal-organic frameworks.249-253 

Li et. al. grafted iridium piano-stool complexes onto the surface of magnetic Fe3O4 

nanoparticles.254 The magnetic nanoparticles allowed facile recycling of the catalyst 

for a reported ten cycles with minimal activity loss. Related rhodium-based CTH 

catalysts grafted to silica have also been shown to keep enantioselectivity after twelve 

cycles.255 

 Iridium piano-stool complexes are also of interest as molecular water oxidation 

catalysts.256, 257 Silica co-polymerised with 2,2’-bipyridine moieties has been shown to 

coordinate to an iridium piano-stool complex fragment to result in a recyclable water 

oxidation catalyst.258 In these hybrid systems, the activity of the homogeneous 

catalyst was retained, but the advantages of heterogeneous catalysis including 

recyclability, can also be utilised. 

 In the cases listed above, multistep syntheses are required to obtain the 

resulting catalyst, which are time- and resource-intensive. For instance, grafting 

molecular catalysts to silica involves the incorporation of silicon alkoxides into the 

structure of the pre-catalyst, complicating the synthesis of the catalyst. Incorporation 

of metal fragments into bipyridine-containing silica has a simpler methodology, but 

the initial synthesis of the silica involves the use of an expensive organosilicon 

compound.259  

Direct coordination to carbon nitride represents a much more accessible 

supporting method, with a simple two-step procedure. Carbon nitride has a simple 

synthesis from urea, a cheap, green precursor.11, 39 Coordination of iridium piano-stool 

complexes to carbon nitride has been attempted in previous works by simple heating 

of an iridium precursor at reflux with carbon nitride, but a low iridium content of the 

resulting material meant that no characterisation further than ICP-MS was reported. 

However, a heptazine-based framework was also synthesised, which was capable of 

supporting a higher loading of iridium and was used successfully as a recyclable 

catalyst.260 

Structurally related to heptazine, naphthyridine (napy) ligands are capable of 

exhibiting multiple coordination modes to metal centres.261 Iridium piano-stool 
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complexes displaying the monodentate, bidentate and bridging coordination modes 

have all been synthesised previously.262  

 

 

Scheme 4.2: Reaction between [IrCl2Cp*]2 and 1,8-naphthyridine (napy) and effect 
of reacting with Ag(PF6)

262 
 

The reaction between 1,8-naphthyridine and [IrCl2Cp*]2 in DCM has been 

reported to result in the formation of [IrCl2Cp*(napy)] with monodentate coordinating 

naphthyridine ligand (Scheme 4.2). Addition of one equivalent of Ag(PF6) to 

[IrCl2Cp*(napy)] removes one chloride ligand from the complex and drives bidentate 

coordination of the iridium to the 1,8-napthyridine.262 This previous work 

demonstrates that iridium half-sandwich fragments readily coordinate to 

naphthyridine ligands, and therefore provides a good basis for investigating the 

interaction between iridium half-sandwich fragments and carbon nitride. 
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4.1.4 Objectives 

 

Carbon nitride is a material which has been shown to coordinate to metal 

centres through the diimine functionality in the heptazine monomers, with the 

connecting amine groups largely uninvolved in coordination. Exploiting the 

coordination properties of carbon nitride with the aim to use the material as a solid 

support via direct coordination to a metal centre in catalyst design has not yet been 

reported. Iridium-piano stool moieties are active catalysts for both transfer and direct 

hydrogenation reactions, especially in complexes with bidentate nitrogen ligands and 

proximal proton donors and acceptors (i.e. amines).247 

The iridium-piano stool fragment, [IrCp*Cl], is therefore a good candidate for 

a metal complex fragment to combine with carbon nitride, as the resulting material is 

likely to have catalytic activity for both transfer and direct hydrogenation. It is 

suggested that, as with previously observed naphthyridine complexes, there are 

multiple accessible coordination modes between carbon nitride and iridium piano-

stool fragments. Determining the nature of the carbon nitride-iridium interaction will 

be undertaken with this established coordination chemistry in mind. Carbon nitride 

also contains a large number of amine sites which are proximal to the coordination 

sites, which may assist in hydrogenation reactions. 

 Carbon nitride will be decorated with iridium-piano stool moieties and 

characterised to investigate the interaction between the iridium and the carbon nitride. 

In addition, the resulting material will be evaluated as a catalyst in hydrogenation 

reactions with an aim to providing a novel approach to synthesising recyclable 

catalysts via coordination of a metal centre to carbon nitride. 
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 Synthesis of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

 

[IrCl2Cp*]2 was selected as an established and available iridium precursor. 

UCN, urea-derived carbon nitride, was selected as the carbon nitride source due its 

scalable, rapid synthesis.  Following previous experimental conditions from chapters 

2 and 3, UCN was decorated with an IrCl2Cp* fragment by heating base-treated UCN 

at reflux in a solution of [IrCl2Cp*]2 under nitrogen (Scheme 4.3). The decorated 

material, [IrCl2Cp*(UCN)], was isolated after 24 hours by filtration. Excess, non-

surface bound iridium was removed by washing with ethanol and water. 

 

 

Scheme 4.3: Synthesis of [IrCl2Cp*(UCN)]  and [IrClCp*(UCN)](PF6) 
 

To investigate the denticity of the coordination between iridium and carbon 

nitride further, carbon nitride was also decorated with iridium fragments after the 

removal of one equivalent of the chloride anion from the precursor (Scheme 4.3). 

Chloride removal by precipitation as AgCl was performed before coordination of 

iridium to carbon nitride to minimise impurities in the resulting material.  

If the coordination between UCN and naphthyridine are comparable, chloride 

removal will drive coordination to be bidentate in the resulting [IrClCp*(UCN)](PF6). 

With this in mind, comparing [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) may provide 

further insight into the iridium environment in each material.  
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 Characterisation of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

 

4.3.1 Powder X-Ray Diffraction of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

 

Initial characterisation of PXRD (Figure 4.3) was performed to whether the 

reaction of UCN with [IrCl2Cp*]2 caused structural changes to the UCN. 

 

Figure 4.3: PXRD patterns of UCN, [IrCl2Cp*(UCN)], and [IrClCp*(UCN)](PF6) 

 

PXRD patterns for [IrClCp*(UCN)](PF6) compared to UCN and 

[IrCl2Cp*(UCN)]  are shown in Figure 4.3. As with previous metal systems, the peak 

at 27.4° in UCN is unshifted in both [IrCl2Cp*(UCN)]  and [IrClCp*(UCN)](PF6), 

suggesting that the iridium is again not intercalating between the planes of the UCN 

and is instead primarily surface-bound.7 

The absence of any significant crystalline impurities is consistent with the 

hypothesis of coordination of individual, molecular iridium complex fragments to the 

surface of carbon nitride. 
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4.3.2 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and 

Elemental Analysis of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

  

Having established a lack of crystalline impurities via PXRD, the elemental 

composition of the two composite materials was measured. Samples of UCN, and 

[IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) were analysed by ICP-MS to measure the 

content of iridium by mass. No significant quantity of iridium was measured in 

untreated UCN, but the iridium concentration of [IrCl2Cp*(UCN)] was measured to be 

13.4 ± 0.3 mg g-1
. A very similar loading was observed for [IrClCp*(UCN)](PF6) (Table 

4.1). 

 

Table 4.1: Iridium content of UCN, [IrCl2Cp*(UCN)]  and [IrClCp*(UCN)](PF6) 
 

Sample Iridium Content / mg g-1 Iridium Content / mmol mg-1 

UCN 0 0 

[IrCl2Cp*(UCN)] 13.4 ± 0.3 69.8 

[IrClCp*(UCN)](PF6) 13.3 69.3 

 

 

Samples of UCN, [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) were also 

analysed for chlorine and fluorine content (summarised in Table 4.2). Base-treated, 

dry UCN contains approximately 0.5% by mass chlorine, possibly originating from an 

impurity in the urea precursor concentrated during the thermal condensation. The 

chlorine content of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) are corrected by 

subtracting the chlorine content measured in the undecorated carbon nitride. 

Significant variation is observed due to the low concentration of chlorine and fluorine 

approaching the instrument limitations. 

The iridium loading of carbon nitride, as measured by ICP-MS,  is of the same 

order of magnitude as observed in other metal-fragment decorated samples of carbon 

nitride.260 Similarity in metal loading in [IrClCp*(UCN)](PF6) and [IrCl2Cp*(UCN)]  

suggests that the concentration of available sites for iridium-coordination on the UCN 

is similar for each reaction. This implies that the same type of site on the UCN is 

involved in coordination to the iridium in each material, which is suggested to be the 

edge-sites (i.e. diimine sites) of the carbon nitride. 
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Table 4.2: Chlorine and Fluorine analysis of UCN, [IrCl2Cp*(UCN)] and 
[IrClCp*(UCN)](PF6) 

 

Sample Cl Content / 

mmol mg-1 

Corrected Cl 

Content / mmol 

mg-1 

F Content /  

mmol mg-1 

Ir: Cl: F 

Ratio 

UCN 138 ± 27 0 0 - 

[IrCl2Cp*(UCN)] 265 ± 9 127 ± 28 0 1: 1.9: 0  

[IrClCp*(UCN)](PF6) 212 ± 37 74 ± 45 368 ± 89 1: 1.1: 5.3 

 

The ratios of Ir: Cl: F measured for each sample are within error of the 

molecular formula proposed in both [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6). 

[IrCl2Cp*(UCN)] displays two equivalents of chlorine per equivalent of iridium, 

whereas in [IrClCp*(UCN)](PF6), one of the equivalents of Cl is replaced with almost 

6 equivalents of fluorine. This is consistent with the replacement of Cl by (PF6)-.  

 

4.3.3 Surface Analysis by Zeta-Potential 

 

Following elemental analysis of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6), the 

surface of iridium-decorated carbon nitrides were analysed by zeta potential to 

measure the surface charge of particles. If the interaction between the iridium and 

carbon nitride was the same in both materials, the surface of each material would be 

expected to have the same zeta-potential. 

Compared to UCN, both [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

demonstrate a significantly higher particle surface charge (Table 4.3). This supports 

the hypothesis that the iridium is distributed at the surface of the carbon nitride. 

However, the values measured for [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) are 

significantly different.  

 

Table 4.3: Zeta-potential measurement of carbon nitrides 
 

Sample Surface Zeta Potential / mV 

Raw UCN -22.1 ± 0.3 

NH3-treated UCN -28.7 ± 0.8 

[IrCl2Cp*(UCN)] 27.7 ± 0.8 

[IrClCp*(UCN)](PF6) 32.5 ± 0.3 
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It can be speculated that the difference in the zeta potential between 

[IrClCp*(UCN)](PF6) and [IrCl2Cp*(UCN)]  could arise from different coordination 

equilibria positions occurring in the two materials. The less positive value for 

[IrCl2Cp*(UCN)]  could be interpreted as due to the coordination of an extra equivalent 

of chloride to the iridium reducing the bulk positive charge at the surface of carbon 

nitride and favouring monodentate coordination in favour of bidentate in 

[IrClCp*(UCN)](PF6) – this is observed for the established naphthyridine 

complexes.262 However, zeta-potential of colloids is a bulk measurement and is 

strongly affected by several factors, including particle size, shape, and 

conductivity.140, 198 

 

4.3.4 Solid-State NMR Spectroscopy 

 

Although the bulk composition and surface properties have been investigated, 

the interaction between the iridium and carbon nitride has not yet be established. To 

probe this interaction, 13C CP-MAS NMR can be employed to specifically investigate 

the Cp* signal. 

The solid-state 13C CP-MAS NMR spectra of UCN, [IrCl2Cp*(UCN)], 

[IrClCp*(UCN)](PF6)  and [IrCl2Cp*]2 are shown in Figure 4.4 and key signals are listed 

in Table 4.4. The peaks at 164.6 ppm and 156.7 ppm due to carbon nitride are also 

present in [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) as expected.7 The presence of 

the additional resonances at 88.2 ppm and 12.0 ppm for [IrCl2Cp*(UCN)] and 89.3 

ppm and 9.4 ppm for [IrClCp*(UCN)](PF6) are indicative of Cp* moieties within the 

materials, and the chemical shifts of the Cp* groups are consistent with Cp*ligands 

coordinated to iridium (III) sites.159 256, 258 

 

 

Table 4.4: 13C CP-MAS NMR shifts of Cp* ligands in Iridium-containing compounds 
and supported materials 

  

Samples Cp* 13C Shift Inner 

(CCH3)5 / ppm 

Cp* 13C Shift Inner (CCH3)5 / 

ppm 

[IrCl2Cp*]2 87.1 11.1 

[IrCl2Cp*(UCN)] 88.2 12.0 

[IrClCp*(UCN)](PF6) 89.3 9.4 

 



Chapter 4 

135 
 

 

Figure 4.4: 13C CP-MAS NMR Spectrum of (top to bottom) [IrCl2Cp*]2, 
[IrCl2Cp*(UCN)]  and UCN. Adamantane (29.5 ppm) used as external reference. 

 

The solid-state 13C CP-MAS NMR experiment therefore indicates that the 

[IrCl2Cp*]2 has coordinated to the carbon nitride and that the iridium-cyclopentadienyl 

interaction is conserved in the coordinated metal fragment in both iridium-decorated 

materials. 

 The spectra show a slight but significant difference between 

[IrClCp*(UCN)](PF6) (89.3, 9.4 ppm) and [IrCl2Cp*(UCN)]  (88.2, 12.0 ppm) in the 

resonances associated with the Cp* ligand. The slightly higher chemical shift of the 

13C CP-Mas resonance for the internal carbon environment in the Cp* ligand observed 
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for [IrClCp*(UCN)](PF6) compared to [IrCl2Cp*(UCN)]  echoes the slightly higher 1H 

resonance for the Cp* observed in [IrClCp*(napy-κ2N,N’)](PF6) compared to 

[IrCl2Cp*(napy-κN)] (see section 4.4.3).  

This is consistent with a hypothesis of a different mode of coordination 

between the heptazine and the iridium in the two iridium-decorated carbon nitrides. It 

is tentatively proposed that the coordination mode between the iridium fragment and 

the carbon nitride is monodentate in [IrCl2Cp*(UCN-κN)] and bidentate in 

[IrClCp*(UCN-κ2N,N’)](PF6). 

 

4.3.5 Infrared Spectroscopy 

 

Infrared spectroscopy can also provide valuable insight into metal 

coordination. Figure 4.5 shows the infrared spectra of UCN, [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6). The ATR-IR spectrum of UCN has been discussed previously, 

and no significant differences from UCN are seen in either the ATR-IR of 

[IrCl2Cp*(UCN)] or [IrClCp*(UCN)](PF6).7, 21 The low concentration of the iridium, 

coupled with the high infrared activity inherent to the UCN, means that no structural 

information about [IrCl2Cp*(UCN)] or [IrClCp*(UCN)](PF6) can be gained via infrared 

spectroscopy. 

In the synthesis of [IrClCp*(UCN)](PF6), one equivalent of chloride in the 

precursor, [IrCl2Cp*]2, is proposed to be replaced with an equivalent of (PF6)- anion. 

However, ATR-IR spectroscopy (Figure 4.6) does not clearly show the presence of 

the infrared mode corresponding to the (PF6)- anion in [IrClCp*(UCN)](PF6). This is 

likely a result of the low concentration of iridium, and subsequently PF6
-
, present in 

the material, as the presence of fluorine in [IrClCp*(UCN)](PF6) has already been 

confirmed by elemental analysis. 
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Figure 4.5: ATR-IR spectra comparing UCN to [IrCl2Cp*(UCN)]  and 

IrClCp*(UCN)](PF6) 

 

 

Figure 4.6: Expanded ATR-IR spectra of UCN to [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) 
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4.3.6 X-Ray Photoelectron Spectroscopy  

 

XPS was performed on samples of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) 

to gain further structural and electronic information, summarised in Table 4.5. As 

expected, the N 1s regions (Figure 4.7) of the XPS spectra look very similar in UCN, 

[IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6), with no additional nitrogen environments 

added upon iridium decoration.19  

 

 

Figure 4.7: XPS (N 1s region) of (top to bottom) [IrClCp*(UCN)](PF6), 

[IrCl2Cp*(UCN)]  and UCN 
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Figure 4.8: XPS (C 1s region) of (top to bottom) [IrClCp*(UCN)](PF6), 

[IrCl2Cp*(UCN)]  and UCN 
 

 

In contrast, the C 1s region (Figure 4.8) of [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) show a different peak shape compared to UCN. This can be 

explained by the inclusion of a new peak (286.2 eV in [IrCl2Cp*(UCN)], 285.7 eV in 

[IrClCp*(UCN)](PF6)), consistent with the C-H/C=C environments in the Cp* rings. As 

XPS is surface-sensitive, the observation of Cp* supports the hypothesis of surface-

localised metal-coordinated Cp* ligands. Unlike in the previous chapters, where 

shake-up peaks are observed for metal-decorated systems, no such features are 

observed in the spectrum of either [IrCl2Cp*(UCN)] or [IrClCp*(UCN)](PF6). 
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Figure 4.9: XPS (Ir 4f region) of [IrCl2Cp*(UCN)] 
 

The Iridium 4f region (Figure 4.9) shows peaks centred at 65.4 and 62.5 eV in 

both [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6), which is consistent with an iridium (III) 

Cp* complex immobilised onto the surface of the carbon nitride.263 The XPS spectra 

(Ir 4f region) do not show any evidence of metallic iridium or of any iridium oxide 

species, suggesting that the molecular moiety is the only source of iridium present on 

[IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6).264 The narrow FWHM is also an indicator 

of a single iridium species in each case. 

Although the XPS peaks in the Ir 4f region appear in the same place for each 

of the two materials, this does not directly indicate the same chemical environment at 

iridium in each material. 13C CP-MAS, a more sensitive technique, shows that the 

magnetic environment in [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) is very similar, but 

different (section 4.3.4).  As XPS probes core electrons, which are highly shielded 

from the environment around the iridium atom, the similar environments can be 

expected to give signals in XPS which appear identical.  
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Table 4.5: Tabulated XPS peaks for UCN, [IrCl2Cp*(UCN)] and 
[IrClCp*(UCN)](PF6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Region Peak / eV FWHM / eV Assignment 

UCN N 1s 398.7 1.14 CNC 

  400.0 1.29 NC3 

  401.1 1.46 CNH 

 C 1s 288.2 1.11 C=N 

  286.1 1.03 C=O 

  284.8 1.07 C-NH 

Sample [IrClCp*(UCN)](PF6) [IrCl2Cp*(UCN)]  

Region Peak / 

eV 

FWHM / 

eV 

Peak / 

eV 

FWHM / 

eV 

Assignment 

N 1s 398.5 1.21 398.7 1.15 CNC 

 399.6 1.21 400.0 1.32 NC3 

 400.8 1.21 401.1 1.51 CNH 

C 1s 288.1 1.30 288.3 1.15 CNC 

 285.7 1.30 286.2 1.09 C-C/C-H 

 284.8 1.30 284.8 1.12 C-NH 

Ir 4f 65.4 1.27 65.4 1.38 4f5/2 

 62.4 1.27 62.5 1.37 4f7/2 
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4.3.7 SEM of UCN and [IrCl2Cp*(UCN)] 

 

 

 

 
Figure 4.10: Representative SEM images (x50,000)  of UCN and [IrCl2Cp*(UCN)] 

 

Scanning electron microscopy (SEM) was performed to gain insight of the 

morphology of UCN and [IrCl2Cp*(UCN)] (Figure 4.10). As for previous metal-

carbon nitride systems, the morphology of carbon nitride is not observed to change 

significantly after metal treatment and no impurities are observed. 

 

4.3.8 Diffuse Reflectance 

 

 

Figure 4.11: Diffuse reflectance spectroscopy of UCN, [IrCl2Cp*(UCN)] and 
[IrClCp*(UCN)](PF6)  

 

UCN [IrCl2Cp*(UCN)] 
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 The diffuse reflectance spectra of UCN as compared to [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) is shown in Figure 4.11. The principal difference is the 

decrease in the reflection peak at 460 nm after iridium decoration. The reflection in 

this region is greater than 100% due to the strong luminescence of carbon nitride, 

and a decrease in this region may simply be caused by the quenching of UCN 

fluorescence.44, 223, 265 It is also possible that absorption is occurring as  low-lying d-

electrons are promoted to the valence band of the carbon nitride, reducing the overall 

reflectance. The small differences in the reflectance spectra of [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) may add support to the hypothesis of different ligand denticity in 

each material. 

 

 

 Synthesis and Characterisation of Molecular Analogues for 

[IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6). 

 

4.4.1 Synthesis of a molecular analogue to [IrCl2Cp*(UCN)] 

 

 

Scheme 4.4: Reaction between [IrCl2Cp*]2 and DMNA in EtOH 
 

As with previous decorated carbon nitrides, synthesis of a molecular analogue 

using DMNA as ligand was attempted using the conditions used to synthesise 

[IrCl2Cp*(UCN)]. In contrast to previous examples, which were simple ligand 

complexations which ran selectively, multiple products are observed in the reaction 

outlined in Scheme 4.4 –  the isolated product is shown, and the 1H NMR spectra is 

displayed in Figure 4.12. 
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Figure 4.12: 1H NMR spectrum (d3-MeCN) of [IrCl2Cp*(DMNA-H2)] (top) and DMNA 
(bottom) 

 

The doublet resonances at 8.07 and 6.77 ppm in the 1H NMR spectrum of 

DMNA are gone in the product, which instead displays triplet resonances at 2.96 and 

2.81 ppm integrating to 2 protons each. In addition, two additional peaks are seen in 

the 13C NMR spectrum of the product at 17.8 and 21.2 ppm, which are shown to be 

CH2 resonances in the DEPT-135 spectrum. The 1H and 13C NMR spectroscopy 

therefore suggests that the major product appears to result from hydrogenation at the 

3 and 4 positions of the DMNA ligand. 157, 240  Liquid Injection Field Desorption 

Ionisation mass spectrometry (LIFDI-MS) indicates a molecular formula of 

[IrCl2Cp*(DMNA-H2)], implying a monodentate coordination mode to the DMNA-H2 

ligand. This is consistent with the behaviour of these iridium complexes, but does not 

represent a true ‘molecular analogue’ for [IrCl2Cp*(UCN)], as no peaks due to 

hydrogenation are observed in [IrCl2Cp*(UCN)].262  

 

4.4.2 Synthesis of a molecular analogue for [IrClCp*(UCN)](PF6) 

 

[IrClCp*(DMNA)](PF6) was synthesised by Dr Daniel Raines analogously to 

[IrClCp*(UCN)](PF6) to act as a molecular analogue to the material (Scheme 4.5). No 



Chapter 4 

145 
 

hydrogenation is seen due to the lack of alcohol (i.e. lack of hydride donor) during the 

reaction. The molecular analogue, [IrClCp*(DMNA)](PF6), shows lower chemical shift 

in the internal carbon atom in Cp* compared to [IrClCp*(UCN)](PF6). This is consistent 

with previous data suggesting UCN is donates less electron density to coordinated 

metal centres compared to DMNA. 

 

Scheme 4.5: Synthesis of IrClCp*(DMNA)](PF6) 
 

Table 4.6: Comparison of 13C CP-MAS NMR of [IrClCp*(DMNA)](PF6) to 
[IrClCp*(UCN)](PF6) 

 

Samples Cp* 13C Shift Inner 

(CCH3)5 / ppm 

Cp* 13C Shift Inner 

(CCH3)5 / ppm 

[IrClCp*(DMNA)](PF6) 87.8 9.9 

[IrClCp*(UCN)](PF6) 89.3 9.4 

 

4.4.3 Structure of [IrClCp*(DMNA-κ2N,N’)](PF6) compared to [IrCl2Cp*(napy-

κN)] and [IrClCp*(napy-κ2N,N’)](PF6) 

 

Figure 4.13: Crystal Structure of [IrClCp*(DMNA)](PF6) with hydrogen and 
counterions omitted for clarity. Probability ellipsoids at 50%. 
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Single crystals of [IrClCp*(DMNA)](PF6) were obtained by layering of diethyl 

ether over a solution of the complex in acetonitrile. The crystals are triclinic and 

belong to the P-1 space group. The crystal structure is shown in Figure 4.13. 

Significant disorder is seen as the two enantiomers of the [IrClCp*(DMNA)]+ ion are 

interchangeable in the crystal structure – constraints to keep the two enantiomers 

within 5% of each other’s geometry were used. 

 

 

Figure 4.14: Crystal Structures of [IrCl2Cp*(napy)] and [IrClCp*(napy)](PF6) with 
hydrogen and counterions omitted for clarity. Probability ellipsoids at 50%.262 

 

 

Selected bond lengths and angles in [IrClCp*(DMNA)](PF6) are shown in 

Table 4.7, where they are compared to [IrCl2Cp*(napy)] and [IrClCp*(napy)](PF6) 

(Figure 4.14).262 The Ir-N distances between iridium and DMNA (2.143(4) Å and 

2.180(4) Å) are smaller than those observed for the napy ligand (2.157(6) Å and 

2.272(7) Å). The monodentate-coordinated napy ligand has an even shorter Ir-N 

distance (2.15(1) Å), as it is not constrained in the same manner as when coordinated 

in a bidentate mode. All three complexes have pseudo-octahedral geometry, as 

indicated by the N-Ir-Cl angles being close to 90°. This is common for piano-stool 

complexes of this type.266 

Despite these differences, the effect on the Ir-Cp* interaction seems minimal 

in each of the three cases. The Ir-Cl bonding appears to compensate for any changes  
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in the coordination mode, as the average Ir-Cp* distance does not appear to be 

significantly affected by the napy coordination mode. This is reflected in the similarity 

of the Cp* ligand 1H NMR resonances in [IrCl2Cp*(napy)] (1.54 ppm) and 

[IrClCp*(napy)](PF6) (1.55 ppm).262 This indicates that in the case of naphthyridine 

complexes, only a small change in the 13C NMR resonance of Cp* may be observed 

in different coordination modes. It is likely that any change in the coordination mode 

of iridium to carbon nitride will be even more difficult to observe directly due to the 

solid-state nature of the materials and low iridium concentration. 

 

 

Table 4.7: Selected distances and angles in [IrClCp*(DMNA)](PF6), 
[IrClCp*(bpy)](ClO4) and [IrClCp*(napy)](PF6) 

 

Bond Distance / 

Å 

[IrClCp*(DMNA)](PF6) [IrCl2Cp*(κ1-

napy)]262 

[IrClCp*(κ2-

napy)](PF6)262 

Ir-N1 2.180(4) 2.15(1) 2.272(7) 

Ir-N2 2.143(4) 3.21(1) 2.157(6) 

Ir-Cl1 2.3902(9) 2.412(4) 2.381(2) 

Ir-Cl2 - 2.405(4) - 

Ir-C11 2.141(4) 2.17(2) 2.129(9) 

Ir-C12 2.136(4) 2.16(2) 2.124(9) 

Ir-C13 2.155(4) 2.15(1) 2.145(9) 

Ir-C14 2.163(4) 2.15(2) 2.181(7) 

Ir-C15 2.137(4) 2.15(2) 2.139(8) 

Mean Ir-Cp* 2.146 2.15 2.143 

δ (1H, Cp*) / 

ppm 

1.80 1.54 1.55 

Bond Angle    

N1-Ir-N2 60.9(1) 47.4(4) 60.5(2) 

N1-Ir-Cl1 85.2(1) 84.9(3) 84.4(2) 
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As with previous metal-DMNA complexes, distortion is observed in the DMNA 

ligand after iridium coordination (Table 4.8). The C1-C8 distance contracts to reduce 

the N1-N2 distance and improve overlap between the nitrogen ligand and metal d-

orbitals. A distortion similar to this is expected to occur on the UCN to accommodate 

the coordinated metal ions.  

 

Table 4.8: Selected distances and angles in [IrClCp*(DMNA)](PF6) showing 
distortion in the DMNA ligand 

 

Bond Distance / Å DMNA148 [IrClCp*(DMNA)](PF6) 

C1-C8 1.424(3) 1.386(5) 

N1-N2 2.304(3) 2.190(5) 

N3-C2 1.353(5) 1.335(5) 

Bond Angle / °   

N1-C1-N2 115.6(2) 108.0(3) 

N1-C2-N3 118.7(3) 120.8(4) 
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 Aqueous Catalytic Transfer Hydrogenation Activity of 

[IrCl2Cp*(UCN)] 

 

4.5.1 Hydrogenation of Imines  

 

 

Scheme 4.6: Aqueous transfer hydrogenation from ammonium formate to 1-methyl-
6,7-dimethoxy-3,4-dihydroisoquinoline 

 

 Iridium pentamethylcyclopentadienyl complexes are well established in the 

field of aqueous catalytic transfer hydrogenation (CTH).157, 238, 254, 267, 268 An 

established method of evaluating catalysts for aqueous CTH was used to determine 

the activity of [IrCl2Cp*(UCN)]  in comparison to [IrCl2Cp*]2 (Scheme 4.6).238, 240, 248 

Reactions were performed at room temperature by adding an aqueous solution of 1-

methyl-6,7-dimethoxy-3,4-dihydroisoquinoline to a suspension of [IrCl2Cp*(UCN)] (3 

mol% iridium to substrate) in aqueous NH4CO2H (3 mol dm-3). Aliquots were removed 

periodically from the reaction, the reaction halted by addition of a solution of 

glutathione, and then analysed by HPLC. Kinetic runs of the reactions were measured 

and are shown in Figure 4.15. 

 

Figure 4.15: Reactivity of [IrCl2Cp*(UCN)]  and [IrCl2Cp*]2 towards transfer 
hydrogenation of 1-methyl-6,7-dimethoxy-3,4-dihydroisoquinoline in an aqueous 

solution of NH4CO2H (3 mol dm-3) at 25°C 
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 Conversion was calculated as a function of turnovers per atom of iridium. As 

Figure 4.15 shows, [IrCl2Cp*(UCN)] is a significantly more active catalyst compared 

to the iridium precursor, [IrCl2Cp*]2. In addition, the undecorated UCN shows no 

activity, demonstrating the activity is limited to iridium sites on the carbon nitride, and 

addition of UCN to an aqueous solution of [IrCl2Cp*]2 does not result in higher activity. 

This shows that [IrCl2Cp*(UCN)] can perform as a competent hydride transfer 

catalyst. 

The TOF of aqueous CTH catalysis observed for [IrCl2Cp*(UCN)]  is very low 

at 3 h-1
, compared to numbers in excess of 200 h-1 measured for the best solid-

supported iridium piano-stool catalysts .238, 245 The reduction in rate is not likely to be 

a result of the heterogeneous nature of the catalyst, as high rates in excess of 50 h-1 

are frequently seen for solid-supported catalysts.254, 255  The coordination sites 

available in carbon nitride are different to those used in the top performing catalysts, 

so the lower activity seen for the material is can be explained by a less optimal 

coordination environment of the iridium. Whereas catalyst immobilisation methods 

such as supporting on magnetic nanoparticles are costly and time-consuming, carbon 

nitride provides a synthetically cheaper and simpler opportunity for catalyst 

heterogenization.  

 

4.5.2 Substrate scope of aqueous transfer hydrogenation  

 

[IrCl2Cp*(UCN)]  was also used to catalyse the hydrogenation of three other 

substrates (10 μL) in ammonium formate (1 mL, 3 mol dm-3 in D2O) solution. The 

reactions were performed at 40°C and monitored by NMR. Conversions and 

turnovers were calculated and are shown in Table 4.9. 

 

Table 4.9: Rates of aqueous transfer hydrogenation towards different substrates 
 

Substrate Conversion Product TON TOF / h-1 

Allyl Alcohol <1% 1-propanol 0 0 

Acetophenone 50% 1-phenylethanol 48 4 

Benzaldehyde 100% Benzyl alcohol 117.6 ≥9.8 

 

[IrCl2Cp*(UCN)] is shown to be an active catalyst for the aqueous catalytic 

transfer hydrogenation of C=O and C=N bonds. However, under aqueous conditions, 

no reduction of the C=C bond in allyl alcohol was observed. The selectivity against 

C=C bonds is observed for other heterogeneous systems, and is generally dependant 
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on the solvent.269 The selectivity is caused by multiple competing factors, including 

solubility of product and competing chemical interaction between solvent, catalyst, 

and substrate.270 

 

4.5.3 Recycling of [IrCl2Cp*(UCN)] in aqueous transfer hydrogenation 

 

One suggested advantage of the UCN supported system is the 

heterogeneous nature of the catalyst, facilitating catalyst removal and recycling. A 

sample of [IrCl2Cp*(UCN)] was used for a CTH reaction and then isolated by 

centrifugation and washing with water three times before adding to another, identical 

reaction. The kinetic data collected from the two reactions are shown in Figure 4.16. 

Two recycling processes were used, one involving drying by heating between each 

centrifugation and washing step and one only heating to dry the catalyst at the end of 

three centrifugation steps. 

 

 

Figure 4.16: Recycling studies of [IrCl2Cp*(UCN)] in aqueous catalytic hydrogen 
transfer reactions 

 

Figure 4.16 shows that the activity of the catalyst is almost entirely lost in the 

recycling step, suggesting significant leaching of iridium species from the surface into 

solution or degradation of the active catalyst. It is likely, therefore, that a combination 
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of solution and adsorbed iridium species contribute to the overall activity shown in 

aqueous catalytic transfer reactions. In order to show a recyclable heterogeneous 

catalyst, a reaction system must be selected with minimal iridium leaching. 

 

4.5.4 Stability of iridium-decorated carbon nitride in different solvents 

 

Figure 4.16 suggests that [IrCl2Cp*(UCN)] is not suitable for use as a 

recyclable catalyst in aqueous systems. To qualitatively assess the stability of 

[IrCl2Cp*(UCN)] in various solvents, a sample of [IrCl2Cp*(UCN)] was stirred in 

solvent for three hours. The UV-visible light absorption spectrum of each solvent after 

stirring with [IrCl2Cp*(UCN)] is shown in Figure 4.17. 

 

 

Figure 4.17: Leaching study of [IrCl2Cp*(UCN)] (left) compared to 
[IrClCp*(UCN)](PF6) (right) 

 

 Most solvents show the appearance of an absorption band, suggesting iridium 

leaching into solution from the [IrCl2Cp*(UCN)]. Each solution shows a different band 

structure, making quantification by this method difficult. However, a qualitative 

understanding of the stability of the material can be obtained. In general, more 

coordinating solvents give rise to stronger absorption bands, with water, acetonitrile 

and isopropyl alcohol showing the most intense bands. This indicates that leaching 

of iridium from [IrCl2Cp*(UCN)] into solution is higher in more coordinating solvents, 

explaining the poor recyclability of the catalyst under aqueous transfer hydrogenation 

conditions. In contrast, minimal leaching is seen to occur at a reduced rate in non-

polar solvents, such as hexane. Further catalytic studies, therefore, would be carried 

out under conditions that minimised catalyst degradation. 
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 The leaching of iridium from [IrClCp*(UCN)](PF6) into solution was also 

assessed using the same simple UV-visible light absorption protocol as was 

performed on [IrCl2Cp*(UCN)]. The spectra shown in Figure 4.17 show that despite 

essentially identical metal loading, the intensity of UV bands arising in solutions due 

to metal leaching as significantly weaker in [IrClCp*(UCN)](PF6) compared to 

[IrCl2Cp*(UCN)]. 

 The leached species are different, and therefore the change in intensity and 

position of the UV bands is expected. However, the order of the intensities in different 

solvents is different between the decorated carbon nitrides. For example, leaching 

from [IrCl2Cp*(UCN)] into toluene shows strong absorption bands comparable in 

intensity to those observed for THF or H2O. In contrast, leaching from 

[IrClCp*(UCN)](PF6) into toluene shows only a very weak UV band comparable to 

stability in hexane or diethyl ether.  

 The apparent differences in the solvent stability of [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) could also be interpreted to support a different coordination 

environment between the iridium and the heptazine in each material. 

 

 Direct Hydrogenation by [IrCl2Cp*(UCN)] 

 

 

Scheme 4.7: Direct hydrogenation of styrene 

 

 

The principle aim of this chapter is to investigate whether a decorated carbon 

nitride can provide a basis for the design of a recyclable, heterogeneous catalyst. Due 

to the relative stability of [IrCl2Cp*(UCN)] in hexane, a reaction was sought which 

could be performed using hexane as a solvent. 

Following an example of direct hydrogenation of unsaturated systems by an 

iridium complex in hexane, [IrCl2Cp*(UCN)]  was utilised as a heterogeneous catalyst 

for direct hydrogenation (Scheme 4.7).271 Reactions were performed on small scale 

(1 mL solvent, with 100 equivalents of substrate) and analysed by GC after one hour 

to measure an initial turnover frequency (TOF / h-1) per atom of iridium. 
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4.6.1 Effect of Pressure on the rate of hydrogenation 

 

 

Figure 4.18: Effect of hydrogen pressure on TOF in the direct hydrogenation of 

styrene catalysed by [IrCl2Cp*(UCN)] 
 

To gain initial insight for suitable reaction conditions, direct hydrogenation of 

styrene was performed in hexane, and the effect on TOF of hydrogen pressure was 

investigated. The rate of hydrogenation is seen to be approximately first order with 

regard hydrogen pressure (Figure 4.18). Due to instrumental limitations, a pressure 

of 10 bar was selected for future experiments, but it is noted that higher turnover 

frequencies may be accessible with higher pressures. Due to the elevated pressures 

of flammable gas, unless otherwise stated, all reactions were performed at 25°C. 

 

4.6.2 Direct Hydrogenation Activity of [IrClCp*(UCN)](PF6) compared to 

[IrCl2Cp*(UCN)] 

 

Having established a general set of conditions for hydrogenation, the activities 

of UCN, [IrCl2Cp*]2, [IrCl2Cp*(UCN)], [IrClCp*(UCN)](PF6) and [IrClCp*(DMNA)](PF6) 

were measured and compared. In addition to styrene as a substrate, α-methyl styrene 

and β-methyl styrene were investigated to initially see how using a more substituted 

alkene as a substrate affects the turnover frequency of the reaction. Initial turnover 

frequencies (measured after 1 hour) are summarised in Table 4.10.  
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Table 4.10: Comparison of activity of UCN, [IrCl2Cp*(UCN)] and 

[IrClCp*(UCN)](PF6) with molecular species 
 

Catalyst Substrate Product TOF / h-1 

UCN Styrene - 0 

[IrCp*Cl2]2 Styrene Ethylbenzene 5 

[IrCp*Cl(DMNA)](PF6) Styrene Ethylbenzene 0 

[IrCl2Cp*(UCN)] Styrene Ethylbenzene 50 

[IrClCp*(UCN)](PF6) Styrene Ethylbenzene 20 

[IrCp*Cl2]2 α-methyl styrene Cumene 7 

[IrCp*Cl(DMNA)](PF6) α-methyl styrene Cumene 0 

[IrCl2Cp*(UCN)] α-methyl styrene Cumene 37 

[IrClCp*(UCN)](PF6) α-methyl styrene Cumene 44 

[IrCp*Cl2]2 β-methyl styrene n-Propylbenzene 6 

[IrCp*Cl(DMNA)](PF6) β-methyl styrene n-Propylbenzene 0 

[IrCl2Cp*(UCN)] β-methyl styrene n-Propylbenzene 6 

[IrClCp*(UCN)](PF6) β-methyl styrene n-Propylbenzene 5 

 

Control experiments utilising UCN as catalyst did not yield any hydrogenation 

product. These preliminary results show that, in hexane, [IrClCp*(DMNA)](PF6) is not 

a competent hydrogenation catalyst. This is likely due to poor solubility in hexane. 

Although [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) show comparable activity toward 

the hydrogenation of α-methyl styrene, the activity of [IrClCp*(UCN)](PF6) towards 

unsubstituted styrene is considerably lower compared to [IrCl2Cp*(UCN)].  

This suggests that the iridium environment is different in each material and 

the two catalysts can exhibit different selectivity. Due to its higher hydrogenation 

activity, the remaining investigation into the direct hydrogenation is focussed on 

catalysis by [IrCl2Cp*(UCN)]. 

 

4.6.3 Substrate Scope of Hydrogenation by [IrCl2Cp*(UCN)] 

 

To determine the chemoselectivity of [IrCl2Cp*(UCN)] as a direct 

hydrogenation catalyst, the hydrogenation of different unsaturated groups was 

performed (Table 4.11). A high selectivity is shown towards C=C double bonds, as 
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[IrCl2Cp*(UCN)] is shown not to be a competent catalyst for the hydrogenation of C=O 

or C=N groups in hexane. The stark difference in chemoselectivity between direct 

hydrogenation and aqueous catalytic transfer hydrogenation is likely a result of the 

different solvent system, as hydrogen bonding in water can stabilise reactive 

intermediates in aldehyde reduction much more effectively than in hexane.269, 270  

The addition of C=O-containing compounds to a hydrogenation of styrene 

(such that the concentration of the styrene and additive is the same) is shown to 

dramatically reduce the rate of hydrogenation, implying that in hexane, C=O groups 

still interact with iridium centres, but the reaction cannot go to completion and some 

reaction sites are blocked for viable substrates.  

 

Table 4.11:Chemoselectivity of [IrCl2Cp*(UCN)] catalysed hydrogenation 
 

Substrate Additive Product (TOF / h-1) 

Styrene - Ethylbenzene (50) 

Acetophenone - - (0) 

Benzaldehyde - - (0) 

Benzonitrile - - (0) 

Styrene Acetophenone Ethylbenzene (15) 

Styrene Benzaldehyde Ethylbenzene (3) 

  

 The selectivity of [IrCl2Cp*(UCN)] was investigated further by subjecting 

various unsaturated carbon-carbon bonds to hydrogenation conditions. Table 4.12 

shows the high selectivity of [IrCl2Cp*(UCN)] as a hydrogenation catalyst. 

Hydrogenation is highly selective toward primary alkenes, including 1-octene, 

styrene, and α-methyl styrene. No conversion of internal aliphatic alkenes is 

observed, with no activity seen towards hydrogenation of 2-octene or cyclohexene. 

Very limited conversion is observed for trans-β-methyl styrene.  

 Not only is [IrCl2Cp*(UCN)] not capable of hydrogenation of 3-methyl-1,3-

pentadiene, but total inhibition of styrene hydrogenation is observed when 3-methyl-

1,3-pentadiene is present in the reaction. The lack of activity suggests irreversible 

coordination of dienes to the iridium centres in [IrCl2Cp*(UCN)], deactivating the 

catalyst. 
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Table 4.12: Selectivity of [IrCl2Cp*(UCN)] in direct hydrogenation 
 

Substrate Additive Product (TOF / h-1) Selectivity / % 
Styrene - Ethylbenzene (50) >99 
Phenylacetylene - - (0) - 
Styrene Phenylacetylene - (0) - 
1-Octene - Octane (25) >99 
2-Octene - - (0) - 
1-Octyne - - (0) - 
Styrene 1-Octyne - (0) - 
α-methyl styrene - Isopropyl benzene 

(37) 
>99 

Trans-β-methyl 
styrene 

- n-propyl benzene 
(>5) 

>99 

Cyclohexene - - (0) - 
3-methyl-1,3-
pentadiene 

- - (0) - 

Styrene 3-methyl-1,3-
pentadiene 

- (0) - 

 

A lack of hydrogenation activity of [IrCl2Cp*(UCN)] toward alkynes is also 

observed. In the case of both phenylacetylene and 1-octyne, no hydrogenation is 

observed, with alkene hydrogenation also completely inhibited by the presence of 

alkynes. This seems likely to be a result of irreversible coordination of the alkyne to 

the iridium site resulting in catalytically inactive species.272  

 

Figure 4.19: ATR-IR spectra of [IrCl2Cp*(UCN)] before and after treatment with 
phenylacetylene 

 

Infrared spectroscopy of [IrCl2Cp*(UCN)]  after it had been exposed to 

phenylacetylene was performed, and an additional signal observed at around 1550 
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cm-1 (marked with an asterisk in Figure 4.19) may correspond to an iridium vinylidene 

(ν(C=C) = 1580-1650 cm-1) being formed on the surface of the [IrCl2Cp*(UCN)].273 

Further work could be done on this reaction to investigate whether this species can 

play a role in other catalytic reactions, however, due to the low loading of the iridium 

on the UCN, further investigating this species would be challenging. 

 

4.6.4 Hydrogenation Reactions Performed by [IrCl2Cp*(UCN)] 

 

Following the measurements of initial turnover frequency listed in Table 4.12, 

reactions of those substrates which [IrCl2Cp*(UCN)] was active towards were 

performed on a longer timescale. Selective hydrogenation of terminal C=C bonds is 

observed. 

 

Table 4.13: Hydrogenation reactions performed using [IrCl2Cp*(UCN)] as a 
heteogeneous catalyst. To 25 mg of catalyst, 100 equivalents of substrate 

(compared to iridium) were added in 1 mL hexane. Yield and selectivity determined 
by GC analysis. 

 

Temp. / 

°C 

Substrate Reaction 

Time / h 

Initial 

TOF / h-1 

Yield 

/ % 

Product Selectivity 

/ % 

25 Styrene 3 50 94 Ethylbenzene >99 

25 1-octene 5 25 74 Octane >99 

25 α-methyl 

styrene 

5 37 60 Cumene >99 

60 Limonene 17 - 99 1-menthene >99 

 

 In addition to the substrates previously observed, [IrCl2Cp*(UCN)] was used 

to hydrogenate a sample of limonene, which possesses both internal and terminal 

alkene environments (Scheme 4.8). An elevated reaction temperature and extended 

reaction time were required to drive the reaction to completion, but, interestingly, no 

further hydrogenation of the product, 1-menthene, was observed. This is unusual, as 

known heterogeneous catalysts are shown to further hydrogenate 1-menthene.274 

Therefore, [IrCl2Cp*(UCN) is shown to be a highly selective (albeit slow) 

hydrogenation catalyst toward terminal alkene groups.  
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Scheme 4.8: The selective hydrogenation of Limonene to 1-menthene by 
[IrCl2Cp*(UCN)] 

 

 

4.6.5 Recycling of [IrCl2Cp*(UCN)] 

 

One of the aims of this chapter is to show that direct coordination of metal 

complex fragments to carbon nitride is a viable approach to design recyclable 

heterogeneous catalysts. To investigate the recyclability of [IrCl2Cp*(UCN)], the same 

sample of catalyst was used for the hydrogenation of styrene and recycled four times, 

for a total of five runs. As with previous experiments, the initial TOF was measured 

using GC and is shown in Table 4.14. The TOF is also presented graphically in Figure 

4.20. It is clearly seen that [IrCl2Cp*(UCN)] maintains over 80% of activity after five 

runs. As the reactions are carried out for 1 hour, the turnover frequency (TOF) is 

interchangeable with the turnover number (TON). 

 

Table 4.14: Activity of [IrCl2Cp*(UCN)] after multiple runs 
 

Run TOF / h-1 

First 50 

Second 49 

Third 48 

Fourth 43 

Five 41 

 

  This is strong evidence of catalytic species existing on the surface of the 

[IrCl2Cp*(UCN)] rather than in solution. The loss in activity likely occurs as small 

amounts of solid-state catalyst, dispersed in the solvent, are removed when the GC 

sample is taken, as well as due to a small amount of iridium leaching from solution. A 
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more dedicated, larger scale experimental set-up may increase the recyclability of the 

catalyst.  

 

Figure 4.20: Activity of Ir-UCN after multiple runs 
 

4.6.6 Comparison of the Activity of [IrCl2Cp*(UCN)] to established catalysts 

  

 It has therefore been shown that [IrCl2Cp*(UCN)], comprising a metal complex 

fragment coordinated to carbon nitride, can act as a recyclable, heterogeneous direct 

hydrogenation catalyst. There are only a small number of iridium-half sandwich 

complexes which are shown to perform direct hydrogenation, and of those, the 

majority utilise polar solvents, primarily methanol.275-279 Isotopic labelling has shown 

methanol in these case to be the main source of hydrogen used for hydrogenations.280 

Therefore, as [IrCl2Cp*(UCN)] is limited to relatively unfavourable conditions to 

prevent iridium loss into solution, it is difficult to fairly compare the activity of 

[IrCl2Cp*(UCN)] as a hydrogenation catalyst to related half-sandwich systems.

 However, there is an Crabtree-type iridium (I) complex (shown in  Figure 4.21) 

which is reported to hydrogenate styrene (TOF = 400 h-1) and cyclohexene (TOF = 

260 h-1) in hexanes at room temperature.271  

 

 

Figure 4.21: Structure of a Crabtree-type Iridium hydrogenation catalyst 
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In comparison to the compound shown in Figure 4.21, [IrCl2Cp*(UCN)] is a 

slower, but more selective, hydrogenation catalyst, as Crabtree catalysts will 

hydrogenate both terminal and non-terminal alkene groups.236, 271 One advantage of 

[IrCl2Cp*(UCN)] is its good stability in hexane and that it therefore can be easily 

recycled for multiple uses as a result of the direct coordination of carbon nitride to an 

iridium half-sandwich complex fragment. 

 

 Investigation of Mechanism of Hydrogenation by [IrCl2Cp*(UCN)] 

 

One of the primary advantages of homogeneous catalysts compared to 

heterogeneous catalysts is the greater ease by which the mechanism of a reaction 

can be investigated in homogeneous chemistry. Although [IrCl2Cp*(UCN)] is a 

heterogeneous catalyst, the supported metal fragment provides spectroscopic 

handles that may allow mechanism elucidation more easily in comparison to other 

heterogeneous catalysts. 

 

4.7.1 Analysis of [IrCl2Cp*(UCN)] after hydrogenation 

 

 In order to determine whether the catalyst has changed after a hydrogenation 

experiment, a sample of [IrCl2Cp*(UCN)] was analysed by 13C CP-MAS NMR both 

before and after the hydrogenation of styrene, with the spectra shown in Figure 4.22.  

No significant differences are observed between the spectra, either in the Cp* 

peak position or intensity. As XPS does not suggest presence of any metallic iridium 

in the pre-catalyst and no loss of Cp* is seen during the reaction, this implies no 

oxidative degradation of Ir (III) occurs during hydrogenation.256 In addition, this 

suggests that oxidative addition of dihydrogen to iridium does not occur during 

hydrogenation.281, 282Any proposed mechanism must therefore retain the Cp* ligand 

and should minimise changes in iridium oxidation state.  
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Figure 4.22: 13C CP-MAS of [IrCl2Cp*(UCN)] before (bottom) and  
after (top) hydrogenation of styrene 

 

 

4.7.2 Isotopic labelling during styrene hydrogenation 

 

Hydrogen can be added to unsaturated molecules either by transferring both 

hydrogen atoms in the same step (in concert) or by initially breaking the hydrogen-

hydrogen bond to form a hydride species which can then attack the substrate 

(stepwise). By performing the hydrogenation of styrene under a 1:1 mixture of H2:D2 

it can be determined whether hydrogen addition to styrene occurred stepwise or in 

concert by determining the relative sites of deuteration and hydrogenation. 

Isotopically labelled hydrogenation was performed in hexane under 8 bar of 

1: 1 D2: H2. The reaction mixture was analysed by GC-MS and extracted into d6-

DMSO and DMSO for analysis by 1H and 2H NMR spectroscopy.  
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Figure 4.23: (top) expanded 2H spectrum of styrene hydrogenation with 1:1 H2:D2 
mix; (middle) full 2H NMR spectrum; (bottom) 1H NMR spectrum  

 

NMR analysis of the reaction (Figure 4.23) clearly shows that deuterium 

incorporation is limited to the vinyl group, as shown in Figure 4.24. If hydrogen 

addition was concerted only products A and D would be observed.  The complex 

splitting pattern in Figure 4.23 suggests that additional ‘hydrogen-scrambled’ 

products B and C are formed, implying that the hydrogen-hydrogen bond is stepwise. 

 GC-MS of the reaction was also performed, and the resulting mass spectrum 

of ethyl benzene (Figure 4.24) supports the NMR experiment finding of hydrogen 

scrambled products. Although MS cannot discriminate between B and C, the twofold 

increased intensity of the peak at m/z  = 107.09 compared to m/z = 106.08, 108.09 is 

consistent with a statistical spread of products A, B, C and D.  

 



Chapter 4 

164 
 

   

 
Figure 4.24: Extract from GC-MS data of product of styrene hydrogenation with 1:1 

H2:D2 along with observed isotopically labelled ethylbenzenes 
 

Isotopic labelling therefore indicates that the hydrogen-hydrogen bond is 

broken in a separate step to hydrogen addition across the unsaturated bond. This 

suggests that an iridium hydride species is formed in an early step of the mechanism. 

 

4.7.3 Probing the reaction between hydrogen and [IrCl2Cp*(UCN)] by 

DRIFTS 

 

To attempt to directly observe formation of an iridium hydride species in situ, 

that is, to investigate whether the mechanism begins with hydrogen-hydrogen bond 

cleavage, a sample of [IrCl2Cp*(UCN)] was placed inside a DRIFTS cell under 

hydrogen atmosphere (1 bar). It was proposed that iridium-hydride species would 

form, evidenced by vibrational signals around 2000 cm-1
.
283 The DRIFTS spectra of 

bare UCN and [IrCl2Cp*(UCN)]  collected both initially and after 1 hour of exposure to 

hydrogen are shown in Figure 4.25. As previously observed in ATR-IR (Figure 4.5), 

no significant difference in seen in the DRIFTS spectrum of the decorated and 

undecorated material. In addition, no new peaks are seen in the DRIFTS after 

hydrogen exposure. 
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Figure 4.25: DRIFTS of [IrCl2Cp*(UCN)] and UCN under H2 

 

  Although this may be interpreted as iridium-hydride species not forming on 

the surface of [IrCl2Cp*(UCN)], the conditions of this experiment differ significantly 

from the hydrogenation reaction conditions by necessity. A lack of iridium hydride 

signal in DRIFTS may also be due to the lower pressure of that the DRIFTS cell can 

safely contain hydrogen (1 bar in DRIFTS, compared to 10 bar used for hydrogenation 

reactions).  

Hydrogen addition to metal centres is often reversible – bearing in mind the 

low pressure, and the already low concentration of iridium on the surface of the UCN, 

it is possible that any iridium-hydrogen equilibrium is too far shifted to free dihydrogen 

(i.e. away from an iridium hydride) under lower pressure DRIFTS conditions. 

Experimental set-ups capable of sustaining higher pressures of hydrogen should be 

investigated in future to determine the presence of surface iridium hydride species. 

 

 

4.7.4 Proposed Mechanism 

 

Scheme 4.9 outlines a tentatively suggested mechanism of direct 

hydrogenation by [IrCl2Cp*(UCN)] based on the mechanism established for transfer 
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hydrogenation seen in Scheme 4.1. It is proposed that addition of hydrogen to 

[IrCl2Cp*(UCN)] causes formation of an iridium hydride species and protonation of a 

nearby amine.238, 240, 247 

Following formation of an iridium hydride, the iridium hydride may then perform 

nucleophilic attack onto a molecule of styrene, before proton transfer from a nearby 

amine. Coordination of a carbanion to the iridium may stabilise the intermediate 

relative to hexane solution. 

The formation of a monohydride iridium species is compatible with the 

observation of Cp* ligand retention and the retention of the iridium (III) oxidation state 

(Figure 4.22). Proton transfer from the proximal amine to the carbanion is likely key 

to allowing the hydrogen scrambling observed in section 4.7.2. As there are up to two 

primary amine groups (in an unknown protonation state) per heptazine moiety 

coordinated to iridium, the generic ‘N’ term has been used in Scheme 4.9 to present 

a basic nitrogen atom on the surface of the carbon nitride. 

 

 

Scheme 4.9: Proposed mechanism of the hydrogenation of styrene by 
[IrCl2Cp*(UCN)]  

 

  

 DRIFTS was unable to confirm the initial step of the reaction, which is 

speculated to be due to the lower iridium concentration on the surface as discussed 

in section 4.7.3. However, the mechanism in Scheme 4.9 is consistent with other 

observations. For instance, the oxidation state of the iridium does not appear to 
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change during the reaction, nor does the Cp* ligand dissociate, as shown by the 13C 

CP-MAS NMR (Figure 4.22) before and after hydrogenation. This is in contrast to 

Crabtree-like catalysts, where oxidative addition of H2 to iridium causes oxidation 

state changes (Ir3+/Ir5+) and ancillary ligand loss during the course of a reaction.281, 282 

In addition, the alkene coordination after hydride transfer may explain the selectivity 

towards terminal alkenes, as steric factors on the surface of UCN make migratory 

insertion of the alkene into the M-H bond more challenging. The effect of steric factors 

on carbanion coordination is the cause of the high selectivity  for terminal alkenes 

observed for Wilkinson’s catalysts.284 

 It is reasonable to say that the investigation of hydrogenation performed by 

metal fragments on the surface of carbon nitride is challenging to investigate with 

established techniques. Specialist experimental set-up is required to investigate the 

formation of iridium-hydride species at higher hydrogen pressures to attempt to 

observe any organometallic iridium species in situ.  
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 Conclusions 

 

The primary goal of this chapter was to investigate whether coordination of an 

iridium half-sandwich complex fragment provided a path to development of novel 

heterogeneous catalysts. To this end, [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) were 

both synthesised and fully characterised to determine whether the denticity of the 

carbon nitride to the iridium could be controlled.  

Coordination of iridium half-sandwich fragments is suggested to occur in both 

materials based on 13C CP-MAS spectroscopy. Comparing the slight differences 

observed via NMR of the two materials, and considering the spectroscopy of the two 

molecular analogues observed in the literature, [IrCl2Cp*(napy)] and 

[IrClCp*(napy)](PF6), it is tentatively suggested that different denticity of the heptazine 

unit to iridium is observed in each material in the solid state – however, the metal 

centres in these systems are difficult to probe. 

[IrCl2Cp*(UCN)] was then investigated as both an aqueous catalytic transfer 

and direct hydrogenation catalyst. Poor stability of the material in coordinating 

solvents limits the application of [IrCl2Cp*(UCN)] to catalytic systems utilising hexane 

as a solvent, restricting the catalyst application. Comparison of the activity of this 

system is difficult, as there are very few examples of catalysts used under comparable 

conditions. 

However, [IrCl2Cp*(UCN)] is shown to act as a selective and recyclable catalyst 

under optimal conditions. [IrCl2Cp*(UCN)] is therefore the first example of a catalyst 

designed using the heptazine units observed in carbon nitride as a ligand and is 

therefore a proof-of-principle of this novel catalyst design approach. 
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5 Conclusions and Further Work 

 

In this work the surface of carbon nitride has been decorated with metal complex 

fragments coordinated to the material through inner-sphere coordination to the metal.    

Full characterisation of the decorated carbon nitrides supported the hypothesis of 

metal coordination.  A molecular ligand, 5, 7-dimethyl-(1, 8)-naphthyridine-2-amine 

(DMNA), which presents comparable coordination environments to the carbon nitride, 

was used to synthesise molecular analogues to the metal-complex fragment 

decorated carbon nitrides and gain insight into the coordination of metal complex 

fragments to carbon nitride. 

Coordination of both rhenium and manganese carbonyl fragments to carbon 

nitride were attempted. Coordination of a rhenium tricarbonyl chloride ([ReCl(CO)3]) 

fragment to carbon nitride   resulted in a material with a rhenium concentration of 0.39 

mmol g-1, whereas decoration with a manganese carbonyl species resulting a material 

0.24 mmol Mn g-1
.  Rhenium carbonyl-decorated carbon nitride, [ReCl(CO)3(UCN)], 

showed strong absorptions in the carbonyl region of the infrared spectrum, however, 

no infrared vibrations were seen in the carbonyl region for manganese decorated 

carbon nitride. The lack of carbonyl signals in [Mn(UCN)] was therefore attributed to 

a decomposition of the manganese carbonyl fragment after a redox reaction between 

the manganese and the carbon nitride, showing that the redox behaviour of carbon 

nitride may interfere in future applications of carbon nitride as a ligand. DMNA 

complexes, [ReCl(CO)3(DMNA-κ2N,N’)] and [MnCl(CO)3(DMNA-κ2N,N’)], were 

synthesised and fully characterised. Crystal structures were obtained and the 

naphthyridine unit of the DMNA was observed to coordinate to the metal centre in a 

bidentate mode.  

The strength of the coordination between carbon nitride and rhenium was 

qualitatively measured by stirring samples of [ReCl(CO)3(UCN)] in different solvents 

and collecting the infrared spectrum of both the solvent and the isolated material. 

Rhenium leaching was observed in all investigated solvents after three hours, 

however significantly more rhenium loss was observed in coordinating solvents 

(acetonitrile, water) compared to non-coordinating solvents (toluene and hexane). 

The coordination between rhenium and carbon nitride in [ReCl(CO)3(UCN)] is 

therefore relatively labile. 

The photophysics of [ReCl(CO)3(UCN)] was briefly investigated by UV-visible 

light reflectance and luminescence techniques. Increased absorbance at 

wavelengths above 400 nm was seen in [ReCl(CO)3(UCN)] compared to undecorated 
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UCN, which was attributed to MLCT transitions occurring between d-orbitals in the 

surface rhenium atoms and the conduction band of the carbon nitride. Higher-energy 

transitions were also observed as XPS shake-up peaks, which were assigned as d-

π* transitions. However, no luminescence was observed from these excited states, 

and it is assumed that a rapid, non-radiative quenching pathway exists for these 

states. 

Having established that metal complex coordination to carbon nitride was 

achievable, two samples of carbon nitride, UCN and CCN were decorated with 

ruthenium (II) bis-2,2’-bipyridine fragments to give [Ru(bpy)2(UCN)](PF6)2 and 

[Ru(bpy)2(CCN)](PF6)2. Both [Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 were 

suggested to be composite materials with direct coordination between a [Ru(bpy)2]2+ 

fragment and heptazine moieties within carbon nitride to result in materials with 

enhanced visible light absorption properties. Although the local environment in UCN 

and CCN was shown to be the same by CP-MAS NMR and ATR-IR spectroscopy, 

CCN was shown to have a more porous structure and a higher concentration of ‘edge 

sites’ with exposed naphthyridine-like coordination environments. This higher 

concentration of edge sites allowed the surface of CCN to host a larger quantity of 

ruthenium in the pores compared to UCN, with a ruthenium concentration of 0.076 

mmol g-1 measured for [Ru(bpy)2(CCN)](PF6)2 and 0.016 mmol g-1 measured for 

[Ru(bpy)2(UCN)](PF6)2. The higher quantity of ruthenium in [Ru(bpy)2(CCN)](PF6)2 

corresponded with stronger spectroscopic signals for the ancillary ligands in 13C CP-

MAS NMR, ATR-IR, and XPS. 

In order to probe the coordination environment on carbon nitride, a molecular 

analogue to the ruthenium-decorated materials, [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 was 

synthesised and fully characterised. It was proposed that the bidentate coordination 

observed in [Ru(bpy)2(DMNA-κ2N, N’)](PF6)2 was also active in both 

[Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2. 

[Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 along with the undecorated 

UCN and CCN were coated in platinum nanoparticles via photolytic deposition 

technique and tested for photocatalytic hydrogen evolution activity. Although UCN-Pt 

and CCN-Pt showed hydrogen evolution activity in water in the presence of sacrificial 

electron donor, neither [Ru(bpy)2(UCN)](PF6)2-Pt nor [Ru(bpy)2(CCN)](PF6)2-Pt 

showed hydrogen evolution activity. 

The inactivity of [Ru(bpy)2(UCN)](PF6)2-Pt and [Ru(bpy)2(CCN)](PF6)2-Pt was 

intriguing and unexpected, as each ruthenium-decorated material showed enhanced 

visible light absorption properties compared to the corresponding undecorated 

material. It was observed that although both materials strongly absorb light with a 



Chapter 5 

171 
 

wavelength of 500 nm, no luminescence is observed corresponding to this excitation. 

This in contrast to the strong luminescent properties of [Ru(bpy)2(DMNA-κ2N, 

N’)](PF6)2.  It was proposed that the addition of the surface-bound ruthenium to carbon 

nitride allowed rapid quenching of excited states within the carbon nitride material. 

EPR analysis of [Ru(bpy)2(UCN)](PF6)2 compared to UCN under dark and illuminated 

conditions confirmed that rapid quenching of the excited state was occurring. It is 

speculated that efficient FRET (Förster Resonance Energy Transfer) may be 

occurring between the MLCT state and the excited states within carbon nitride. 

Transient absorption spectroscopy could be performed on 

[Ru(bpy)2(UCN)](PF6)2 and [Ru(bpy)2(CCN)](PF6)2 to provide further insight into the 

photochemical processes occurring in these composite materials by measuring the 

rates of formation of excited states. Altering the metal centre could also be 

investigated, e.g. comparing [Os(bpy)2(UCN)](PF6)2 to [Ru(bpy)2(UCN)](PF6)2. 

Comparison of the metal concentration, composite stability and photochemical 

processes would provide insight into the metal fragment-carbon nitride interactions. 

  

It was proposed to use the inner-sphere coordination of a metal complex 

fragment to carbon nitride as the basis for a design of a novel heterogeneous catalyst. 

It was initially suggested to emulate high-profile aqueous catalytic transfer 

hydrogenation catalysts by reacting [IrCl2Cp*]2 and UCN to synthesise 

[IrCl2Cp*(UCN)]. In order to determine whether to coordination mode of the iridium 

centre to carbon nitride could be altered, a second material was also synthesised. 

One equivalent of chloride per iridium was removed from [IrCl2Cp*]2 by precipitation 

as AgCl and the resulting iridium solution reacted with UCN to result in 

[IrClCp*(UCN)](PF6). Both [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) were measured 

to have an iridium concentration of 0.07 mmol g-1, suggesting that the same 

coordination sites are accessed in each material. Small differences in the 13C CP-

MAS NMR spectrum, zeta potential measurements and reactivity of the materials 

suggested a different coordination mode in [IrCl2Cp*(UCN)] compared to 

[IrClCp*(UCN)](PF6). Following previous work in the literature characterising 

[IrCl2Cp*(napy-κN)] and [IrClCp*(napy-κ2N, N’)](PF6), it was proposed that 

[IrCl2Cp*(UCN)] displayed monodentate coordination between iridium and heptazine 

in contrast to the bidentate coordination likely for [IrClCp*(UCN)](PF6). A molecular 

analogue of [IrClCp*(UCN)](PF6), [IrClCp*(DMNA-κ2N, N’)](PF6) was successfully 

synthesised to gain insight into the coordination mode in this case.  

 [IrCl2Cp*(UCN)] was briefly assessed as a catalyst for aqueous transfer 

hydrogenation reactions, but leaching of iridium into solution meant [IrCl2Cp*(UCN)] 
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was not a successfully recyclable catalyst. After assessing leaching of iridium into 

various solvents from [IrCl2Cp*(UCN)], direct hydrogenations were carried out in 

hexane, which displayed minimum iridium leaching. [IrCl2Cp*(UCN)] was shown to 

have higher activity towards the hydrogenation of styrene compared to 

[IrClCp*(UCN)](PF6). Despite poor catalytic rate when compared to with similar 

homogeneous and heterogeneous hydrogenation catalysts in the literature, 

[IrCl2Cp*(UCN)] displayed good selectivity toward terminal alkenes. Despite poor 

activity, [IrCl2Cp*(UCN)] was shown to retain over 80% of its catalytic activity after 5 

catalytic runs and is the first example of a recyclable hydrogenation catalyst designed 

using direct inner-sphere metal complex fragment coordination to carbon nitride.  

Initial experiments to elucidate mechanism of hydrogenation by 

[IrCl2Cp*(UCN)] were performed, including isotopic analysis and in-situ DRIFTS 

experiments, however the dilute nature of the iridium on carbon nitride made this 

investigation challenging. A hydrogenation mechanism was proposed which was 

consistent with the observations, however the results were not conclusive. Decorating 

carbon nitride with different metal fragments, such as ruthenium or rhodium half-

sandwich complexes, may prove a valid pathway to novel catalysts. 

  

Each metal fragment investigated coordinated to the carbon nitride to a 

different extent as measured by ICP-MS as shown by the different metal 

concentration in each case. The interaction between metal and carbon nitride was in 

all cases in this work seen to be relatively weak, with metal leaching occurring in 

coordinating solvents for all materials made. Although it is assumed that the 

coordination environments are identical across the surface of carbon nitride, the 

varying concentration suggests that there are several different coordination sites with 

different binding strengths, e.g. chain terminal edge-site heptazine units compared to 

edge-site heptazine units in the middle of a chain. The morphology of the carbon 

nitride was shown to effect on the quantity of metal that carbon nitride could support. 

Although very difficult to investigate directly, patterns in the metal loading may emerge 

if enough systems are synthesised. 

In principle, the potential applications of carbon nitride as a ligand are very 

broad, both in novel heterogeneous catalyst design and in improving the intrinsic 

properties of carbon nitride. This work represents a first attempt to explore the use of 

the coordination chemistry accessible to carbon nitride.  
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6 Experimental 

 

 Measurements and Techniques 

 

6.1.1 Acid Site analysis 
 

Acid site analysis was carried out by Amin Osatiashtiani from the European 

Bioenergy Research institute at Aston University, UK. Acid site loadings and strength 

were determined via n-propylamine (Sigma Aldrich, ≥99 %) temperature programmed 

reaction using a Mettler Toledo TGA/DSC 2 STARe system connected to a Pfeiffer 

Vacuum ThermoStar GSD 301 T3 Benchtop Mass Spectrometer (MS). Propylamine 

adsorption was performed by dosing liquid n-propylamine onto pre-weighed samples 

(1 ml/20 mg) in the TGA crucible cell. Excess physisorbed propylamine was removed 

by drying in a vacuum oven at 40 °C prior to sample loading in the TGA. Samples 

were heated in the TGA furnace from 40 °C to 800 °C at a ramp rate of 10 °C.min-1 

under flowing N2 (40 ml min-1), with evolved gases analysed by MS to monitor the 

appearance of reactively formed propene over the acid sites. Acid site loading then 

were calculated based on the mass loss in the range where propene was desorbed. 

To be accurate, mass loss due to reasons other than propene desorption were taken 

into account by subtracting the mass loss of the fresh sample (sample without 

propylamine). 

 

 

6.1.2 BET Surface Area Analysis 
 

BET (Brunauer-Emmett-Teller) surface area measurements for UCN, CCN 

and [Ru(bpy)2(UCN)](PF6)2 were collected using a Micromeritics Tristar 3000 

Porosimeter. A minimum of 50 mg of sample was heated to 120°C for 6 hours under 

nitrogen flow to degas and dry samples prior to weighing in triplicate. BET (N2) surface 

area analysis was performed on a P/P0 range between 0.05 and 0.2. 

BET (Brunauer-Emmett-Teller) surface area measurements for 

[Ru(bpy)2(CCN)](PF6)2 were collected using a Micromeritics ASAP 2020 Porosimeter. 

30 mg of sample was heated to 150°C for 4 hours under nitrogen flow to degas and 

dry sample prior to weighing in triplicate. BET (N2) surface area analysis was 

performed on a 5 point pressure range. 
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6.1.3 Cyclic Voltammetry 

 

Electrochemical analysis was carried out using a BASi Epsilon-EC 

potentiostat and a single compartment cell. Cyclic voltammograms were collected 

from a solution of analyte (1 mmol dm-3) in DMF with (NEt4)(PF6)  (100 mmol dm-3) as 

electrolyte. Nitrogen was bubbled through solution for 20 minutes prior to analysis. A 

three-electrode set-up was used, with a Ag/AgCl electrode was used as reference, 

with carbon disk as working electrode and platinum wire as counter. 

 

6.1.4 Diffuse Reflectance 
 

DRS measured using Ocean Optics HR2000+ spectrometer with Mikropack 

DH-2000-BAL UV-VIS-NIR light source, with an integration time of 10 seconds, a 

boxcar width of 30, and averaged over 10 scans . Dark and light references were 

collected with a flat, white polystyrene reference sample. Powder DRS spectra 

collected by placing a small amount of sample onto a clean glass microscope slide 

and flattening sample with another slide. 

 

6.1.5 Dynamic Light Scattering and Zeta Potential Measurements 
 

DLS and Zeta potential measurements performed using 1 mg mL-1
 dispersions of 

materials in Millipore water and using a Malvern Folded Capillary Zeta Cell and a Malvern 

Zetasizer Nano-ZS. Measurements were carried out at 25°C and in triplicate, with 10-15 runs 

used per single measurement. 

 

6.1.6 Electron Paramagnetic Resonance (EPR) 
 

EPR spectroscopy was carried out by Dr. Joyashish Debgupta. EPR spectra 

were recorded in a custom made Schlenck EPR tube, the bottom 100 mm of which 

was made up of commercially available medium wall Suprasil Quartz EPR tube (O.D. 

4 mm) which has practically no background signal. Samples were introduced into the 

EPR tube and the whole EPR tube was evacuated in a Schlenck line for at least 30 

min prior to record EPR spectrum of the sample (under vacuum).  

 EPR spectra were recorded at room temperature as well as at 77 K. For 

measurement at 77 K, a finger dewar was used with liquid nitrogen. A 100 W mercury 

lamp/300 W Xe lamp was used as the source of radiation for recording EPR under 

constant illumination. 
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 JEOL JES RE1X EPR spectrometer was used to record all EPR spectra. A 

Cylindrical type resonator (TE011) was used with a 30 mm hole to illuminate the 

sample. All spectra were recorded using the following parameters: Sweep Width = 40 

mT, Sweep Time = 60 s, Number of Sweeps = 5/20, Points = 8192, Receiver Gain = 

79, Modulation Frequency = 100 kHz, Modulation Width = 0.1, Time Constant = 0.1. 

A DPPH standard was used to calibrate the magnetic field and calculate the g-values 

and the accurate frequency was read using a digital frequency meter.  

 

6.1.7 Elemental Analysis (CHN, Cl) 
 

Carbon, Hydrogen and Nitrogen (CHN) analysis was performed by Dr Graeme 

McAllister using an Exeter Analytical Inc CE-440 analyser in conjunction with a 

Sartorius SE2 analytical balance.  

For chlorine analysis, samples were combusted using the oxygen flask 

technique. The combustion products were analysed by ion chromatography on a 

Dionex Aquion Chromatography System fitted with an IonPac AS22 anion-exchange 

column. 

 

6.1.8 Elemental Analysis (ICP-MS) 
 

ICP-MS measurements of Ruthenium, Platinum and Iridium were obtained 

using an Agilent 7700x ICP-MS by Dr Emma Dux. Samples (ca. 10 mg) were digested 

in a microwave digestion system (Milestone Ethos UP) fitted with a SK 15 rotor. 

Calibration of the MS was performed using standards from 0-1000 ppb. ICP-MS 

measurement of Rhenium was carried out by Michael Thompson, Industrial Liason 

Officer from the University of Hull. 

 

6.1.9 Gas Chromatography of Organic Molecules 
 

For organic molecules, an Agilent/HP 6890 was used with 1 μL autoinjection 

into a Chrompack DB-5MS Non polar 30m x 0.250mm column (inlet temperature 

250°C). Carrier gas was hydrogen with a flow rate of 1 mL/min. Column temperature 

was increased from 90-300°C at a rate of 20°C/min. Detection was performed using 

a flame ionisation detector at 250°C.  
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6.1.10 High Performance Liquid Chromatography (HPLC) 
 

HPLC performed on Shimadzu Prominence RP-HPLC in reverse phase, using 

‘C18-Athena’ column with 4:1 water:acetonitrile with 0.1% v/v formic acid and a flow 

rate of 1 mL/min. A low-pressure gradient was used to increase acetonitrile 

concentration in the mobile phase (20% - 50% over 20 minutes, then 50% - 90% over 

5 minutes, then held at 90% acetonitrile for 13 minutes). Oven temperature was held 

at 35°C. Detection performed using a UV diode-array. 

 

6.1.11 Infrared Spectroscopy (ATR-IR) 
 

Infrared spectra were recorded on a PerkinElmer FT-IR Spectrum Two 

spectrometer in the region of 4000-500 cm-1 collected over 8 scans with a resolution 

of 1 cm-1. ATR-IR spectra were collected by first cleaning the crystal with isopropanol 

and measuring a blank spectrum to use as reference. Solution spectra were collected 

in a quartz cell with the solvent used as the reference spectrum.  

 

6.1.12 Infrared Spectroscopy (DRIFTS) 
 

DRIFTS spectra were collected on a Bruker Equinox 55 spectrometer after 

dilution in KBr and grinding into a fine powder. Spectra were collected using 128 

scans over the range 6000-500 cm-1. Atmospheric correction for water and carbon 

dioxide performed using OPUS software. 

 

 

6.1.13 Luminescence (Steady-State) Spectroscopy 
 

Steady-state luminescence spectra were recorded on a Hitachi F-4500 

spectrometer using both solid and solution cell holders. For solid samples, 50 mg was 

ground finely then placed in a quartz cell held at 45° to incident light and detector. 

Wavelength parameters and excitation/emission slot width were optimised for each 

sample to maximise signal. 

 

6.1.14 Luminescence (Time-Resolved) Spectroscopy 
 

Time-resolved fluorescence data collected using an Edinburgh Photonics 

FLS-980 with 380 nm and 470 nm picosecond pulsed diode laser sources over 2048 

channels to a peak height of 20000. Solids were dispersed into 1 mg mL-1 
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suspensions and oxygen removed using a triple freeze-pump-thaw process. Data 

was processed using a tail fit analysis to fit to Equation 1 over the point ranges 300-

2047 to optimise the fitting factor (χ2). 

 

𝑹(𝒕) =  𝑩𝟏𝒆
(

−𝒕

𝝉𝟏
)

+ 𝑩𝟐𝒆
(

−𝒕

𝝉𝟐
)

+ 𝑩𝟑𝒆
(

−𝒕

𝝉𝟑
)
   

 

6.1.15 Mass Spectrometry 
 

Electro-spray ionisation Mass Spectrometry collected on a Bruker microTOF 

Electrospray (ESI) mass spectrometer by Mr. K. Heaton as the departmental service. 

A minimum of 5mg was submitted and predissolved in DCM prior to analysis. 

 

6.1.16 Melting Point 
 

Melting points were measured using a Stuart Scientific Melting Point 

Apparatus SMP3. A small amount of sample was placed in a melting point tube and 

an initial heating rate of 5°C min-1 was used to determine melting range. When the 

melting range was approximately known, the heating rate was slowed to 1 °C min-1. 

 

6.1.17 NMR Spectroscopy 
 

  Solution 1H and 13C NMR spectra were recorded on a Bruker AV500B (1H 

NMR  500 MHz) or JEOL ECX400 (1H NMR  400 MHz) spectrometer. Samples were 

dissolved in deuterated solvent in air unless otherwise stated. Solid-state 13C CP-

MAS recorded on Bruker Ascend 400 WB NMR spectrometer by loading sample into 

4mm zirconia rotor. Spin rate is stated where spectra are shown. All samples were 

referenced using an external standard sample of adamantane (29.5 ppm). 

 

6.1.18 Powder X-Ray Diffraction (PXRD) 
 

PXRD (Powder X-ray Diffraction) experiments were performed using a Bruker 

D8 X-ray Diffractometer fitted with a Lynxeye detector and acquired with Cu Kα 

radiation. The sample was placed on aluminium disk and spread out to achieve a 

flattened surface, with measurement taken between 5-90° 2θ with step size of 

0.019775. 
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6.1.19 Scanning Electron Microscopy (SEM) 
 

Approximately 10 mg of sample was dispersed in hexane before depositing 

on a silicon wafer. After solvent evaporation, silicon wafer was attached to an 

aluminium stub using carbon tape, then coated in Pt/Pd (5 nm) using a JEOL JFC 

2300 HR High Resolution Fine Coater. SEM images then collected using a JSM 

7800F Prime Field Emission Scanning Electron Microscope using the 5 kV LED 

(lower electron detector), a working distance of 10 mm and are shown at 50,000 times 

magnification. 

 

 

6.1.20 Single Crystal X-ray Crystallography 
 

Single crystals of molecular analogues were grown under conditions listed in 

experimental for each compound. Diffraction data were collected at 110 K, see item 

on an Oxford Diffraction SuperNova diffractometer with either Mo-K radiation (λ = 

0.71073 Å) or Cu-K radiation (λ = 1.54184 Å) using a EOS CCD camera. The crystal 

was cooled with an Oxford Instruments Cryojet. Diffractometer control, data 

collection, initial unit cell determination, frame integration and unit-cell refinement was 

carried out with “Crysalis”. Face-indexed absorption corrections were applied using 

spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. OLEX2 

was used for overall structure solution, refinement and preparation of computer 

graphics and publication data. Within OLEX2, the algorithms used for structure 

solution were ShelXT dual-space. Refinement by full-matrix least-squares used the 

SHELXL-97 h algorithm within OLEX2. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed using a “riding model” and included in 

the refinement at calculated positions.  

 

6.1.21 Transmission Electron Microscopy (TEM) 

 

TEM images were obtained by Dr. Robert Mitchell at the JEOL Nanocentre 

using a JEOL JEM-2010 transmission electron microscope equipped with an EDAX 

Phoenix EDS X-ray spectrometer. Operation voltage was 200 kV. Samples were 

dispersed in hexane and sonicated to disperse samples. The dispersion was 

deposited onto a copper grid and the solvent allowed to evaporate prior to 

microscopy. 
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6.1.22 UV-visible Light Absorbance Spectroscopy 
 

UV-visible spectra measured using Shimadzu UV-1800 in a quartz cell with 1 cm 

pathlength and a ‘medium’ scan speed in absorption mode with 0.5 nm resolution across 

200-900 nm. A cuvette filled with pure solvent used to provide baseline immediately prior to 

data collection. 

 

6.1.23 X-Ray Photoelectron Spectroscopy (XPS) 
 

XPS measurements were performed by Dr Mark Isaacs at Aston University, UK. XPS 

measurements were taken using a Kratos Axis Supra using a monochromated Al -

ray anode (1486.69 eV) and fitted with a charge neutraliser. All measurements were 

performed with a pressure of <108 Torr. Wide scans were performed using a pass 

energy of 160 and step size of 1 eV and high resolution scans with a pass energy of 

20 and step size of 0.1 eV. Data was analysed using CASAXPS v2.3.15. C 1s, O 1s 

and N 1s peaks were fit using a GL(30) lineshape. Ru 3d peaks were fit using a 

DS(0.01,400)GL(30) lineshape and a doublet separation of 4.1 eV. Re 4f peaks were 

fit using a DS(0.01,400)GL(30) lineshape and a doublet separation of 2.43 eV. Ir 4 

peaks were fit using a DS(0.01,400)GL(30) lineshape and a doublet separation of 3.2 

eV. Mo 3d peaks were fit using a DS(0.01,400)GL(30) lineshape and a doublet 

separation of 3.15 eV. All spectra were charge corrected to adventitious carbon at 

284.8 eV. 
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Materials and Reagents 

 

[ReCl(CO)5], [MnCl(CO)5], [Ru(bpy)2Cl2] and [IrCp*Cl2]2 synthesised as 

previously described.285-288 Urea (≥99.5%), cyanamide (99%), tetraethylorthosilicate 

(99%), 2,2’-bipyridine (≥99%), and triethanolamine(98%) was obtained from Sigma-

Aldrich. 5,7-dimethyl-[1,8]-naphthyridine-2-amine (DMNA) was obtained from Santa 

Cruz Biotechnology. Rhenium carbonyl obtained from Fluorochem. Manganese 

carbonyl (98%) obtained from Strem Chemicals. Dimethylformamide, (+)-Limonene 

(96%), D(+)-Carvone (98%) and acetophenone (99%) obtained from Acros organics. 

Silver hexafluorophosphate, hexachloroplatinic acid (≥99.9%), phenylacetylene, oct-

1-yne, trans-β-methyl styrene (99%), benzaldehyde (≥99%), 1-phenylethanol (98%), 

1-octene (98%), allyl alcohol (98%), surfuryl chloride (97%) and ammonia in ethanol 

() obtained from Aldrich. N-Octane obtained from Fisons Scientific Apparatus. Ethyl 

benzene (≥99%) and ammonium bifluoride (98.5%) obtained from Fluka. Iridium (III) 

chloride trihydrate (99.8%), Cyclohexene (99%), α-methyl styrene (99%), 

pentamethylcyclopentadiene (94 %) obtained from Alfa Aesar.  

Toluene, dichloromethane, 2-propanol and hexane d3-MeCN obtained from 

VWR. Ethanol, Acetonitrile, Ethyl Acetate and d6-DMSO were obtained from Sigma-

Aldrich. Diethyl Ether obtained from Fisher Scientific. Toluene, DCM and hexane 

dried using an Innovative Technology PureSolv Solvent Purification System. Ethanol 

dried using activated molecular sieves (4Å). Water purified using a Millipore system. 

Unless otherwise stated compounds used as obtained without further purification. 
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 Chapter 2 Experimental 

 

6.2.1 Synthesis of CCN 
 

A literature method for preparing highly porous carbon nitride was followed.129 

Cyanamide (CA) (8 g, 36 mmol) was dissolved in 0.01 M HCl (4 mL) and ethanol (4 

mL) and adjusted to pH 2 using 1 M HCl. Tetraethylorthosilicate (TEOS) (1.25 g, 6 

mmol) was then added. The mixture was stirred for 30 minutes and transferred to 

Petri dishes to evaporate in air overnight. After full evaporation, the composite was 

heated at 80°C for 24 hours to polymerise TEOS, and further heated to 550°C (for 4 

hours under argon flow) to polymerise CA. Silica was then removed by addition of 4 

M aqueous NH4(HF2) and left to stand for 40 hours at room temperature. The 

precipitate was isolated by filtration and washed with water (4 x 10 mL) and then 

ethanol (2 x 10 mL).  

The CCN was then transferred to a Schlenk tube and treated with ammonia 

in ethanol (2 M, 30 mL) under nitrogen to remove surface protons due to acidification 

in the prior step.  The mixture was stirred for 3 hours before isolation by filtration. 

Base-treated CCN was then washed with ethanol (3 x 10 mL), water (3 x 10 mL), then 

ethanol (3 x 10 mL) and dried at 80°C overnight before use. Final product was a fine 

orange powder. 

Yield:  

1.52g (25%).  

13C CP-MAS NMR (10 kHz, 300K, Ref. Adamantane, 29.5 ppm):  

δ = 164, 156  

IR (ATR, cm-1):  

3164, 1621, 1557, 1416, 1321, 1240, 1151, 806, 557.  

Elemental Analysis:  

Calculated for C3N4: %C, 39.14, %H 0, %N 60.86;  

Found %C 32.60, %H 2.35, %N 57.37. 

Formula: C3H2.6N4.53 

 

6.2.2 Synthesis of UCN 
 

Urea (31 g, 0.52 mol) placed in a ceramic crucible and covered with a lid was 

heated to 550°C in air (ramp rate of 5°C / min) for 180 minutes.  
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Raw UCN (500 mg) then placed in a Schlenk tube under nitrogen before 

addition of ammonia in ethanol (2 mol dm-3, 20 mL). The mixture was stirred for 3 

hours before isolation by filtration. Base treated UCN was then washed with ethanol 

(3 x 10 mL), water (3 x 10 mL), then ethanol (3 x 10 mL) and dried at 80°C overnight. 

Final product was a fine yellow powder. 

Yield:  

1.93g (12%). 

13C CP-MAS NMR (10 kHz, 300K, Ref. Adamantane, 29.5 ppm):  

δ = 164, 156  

IR (ATR, cm-1):  

3164, 1621, 1557, 1416, 1321, 1240, 1151, 806, 557.  

Elemental Analysis (CHN): 

Calculated for C3N4: C, 39.14, H, 0, N, 60.86 

Found C, 33.74, H, 1.754, N, 59.57 

Formula: C3N4.54H1.86 

 

6.2.3 Synthesis of Mn-UCN 
 

Ammonia-treated UCN (200 mg, 1 mmol) was placed in a Schlenk tube under 

vacuum for 2 hours whilst heating at 110°C. [Mn(CO)5Cl] (25 mg 0.084 mmol) was 

dissolved in dry toluene (20 mL) under nitrogen and the solution added to the UCN. 

The mixture was then refluxed under nitrogen for 21 hours before cooling and 

isolating the solid by filtration and washing with dry toluene (3 x 60 mL). The solid was 

dried at 80°C overnight under vacuum and handled under nitrogen. Final product was 

a fine yellow powder. 

 

Yield: 

160 mg obtained (80%). 

Elemental Analysis (CHN): 

Calculated for C3N4: C, 39.14, H, 0, N, 60.86 

Found C, 28.17, H, 1.78 N, 41.46 

Formula: C3N3.79H2.28 

Elemental Analysis (ICP-MS): 

Percentage by mass (Mn):  1.33  
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6.2.4 Synthesis of [ReCl(CO)3(UCN)] 
 

Ammonia-treated UCN (700 mg, 3.53 mmol) was placed in Schlenk tube then 

placed under vacuum for 2 hours whilst heating at 110°C. [Re(CO)5Cl] (150 mg, 0.42 

mmol) was dissolved in dry toluene (20 mL) under nitrogen and the solution 

transferred to the UCN. The mixture was then refluxed under nitrogen for 21 hours 

before cooling. Solid was isolated by filtration and washed with dry toluene (3 x 60 

mL). Solid dried at 80°C in air for at least 5 hours. Final product was a fine orange 

powder. 

Yield: 

550 mg (79%). 

Elemental Analysis (CHN): 

Calculated for C3N4: C, 39.14, H, 0, N, 60.86 

Found C, 31.70, H, 1.87, N, 54.73 

Formula: C3N4.44H2.12 

IR (ATR, cm-1):  

3164, 2034, 1916 1621, 1557, 1416, 1321, 1240, 1151, 806, 557.  

Elemental Analysis (ICP-MS): 

Percentage by mass (Re): 7.35 
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6.2.5 Synthesis of [MnCl(CO)3(DMNA)] 
 

[Mn(CO)5Cl (100 mg, 0.33 mmol) was placed into a Schlenk flask and dissolved 

in dry toluene (30 mL) under nitrogen. 5,7-dimethyl[1,8]naphthyridin-2-amine (60 mg, 

0.34 mmol) was placed in a Schlenk flask under nitrogen and dissolved in DMF (6 

mL) and heated to 90°C. [Mn(CO)5Cl] solution in toluene was then transferred to the 

DMNA solution and stirred at 90°C for two hours. When solution infrared spectrum of 

the reaction mixture showed full conversion (approx., 2 hours), the solvent was 

reduced to ca. 2 mL in vacuo. Solution was then left to cool and diethyl ether (50 mL) 

added. The precipitate then isolated by filtration and washed with diethyl ether (4 x 5 

mL). [MnCl(CO)3(DMNA)] then dried in vacuo and stored in a glovebox under 

nitrogen. Product was a yellow microcrystalline solid.  

Single crystals of were grown for crystallography by vapour diffusion of pentane 

into a saturated acetone solution of [MnCl(CO)3(DMNA)]. 

 

 

Figure 6.1: Structure of [MnCl(CO)3(DMNA)] 
 

Yield: 

105 mg (0.29 mmol, 85%). 

1H NMR  (500 MHz, CD2Cl2, N2, 25 °C / ppm):  

δ = 7.93 (s, 1H, Hb), 7.07 (s, 1H, Ha), 5.76, (s, 1H, Hc), 5.77 (br s, 2H, NH2), 2.71 (s, 

3H, CH3), 2.56 (s, 3H, CH3) 

Mass Spectrometry (LIDFI-MS): 

m/z calcd. [C13H11ClN3O3Mn1]+ 346.99; found 347.01 

Elemental Analysis (CHN): 

Calculated for C13H11ClN3O3Mn + 0.5 H2O: C, 43.78, H, 3.22, N, 11.78 

Found C, 43.39, H, 3.19, N, 11.88 

IR (DCM / cm-1): 

3045, 3022, 2924, 2030, 1940, 1921, 1686, 1452 
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6.2.6 Synthesis of [Re(CO)3Cl(DMNA)] 
 

[Re(CO)5Cl] (100 mg, 0.28 mmol) was placed into a Schlenk flask and dissolved 

in toluene (20 mL) under nitrogen. 5,7-dimethyl[1,8]naphthyridin-2-amine (48 mg, 

0.28 mmol) was placed in a Schlenk flask under nitrogen and dissolved in DMF (3 

mL). The [Re(CO)5Cl] solution was transferred to the DMNA solution and stirred at 

90°C for one hour. When the solution infrared spectrum of the reaction mixture 

showed full conversion, solvent reduced to  ca. 2 mL in vacuo. Solution cooled and 

diethyl ether (35 mL) added. The resulting precipitate was then isolated by filtration 

and washed with diethyl ether (3 x 5 mL). [ReCl(CO)3(DMNA)] was then dried in vacuo 

and stored in glovebox. Single crystals of [ReCl(CO)3(DMNA)] were grown for 

crystallography by vapour diffusion of pentane into a saturated acetone solution of 

[ReCl(CO)3(DMNA)]. The product was an ivory microcrystalline solid. 

 

Figure 6.2: Structure of [ReCl(CO)3(DMNA)] 
 

Yield: 

68 mg (0.14 mmol, 50%). 

1H NMR  (400 MHz, CDCl3, 25 °C / ppm):  

δ = 8.08 (d, 9.2 Hz, 1H, Hb), 7.15 (d, 9.2 Hz, 1H, Ha), 7.08, (s, 1H, Hc), 5.77 (br s, 

2H, NH2), 2.97 (s, 3H, CH3), 2.89 (s, 3H, CH3) 

Mass Spectrometry: 

m/z calcd. [C13H11ClN3O3Re1]+ 477.00; found 476.99 

Elemental Analysis (CHN): 

Calculated for C13H11ClN3O3Re: C, 32.60, H, 2.32, N, 8.77 

Found C, 32.73, H, 2.35, N, 8.30 

IR (DCM / cm-1): 

2964, 2933, 2870, 2025, 1916, 1899, 1723, 1291 

UV-Visible Absorption Spectrum (DCM): 

λmax = 338 nm, ε = 13431 mol -1 dm-3 cm-1 

Melting Point: 

293-295 °C (decomp.) 
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6.2.7 Leaching of rhenium from Re-UCN into solution 
 

Re-UCN (30 mg) was stirred in 2 mL solvent for three hours, after which 1 mL 

of solution was removed and filtered using a syringe filter before setting aside for 

solution IR spectroscopy. The remaining Re-UCN suspension was filtered and 

washed with solvent (3 x 2 mL) before drying for 2 hours at 60°C. ATR-IR 

spectroscopy was then performed on Re-UCN to monitor the presence of carbonyl 

region vibrations. 
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 Chapter 3 Experimental 

 

6.3.1 Synthesis of [Ru(bpy)2(CCN)](PF6)2 

 

  Ag(PF6) (39 mg, 0.16 mmol) and RuCl2(bpy)2 (37 mg, 0.08 mmol) were combined in a 

Schlenk flask under argon. Ethanol (10 mL) was added and the reaction brought to reflux for 

one hour. The solution was transferred via filtration to an ampule containing base-treated 

CCN (200 mg, 1 mmol). The reaction was heated to 80°C under argon and then sealed. 100 

μL aliquots of reaction mixture were periodically taken, filtered and diluted to 800 μL with 

ethanol before measuring the UV-visible absorption spectrum. After 145 hours, the reaction 

was allowed to cool to room temperature and thesolid isolated by filtration and washed with 

water (5 x 10 mL) and ethanol (3 x 10 mL) until filtrate ran colourless. Final product was a 

finely divided dark red powder. 

Yield:  

160 mg (70%)  

13C CP-MAS NMR (10 kHz, 300K, Ref. Adamantane, 29.5 ppm):  

δ = 164, 156, 137, 125.  

IR (ATR, cm-1):  

3156, 1614, 1556, 1403, 1231, 1144, 841 (PF6), 804, 759, 727, 556.  

Elemental Analysis:  

Calculated for C3N4: %C, 39.14, %H 0, %N 60.86;  

Found %C 30.46, %H 2.49, %N 47.18. 

Formula: C3H2.94N3.98 

Elemental Analysis (ICP-MS): 

Percentage by mass (Ru):  0.78  

 

6.3.2 Synthesis of [Ru(bpy)2(UCN)](PF6)2 
 

Ag(PF6) (39 mg, 0.16 mmol) and RuCl2(bpy)2 (37 mg, 0.08 mmol) were combined in a 

Schlenk flask under argon. Ethanol (10 mL) was added and the reaction was brought to reflux 

for one hour. The ruthenium solution was transferred via filtration to ampule containing 

base-treated UCN (200 mg, 1 mmol). The reaction was heated to 80°C under argon and then 

sealed. 100 μL aliquots of reaction mixture were periodically taken, filtered and diluted to 

800 μL with ethanol before measuring UV-visible spectrum. After 24 hours, the reaction was 

cooled to room temperature and the solid isolated by filtration and washed with water (5 x 
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10 mL) and ethanol (3 x 10 mL) until filtrate ran colourless. Final product was a finely divided 

pink powder. 

Yield:  

157 mg (68%)  
 
13C CP-MAS NMR (10 kHz, 300K, Ref. Adamantane, 29.5 ppm):  

δ = 164, 156, 125 (weak).  

IR (ATR, cm-1):  
 
3181, 1622, 1557, 1407, 1236, 1147, 1081, 841 (PF6), 807, 768, 557. 

Elemental Analysis:  

Calculated for C3N4: %C, 39.14, %H 0, %N 60.86;  

Found %C 31.15, %H 1.67, %N 52.96. 

Formula: C3H1.93N4.37 

Elemental Analysis (ICP-MS): 

Percentage by mass (Ru):  0.16  

 

6.3.3 Synthesis of [Ru(bpy)2(DMNA)](PF6)2  
 

 

Figure 6.3 Structure of [Ru(bpy)2(DMNA)](PF6) 
 

 
Ru(bpy)2Cl2 (170 mg, 0.351 mmol) and Ag(PF6) (194 mg, 760 mmol) were combined 

in a Schlenk flask under nitrogen. EtOH (10 mL) was added and the solution was heated to 

reflux for one hour with stirring. 5,7-dimethyl[1,8]naphthyridin-2-amine (58 mg, 0.335 

mmol) was placed in a separate Schlenk flask under nitrogen and dissolved in MeOH (5 mL). 

After cooling, the ruthenium solution was transferred via cannula filtration into the DMNA 

solution leaving behind a residue of AgCl.  The resulting red solution was then heated to 

reflux for one hour under nitrogen. After cooling, the solvent removed in vacuo. The crude 

solid was then dispersed in ethanol (5 mL) under nitrogen and precipitated by adding hexane 
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(40 mL). The product was isolated by filtration and washed with water (1 mL) and ethanol (1 

mL). Product appearance was a red, microcrystalline solid. 

Single crystals were obtained by vapour diffusion of diethyl ether into a saturated 

acetone solution of [Ru(bpy)2(DMNA)](PF6)2. 

 

Yield: 

210 mg (68%).  

1H NMR (400 MHz, [d4]-MeOH, 25 °C / ppm): 

δ = 8.74 (d, J = 8.2 Hz, 2H), 8.69 (d, J = 5.5 Hz, 1H), 8.63 (dd, J = 8.2 Hz, J = 3.2 Hz, 2H), 8.33 

(d, J = 5 Hz, 1H), 8.23, (d, J = 9.6 Hz, 1H, HB), 8.22 (m, 2 H), 7.98 (td, J = 8.2 Hz, J = 1 Hz, 2H), 

7.82 (dd, J = 13.3 Hz, J = 6 Hz, 2H), 7.66 (dt, J = 25 Hz, J = 6 Hz, 2H), 7.34 (td, J = 6 Hz, J = 1Hz, 

2H),  7.07 (s, 1H, HA), 6.88 (d, J = 9.6 Hz, 1H, HC), 2.63 (s, 3H, MeE), 1.71 (s, 3H, MeD). 

13C NMR (100 MHz, [d4]-MeOH,25 °C / ppm): 

δ = 161.8, 157.3, 156.4, 151.2, 151.1, 150.3, 146.3, 136.1, 135.4, 132.4, 126.3, 126.2, 125.2, 

122.4, 122.3, 122.2, 120.6, 112.7, 111.6, 18.4, 14.9. 

MS-ESI (LIFDI-MS): 

m/z calcd. [C30H27N7Ru]+ 586.14; found 586.1288; m/z calcd. [C30H27F6N7PRu]+ 732.10; found 

732.1023 

Elemental Analysis: 

Calculated for C30H27F12N7P2Ru: C, 41.11, H, 3.10,N, 11.19;  

Found C, 40.639, H, 3.105, N, 10.963. 

Melting Point: 

246-250 °C (decomp.) 

IR (ATR / cm-1):  

3497, 3385, 1641, 1594, 1423, 837, 825, 764, 556 
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UV-visible light absorption-emission (Acetone, 10 μmol dm-3): 

a)                                                                                  b) 

 

Figure 6.4 a) 3D Excitation-emission map of [Ru(bpy)2(DMNA)](PF6)2 b) UV-visible 
light spectrum of [Ru(bpy)2(DMNA)](PF6)2 

 

6.3.4 Photocatalytic Testing 
 

A closed loop, gastight setup was used to perform photocatalytic hydrogen 

generation and analysis of products. A schematic of the setup is shown in Figure 

6.5.289 

The design consists of a glass cell with a quartz window placed below a 300 

W Xe lamp (Figure 6.6). The cell contains a 50 mL beaker for the catalyst and solution 

including the sacrificial reagent (20 mL). This beaker was placed inside a 100 mL 

beaker within the cell, with water jackets (10 mL in 100 mL beaker, 40 mL in main 

cell) and glass spacers used to ensure rigidity and good heat transfer from the 

external oil bath.  

During photocatalytic runs, the glass cell was wrapped in foil to minimise light 

loss. The loop and cell were purged with Ar (0.5 bar overpressure) for 10 minutes or 

until chromatograms did not show peaks for air. Between runs, the loop was dried 

under vacuum (30 minutes) and argon (30 minutes) to prevent condensation build-

up. 

The loop comprises of 4.2 meters of metal tubing (0.5 mm ID), with Swagelok 

connections to the 4 mm ID Clearflex 60 PVC tubing between the metal tubing and 

pump. 4 mm ID metal tubing was used for the connections on the top of the cell, with 

a total length of approximately 0.8 meters. The total loop volume was ca. 11 mL. The 

Abs. 



Chapter 6 

191 
 

empty cell volume was ca. 290 mL, 250 mL after addition of glass spacers and 

beakers. With 70 mL total liquid added to the cell, gas headspace is ca. 191 mL. The 

majority of the headspace is confined within the catalytic cell. 

 

Figure 6.5:Photocatalytic testing closed system set-up, reproduced from thesis of R 
Mitchell289 

 

 

Figure 6.6: Photocatalytic testing cell, reproduced from thesis of R Mitchell289 
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Gas chromatography for hydrogen generation experiments was performed 

using a Shimadzu GC-2014 fitted with at 25 cm long 5Å molecular sieve packed 

column and TCD detector. 50 μL of gas was autosampled over the time course of the 

reaction and injected on to the column with a 20 mL / min flow rate, 90°C column 

temperature and 120°C detector temperature. Retention times of H2, O2 and N2 under 

these conditions are 1.5 min, 2.3 min and 3 min respectively. A calibration curve was 

used to quantify hydrogen within the system (Figure 6.7). 

 

Figure 6.7: Calibration curve for hydrogen collected by R Mitchell289 
 

6.3.5 Platinum Nanoparticle Deposition onto Carbon Nitrides 
 

Carbon nitride (80 mg) was dispersed in 10% aqueous TEOA solution (80 mL) in a 50 

mL beaker and H2PtCl6 (1.6 mg) was added. The beaker was transferred to the photolytic cell 

as for photocatalytic hydrogen evolution and subjected to UV irradiation from a 300 W Xe 

lamp. The reaction airspace was monitored by gas chromatography for five hours, during 

which time hydrogen evolution is observed. Unless otherwise stated, solid then isolated by 

filtration and washed with water (5 x 10 mL) and ethanol (3 x 10 mL). Solid was dried at 80°C 

for 12 hours prior to use. Samples took on a darker colour after treatment with platinum 

nanoparticles. 

 

6.3.6 Photocatalytic Hydrogen Evolution 
 

30 mg catalyst was sonicated into 20 mL sacrificial solution (10% aqueous solution of 

triethanolamine) in a 50 mL beaker. The 50 mL beaker was placed inside a glass photolysis 

cell with quartz window as described in section 6.3.4, with GC analysis was connected to the 

cell. Reaction mixture was purged with argon until GC trace showed no peaks for oxygen or 

nitrogen. Photolysis was the performed using 300 W Xe arc lamp fitted with water IR filter 

and variable visible light filters as light source. 
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 Chapter 4 Experimental 

 

6.4.1 Synthesis of [IrCl2Cp*(UCN)] 
 

[IrCp*Cl2]2 (10 mg, 0.126 mmol) was combined with UCN (pre-treated with 

ammonia in ethanol, 100 mg) and the solids were heated at 100°C under vacuum for 

1 hour. Ethanol (10 mL) was then added and the mixture refluxed under nitrogen for 

24 hours. The solid was isolated by filtration and washed with ethanol (3 x 10 mL). 

Product was a finely divided yellow powder. 

Yield: 

A total of 87 mg (87%) was obtained.  

Elemental Analysis (CHN): 

Calculated for C3N4: C, 39.14, H, 0, N, 60.86 

Found C, 31.704, H, 1.867, N, 54.734 

Formula: C3N4H2.44 

Elemental Analysis (ICP-MS): 

Percentage by mass (Ir):  1.34  

 

 

6.4.2 Synthesis of [IrCl2Cp*(DMNA-H2)] 
 

[IrCp*Cl2]2 (114 mg, 0.14 mmol) and DMNA (50 mg, 0.29 mmol) were 

dissolved in EtOH (40 mL) and heated to reflux under nitrogen for 15 hours. The 

solvent was reduced in vacuo to ca. 2 mL. Et2O (40 mL) was added to precipitate a 

microcrystalline yellow solid isolated by filtration. 

Yield: 

40 mg (0.07 mmol, 24%) obtained. 

1H NMR  (400 MHz, CDCl3, 25 °C / ppm):  

δ = 9.27 (s, 1H), 6.97 (br s, 1H), 6.73, (s, 1H), 2.96 (t, J = 7.5 Hz, 2H), 2.81 (t, J = 7.5 

Hz, 3H), 2.36 (s, 3H), 2.24 (s, 3H) 1.61 (s, 15H) 

13C CP-MAS NMR (100 MHz, Solid-state, 10 kHz) 

δ = 167.6, 156.0, 150.1, 146.1, 121.3, 115.0, 86.1, 29.5, 24.1, 21.0, 17.7, 10.4 

LIFDI-MS:  

m/z calcd. 571.11 [C20H28Cl2IrN3]+, found 571.05 [C20 H28 Cl2 Ir N3]+ 
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6.4.3 Synthesis of [IrClCp*(UCN)](PF6) 
 

UCN (200 mg, 1 mmol) was placed under vacuum for 1 hour at 100°C. 

[IrCp*Cl2]2 (58 mg, 0.07 mmol) and Ag(PF6) (38 mg, 0.15 mmol) were dissolved in 

DCM (10 mL) under nitrogen and stirred for one hour. After cooling the UCN to 40°C, 

the solution of [IrClCp*](PF6) was transferred via cannula filtration onto the UCN. The 

mixture was then refluxed under nitrogen for 24 hours. Product appear was a finely 

divided yellow powder. 

Yield: 

170 mg (85%). 

Elemental Analysis (CHN): 

Calculated for C3N4: C, 39.14, H, 0, N, 60.86 

Found C, 33.41, H, 1.81, N, 57.21 

Formula: C3N4.40H1.95 

Elemental Analysis (ICP-MS): 

Percentage by mass (Ir):  1.33  

 

6.4.4 Synthesis of [IrClCp*(DMNA)](PF6) (Performed by Dr. Daniel Raines) 
 

[IrCp*Cl2]2 (117 mg, 0.15 mmol) was dissolved in DCM under nitrogen (5 mL) 

before adding a solution of DMNA (51 mg, 0.30 mmol) in DMF (1.8 mL). After 15 

minutes, Ag(PF6) (74 mg, 0.30 mmol) was then added in MeOH (2 mL). After 1.5 

hours, solution filtered to isolate a yellow solid which was recrystallised in 

acetonitrile/diether ether. Product was a yellow microcrystalline solid. 

Yield: 

109 mg (54%)  

1H NMR  (400 MHz, CDCl3, 25 °C / ppm):  

δ = 8.29 (d, 9.6 Hz, 1H, CH), 7.25, (s, 1H, CH), 7.06 (d, 9.6 Hz, 1H, CH), 2.62 (s, 6H, 

CH3), 1.85 (s, 15H, Cp*-CH3) 

13C CP-MAS NMR (100 MHz, Solid-state, 10 kHz) 

δ = 159.9, 157.0, 149.1, 134.8, 124.0, 114.9, 87.8 (Cp*-CCH3), 24.8, 18.8, 9.9 (Cp*-

CCH3) 

ESI-MS:  

m/z calcd. 536.14 [C20 H26 Cl Ir N3]+, found 536.1447 [C20 H26 Cl Ir N3]+ 

 Elemental Analysis (CHN): 

Calculated for C20H26ClF6IrN3P : C, 35.27, H, 3.85, N, 6.17 

Found C, 34.95, H, 3.71, N, 6.04 
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6.4.5 Catalytic Aqueous Transfer Hydrogenation of 1-methyl-6,7-dimethoxy-
3,4-dihydroisoquinoline  

 

A quantity of catalyst containing 0.72 μmol iridium was dispersed in 450 μL 

aqueous NH4CO2H solution (3 mol dm-3), which was left to equilibrate to 15 minutes 

stirring at 500 rpm. An aliquot (50 μL) of a solution of 1-methyl-6,7-dimethoxy-3,4-

dihydroisoquinoline (0.5 mol dm-3) in NH4CO2H solution (3 mol dm-3) was added. 

Time points were taken by removing a 25 μL aliquot from the reaction mixture 

and adding it to a quenching vial filled with 925 μL H2O and 50 μL aqueous glutathione 

solution (0.25 mol dm-3). Samples were stored in the fridge if storing for longer than 

24 hours. Analysis was by HPLC to quantify the amount of amine formed. 

For recycling experiments, heterogeneous catalyst was removed by 

centrifugation (three times, with washing in 10 mL H2O between each time) and dried 

at 80°C overnight. 

 

6.4.6 Catalytic Aqueous Transfer Hydrogenation of other substrates and 
analysis by NMR 

 

10 μL of substrate (benzaldehyde, acetophenone or allyl alcohol) was added 

to 10 mg IrCl2Cp*-UCN. 1 mL D2O (containing NH4CO2H, 3 mol dm-3) was added and 

reaction heated to 40°C for 15 hours with stirring. Analysis by 1H NMR to determine 

reactant conversion and product formation in situ. 

 

 

6.4.7 Leaching of [IrCl2Cp*(UCN)] and [IrClCp*(UCN)](PF6) in different solvents 
 

 10 mg of material was placed in a 2 mL vial and 1 mL of solvent added. Mixture 

was then stirred and aliquots removed and filtered for UV-vis absorption spectroscopy 

at 1 and 3 hour timepoints.  

 

6.4.8 Direct Hydrogenation Assays 
 

 Catalyst (25 mg, 0.002 mmol Ir) was placed in a 2 mL vial. Substrate (0.2 

mmol) was then added, followed by hexane (1 mL) and a stirrer bar. The vial 

containing reaction mixture was then placed within a steel autoclave and charged with 

10 bar hydrogen. Reaction was stirred at 500 rpm for 1 hour at room temperature 

unless otherwise stated. After the reaction, a 0.2 mL aliquot was removed, diluted up 

to 1 mL and analysed by GC. 
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 The recycling of [IrCl2Cp*(UCN)] was performed by removing remaining 

solvent and substrate in vacuo, and using the remaining catalyst as above. 

 

6.4.9 Isotopically labelled Hydrogenation 
 

For the isotopic labelling experiments, the vial of catalyst, solvent and 

substrate was placed in a steel autoclave and charged with 4 bar hydrogen. The 

pressure was then increased to 8 bar by addition of deuterium, and the reaction stirred 

for three hours. NMR samples were made up by extracting the substrate from the 

hexane using d3-MeCN, and 1H and 2H NMR performed on each sample.  
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A1 Appendix 1 - Crystal Data 

 

A1.1.1 Crystal Structure of [MnCl(CO)3(DMNA-κ2N, N’)] 

 
Table A1. 1 Crystal Data Table for [MnCl(CO)3(DMNA)] 

 

 

Parameter [MnCl(CO)3(DMNA)] 

Empirical Formula C13H13ClMnN3O4 

Formula Weight 365.65 

  

Temperature / K 110.05(10) 

Crystal System Monoclinic 

Space Group P2l/n 

a / Å  13.05550(10) 

b / Å 11.76100(10) 

c / Å 19.8768(2) 

α / ° 90 

β / ° 96.9010(10) 

γ / ° 90 

Volume / Å3 3029.89(5) 

Z 8 

ρcalc g/cm3 1.603 

µ / mm-1 1.068 

F(000) 1488.0 

Crystal Size / mm3 0.407x0.171x0.124 

Radiation  MoKα (λ = 0.71073) 

2θ range for collection / ° 6.602 – 64.166 

Index Ranges -19≥h≥15, -16≥k≥16, -29≥l≥28 

Reflections Collected 36527 

Independent Reflections 9873 [Rint=0.0260, Rsigma= 0.0259] 

Data/Restraints/Parameters 9873/0/428 

Goodness-of-fit on F2 1.060 

Final R indexes [I ≥ 2σ (I) ] R1=0.0300 wR2=0.0745 

Final R indexes [all data] R1=0.0365 wR2=0.0787 

Largest diff. peak/hole /e Å-3 0.42/-0.67 
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Figure A1. 1 X-Ray crystal structure of [MnCl(CO)3(DMNA)] 
 

 with probability ellipsoids shown at the 50% level and hydrogens omitted for clarity 
 

 

Table A1. 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for [MnCl(CO)3(DMNA)]. Ueq is defined as 1/3 of 

of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C2 -76.6(10) 5104.3(12) 3321.2(7) 14.1(2) 

C3 -768.5(10) 6045.8(12) 3185.8(7) 15.7(2) 

C4 -434.9(10) 7131.5(12) 3305.5(7) 15.4(2) 

C8 608.8(10) 7336.6(12) 3579.4(6) 13.3(2) 

C5 1109.7(10) 8393.4(12) 3720.0(7) 14.6(2) 

C6 2133.3(10) 8370.2(12) 3998.2(7) 16.1(2) 

C7 2665.7(10) 7345.6(12) 4153.8(7) 14.6(2) 

C10 3765.8(10) 7317.0(14) 4467.2(7) 19.4(3) 

C1 1205.8(10) 6365.1(11) 3724.0(6) 12.8(2) 

C9 562.0(12) 9501.0(13) 3567.3(8) 21.5(3) 
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C13 1812.8(12) 4440.4(13) 4814.0(8) 20.5(3) 

C11 3580.6(11) 4276.8(13) 4398.5(7) 19.1(3) 

C12 2098.0(11) 3074.2(13) 3866.6(7) 19.1(3) 

Cl1 2943.3(2) 4826.3(3) 2935.5(2) 15.73(7) 

Mn1 2288.7(2) 4582.2(2) 4007.2(2) 12.96(5) 

N2 2194.3(8) 6353.1(10) 4017.9(6) 13.8(2) 

N1 889.7(8) 5275.4(10) 3591.8(6) 13.5(2) 

N3 -408.4(10) 4034.2(11) 3187.7(7) 18.0(2) 

O3 1514.9(11) 4336.1(12) 5327.2(6) 34.1(3) 

O1 4384.8(9) 4040.5(12) 4648.1(6) 31.1(3) 

O2 1990.6(10) 2115.0(10) 3803.8(7) 30.3(3) 

C14 5350.0(10) 9705.7(11) 6722.2(6) 12.1(2) 

C15 5853.4(10) 8636.9(12) 6890.7(7) 14.5(2) 

C16 5335.8(10) 7640.2(12) 6783.5(7) 15.2(2) 

C17 4279.8(10) 7650.0(11) 6495.1(7) 13.8(2) 

C18 3610.5(11) 6711.8(12) 6362.6(7) 16.2(3) 

C19 2616.4(11) 6926.9(12) 6069.1(7) 17.1(3) 

C20 2265.5(10) 8030.4(12) 5898.5(7) 15.5(2) 

C21 1178.4(11) 8251.1(14) 5597.1(8) 20.8(3) 

C22 3869.2(9) 8720.1(11) 6325.0(6) 11.9(2) 

C23 3964.7(13) 5525.9(13) 6537.9(9) 24.3(3) 

C24 3522.0(11) 12123.9(12) 6013.1(7) 17.4(3) 

C25 3616.7(10) 10584.4(12) 5165.7(7) 15.5(2) 

C26 1886.4(11) 11126.1(13) 5538.7(7) 17.5(3) 

Cl2 2492.2(2) 10791.0(3) 7053.4(2) 16.07(7) 

Mn2 3111.9(2) 10658.7(2) 5965.8(2) 10.92(5) 

N4 2898.9(8) 8916.4(10) 6022.6(6) 13.4(2) 

N5 4373.8(8) 9730.6(9) 6433.7(5) 11.8(2) 

N6 5874.1(9) 10673.7(11) 6848.9(6) 15.4(2) 

O4 3758.5(10) 13058.2(10) 5997.7(7) 31.9(3) 

O5 3942.0(9) 10582.1(11) 4658.7(6) 26.1(2) 

O6 1120.5(9) 11433.4(11) 5256.2(6) 29.1(3) 
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O7 4505.1(11) 7039.2(11) 2693.1(7) 31.4(3) 

O8 6503.2(11) 6691.6(13) 2377.6(8) 38.6(3) 

  

Table A1. 3 Anisotropic Displacement Parameters (Å2×103) for [MnCl(CO)3(DMNA)]. 
The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…] 

  

Atom U11 U22 U33 U23 U13 U12 

C2 13.1(5) 16.4(6) 13.0(5) -0.4(5) 2.8(4) -1.5(5) 

C3 10.7(5) 18.7(7) 17.6(6) -1.6(5) 1.4(4) 0.5(5) 

C4 12.5(5) 17.6(6) 16.2(6) -0.3(5) 1.7(4) 3.6(5) 

C8 12.9(5) 13.5(6) 13.6(5) -0.9(5) 2.1(4) 0.8(4) 

C5 16.3(6) 12.8(6) 15.2(6) -0.8(5) 4.2(5) 0.4(5) 

C6 16.5(6) 14.2(6) 17.8(6) -2.7(5) 3.0(5) -2.4(5) 

C7 13.6(5) 16.7(6) 13.6(5) -1.4(5) 1.9(4) -1.5(5) 

C10 13.6(6) 23.4(7) 20.5(6) -1.1(6) -1.3(5) -2.4(5) 

C1 12.2(5) 12.8(6) 13.2(5) -0.8(5) 1.6(4) -0.3(4) 

C9 20.5(7) 14.1(7) 30.2(8) 0.7(6) 4.0(6) 1.7(5) 

C13 23.0(7) 16.8(7) 21.5(7) 0.3(5) 2.0(5) -0.6(5) 

C11 19.7(6) 20.2(7) 17.0(6) 2.5(5) 1.2(5) 1.8(5) 

C12 18.0(6) 18.8(7) 20.6(6) 3.1(5) 2.3(5) 1.5(5) 

Cl1 12.96(13) 17.97(16) 16.12(14) 1.63(11) 1.18(10) 2.31(11) 

Mn1 12.23(9) 12.41(10) 13.92(9) 1.54(7) 0.17(7) 1.01(7) 

N2 11.8(5) 15.0(5) 14.2(5) -0.5(4) 0.1(4) 0.3(4) 

N1 12.3(5) 12.3(5) 16.0(5) -0.3(4) 1.5(4) 0.0(4) 

N3 14.6(5) 16.1(6) 23.1(6) -2.1(5) 1.0(4) -3.2(5) 

O3 47.0(8) 34.4(7) 23.3(6) 1.3(5) 13.8(5) -5.2(6) 

O1 20.4(5) 42.0(8) 29.0(6) 6.5(5) -4.8(4) 5.6(5) 

O2 35.8(6) 16.2(6) 39.2(7) -0.8(5) 5.7(5) -1.3(5) 

C14 11.9(5) 13.7(6) 10.9(5) -0.4(4) 2.9(4) 0.8(4) 

C15 13.0(5) 15.7(6) 14.6(5) 0.4(5) 1.0(4) 4.2(5) 

C16 17.9(6) 12.8(6) 15.3(6) 0.9(5) 3.2(5) 5.7(5) 

C17 15.9(6) 10.7(6) 15.2(6) -0.4(5) 4.1(4) 2.1(4) 
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C18 22.1(6) 10.5(6) 17.2(6) -0.9(5) 7.2(5) 0.4(5) 

C19 19.6(6) 12.4(6) 20.2(6) -3.3(5) 6.0(5) -4.6(5) 

C20 15.0(6) 16.2(6) 15.5(6) -2.4(5) 2.8(4) -2.7(5) 

C21 15.2(6) 22.7(7) 24.0(7) -2.0(6) 0.0(5) -3.8(5) 

C22 12.4(5) 11.0(6) 12.4(5) -0.1(4) 2.5(4) 0.4(4) 

C23 28.8(8) 10.4(6) 35.1(8) 0.5(6) 9.8(6) 0.5(5) 

C24 18.2(6) 15.7(6) 18.1(6) -0.7(5) 0.7(5) 3.3(5) 

C25 15.0(6) 13.0(6) 17.8(6) 0.1(5) -0.5(5) 0.5(5) 

C26 16.7(6) 18.9(7) 17.0(6) 1.7(5) 2.3(5) 1.0(5) 

Cl2 13.26(13) 20.38(16) 14.75(13) 1.29(11) 2.42(10) 3.96(11) 

Mn2 10.58(9) 9.89(9) 12.09(9) 0.75(7) 0.57(6) 1.18(7) 

N4 12.4(5) 12.6(5) 15.3(5) -0.4(4) 1.7(4) -0.6(4) 

N5 11.0(4) 10.5(5) 13.7(5) 0.0(4) 1.1(4) 0.9(4) 

N6 12.4(5) 15.1(6) 18.3(5) -1.0(4) 0.2(4) -0.7(4) 

O4 39.1(7) 14.4(5) 42.0(7) -3.3(5) 4.4(6) -3.1(5) 

O5 30.3(6) 31.2(6) 18.0(5) 0.1(4) 7.4(4) 1.7(5) 

O6 19.2(5) 37.5(7) 29.0(6) 7.1(5) -3.7(4) 6.3(5) 

O7 26.4(6) 17.4(6) 49.9(8) -5.1(5) 3.1(6) -1.8(5) 

O8 40.0(7) 30.6(7) 47.8(8) -3.3(6) 16.1(6) 0.2(6) 

  

Table A1. 4 Bond Lengths for [MnCl(CO)3(DMNA)]. 

  

Atom Atom Length/Å   Atom Atom Length/Å 

C2 C3 1.4339(19)   C14 C15 1.4392(18) 

C2 N1 1.3261(17)   C14 N5 1.3336(16) 

C2 N3 1.3469(18)   C14 N6 1.3366(18) 

C3 C4 1.361(2)   C15 C16 1.357(2) 

C4 C8 1.4259(18)   C16 C17 1.4282(19) 

C8 C5 1.4166(19)   C17 C18 1.4125(19) 

C8 C1 1.3933(18)   C17 C22 1.3936(18) 

C5 C6 1.3837(19)   C18 C19 1.381(2) 

C5 C9 1.500(2)   C18 C23 1.497(2) 
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C6 C7 1.407(2)   C19 C20 1.404(2) 

C7 C10 1.4957(19)   C20 C21 1.4954(19) 

C7 N2 1.3320(18)   C20 N4 1.3346(17) 

C1 Mn1 2.5538(13)   C22 Mn2 2.5526(13) 

C1 N2 1.3513(16)   C22 N4 1.3551(16) 

C1 N1 1.3623(17)   C22 N5 1.3633(17) 

C13 Mn1 1.7958(15)   C24 Mn2 1.8035(15) 

C13 O3 1.1412(19)   C24 O4 1.1428(19) 

C11 Mn1 1.8065(15)   C25 Mn2 1.7953(14) 

C11 O1 1.1404(18)   C25 O5 1.1396(17) 

C12 Mn1 1.8080(16)   C26 Mn2 1.8046(14) 

C12 O2 1.1417(19)   C26 O6 1.1449(18) 

Cl1 Mn1 2.4058(4)   Cl2 Mn2 2.4025(4) 

Mn1 N2 2.0867(12)   Mn2 N4 2.0729(12) 

Mn1 N1 2.0784(11)   Mn2 N5 2.0982(11) 

  

Table A1. 5 Bond Angles for [MnCl(CO)3(DMNA)].  
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

N1 C2 C3 120.41(13)   N5 C14 C15 120.35(12) 

N1 C2 N3 119.30(13)   N5 C14 N6 120.23(12) 

N3 C2 C3 120.27(12)   N6 C14 C15 119.41(12) 

C4 C3 C2 120.70(12)   C16 C15 C14 120.87(12) 

C3 C4 C8 119.77(12)   C15 C16 C17 119.64(12) 

C5 C8 C4 128.40(13)   C18 C17 C16 127.90(13) 

C1 C8 C4 115.17(12)   C22 C17 C16 115.43(12) 

C1 C8 C5 116.44(12)   C22 C17 C18 116.68(12) 

C8 C5 C9 121.65(12)   C17 C18 C23 121.16(13) 

C6 C5 C8 117.54(12)   C19 C18 C17 117.69(13) 

C6 C5 C9 120.81(13)   C19 C18 C23 121.15(13) 

C5 C6 C7 122.18(13)   C18 C19 C20 122.28(13) 

C6 C7 C10 122.36(13)   C19 C20 C21 121.56(13) 

N2 C7 C6 120.13(12)   N4 C20 C19 120.01(13) 
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N2 C7 C10 117.51(13)   N4 C20 C21 118.40(13) 

C8 C1 Mn1 179.09(10)   C17 C22 Mn2 177.82(10) 

N2 C1 C8 125.40(12)   N4 C22 C17 124.98(12) 

N2 C1 Mn1 54.65(7)   N4 C22 Mn2 54.11(7) 

N2 C1 N1 108.96(12)   N4 C22 N5 109.27(11) 

N1 C1 C8 125.64(12)   N5 C22 C17 125.75(12) 

N1 C1 Mn1 54.33(7)   N5 C22 Mn2 55.20(6) 

O3 C13 Mn1 179.11(15)   O4 C24 Mn2 175.39(14) 

O1 C11 Mn1 177.30(15)   O5 C25 Mn2 177.32(13) 

O2 C12 Mn1 177.34(14)   O6 C26 Mn2 178.41(14) 

C13 Mn1 C1 91.79(6)   C24 Mn2 C22 137.41(5) 

C13 Mn1 C11 90.14(7)   C24 Mn2 C26 88.53(7) 

C13 Mn1 C12 89.48(7)   C24 Mn2 Cl2 91.21(5) 

C13 Mn1 Cl1 178.35(5)   C24 Mn2 N4 169.30(6) 

C13 Mn1 N2 93.23(6)   C24 Mn2 N5 105.17(5) 

C13 Mn1 N1 90.54(6)   C25 Mn2 C22 91.90(5) 

C11 Mn1 C1 136.19(6)   C25 Mn2 C24 87.39(6) 

C11 Mn1 C12 88.60(7)   C25 Mn2 C26 89.83(6) 

C11 Mn1 Cl1 89.56(5)   C25 Mn2 Cl2 177.96(5) 

C11 Mn1 N2 104.32(6)   C25 Mn2 N4 93.78(5) 

C11 Mn1 N1 168.36(6)   C25 Mn2 N5 90.86(5) 

C12 Mn1 C1 135.16(6)   C26 Mn2 C22 134.06(6) 

C12 Mn1 Cl1 92.13(5)   C26 Mn2 Cl2 91.61(4) 

C12 Mn1 N2 166.78(6)   C26 Mn2 N4 102.10(6) 

C12 Mn1 N1 103.02(6)   C26 Mn2 N5 166.30(6) 

Cl1 Mn1 C1 87.31(3)   Cl2 Mn2 C22 88.12(3) 

N2 Mn1 C1 31.88(4)   N4 Mn2 C22 31.98(4) 

N2 Mn1 Cl1 85.28(3)   N4 Mn2 Cl2 87.31(3) 

N1 Mn1 C1 32.17(4)   N4 Mn2 N5 64.21(4) 

N1 Mn1 Cl1 89.43(3)   N5 Mn2 C22 32.25(4) 

N1 Mn1 N2 64.05(4)   N5 Mn2 Cl2 88.07(3) 

C7 N2 C1 118.20(12)   C20 N4 C22 118.32(12) 
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C7 N2 Mn1 148.25(10)   C20 N4 Mn2 147.77(10) 

C1 N2 Mn1 93.47(8)   C22 N4 Mn2 93.91(8) 

C2 N1 C1 118.19(12)   C14 N5 C22 117.88(11) 

C2 N1 Mn1 148.15(10)   C14 N5 Mn2 149.42(10) 

C1 N1 Mn1 93.50(8)   C22 N5 Mn2 92.55(8) 

  

Table A1. 6 Hydrogen Bonds for [MnCl(CO)3(DMNA)]. 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

O7 H7B O8 0.75(3) 2.08(3) 2.7854(19) 156(3) 

  

Table A1. 7 Torsion Angles for [MnCl(CO)3(DMNA)]. 

A B C D Angle/˚   A B C D Angle/˚ 

C2 C3 C4 C8 -1.1(2)   C14 C15 C16 C17 0.48(19) 

C3 C2 N1 C1 -1.18(18)   C15 C14 N5 C22 1.92(17) 

C3 C2 N1 Mn1 172.50(12)   C15 C14 N5 Mn2 -172.06(12) 

C3 C4 C8 C5 177.93(13)   C15 C16 C17 C18 -178.24(13) 

C3 C4 C8 C1 -1.93(18)   C15 C16 C17 C22 1.86(18) 

C4 C8 C5 C6 178.96(13)   C16 C17 C18 C19 -179.03(13) 

C4 C8 C5 C9 -1.8(2)   C16 C17 C18 C23 1.3(2) 

C4 C8 C1 N2 -176.33(12)   C16 C17 C22 N4 177.34(12) 

C4 C8 C1 N1 3.76(19)   C16 C17 C22 N5 -2.56(19) 

C8 C5 C6 C7 -1.39(19)   C17 C18 C19 C20 0.5(2) 

C8 C1 N2 C7 -3.53(19)   C17 C22 N4 C20 2.74(19) 

C8 C1 N2 Mn1 178.88(12)   C17 C22 N4 Mn2 -177.56(11) 

C8 C1 N1 C2 -2.22(19)   C17 C22 N5 C14 0.66(19) 

C8 C1 N1 Mn1 -178.88(12)   C17 C22 N5 Mn2 177.59(12) 

C5 C8 C1 N2 3.79(19)   C18 C17 C22 N4 -2.57(19) 

C5 C8 C1 N1 -176.12(12)   C18 C17 C22 N5 177.53(12) 

C5 C6 C7 C10 -178.75(13)   C18 C19 C20 C21 -178.43(13) 

C5 C6 C7 N2 1.7(2)   C18 C19 C20 N4 -0.4(2) 

C6 C7 N2 C1 0.64(18)   C19 C20 N4 C22 -1.17(19) 

C6 C7 N2 Mn1 176.06(12)   C19 C20 N4 Mn2 179.39(12) 
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C10 C7 N2 C1 -178.88(12)   C21 C20 N4 C22 176.95(12) 

C10 C7 N2 Mn1 -3.5(2)   C21 C20 N4 Mn2 -2.5(2) 

C1 C8 C5 C6 -1.19(18)   C22 C17 C18 C19 0.87(18) 

C1 C8 C5 C9 178.09(12)   C22 C17 C18 C23 -178.78(12) 

C9 C5 C6 C7 179.33(13)   C23 C18 C19 C20 -179.86(13) 

Mn1 C1 N2 C7 177.58(13)   Mn2 C22 N4 C20 -179.70(13) 

Mn1 C1 N1 C2 176.66(13)   Mn2 C22 N5 C14 -176.94(13) 

N2 C1 N1 C2 177.86(11)   N4 C22 N5 C14 -179.26(11) 

N2 C1 N1 Mn1 1.20(11)   N4 C22 N5 Mn2 -2.32(10) 

N1 C2 C3 C4 2.8(2)   N5 C14 C15 C16 -2.51(19) 

N1 C1 N2 C7 176.39(11)   N5 C22 N4 C20 -177.35(11) 

N1 C1 N2 Mn1 -1.20(10)   N5 C22 N4 Mn2 2.35(10) 

N3 C2 C3 C4 -178.60(13)   N6 C14 C15 C16 178.41(12) 

N3 C2 N1 C1 -179.79(12)   N6 C14 N5 C22 -179.01(11) 

N3 C2 N1 Mn1 -6.1(3)   N6 C14 N5 Mn2 7.0(2) 

  

Table A1. 8 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for [MnCl(CO)3(DMNA)]. 

Atom x y z U(eq) 

H3 -1453 5913 3014 19 

H4 -886 7738 3209 19 

H6 2481 9055 4085 19 

H10A 4176 6925 4171 29 

H10B 3811 6928 4894 29 

H10C 4017 8080 4538 29 

H9A -116 9462 3707 32 

H9B 507 9647 3089 32 

H9C 944 10103 3808 32 

H3A -963(16) 3954(17) 2942(10) 25(5) 

H3B 30(16) 3527(18) 3145(10) 27(5) 

H15 6543 8629 7075 17 

H16 5667 6954 6897 18 

H19 2163 6320 5981 21 
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H21A 1165 8880 5288 31 

H21B 766 8428 5952 31 

H21C 907 7587 5358 31 

H23A 4288 5505 6998 36 

H23B 4451 5291 6240 36 

H23C 3382 5021 6489 36 

H6A 6453(15) 10626(17) 7091(10) 22(5) 

H6B 5562(15) 11309(18) 6859(10) 25(5) 

H7A 4087(19) 6520(20) 2729(12) 42(7) 

H7B 5040(20) 6790(20) 2680(13) 49(8) 

H8A 6839 6157 2217 58 

H8B 6957 7189 2506 58 
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A1.1.2 Crystal Data for [ReCl(CO)3(DMNA)] 

 

Table A1. 9 Crystal Data Table for [ReCl(CO)3(DMNA)] 
 

Parameter [ReCl(CO)3(DMNA)] 

Empirical Formula C13H12.18ClN3O3.59Re 

Formula Weight 489.50 

Temperature / K 110.05(10) 

Crystal System Monoclinic 

Space Group C2/c 

a / Å  12.6764(2) 

b / Å 12.05740(10) 

c / Å 20.0284(2) 

α / ° 90 

β / ° 95.0420(10) 

γ / ° 90 

Volume / Å3 3049.38(6) 

Z 8 

ρcalc g/cm3 2.132 

µ / mm-1 8.162 

F(000) 1855.0 

Crystal Size / mm3 0.153x0.101x0.017 

Radiation  MoKα (λ=0.71073) 

2θ range for collection / ° 7.06-64.176 

Index Ranges -18≥h≥18, -17≥k≥17, -29≥l≥28 

Reflections Collected 19729 

Independent Reflections 4946 [Rint=0.0314, Rsigma= 0.0257] 

Data/Restraints/Parameters 4946/0/226 

Goodness-of-fit on F2 1.102 

Final R indexes [I ≥ 2σ (I) ] R1=0.0254 wR2=0.0511 

Final R indexes [all data] R1=0.0291 wR2=0.0525 

Largest diff. peak/hole /e Å-

3 

1.52/-2.00 
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Figure A1. 2 X-Ray crystal structure of  [ReCl(CO)3(DMNA)]  
 with probability ellipsoids shown at the 50% level and hydrogens omitted for clarity 

 
Table A1. 10 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for [ReCl(CO)3(DMNA)]. Ueq is defined as 1/3 of 
of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Re1 2920.8(2) 5407.5(2) 5984.0(2) 18.57(4) 

Cl1 2166.8(7) 5136.7(8) 7081.1(4) 35.1(2) 

N1 4310.4(19) 4477.7(18) 6433.4(11) 15.3(4) 

O3 3942(2) 5671(2) 4670.4(12) 34.0(6) 

N2 2887.2(19) 3568(2) 5989.3(11) 17.9(5) 

O1 836(2) 6132(3) 5222.1(13) 40.3(7) 

C12 3177(3) 6937(3) 6146.5(18) 32.4(8) 

C13 3558(3) 5559(2) 5165.4(15) 22.4(6) 

C11 1607(3) 5856(3) 5520.1(16) 28.5(7) 

O2 3329(3) 7856(2) 6251.9(18) 55.0(9) 

C1 3884(2) 3461(2) 6294.6(13) 14.2(5) 

N3 5737(3) 5530(2) 6857.3(14) 25.2(6) 

C2 5293(2) 4539(2) 6715.5(13) 15.4(5) 

C3 5893(2) 3548(2) 6864.5(13) 17.0(5) 

C7 2315(2) 2663(3) 5858.3(14) 20.2(6) 

C8 4389(2) 2452(2) 6444.0(13) 14.0(5) 

C6 2759(2) 1622(3) 6010.6(14) 21.9(6) 

C4 5454(2) 2538(2) 6737.4(13) 16.1(5) 
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C5 3787(2) 1486(2) 6292.6(14) 18.7(5) 

C10 1199(3) 2813(4) 5568.9(17) 33.7(8) 

C9 4234(3) 352(2) 6432.2(17) 27.1(7) 

O4 5338(8) 7770(5) 7301(6) 76(5) 

O5 6439(19) 7860(20) 7325(9) 36(7) 

  

Table A1. 11 Anisotropic Displacement Parameters (Å2×103) for 
[ReCl(CO)3(DMNA)]. The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Re1 22.86(7) 19.18(6) 13.52(5) 1.29(4) 0.67(4) 10.88(4) 

Cl1 33.3(4) 56.9(5) 15.6(3) 6.7(3) 5.0(3) 31.4(4) 

N1 16.8(11) 13.6(10) 15.6(10) 0.6(8) 1.8(8) 1.1(8) 

O3 38.7(15) 39.6(14) 24.9(12) 4.5(10) 9.4(10) 3.5(11) 

N2 11.9(11) 25.7(12) 16.5(10) 1.5(9) 3.1(8) 2.8(9) 

O1 34.4(15) 57.6(18) 27.6(12) 7.1(12) -4.3(11) 24.9(13) 

C12 41(2) 23.5(15) 32.5(17) -4.2(13) -1.0(15) 11.6(14) 

C13 26.1(16) 21.0(14) 20.0(13) 0.5(10) 1.0(11) 4.2(11) 

C11 35.5(19) 30.8(16) 19.3(14) 4.3(12) 4.1(13) 15.4(14) 

O2 67(2) 24.1(13) 73(2) -9.1(14) 1.6(18) 7.1(14) 

C1 12.6(12) 17.1(12) 13.2(11) -0.5(9) 2.7(9) 0.8(9) 

N3 33.6(16) 20.3(13) 21.8(12) -1.9(10) 2.4(12) -9.0(12) 

C2 17.6(13) 17.4(12) 11.7(11) -1.4(9) 3.5(9) -2.1(10) 

C3 11.2(12) 23.6(13) 16.2(12) -2.7(10) 1.1(9) 1.9(10) 

C7 13.1(13) 30.4(15) 17.0(12) 2.4(11) 0.5(10) -3.2(11) 

C8 14.8(12) 13.4(11) 13.9(11) 0.7(9) 0.7(9) 0.7(9) 

C6 20.8(15) 24.6(14) 20.2(13) -0.9(11) 1.4(11) -12.6(11) 

C4 14.8(13) 18.2(12) 15.3(11) 0.2(9) 1.4(10) 5.7(10) 

C5 24.4(15) 15.7(12) 16.0(12) 0.1(9) 2.4(10) -4.9(10) 

C10 13.1(14) 60(2) 27.7(16) 6.6(15) -2.2(12) -7.3(15) 

C9 38.8(19) 13.6(13) 28.9(15) 3.1(11) 3.7(14) 0.5(12) 

O4 90(10) 24(3) 103(10) -8(4) -57(7) 1(3) 

O5 42(14) 49(14) 19(9) -4(8) 9(8) -15(10) 
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Table A1. 12 Bond Lengths for [ReCl(CO)3(DMNA)]. 

Atom Atom Length/Å   Atom Atom Length/Å 

Re1 Cl1 2.4935(8)   C12 O2 1.141(4) 

Re1 N1 2.212(2)   C1 C8 1.395(4) 

Re1 N2 2.218(3)   N3 C2 1.340(4) 

Re1 C12 1.896(4)   C2 C3 1.433(4) 

Re1 C13 1.899(3)   C3 C4 1.353(4) 

Re1 C11 1.912(3)   C7 C6 1.398(4) 

N1 C1 1.358(3)   C7 C10 1.492(4) 

N1 C2 1.324(4)   C8 C4 1.428(4) 

O3 C13 1.150(4)   C8 C5 1.411(4) 

N2 C1 1.360(4)   C6 C5 1.384(4) 

N2 C7 1.324(4)   C5 C9 1.497(4) 

O1 C11 1.149(4)   O4 O41 1.22(2) 

11-X,+Y,3/2-Z 

 

Table A1. 13 Bond Angles for [ReCl(CO)3(DMNA)]. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

N1 Re1 Cl1 85.89(6)   O2 C12 Re1 179.2(4) 

N1 Re1 N2 60.41(9)   O3 C13 Re1 178.8(3) 

N2 Re1 Cl1 81.71(6)   O1 C11 Re1 177.6(3) 

C12 Re1 Cl1 92.82(12)   N1 C1 N2 110.1(2) 

C12 Re1 N1 107.77(13)   N1 C1 C8 125.1(3) 

C12 Re1 N2 167.14(13)   N2 C1 C8 124.7(3) 

C12 Re1 C13 88.58(15)   N1 C2 N3 120.1(3) 

C12 Re1 C11 86.37(16)   N1 C2 C3 120.3(2) 

C13 Re1 Cl1 176.77(10)   N3 C2 C3 119.6(3) 

C13 Re1 N1 90.91(11)   C4 C3 C2 120.6(3) 

C13 Re1 N2 96.32(11)   N2 C7 C6 119.6(3) 

C13 Re1 C11 88.39(14)   N2 C7 C10 117.5(3) 

C11 Re1 Cl1 94.61(10)   C6 C7 C10 122.9(3) 

C11 Re1 N1 165.82(13)   C1 C8 C4 115.1(2) 
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C11 Re1 N2 105.59(13)   C1 C8 C5 116.4(3) 

C1 N1 Re1 94.89(17)   C5 C8 C4 128.5(3) 

C2 N1 Re1 146.24(19)   C5 C6 C7 122.7(3) 

C2 N1 C1 118.7(2)   C3 C4 C8 120.1(2) 

C1 N2 Re1 94.55(17)   C8 C5 C9 121.7(3) 

C7 N2 Re1 146.5(2)   C6 C5 C8 117.6(3) 

C7 N2 C1 118.8(3)   C6 C5 C9 120.7(3) 

  

Table A1. 14 Hydrogen Bonds for [ReCl(CO)3(DMNA)]. 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N3 H3A O4 0.76(4) 2.31(4) 2.902(8) 136(4) 

  

Table A1. 15 Torsion Angles for [ReCl(CO)3(DMNA)]. 

A B C D Angle/˚   A B C D Angle/˚ 

Re1 N1 C1 N2 -1.4(2)   C1 N2 C7 C10 175.6(3) 

Re1 N1 C1 C8 178.7(2)   C1 C8 C4 C3 1.4(4) 

Re1 N1 C2 N3 5.8(5)   C1 C8 C5 C6 0.1(4) 

Re1 N1 C2 C3 -173.6(2)   C1 C8 C5 C9 -179.6(3) 

Re1 N2 C1 N1 1.4(2)   N3 C2 C3 C4 178.7(3) 

Re1 N2 C1 C8 -178.7(2)   C2 N1 C1 N2 -178.1(2) 

Re1 N2 C7 C6 -176.5(2)   C2 N1 C1 C8 2.0(4) 

Re1 N2 C7 C10 1.6(5)   C2 C3 C4 C8 0.8(4) 

N1 C1 C8 C4 -3.0(4)   C7 N2 C1 N1 -175.3(2) 

N1 C1 C8 C5 176.5(2)   C7 N2 C1 C8 4.6(4) 

N1 C2 C3 C4 -1.9(4)   C7 C6 C5 C8 1.7(4) 

N2 C1 C8 C4 177.2(2)   C7 C6 C5 C9 -178.6(3) 

N2 C1 C8 C5 -3.3(4)   C4 C8 C5 C6 179.6(3) 

N2 C7 C6 C5 -0.5(4)   C4 C8 C5 C9 -0.2(4) 

C1 N1 C2 N3 179.9(2)   C5 C8 C4 C3 -178.0(3) 

C1 N1 C2 C3 0.5(4)   C10 C7 C6 C5 -178.5(3) 

C1 N2 C7 C6 -2.5(4)             
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Table A1. 16 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for [ReCl(CO)3(DMNA)] 

Atom x y z U(eq) 

H3 6605 3600 7054 20 

H6 2336 980 5917 26 

H4 5854 1886 6843 19 

H10A 765 3072 5919 51 

H10B 921 2103 5391 51 

H10C 1177 3361 5207 51 

H9A 4664 134 6071 41 

H9B 3653 -179 6458 41 

H9C 4676 359 6859 41 

H4A 4787 8174 7257 114 

H4B 5850 8225 7307 114 

H5A 6907 7727 7644 55 

H5B 5897 8069 7513 55 

H3A 5390(30) 6040(40) 6810(20) 26(11) 

H3B 6330(50) 5530(40) 7110(30) 58(16) 
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A1.1.3 Crystal Structure of [Ru(bpy)2(DMNA)](PF6)2 

 

Table A1. 17 Crystal Collection Data for [Ru(bpy)2(DMNA)](PF6)2 

 

Parameter [Ru(bpy)2(DMNA)](PF6)2 

Empirical Formula C39H45F12N7O3P2Ru 

Formula Weight 1050.83 

Temperature / K 110.05(10) 

Crystal System Triclinic 

Space Group P-1 

a / Å  9.2125(3) 

b / Å 15.0204(10) 

c / Å 17.4143(2) 

α / ° 112.178(4) 

β / ° 91.895(3) 

γ / ° 90.945 

Volume / Å3 2229.13(17) 

Z 2 

ρcalc g/cm3 1.566 

µ / mm-1 4.387 

F(000) 1068.0 

Crystal Size / mm3 0.1269x0.0926x0.0755 

Radiation  CuKα (λ = 1.54184) 

2θ range for collection / ° 9.61 to 142.232 

Index Ranges -11≥h≥11, -18≥k≥16, -21≥l≥17 

Reflections Collected 15462 

Independent Reflections 8437 [Rint=0.0457, Rsigma= 0.0697] 

Data/Restraints/Parameters 8437/0/622 

Goodness-of-fit on F2 1.007 

Final R indexes [I ≥ 2σ (I) ] R1=0.0415 wR2=0.0998 

Final R indexes [all data] R1=0.0543 wR2=0.1042 

Largest diff. peak/hole /e Å-

3 

0.85/-0.65 
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Figure A1. 3 X-Ray crystal structure of  [Ru(bpy)2(DMNA)](PF6)2  
 with probability ellipsoids shown at the 50% level and hydrogens omitted for clarity 

 
Table A1. 18 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for [Ru(bpy)2(DMNA)](PF6)2. Ueq is defined as 
1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Ru01 5049.2(3) 7385.1(2) 2499.0(2) 16.58(8) 

P2 265.0(9) 2736.6(6) 174.2(6) 27.05(19) 

P1 9228.9(10) 7727.3(6) 5190.5(6) 31.3(2) 

F1 9684(3) 8805.5(16) 5303.9(17) 43.5(6) 

F3 8849(3) 8098.7(19) 6148.2(16) 47.8(6) 

F2 7595(3) 7928.6(18) 4976.4(18) 44.9(6) 

N1 4177(3) 6335.0(17) 1360.7(16) 17.4(5) 

N7 6872(3) 6586.1(17) 2381.6(16) 17.2(5) 

N6 4763(3) 6820.7(18) 3384.5(17) 20.1(5) 

N2 5290(3) 7682.1(18) 1418.1(17) 19.6(5) 

N5 5848(3) 8632.4(17) 3386.0(16) 18.9(5) 

N4 3247(3) 8208.6(18) 2705.9(17) 20.1(5) 

F6 9597(4) 7377(2) 4242.2(18) 60.9(8) 

F5 8757(4) 6657.1(18) 5066(2) 63.1(8) 

N3 3024(3) 4986.9(19) 1408.1(18) 26.2(6) 

F4 10847(3) 7559(3) 5438(2) 70.4(9) 
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C21 7942(3) 6518(2) 1850.1(19) 20.6(6) 

O3 -4088(4) -648(3) -1223(2) 54.5(8) 

F12A 1646(12) 3026(5) 780(8) 49(3) 

O1 12915(4) 6388(2) 6484(2) 48.4(7) 

C1 4571(3) 6859(2) 904(2) 18.2(6) 

F9B 469(4) 1660(2) 28(3) 84.4(13) 

C16 4936(4) 9377(2) 3620(2) 22.0(6) 

C3 3081(4) 5188(2) 102(2) 23.8(6) 

C26 5807(3) 6213(2) 3453(2) 21.3(6) 

O2 2436(4) 4901(3) 2937(2) 61.0(10) 

F7B 99(4) 3848(2) 345(3) 90.2(14) 

C30 3693(4) 7031(2) 3927(2) 25.7(7) 

C25 6958(3) 6051(2) 2860(2) 20.8(6) 

C2 3434(3) 5508(2) 969(2) 20.8(6) 

C19 7747(4) 9685(2) 4236(2) 27.5(7) 

C22 9098(3) 5910(2) 1764(2) 24.3(7) 

C15 3454(4) 9140(2) 3252(2) 23.0(6) 

C11 1915(4) 7933(2) 2336(2) 26.6(7) 

C8 4276(3) 6603(2) 59(2) 20.2(6) 

C20 7232(4) 8791(2) 3706(2) 22.2(6) 

C24 8077(4) 5420(2) 2785(2) 28.3(7) 

C14 2347(4) 9784(2) 3424(2) 28.2(7) 

C6 5469(4) 8095(2) 233(2) 24.8(7) 

C23 9150(4) 5345(2) 2229(2) 28.8(7) 

C18 6828(4) 10450(2) 4458(2) 28.6(7) 

C12 782(4) 8546(3) 2472(3) 33.0(8) 

C4 3479(3) 5717(2) -342(2) 23.8(6) 

C17 5399(4) 10290(2) 4155(2) 26.2(7) 

C7 5741(3) 8292(2) 1079(2) 21.8(6) 

C10 6551(4) 9195(2) 1638(2) 29.4(7) 

C5 4754(4) 7266(2) -291(2) 24.5(7) 

C13 994(4) 9488(3) 3028(2) 32.3(8) 
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C29 3651(4) 6691(3) 4558(2) 33.7(8) 

C27 5783(4) 5834(2) 4062(2) 29.3(7) 

F8B 1660(20) 2857(15) -314(17) 97(7) 

C9 4493(4) 7059(3) -1197(2) 31.8(8) 

F10A -720(15) 2879(11) 893(6) 96(5) 

C28 4703(5) 6087(3) 4630(2) 35.1(8) 

C32 12717(5) 7227(3) 6897(3) 41.4(9) 

C34 1109(5) 4793(3) 4028(3) 47.7(10) 

C38 -2875(5) -342(3) -947(3) 42.9(10) 

C35 2177(5) 4453(4) 3363(3) 44.1(10) 

C31 13712(7) 8001(3) 6881(3) 56.2(13) 

C37 -2599(5) 289(3) -53(3) 46.0(10) 

C33 11447(7) 7512(5) 7442(3) 65.3(16) 

C36 2914(7) 3531(5) 3234(4) 70.7(17) 

C39 -1562(7) -595(5) -1470(4) 71.2(17) 

F11A -810(30) 2561(16) -561(12) 113(7) 

F8A 1232(12) 2520(13) -592(7) 85(4) 

F12B 1400(20) 2992(13) 938(13) 106(7) 

F11B -1159(10) 2431(9) -432(9) 43(3) 

F10B -1070(20) 2790(12) 736(14) 102(6) 

  

Table A1. 19 Anisotropic Displacement Parameters (Å2×103) for 
[Ru(bpy)2(DMNA)](PF6)2. The Anisotropic displacement factor exponent takes the 

form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ru01 17.00(12) 12.63(11) 18.03(12) 3.43(8) 0.33(8) 1.36(7) 

P2 23.1(4) 28.4(4) 29.9(5) 11.1(4) 4.4(3) 0.8(3) 

P1 32.1(5) 22.3(4) 34.4(5) 5.1(4) -3.5(4) 7.7(3) 

F1 35.5(12) 30.5(11) 57.0(16) 8.1(10) 4.5(11) -4.9(9) 

F3 58.9(16) 46.6(14) 38.2(14) 15.6(11) 3.5(11) 17.0(12) 

F2 33.9(12) 42.2(13) 64.9(17) 28.9(12) -14.1(11) -4.8(10) 

N1 17.5(12) 14.0(11) 16.6(12) 1.0(9) 0.6(9) 2.3(9) 

N7 19.7(12) 11.2(11) 17.4(12) 2.2(9) -3.5(10) -0.2(9) 
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N6 23.2(13) 13.7(11) 20.2(13) 2.6(10) 2.2(10) -1.4(9) 

N2 18.1(12) 17.2(12) 24.7(14) 9.2(10) 1.4(10) 3.2(9) 

N5 23.1(13) 13.0(11) 18.4(13) 3.4(10) 0.5(10) 0.1(9) 

N4 21.0(13) 17.4(12) 20.5(13) 5.9(10) -2.1(10) 0.0(10) 

F6 87(2) 48.7(15) 38.6(15) 4.7(12) 16.5(14) 19.6(15) 

F5 97(2) 25.6(12) 68(2) 19.3(12) -6.2(17) 5.1(13) 

N3 32.1(15) 18.6(12) 25.7(15) 6.3(11) 0.3(12) -8.2(11) 

F4 46.4(16) 78(2) 77(2) 17.7(17) -1.7(15) 35.8(15) 

C21 21.9(15) 16.6(13) 19.4(15) 2.8(11) -1.9(12) -1.8(11) 

O3 45.9(19) 54.5(19) 65(2) 26.6(17) -9.8(16) -6.4(15) 

F12A 35(3) 25(3) 74(6) 5(3) -20(3) -8(2) 

O1 60(2) 33.4(15) 56(2) 19.8(14) 7.5(15) 8.6(13) 

C1 15.2(13) 13.4(13) 24.0(16) 4.3(11) 2.2(11) 4.5(10) 

F9B 70(2) 34.5(15) 147(4) 35.1(19) -35(2) -7.6(14) 

C16 24.3(16) 20.9(15) 21.8(15) 8.8(12) 3.8(12) 3.4(12) 

C3 21.6(15) 22.9(15) 22.4(16) 3.7(13) -1.1(12) -2.4(12) 

C26 23.7(15) 16.1(13) 21.9(16) 4.8(12) -0.2(12) 1.2(11) 

O2 65(2) 87(3) 40.9(18) 36.6(18) -5.2(16) -20.1(19) 

F7B 53.8(19) 41.9(16) 175(4) 41(2) -2(2) 7.3(14) 

C30 26.2(16) 23.5(15) 25.8(17) 7.1(13) 4.0(13) 3.7(12) 

C25 23.5(15) 16.0(13) 20.9(15) 5.0(12) -2.9(12) -2.0(11) 

C2 18.5(14) 18.8(14) 24.3(16) 6.7(12) 3.7(12) 4.1(11) 

C19 27.1(17) 25.8(16) 27.1(17) 7.8(14) -2.7(13) -5.2(13) 

C22 16.4(14) 25.5(15) 25.4(17) 2.9(13) 2.9(12) 0.9(12) 

C15 26.5(16) 18.6(14) 23.2(16) 7.4(12) 1.0(12) -0.8(12) 

C11 18.6(15) 24.8(16) 28.8(18) 1.5(13) 0.3(13) 2.6(12) 

C8 18.0(14) 21.4(14) 19.8(15) 6.1(12) -0.2(11) 4.9(11) 

C20 22.1(15) 19.8(15) 22.7(16) 6.0(12) -2.4(12) 0.3(12) 

C24 30.3(17) 26.6(16) 30.3(18) 13.3(14) -1.8(14) 7.7(13) 

C14 27.2(17) 20.8(15) 31.2(18) 3.2(13) 4.9(14) 7.8(13) 

C6 22.5(15) 27.2(16) 31.5(18) 18.5(14) 2.1(13) 3.3(12) 

C23 21.7(16) 27.2(16) 35.3(19) 8.8(14) 1.3(14) 12.8(13) 
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C18 34.8(18) 19.0(15) 24.7(17) 0.5(13) -0.7(14) -5.2(13) 

C12 21.4(16) 30.6(18) 38(2) 2.8(15) 0.4(14) 3.7(13) 

C4 20.1(15) 27.8(16) 21.5(16) 6.9(13) 0.4(12) 3.0(12) 

C17 35.1(18) 14.5(14) 26.0(17) 3.9(12) 3.3(14) 2.8(12) 

C7 20.5(15) 19.1(14) 27.0(17) 9.9(13) 1.7(12) 3.1(12) 

C10 36.1(19) 22.3(16) 31.8(18) 12.7(14) -0.7(15) -2.7(14) 

C5 23.3(16) 28.2(16) 23.7(17) 11.4(13) 2.3(12) 7.3(13) 

C13 27.3(17) 27.8(17) 37(2) 6.4(15) 8.4(15) 14.5(14) 

C29 39(2) 32.3(18) 31.6(19) 12.3(15) 15.2(16) 2.8(15) 

C27 36.7(19) 23.9(16) 29.9(18) 13.1(14) 0.1(15) 3.1(14) 

F8B 63(9) 123(11) 172(16) 125(11) 81(9) 63(8) 

C9 36.0(19) 37.2(19) 26.2(18) 16.9(15) -1.7(14) -0.7(15) 

F10A 44(6) 196(12) 29(5) 20(5) 26(3) 4(5) 

C28 45(2) 33.5(19) 32(2) 18.9(16) 7.2(16) 1.0(16) 

C32 59(3) 38(2) 29(2) 15.5(17) -1.8(18) 14.6(19) 

C34 47(2) 49(2) 55(3) 29(2) 7(2) 2(2) 

C38 39(2) 45(2) 58(3) 35(2) -1.4(19) -1.8(18) 

C35 37(2) 61(3) 38(2) 25(2) -4.9(17) -7.6(19) 

C31 86(4) 36(2) 45(3) 16(2) -16(2) -1(2) 

C37 40(2) 40(2) 62(3) 24(2) 0(2) -5.4(18) 

C33 70(4) 83(4) 45(3) 25(3) 7(2) 40(3) 

C36 55(3) 82(4) 85(4) 40(4) 30(3) 16(3) 

C39 56(3) 111(5) 60(3) 46(4) 10(3) 6(3) 

F11A 126(14) 142(13) 44(6) 5(7) -29(9) 54(10) 

F8A 34(4) 192(13) 52(5) 69(6) 20(3) 22(5) 

F12B 91(12) 161(15) 82(8) 71(9) -56(8) -37(8) 

F11B 18(3) 54(5) 44(6) 4(3) -7(3) 12(2) 

F10B 37(6) 133(10) 190(17) 118(11) 48(7) 19(5) 

  

 

Table A1. 20 Bond Lengths for [Ru(bpy)2(DMNA)](PF6)2. 

Atom Atom Length/Å   Atom Atom Length/Å 
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Ru01 N1 2.134(3)   O3 C38 1.213(6) 

Ru01 N7 2.051(3)   O1 C32 1.213(5) 

Ru01 N6 2.043(3)   C1 C8 1.389(5) 

Ru01 N2 2.109(3)   C16 C15 1.468(5) 

Ru01 N5 2.033(2)   C16 C17 1.386(5) 

Ru01 N4 2.046(3)   C3 C2 1.426(5) 

P2 F12A 1.571(10)   C3 C4 1.355(5) 

P2 F9B 1.554(3)   C26 C25 1.464(5) 

P2 F7B 1.593(3)   C26 C27 1.380(5) 

P2 F8B 1.606(12)   O2 C35 1.202(6) 

P2 F10A 1.521(8)   C30 C29 1.376(5) 

P2 F11A 1.530(17)   C25 C24 1.389(5) 

P2 F8A 1.561(11)   C19 C20 1.377(5) 

P2 F12B 1.590(16)   C19 C18 1.380(5) 

P2 F11B 1.603(12)   C22 C23 1.377(5) 

P2 F10B 1.579(13)   C15 C14 1.379(5) 

P1 F1 1.603(2)   C11 C12 1.370(5) 

P1 F3 1.599(3)   C8 C4 1.425(5) 

P1 F2 1.600(2)   C8 C5 1.421(5) 

P1 F6 1.583(3)   C24 C23 1.383(5) 

P1 F5 1.590(3)   C14 C13 1.385(5) 

P1 F4 1.589(3)   C6 C7 1.401(5) 

N1 C1 1.367(4)   C6 C5 1.376(5) 

N1 C2 1.334(4)   C18 C17 1.385(5) 

N7 C21 1.353(4)   C12 C13 1.386(5) 

N7 C25 1.359(4)   C7 C10 1.505(5) 

N6 C26 1.370(4)   C5 C9 1.498(5) 

N6 C30 1.345(4)   C29 C28 1.373(6) 

N2 C1 1.366(4)   C27 C28 1.382(5) 

N2 C7 1.332(4)   C32 C31 1.478(7) 

N5 C16 1.354(4)   C32 C33 1.496(7) 

N5 C20 1.355(4)   C34 C35 1.488(6) 
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N4 C15 1.368(4)   C38 C37 1.497(7) 

N4 C11 1.350(4)   C38 C39 1.505(7) 

N3 C2 1.341(4)   C35 C36 1.496(7) 

C21 C22 1.389(5)         

  

Table A1. 21 Bond Angles for [Ru(bpy)2(DMNA)](PF6)2. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

N7 Ru01 N1 89.19(10)   C30 N6 Ru01 126.0(2) 

N7 Ru01 N2 96.61(10)   C30 N6 C26 117.8(3) 

N6 Ru01 N1 106.22(10)   C1 N2 Ru01 94.68(19) 

N6 Ru01 N7 78.67(11)   C7 N2 Ru01 148.2(2) 

N6 Ru01 N2 168.61(10)   C7 N2 C1 117.0(3) 

N6 Ru01 N4 98.11(11)   C16 N5 Ru01 116.1(2) 

N2 Ru01 N1 63.07(10)   C16 N5 C20 118.4(3) 

N5 Ru01 N1 163.20(10)   C20 N5 Ru01 125.3(2) 

N5 Ru01 N7 98.32(10)   C15 N4 Ru01 115.5(2) 

N5 Ru01 N6 90.03(10)   C11 N4 Ru01 126.5(2) 

N5 Ru01 N2 100.96(10)   C11 N4 C15 117.9(3) 

N5 Ru01 N4 79.06(11)   N7 C21 C22 122.5(3) 

N4 Ru01 N1 94.16(10)   N1 C1 C8 125.7(3) 

N4 Ru01 N7 175.91(11)   N2 C1 N1 108.6(3) 

N4 Ru01 N2 87.01(10)   N2 C1 C8 125.7(3) 

F12A P2 F7B 87.9(3)   N5 C16 C15 114.8(3) 

F9B P2 F12A 90.2(3)   N5 C16 C17 121.6(3) 

F9B P2 F7B 178.1(2)   C17 C16 C15 123.6(3) 

F9B P2 F8B 96.6(6)   C4 C3 C2 121.1(3) 

F9B P2 F8A 84.6(7)   N6 C26 C25 114.2(3) 

F9B P2 F12B 87.3(7)   N6 C26 C27 121.6(3) 

F9B P2 F11B 89.1(5)   C27 C26 C25 124.1(3) 

F9B P2 F10B 91.3(5)   N6 C30 C29 122.5(3) 

F7B P2 F8B 82.9(6)   N7 C25 C26 114.7(3) 

F7B P2 F11B 92.7(5)   N7 C25 C24 121.3(3) 
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F10A P2 F12A 91.2(7)   C24 C25 C26 124.0(3) 

F10A P2 F9B 92.2(6)   N1 C2 N3 118.7(3) 

F10A P2 F7B 87.8(6)   N1 C2 C3 120.4(3) 

F10A P2 F11A 103.2(13)   N3 C2 C3 120.9(3) 

F10A P2 F8A 176.1(8)   C20 C19 C18 119.4(3) 

F11A P2 F12A 163.9(15)   C23 C22 C21 118.8(3) 

F11A P2 F9B 96.4(8)   N4 C15 C16 114.2(3) 

F11A P2 F7B 85.4(8)   N4 C15 C14 121.6(3) 

F11A P2 F8A 75.1(12)   C14 C15 C16 124.2(3) 

F8A P2 F12A 91.0(6)   N4 C11 C12 123.0(3) 

F8A P2 F7B 95.6(7)   C1 C8 C4 115.3(3) 

F12B P2 F7B 90.8(7)   C1 C8 C5 116.5(3) 

F12B P2 F8B 83.7(10)   C5 C8 C4 128.1(3) 

F12B P2 F11B 165.2(11)   N5 C20 C19 122.2(3) 

F11B P2 F8B 111.0(13)   C23 C24 C25 119.7(3) 

F10B P2 F7B 89.1(6)   C15 C14 C13 119.4(3) 

F10B P2 F8B 171.1(9)   C5 C6 C7 122.5(3) 

F10B P2 F12B 92.5(10)   C22 C23 C24 119.2(3) 

F10B P2 F11B 73.1(11)   C19 C18 C17 118.8(3) 

F3 P1 F1 89.79(14)   C11 C12 C13 118.9(3) 

F3 P1 F2 88.74(15)   C3 C4 C8 119.8(3) 

F2 P1 F1 89.03(13)   C18 C17 C16 119.5(3) 

F6 P1 F1 89.38(16)   N2 C7 C6 120.9(3) 

F6 P1 F3 179.02(16)   N2 C7 C10 117.4(3) 

F6 P1 F2 90.74(17)   C6 C7 C10 121.7(3) 

F6 P1 F5 90.11(17)   C8 C5 C9 120.9(3) 

F6 P1 F4 91.25(19)   C6 C5 C8 117.3(3) 

F5 P1 F1 179.03(17)   C6 C5 C9 121.8(3) 

F5 P1 F3 90.72(17)   C14 C13 C12 119.1(3) 

F5 P1 F2 90.15(16)   C28 C29 C30 119.7(3) 

F4 P1 F1 89.93(18)   C26 C27 C28 119.6(3) 

F4 P1 F3 89.26(17)   C29 C28 C27 118.7(3) 
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F4 P1 F2 177.75(18)   O1 C32 C31 121.6(5) 

F4 P1 F5 90.90(19)   O1 C32 C33 120.7(5) 

C1 N1 Ru01 93.57(18)   C31 C32 C33 117.7(5) 

C2 N1 Ru01 148.5(2)   O3 C38 C37 121.4(4) 

C2 N1 C1 117.8(3)   O3 C38 C39 122.4(5) 

C21 N7 Ru01 125.7(2)   C37 C38 C39 116.2(4) 

C21 N7 C25 118.3(3)   O2 C35 C34 121.2(5) 

C25 N7 Ru01 115.9(2)   O2 C35 C36 120.7(5) 

C26 N6 Ru01 116.2(2)   C34 C35 C36 118.2(4) 

  

Table A1. 22 Hydrogen Bonds for [Ru(bpy)2(DMNA)](PF6)2. 

 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N3 H3A O2 0.86 2.11 2.784(4) 135.0 

  

Table A1. 23 Torsion Angles for [Ru(bpy)2(DMNA)](PF6)2. 

A B C D Angle/˚   A B C D Angle/˚ 

Ru01 N1 C1 N2 1.8(2)   C1 C8 C5 C6 0.4(4) 

Ru01 N1 C1 C8 -177.5(3)   C1 C8 C5 C9 179.9(3) 

Ru01 N1 C2 N3 -5.1(6)   C16 N5 C20 C19 -2.2(5) 

Ru01 N1 C2 C3 174.6(3)   C16 C15 C14 C13 178.7(3) 

Ru01 N7 C21 C22 -175.4(2)   C26 N6 C30 C29 2.7(5) 

Ru01 N7 C25 C26 -6.5(3)   C26 C25 C24 C23 -177.3(3) 

Ru01 N7 C25 C24 174.6(2)   C26 C27 C28 C29 2.0(6) 

Ru01 N6 C26 C25 -1.2(3)   C30 N6 C26 C25 -177.9(3) 

Ru01 N6 C26 C27 175.9(3)   C30 N6 C26 C27 -0.7(5) 

Ru01 N6 C30 C29 -173.6(3)   C30 C29 C28 C27 -0.1(6) 

Ru01 N2 C1 N1 -1.8(2)   C25 N7 C21 C22 1.5(4) 

Ru01 N2 C1 C8 177.5(3)   C25 C26 C27 C28 175.3(3) 

Ru01 N2 C7 C6 -174.1(3)   C25 C24 C23 C22 0.7(5) 

Ru01 N2 C7 C10 6.1(6)   C2 N1 C1 N2 178.8(3) 

Ru01 N5 C16 C15 5.6(4)   C2 N1 C1 C8 -0.5(4) 

Ru01 N5 C16 C17 -173.2(2)   C2 C3 C4 C8 0.6(5) 
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Ru01 N5 C20 C19 172.4(3)   C19 C18 C17 C16 -1.7(5) 

Ru01 N4 C15 C16 -2.1(4)   C15 N4 C11 C12 1.3(5) 

Ru01 N4 C15 C14 177.4(3)   C15 C16 C17 C18 -178.7(3) 

Ru01 N4 C11 C12 -176.0(3)   C15 C14 C13 C12 0.5(6) 

N1 C1 C8 C4 0.7(4)   C11 N4 C15 C16 -179.6(3) 

N1 C1 C8 C5 178.4(3)   C11 N4 C15 C14 -0.1(5) 

N7 C21 C22 C23 0.8(5)   C11 C12 C13 C14 0.6(6) 

N7 C25 C24 C23 1.6(5)   C20 N5 C16 C15 -179.3(3) 

N6 C26 C25 N7 5.0(4)   C20 N5 C16 C17 1.9(5) 

N6 C26 C25 C24 -176.1(3)   C20 C19 C18 C17 1.4(5) 

N6 C26 C27 C28 -1.6(5)   C18 C19 C20 N5 0.5(5) 

N6 C30 C29 C28 -2.3(6)   C4 C3 C2 N1 -0.4(5) 

N2 C1 C8 C4 -178.6(3)   C4 C3 C2 N3 179.3(3) 

N2 C1 C8 C5 -0.8(5)   C4 C8 C5 C6 177.8(3) 

N5 C16 C15 N4 -2.3(4)   C4 C8 C5 C9 -2.7(5) 

N5 C16 C15 C14 178.2(3)   C17 C16 C15 N4 176.5(3) 

N5 C16 C17 C18 0.1(5)   C17 C16 C15 C14 -3.0(5) 

N4 C15 C14 C13 -0.7(5)   C7 N2 C1 N1 -179.0(3) 

N4 C11 C12 C13 -1.5(6)   C7 N2 C1 C8 0.3(4) 

C21 N7 C25 C26 176.3(3)   C7 C6 C5 C8 0.5(5) 

C21 N7 C25 C24 -2.6(4)   C7 C6 C5 C9 -179.0(3) 

C21 C22 C23 C24 -1.9(5)   C5 C8 C4 C3 -178.1(3) 

C1 N1 C2 N3 -179.3(3)   C5 C6 C7 N2 -1.1(5) 

C1 N1 C2 C3 0.4(4)   C5 C6 C7 C10 178.8(3) 

C1 N2 C7 C6 0.7(4)   C27 C26 C25 N7 -172.0(3) 

C1 N2 C7 C10 -179.2(3)   C27 C26 C25 C24 6.9(5) 

C1 C8 C4 C3 -0.7(4)             

  

Table A1. 24 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for [Ru(bpy)2(DMNA)](PF6)2 

Atom x y z U(eq) 

H3A 3240 5188 1931 31 

H3B 2544 4452 1166 31 
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H21 7902 6893 1530 25 

H3 2568 4607 -164 29 

H30 2954 7420 3873 31 

H19 8705 9773 4442 33 

H22 9824 5885 1398 29 

H11 1759 7298 1972 32 

H20 7855 8278 3562 27 

H24 8105 5048 3108 34 

H14 2506 10412 3802 34 

H6 5785 8542 18 30 

H23 9898 4919 2170 35 

H18 7163 11062 4806 34 

H12 -115 8334 2196 40 

H4 3234 5502 -907 29 

H17 4755 10792 4309 31 

H10A 5947 9738 1732 44 

H10B 7420 9279 1381 44 

H10C 6803 9143 2159 44 

H13 238 9915 3134 39 

H29 2912 6870 4933 40 

H27 6490 5411 4089 35 

H9A 4979 6485 -1517 48 

H9B 4865 7589 -1321 48 

H9C 3469 6971 -1333 48 

H28 4689 5853 5054 42 

H34A 1582 4891 4554 72 

H34B 334 4320 3915 72 

H34C 720 5389 4043 72 

H31A 14252 8276 7402 84 

H31B 13159 8491 6789 84 

H31C 14372 7740 6441 84 

H37A -2268 916 -11 69 
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H37B -1870 13 188 69 

H37C -3481 343 238 69 

H33A 10703 7751 7177 98 

H33B 11750 8006 7964 98 

H33C 11070 6963 7535 98 

H36A 2602 3055 2704 106 

H36B 2666 3310 3665 106 

H36C 3948 3634 3249 106 

H39A -959 -1004 -1295 107 

H39B -1022 -17 -1407 107 

H39C -1867 -925 -2042 107 
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A1.1.4 Crystal Structure of [IrClCp*(DMNA)](PF6) 

 

Table A1. 25 Crystal data for [IrClCp*(DMNA)](PF6) 
 

Parameter [IrClCp*(DMNA)](PF6) 

Empirical Formula C20H26ClF6IrN3P 

Formula Weight 681.06 

Temperature / K 110.05(10) 

Crystal System Triclinic 

Space Group P-1 

a / Å  8.0067(3) 

b / Å 11.5597(5) 

c / Å 12.5470(5) 

α / ° 83.813(4) 

β / ° 83.461(4) 

γ / ° 82.117(4) 

Volume / Å3 1137.81(8) 

Z 2 

ρcalc g/cm3 1.988 

µ / mm-1 6.117 

F(000) 724.0 

Crystal Size / mm3 0.135x0.074x0.025 

Radiation  MoKα (λ = 0.71073) 

2θ range for collection / ° 6.642 to 60.156 

Index Ranges -10≥h≥11, -16≥k≥16, -17≥l≥17 

Reflections Collected 11204 

Independent Reflections 6640 [Rint=0.0457, Rsigma= 

0.0697] 

Data/Restraints/Parameters 6640/38/379 

Goodness-of-fit on F2 1.047 

Final R indexes [I ≥ 2σ (I) ] R1=0.0293 wR2=0.0536 

Final R indexes [all data] R1=0.0345 wR2=0.0560 

Largest diff. peak/hole /e Å-

3 

1.34/-0.87 
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Figure A1. 4 Crystal Structure of [IrClCp*(DMNA)](PF6) with hydrogen and 
counterions omitted for clarity. Probability ellipsoids at 50%. 

 
Table A1. 26 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for [IrClCp*(DMNA)](PF6). Ueq is defined as 1/3 
of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C11 5915(5) 8396(3) 9004(3) 21.3(7) 

C12 4611(4) 9318(3) 8695(3) 20.5(7) 

C13 5357(4) 10059(3) 7823(3) 20.0(7) 

C14 7099(4) 9583(3) 7590(3) 19.4(7) 

C15 7434(4) 8538(3) 8310(3) 20.4(7) 

C16 5762(5) 7441(3) 9898(3) 32.6(9) 

C17 2831(5) 9555(4) 9213(3) 32.0(9) 

C18 4503(5) 11136(3) 7263(3) 31.2(9) 

C19 8356(5) 10162(3) 6808(3) 28.4(9) 

C20 9113(4) 7786(3) 8385(3) 29.6(8) 

Cl1 3255.1(11) 8753.8(7) 6202.3(7) 22.12(17) 

Ir1 5466.3(2) 8303.2(2) 7366.9(2) 13.93(4) 

C2A 3903(5) 5725(3) 7932(3) 15.2(8) 

C3A 4071(5) 4585(3) 7538(3) 17.4(8) 

C4A 5203(5) 4306(3) 6686(3) 16.7(8) 

C8A 6215(5) 5150(3) 6153(3) 14.6(8) 

C1A 5963(5) 6221(3) 6586(3) 13.8(8) 
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C5A 7402(5) 5052(3) 5231(3) 15.7(8) 

C6A 8146(5) 6033(4) 4818(3) 15.8(8) 

C7A 7802(5) 7099(3) 5295(3) 15.3(8) 

C9A 7805(5) 3911(3) 4735(3) 21.0(8) 

C10A 8582(6) 8171(4) 4832(4) 21.7(9) 

N3A 2771(5) 5985(4) 8765(3) 21.7(8) 

N1A 4885(5) 6505(3) 7458(3) 14.8(7) 

N2A 6722(5) 7175(3) 6194(3) 13.8(7) 

C2B 7890(30) 7644(15) 5009(15) 15.3(8) 

C3B 8400(30) 6631(15) 4421(17) 15.8(8) 

C4B 7850(30) 5580(19) 4767(17) 15.7(8) 

C8B 6770(30) 5430(15) 5733(15) 14.6(8) 

C1B 6340(30) 6420(17) 6289(19) 13.8(8) 

C5B 5960(30) 4462(14) 6218(16) 16.7(8) 

C6B 4870(30) 4525(18) 7147(17) 17.4(8) 

C7B 4560(30) 5593(17) 7620(18) 15.2(8) 

C9B 6400(30) 3323(16) 5722(18) 21.0(8) 

C10B 3350(40) 5710(30) 8620(20) 21.7(8) 

N3B 8360(30) 8702(16) 4690(20) 21.7(9) 

N1B 6990(40) 7430(20) 5946(18) 13.8(7) 

N2B 5290(40) 6540(20) 7210(20) 14.8(7) 

F1 10256(6) 4144(3) 9269(4) 32.6(8) 

F2A 7602(3) 4422(3) 8747(2) 33.1(7) 

F3A 9859(4) 4636(3) 7526(3) 34.6(8) 

F4A 11034(4) 2789(3) 8064(3) 32.3(8) 

F5A 8766(4) 2601(3) 9294(2) 36.6(7) 

F6 8395(4) 3085(4) 7526(4) 38.4(8) 

P1A 9302(3) 3617.7(15) 8402(2) 18.3(4) 

F1A 10020(40) 3850(30) 9380(30) 32.6(8) 

F2B 9240(40) 4560(30) 7690(30) 82(7) 

F3B 11350(40) 3240(30) 7910(30) 76(6) 

F4B 9620(40) 2140(20) 8960(20) 82(7) 
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F5B 7570(30) 3640(30) 8880(20) 76(6) 

F6A 8920(30) 2890(30) 7430(30) 38.4(8) 

P1B 9470(20) 3359(13) 8388(16) 18.3(4) 

  

Table A1. 27 Anisotropic Displacement Parameters (Å2×103) for 
[IrClCp*(DMNA)](PF6). The Anisotropic displacement factor exponent takes the 

form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C11 29.2(19) 21.5(18) 17.2(15) -6.0(13) -8.3(14) -9.4(15) 

C12 22.4(17) 21.9(18) 21.0(16) -12.3(14) 0.0(14) -10.2(14) 

C13 24.8(18) 15.9(16) 21.6(16) -9.9(13) -0.6(14) -5.6(14) 

C14 21.5(17) 16.0(16) 22.4(16) -5.6(13) -1.1(14) -6.7(13) 

C15 25.0(18) 17.7(17) 21.8(16) -3.7(14) -9.2(14) -7.3(14) 

C16 48(3) 36(2) 17.3(17) 5.9(16) -12.3(17) -17.4(19) 

C17 28(2) 35(2) 36(2) -19.8(18) 7.1(17) -12.3(17) 

C18 40(2) 15.7(18) 37(2) -7.9(16) -3.0(18) 1.8(16) 

C19 30(2) 23.7(19) 33(2) -6.9(16) 6.5(17) -15.2(16) 

C20 20.0(18) 32(2) 39(2) -5.2(18) -9.9(16) -2.7(16) 

Cl1 25.0(4) 15.7(4) 27.3(4) -2.9(3) -12.5(3) 0.5(3) 

Ir1 16.16(6) 11.84(6) 14.85(6) -3.87(4) -3.08(5) -2.24(4) 

C2A 21(2) 13.0(17) 12(2) 3.1(14) -4.8(15) -3.2(16) 

C3A 15.3(19) 14.3(18) 22(2) 4.1(16) -4.3(16) -3.4(15) 

C4A 19(2) 11.2(18) 21(2) 0.6(16) -9.3(17) -2.7(15) 

C8A 13.1(18) 13.3(19) 17.1(19) 1.6(15) -5.6(15) -0.1(14) 

C1A 14(2) 13.7(19) 13(2) -1.0(16) -3.3(16) -1.2(14) 

C5A 16.6(18) 15.3(19) 16.3(18) -2.5(15) -7.4(15) 0.0(15) 

C6A 16.3(18) 18(2) 13.6(18) -4.3(15) -1.9(15) -1.2(16) 

C7A 14.2(17) 18(2) 13.5(18) -1.7(15) -1.0(14) -1.3(16) 

C9A 17.8(19) 19(2) 27(2) -7.1(16) -4.0(16) 0.4(15) 

C10A 27(2) 16(2) 23(2) -4(2) 4.5(17) -10(2) 

N3A 22(2) 21(2) 23.4(19) -3.9(16) 4.1(16) -8.7(17) 

N1A 18(2) 12.5(14) 15(2) -1.0(14) -3.7(14) -3.5(14) 

N2A 13.9(18) 15(2) 13(2) -4.7(15) -1.1(14) -2.2(13) 
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C2B 14.2(17) 18(2) 13.5(18) -1.7(15) -1.0(14) -1.3(16) 

C3B 16.3(18) 18(2) 13.6(18) -4.3(15) -1.9(15) -1.2(16) 

C4B 16.6(18) 15.3(19) 16.3(18) -2.5(15) -7.4(15) 0.0(15) 

C8B 13.1(18) 13.3(19) 17.1(19) 1.6(15) -5.6(15) -0.1(14) 

C1B 14(2) 13.7(19) 13(2) -1.0(16) -3.3(16) -1.2(14) 

C5B 19(2) 11.2(18) 21(2) 0.6(16) -9.3(17) -2.7(15) 

C6B 15.3(19) 14.3(18) 22(2) 4.1(16) -4.3(16) -3.4(15) 

C7B 21(2) 13.0(17) 12(2) 3.1(14) -4.8(15) -3.2(16) 

C9B 17.8(19) 19(2) 27(2) -7.1(16) -4.0(16) 0.4(15) 

C10B 22(2) 21(2) 23.4(19) -3.9(16) 4.1(16) -8.7(17) 

N3B 27(2) 16(2) 23(2) -4(2) 4.5(17) -10(2) 

N1B 13.9(18) 15(2) 13(2) -4.7(15) -1.1(14) -2.2(13) 

N2B 18(2) 12.5(14) 15(2) -1.0(14) -3.7(14) -3.5(14) 

F1 36(2) 34(3) 32.4(17) -5.3(18) -8.8(15) -16.2(14) 

F2A 21.7(13) 38.7(17) 35.1(15) -9.5(14) 3.1(12) 8.7(13) 

F3A 51(2) 26.3(16) 23.1(14) 3.6(12) 8.5(15) -7.5(15) 

F4A 20.4(15) 27.5(16) 46.2(19) -8.9(15) 1.2(14) 7.7(12) 

F5A 36.1(17) 32.2(17) 38.8(16) 9.5(13) 4.7(14) -11.7(13) 

F6 35(2) 38(2) 46.8(17) -19.6(15) -21(2) 4.9(17) 

P1A 16.3(8) 18.4(11) 19.3(4) -2.8(8) 0.6(5) -0.2(7) 

F1A 36(2) 34(3) 32.4(17) -5.3(18) -8.8(15) -16.2(14) 

F2B 98(12) 57(10) 90(12) 32(8) -27(10) -27(9) 

F3B 49(9) 112(13) 59(9) -5(10) 18(8) -7(9) 

F4B 98(12) 57(10) 90(12) 32(8) -27(10) -27(9) 

F5B 49(9) 112(13) 59(9) -5(10) 18(8) -7(9) 

F6A 35(2) 38(2) 46.8(17) -19.6(15) -21(2) 4.9(17) 

P1B 16.3(8) 18.4(11) 19.3(4) -2.8(8) 0.6(5) -0.2(7) 

  

Table A1. 28 Bond Lengths for [IrClCp*(DMNA)](PF6). 

Atom Atom Length/Å   Atom Atom Length/Å 

C11 C12 1.440(5)   C5A C9A 1.498(5) 

C11 C15 1.431(5)   C6A C7A 1.407(5) 
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C11 C16 1.494(5)   C7A C10A 1.496(5) 

C11 Ir1 2.141(3)   C7A N2A 1.345(5) 

C12 C13 1.441(5)   C2B C3B 1.439(7) 

C12 C17 1.500(5)   C2B N3B 1.335(7) 

C12 Ir1 2.136(3)   C2B N1B 1.325(7) 

C13 C14 1.437(5)   C3B C4B 1.358(7) 

C13 C18 1.483(5)   C4B C8B 1.418(7) 

C13 Ir1 2.155(3)   C8B C1B 1.387(7) 

C14 C15 1.442(5)   C8B C5B 1.416(7) 

C14 C19 1.497(5)   C1B N1B 1.352(7) 

C14 Ir1 2.163(3)   C1B N2B 1.352(7) 

C15 C20 1.504(5)   C5B C6B 1.379(7) 

C15 Ir1 2.137(3)   C5B C9B 1.498(7) 

Cl1 Ir1 2.3902(8)   C6B C7B 1.406(7) 

Ir1 N1A 2.180(4)   C7B C10B 1.496(7) 

Ir1 N2A 2.143(4)   C7B N2B 1.343(7) 

Ir1 N1B 2.29(2)   F1 P1A 1.611(6) 

Ir1 N2B 2.09(2)   F2A P1A 1.584(3) 

C2A C3A 1.440(5)   F3A P1A 1.596(4) 

C2A N3A 1.334(5)   F4A P1A 1.615(4) 

C2A N1A 1.325(5)   F5A P1A 1.601(4) 

C3A C4A 1.357(5)   F6 P1A 1.602(5) 

C4A C8A 1.418(5)   F1A P1B 1.55(4) 

C8A C1A 1.386(5)   F2B P1B 1.56(4) 

C8A C5A 1.415(5)   F3B P1B 1.54(3) 

C1A N1A 1.354(5)   F4B P1B 1.51(3) 

C1A N2A 1.351(5)   F5B P1B 1.58(3) 

C5A C6A 1.378(6)   F6A P1B 1.51(4) 

  

Table A1. 29 Bond Angles for [IrClCp*(DMNA)](PF6). 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C12 C11 C16 127.1(3)   C3A C4A C8A 120.0(4) 
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C12 C11 Ir1 70.13(19)   C1A C8A C4A 114.8(3) 

C15 C11 C12 108.7(3)   C1A C8A C5A 116.4(3) 

C15 C11 C16 124.2(3)   C5A C8A C4A 128.7(4) 

C15 C11 Ir1 70.30(18)   N1A C1A C8A 126.1(3) 

C16 C11 Ir1 125.8(2)   N2A C1A C8A 125.8(3) 

C11 C12 C13 107.4(3)   N2A C1A N1A 108.1(3) 

C11 C12 C17 128.0(3)   C8A C5A C9A 120.0(3) 

C11 C12 Ir1 70.52(18)   C6A C5A C8A 117.6(4) 

C13 C12 C17 124.5(3)   C6A C5A C9A 122.3(4) 

C13 C12 Ir1 71.08(17)   C5A C6A C7A 122.6(3) 

C17 C12 Ir1 127.2(2)   C6A C7A C10A 122.5(3) 

C12 C13 C18 126.6(3)   N2A C7A C6A 119.6(4) 

C12 C13 Ir1 69.67(18)   N2A C7A C10A 117.9(3) 

C14 C13 C12 108.2(3)   C2A N1A Ir1 146.3(3) 

C14 C13 C18 125.2(3)   C2A N1A C1A 118.8(3) 

C14 C13 Ir1 70.87(18)   C1A N1A Ir1 94.7(2) 

C18 C13 Ir1 125.7(3)   C1A N2A Ir1 96.4(2) 

C13 C14 C15 108.1(3)   C7A N2A Ir1 145.6(3) 

C13 C14 C19 124.6(3)   C7A N2A C1A 117.9(3) 

C13 C14 Ir1 70.27(19)   N3B C2B C3B 124.1(19) 

C15 C14 C19 127.0(3)   N1B C2B C3B 114.2(19) 

C15 C14 Ir1 69.45(18)   N1B C2B N3B 121.5(19) 

C19 C14 Ir1 130.6(2)   C4B C3B C2B 121.7(19) 

C11 C15 C14 107.7(3)   C3B C4B C8B 121(2) 

C11 C15 C20 125.8(3)   C1B C8B C4B 115.2(17) 

C11 C15 Ir1 70.61(19)   C1B C8B C5B 113.0(15) 

C14 C15 C20 126.4(3)   C5B C8B C4B 131.7(18) 

C14 C15 Ir1 71.37(19)   N1B C1B C8B 121(2) 

C20 C15 Ir1 127.2(2)   N1B C1B N2B 110.6(15) 

C11 Ir1 C13 65.42(13)   N2B C1B C8B 128(2) 

C11 Ir1 C14 65.21(13)   C8B C5B C9B 117.8(17) 

C11 Ir1 Cl1 140.63(10)   C6B C5B C8B 122.2(16) 
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C11 Ir1 N1A 100.23(14)   C6B C5B C9B 119.9(16) 

C11 Ir1 N2A 130.51(15)   C5B C6B C7B 118.1(18) 

C11 Ir1 N1B 133.8(8)   C6B C7B C10B 120(2) 

C12 Ir1 C11 39.34(13)   N2B C7B C6B 123(2) 

C12 Ir1 C13 39.25(12)   N2B C7B C10B 117(2) 

C12 Ir1 C14 65.65(12)   C2B N1B Ir1 143.4(17) 

C12 Ir1 C15 66.18(13)   C2B N1B C1B 126(2) 

C12 Ir1 Cl1 104.27(10)   C1B N1B Ir1 89.9(12) 

C12 Ir1 N1A 119.11(13)   C1B N2B Ir1 98.7(13) 

C12 Ir1 N2A 169.44(15)   C7B N2B Ir1 145.4(17) 

C12 Ir1 N1B 165.5(7)   C7B N2B C1B 116(2) 

C13 Ir1 C14 38.87(12)   F1 P1A F4A 89.5(3) 

C13 Ir1 Cl1 95.70(10)   F2A P1A F1 90.3(2) 

C13 Ir1 N1A 157.88(12)   F2A P1A F3A 90.31(18) 

C13 Ir1 N1B 130.1(5)   F2A P1A F4A 179.3(3) 

C14 Ir1 Cl1 121.60(10)   F2A P1A F5A 89.9(2) 

C14 Ir1 N1A 151.96(16)   F2A P1A F6 90.9(2) 

C14 Ir1 N1B 100.1(6)   F3A P1A F1 88.9(2) 

C15 Ir1 C11 39.09(13)   F3A P1A F4A 90.3(2) 

C15 Ir1 C13 65.74(13)   F3A P1A F5A 179.0(3) 

C15 Ir1 C14 39.18(12)   F3A P1A F6 90.6(3) 

C15 Ir1 Cl1 160.24(9)   F5A P1A F1 90.1(2) 

C15 Ir1 N1A 114.53(16)   F5A P1A F4A 89.46(18) 

C15 Ir1 N2A 103.80(15)   F5A P1A F6 90.4(3) 

C15 Ir1 N1B 101.4(8)   F6 P1A F1 178.7(3) 

N1A Ir1 Cl1 85.21(13)   F6 P1A F4A 89.32(19) 

N2A Ir1 C13 141.27(12)   F1A P1B F2B 96(2) 

N2A Ir1 C14 109.11(13)   F1A P1B F5B 88.1(19) 

N2A Ir1 Cl1 86.29(12)   F2B P1B F5B 87.3(17) 

N2A Ir1 N1A 60.84(11)   F3B P1B F1A 88(2) 

N1B Ir1 Cl1 85.1(8)   F3B P1B F2B 87.1(19) 

N2B Ir1 C11 106.6(8)   F3B P1B F5B 173.0(19) 
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N2B Ir1 C12 129.8(6)   F4B P1B F1A 90.6(18) 

N2B Ir1 C13 169.0(5)   F4B P1B F2B 173(2) 

N2B Ir1 C14 146.5(9)   F4B P1B F3B 93.9(18) 

N2B Ir1 C15 113.4(10)   F4B P1B F5B 92.2(18) 

N2B Ir1 Cl1 86.1(10)   F6A P1B F1A 179(2) 

N2B Ir1 N1B 60.8(6)   F6A P1B F2B 84(2) 

N3A C2A C3A 120.0(4)   F6A P1B F3B 92.4(19) 

N1A C2A C3A 119.2(4)   F6A P1B F4B 89.3(19) 

N1A C2A N3A 120.8(4)   F6A P1B F5B 91.1(17) 

C4A C3A C2A 121.0(4)           

  

Table A1. 30 Hydrogen Bonds for [IrClCp*(DMNA)](PF6). 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N3A H3AA F11 0.86(4) 2.26(5) 3.095(5) 165(4) 

N3A H3AB F5A2 0.88(5) 2.58(5) 3.121(5) 121(4) 

C3B H3B F3B3 0.95 2.18 2.90(4) 131.1 

1-1+X,+Y,+Z; 21-X,1-Y,2-Z; 32-X,1-Y,1-Z 

  

Table A1. 31 Torsion Angles for [IrClCp*(DMNA)](PF6). 

A B C D Angle/˚   A B C D Angle/˚ 

C11 C12 C13 C14 0.8(4)   C8A C5A C6A C7A 1.8(6) 

C11 C12 C13 C18 -178.5(3)   C1A C8A C5A C6A -2.7(5) 

C11 C12 C13 Ir1 61.5(2)   C1A C8A C5A C9A 177.6(4) 

C12 C11 C15 C14 2.3(4)   C5A C8A C1A N1A 179.6(4) 

C12 C11 C15 C20 177.6(3)   C5A C8A C1A N2A 1.4(6) 

C12 C11 C15 Ir1 -59.9(2)   C5A C6A C7A C10A -178.6(4) 

C12 C13 C14 C15 0.6(4)   C5A C6A C7A N2A 0.7(6) 

C12 C13 C14 C19 -173.8(3)   C6A C7A N2A Ir1 -177.7(4) 

C12 C13 C14 Ir1 59.9(2)   C6A C7A N2A C1A -2.1(6) 

C13 C14 C15 C11 -1.7(4)   C9A C5A C6A C7A -178.5(4) 

C13 C14 C15 C20 -177.1(3)   C10A C7A N2A Ir1 1.7(8) 

C13 C14 C15 Ir1 59.9(2)   C10A C7A N2A C1A 177.3(4) 

C15 C11 C12 C13 -1.9(4)   N3A C2A C3A C4A 179.4(4) 
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C15 C11 C12 C17 -177.5(3)   N3A C2A N1A Ir1 -5.7(9) 

C15 C11 C12 Ir1 60.0(2)   N3A C2A N1A C1A -177.2(4) 

C16 C11 C12 C13 177.7(3)   N1A C2A C3A C4A -0.7(6) 

C16 C11 C12 C17 2.1(6)   N1A C1A N2A Ir1 0.1(4) 

C16 C11 C12 Ir1 -120.4(3)   N1A C1A N2A C7A -177.4(4) 

C16 C11 C15 C14 -177.3(3)   N2A C1A N1A Ir1 -0.1(4) 

C16 C11 C15 C20 -2.0(5)   N2A C1A N1A C2A 175.2(4) 

C16 C11 C15 Ir1 120.5(3)   C2B C3B C4B C8B -1(4) 

C17 C12 C13 C14 176.6(3)   C3B C2B N1B Ir1 -173(3) 

C17 C12 C13 C18 -2.7(5)   C3B C2B N1B C1B -10(4) 

C17 C12 C13 Ir1 -122.7(3)   C3B C4B C8B C1B -1(4) 

C18 C13 C14 C15 179.9(3)   C3B C4B C8B C5B 176(2) 

C18 C13 C14 C19 5.5(5)   C4B C8B C1B N1B -3(4) 

C18 C13 C14 Ir1 -120.8(3)   C4B C8B C1B N2B 178(3) 

C19 C14 C15 C11 172.4(3)   C4B C8B C5B C6B -176(3) 

C19 C14 C15 C20 -2.9(6)   C4B C8B C5B C9B 7(4) 

C19 C14 C15 Ir1 -126.0(3)   C8B C1B N1B Ir1 180(3) 

Ir1 C11 C12 C13 -61.9(2)   C8B C1B N1B C2B 9(5) 

Ir1 C11 C12 C17 122.5(3)   C8B C1B N2B Ir1 -179(3) 

Ir1 C11 C15 C14 62.1(2)   C8B C1B N2B C7B -1(5) 

Ir1 C11 C15 C20 -122.5(3)   C8B C5B C6B C7B 0(4) 

Ir1 C12 C13 C14 -60.7(2)   C1B C8B C5B C6B 0(4) 

Ir1 C12 C13 C18 120.0(4)   C1B C8B C5B C9B -177(2) 

Ir1 C13 C14 C15 -59.4(2)   C5B C8B C1B N1B 180(3) 

Ir1 C13 C14 C19 126.3(3)   C5B C8B C1B N2B 1(5) 

Ir1 C14 C15 C11 -61.6(2)   C5B C6B C7B C10B 179(3) 

Ir1 C14 C15 C20 123.0(3)   C5B C6B C7B N2B 0(4) 

C2A C3A C4A C8A -1.5(6)   C6B C7B N2B Ir1 178(3) 

C3A C2A N1A Ir1 174.5(5)   C6B C7B N2B C1B 1(5) 

C3A C2A N1A C1A 3.0(7)   C9B C5B C6B C7B 176(2) 

C3A C4A C8A C1A 1.3(6)   C10B C7B N2B Ir1 -1(6) 

C3A C4A C8A C5A -177.0(4)   C10B C7B N2B C1B -178(3) 
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C4A C8A C1A N1A 1.1(6)   N3B C2B C3B C4B -179(3) 

C4A C8A C1A N2A -177.1(4)   N3B C2B N1B Ir1 11(5) 

C4A C8A C5A C6A 175.6(4)   N3B C2B N1B C1B 174(3) 

C4A C8A C5A C9A -4.2(6)   N1B C2B C3B C4B 6(4) 

C8A C1A N1A Ir1 -178.6(4)   N1B C1B N2B Ir1 1(3) 

C8A C1A N1A C2A -3.3(7)   N1B C1B N2B C7B 180(3) 

C8A C1A N2A Ir1 178.6(4)   N2B C1B N1B Ir1 -1(3) 

C8A C1A N2A C7A 1.1(7)   N2B C1B N1B C2B -171(3) 

  

Table A1. 32 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for [IrClCp*(DMNA)](PF6). 

Atom x y z U(eq) 

H16A 4564 7413 10152 49 

H16B 6369 7596 10493 49 

H16C 6254 6687 9635 49 

H17A 2065 9823 8656 48 

H17B 2770 10164 9708 48 

H17C 2495 8835 9615 48 

H18A 4970 11210 6505 47 

H18B 4692 11823 7607 47 

H18C 3284 11089 7305 47 

H19A 9369 9600 6663 43 

H19B 8669 10837 7115 43 

H19C 7852 10428 6134 43 

H20A 8929 6962 8543 44 

H20B 9684 8023 8962 44 

H20C 9820 7883 7698 44 

H3A 3379 4021 7881 21 

H4A 5318 3544 6448 20 

H6A 8921 5989 4188 19 

H9AA 8331 3312 5251 31 

H9AB 8590 4008 4083 31 

H9AC 6759 3667 4549 31 
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H10A 9024 8087 4080 33 

H10B 9510 8269 5247 33 

H10C 7723 8861 4866 33 

H3AA 2090(60) 5500(40) 9030(30) 22(12) 

H3AB 2790(60) 6700(50) 8930(40) 36(15) 

H3B 9135 6699 3774 19 

H4B 8207 4932 4354 19 

H6B 4333 3866 7459 21 

H9BA 7425 2893 6006 31 

H9BB 6609 3478 4938 31 

H9BC 5462 2852 5899 31 

H10D 2546 5136 8656 33 

H10E 2737 6503 8593 33 

H10F 3986 5562 9251 33 

H3BA 8076 9276 5114 26 

H3BB 8958 8825 4069 26 

 

 

 

 

 

 

 

 

A2 Appendix 2 – GC Calibration Curves 

 

Table A2. 1 GC response factors of relevant substrates 
 

Analyte Response Factor / V µmol-1 

s-1 

Standard Deviation 

Styrene 38.5 1.1 

Ethyl Benzene 41.4 1.3 

Benzaldehyde 21.7 1.3 
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α-methyl styrene 51.6 0.3 

Cumene 44.6 0.9 

β-methyl styrene 45.1 0.4 

n-Propyl Benzene 43.6 0.6 

1-Octene 39.2 0.6 

2-Octene 42.0 0.4 

Octane 36.9 0.5 

Mesitylene 46.4 0.4 

1-menthene 48.8 0.6 

Limonene 52.8 0.7 

 

Figure A2. 1 Calibration curve for Styrene 

 
Figure A2. 2 Calibration curve for Ethyl Benzene 
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Figure A2. 3 Calibration curve for Benzaldehyde 

 
Figure A2. 4 Calibration curve for α-methyl styrene 

 
 

Figure A2. 5 Calibration curve for trans-β-methyl styrene 
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Figure A2. 6 Calibration curve for cumene 

 
Figure A2. 7 Calibration curve for n-propyl benzene  

 
Figure A2. 8 Calibration curve for 1-octene 
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Figure A2. 9 Calibration curve for 2-octene 

 
 

Figure A2. 10 Calibration curve for Octane  

 
Figure A2. 11 Calibration curve for 1-menthene 
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Figure A2. 12 Calibration curve for limonene 

 

Figure A2. 13 Calibration curve for Mesitylene 
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Abbreviations 

 

AC-STEM – Aberration-corrected scanning electron microscopy 

ATR-IR - Attenuated total reflectance infra-red 

BET – Brunauer-Emmett-Teller  

bpy – 2, 2’-bipyridine 

CCN – Cyanamide-derived carbon nitride 

CP-MAS – cross polarisation-magic angle spinning 

CV – cyclic voltammetry 

DCM - dichloromethane 

DFT – density functional theory 

DLS – dynamic light scattering 

DMF – dimethyl formamide 

DMNA – 5, 7-dimethyl-[1, 8]-naphthyridine-2-amine 

DRIFTS – diffuse reflectance infrared fourier transform spectroscopy 

DRS – Diffuse reflectance spectroscopy 

EDTA – ethylene diamine tetraacetic acid 

EPR – electron paramagnetic resonance 

EXAFS – Extended X-rat absorption fine structure 

FRET – Förster resonance energy transfer 

FWHM – Full width half maximum 

HER – Hydrogen evolution reaction 

HOMO – highest occupied molecular orbital 

HPLC – High performance liquid chromatorgraphy 

ICP-MS – inductively coupled plasma mass spectrometry 

IPA – isopropyl alcohol (2-propanol) 

IR – Infra-red 

LIDFI-MS – Liquid injection field desorption/ionisation mass spectrometry 

LUMO – Lowest occupied molecular orbital 

MLCT – metal-to-ligand charge transfer 

MO – molecular orbital 

NMR – Nuclear Magnetic Resonance 

PXRD – Powder X-ray diffractometry 

RHE – reversible hydrogen electrode 

SAC- single-atom catalyst 

SEM – scanning electron microscopy 
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SHE – standard hydrogen electrode 

TEM – transmission electron microscopy 

TOF – Turnover frequency 

tpy - terpyridine 

TRPL – time resolved photoluminescence 

UCN – Urea-derived carbon nitride 

XANES – X-ray absorption near edge structure 

XPS – X-ray photoelectron spectroscopy 
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