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ABSTRACT 

Using sunlight to generate hydrogen from water has captivated the attention of 

researchers as it would prove to be a completely renewable method of fuel 

production. For several decades, scientists have been trying to achieve ‘total 

water splitting’, which is a highly complex and energetically demanding process. 

To overcome this barrier, the process is treated separately as two half reactions, 

namely water oxidation and reduction, with the majority of the research directed 

at the reduction side which pertains to H2 evolution. Of late, research is also 

being conducted on using other H2 sources like acids and alcohols which are 

thermodynamically easier to dehydrogenate. The usual components for 

photocatalytic hydrogen evolution include a light-absorbing 

chromophore/photosensitizer, a proton reducing catalyst and a sacrificial donor/ 

redox mediator which mimics the oxidative half of water photolysis. 

These reactions have been carried out using both molecular and heterogeneous 

systems, mainly employing noble metal-based photoharvesters and catalysts, 

due to their inherent low overpotentials, high activity and stability. To ensure 

commercial viability of the hydrogen generation process, recent focus has been 

on utilizing earth-abundant materials. With this background in mind, this 

dissertation aims to explore different routes to photocatalytic hydrogen 

generation. Both molecular and heterogeneous methods of water reduction were 

probed, using an earth-abundant Ni-based hexameric cluster and a metal-free 

nanocarbon, respectively as proton reducing catalysts. Both systems were 

photodriven using state-of-the-art iridium-based photosensitizers, which are 
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robust and well-known to probe the capability of new catalysts. While the Ni-

based molecular system achieved up to 30,000 catalyst turnovers, the metal-free 

nanocarbon was able to outperform platinum catalysts in terms of total hydrogen 

generation. As an example of replacing synthetic sacrificial agents with naturally 

occurring compounds, this thesis also demonstrates the use of oxalic acid as an 

electron donor, along with metallosurfactant Ir and Rh complexes in a novel 

biphasic H2 generation system. Oxidative quenching of the Ir excited state by the 

Rh, followed by electron donation by oxalic acid via phase transfer is proposed to 

be the dominant pathway, although further studies need to be conducted to prove 

this mechanism. Finally, this work contributes to the growing field of alcohol 

dehydrogenation, using visible light, a rhodium polypyridine catalyst and iodide in 

an acidic medium. This system was found to generate hydrogen and acetone 

from isopropyl alcohol, linearly for ~100 h, highlighting the robustness of the 

catalytic system. 
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CHAPTER 1. 

NEED FOR ALTERNATE ENERGY SOURCES - SOLAR HYDROGEN 

 

1.1 Current energy scenario 

Since the industrial revolution, the world has seen a drastic change in energy 

requirements. Energy, essentially needed to maintain biological functions of all 

life forms, is now also heavily desired in the form of electrical power, heating and 

transportation. Although urbanization brought about improved health care and 

living standards along with better connectivity, it has also triggered an enormous 

rise in global population that places tremendous stress on available natural 

resources. For instance, the need for wood and space has caused wide-scale 

deforestation, in turn bringing about loss of several species. Additionally, 

excessive underground and mountaintop mining has depleted mineral reserves, 

apart from laying waste to entire landscapes. A major impact of such 

anthropogenic activities has been an alarming increase of gaseous emissions, 

especially carbon dioxide (CO2), which could be one of the major contributors to 

the greenhouse effect. Over the years, our excessive reliance on fossil fuels for 

power generation and transportation has caused atmospheric CO2 levels to 

ascend from 280 ppm (pre-industrial) to approximately 400 ppm in 2013.1 

According to the International Panel on Climate Change (IPCC), failure to limit 

the rate of emissions will lead to a substantial rise in global temperatures, 

irrevocably damaging ecosystems and their bio-diversity.2   
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To counter these ill-effects, a major change in policies has to be brought about 

by most, if not all, countries. In 2010, at the United Nations Framework 

Convention on Climate Change (UNFCCC) held in Cancun, 196 parties agreed 

that urgent actions need to be taken to achieve the long term goal of preventing 

average global temperatures to rise beyond 2 oC and if possible, keep it below 

1.5 oC.3 It had been projected that maximum CO2 emissions of 3000 gigatonnes 

(Gt) can be tolerated to ensure a 50% chance of limiting this temperature rise. 

However, an estimated 1970 Gt has already been emitted prior to 2014. Thus, 

rapid de-carbonization of the energy sector is necessary to attain this objective. 

The use of renewable sources of energy like wind, solar and tidal seems to be 

the most probable solution at this juncture and has been gaining speed over the 

years. The next section elaborates on these emerging technologies and the 

challenges faced by them.     

1.2 Renewable energy – options and challenges 

Over the years, renewable technologies have progressively become cost 

effective and a number of promising alternatives have already been deployed. In 

fact, 2014 has been marked as the first time in 40 years where the rise in global 

economy was not met by a corresponding rise in emissions, owing mainly to the 

increasing use of renewable technologies.4 Over the last decade, total global 

power generation from renewables has risen from 800 GW to 1,712 GW by the 

end of 2014. 
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1.2.1. Currently used renewables and low carbon systems 

As illustrated in Figure 1-1(A), the biggest contributors to the total global power 

generation from renewables so far have been hydropower (1,055 GW), wind 

power (370 GW) and photovoltaics (PV, 177 GW), with minor contributions from 

biopower (generated from biomass, biofuels and biogas, 93 GW) and geothermal 

energy (~13 GW).4 An estimated 19.1% of the total energy consumption (2013) 

and 22.8% of the total electricity production (2014) was provided by renewables 

(Figure 1-1(B)).   

 

 

 

 

 

 

 

Figure 1-1. A) Breakdown of total global power generation (in GW) from 

renewables by the end of 2014. B) Comparison of total renewables contributions 

to electricity generation (in %) in 2014, the rest (77.2%) coming from fossil fuels 

and nuclear. 
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Compared to the well-established fossil fuel-based systems, however, the cost 

for these renewable technologies is still high. Other factors such as acceptance 

by indigenous communities, effect on aesthetics of the surroundings, influence 

on local wildlife, etc. also play a role in their successful installation. Alternate 

fuels like biofuels can compete with food sources and their use can thus be a 

deterrent. Additionally, fluctuations in oil prices and discovery of new oil and 

shale gas fields can pose further challenges to the implementation of renewable 

energy systems by both modern and developing nations.5 Overall though, the 

progress has been extremely encouraging and improvements in infrastructure 

and consequently, efficiency will lead to further contributions to global energy 

generation.  

Apart from renewable energy, other low carbon options have also been pursued. 

Nuclear power is one such example, used mostly by developed nations. 

However, high costs along with the threat of nuclear disasters and its after-

effects, as exemplified by Chernobyl (1986)6 and, more recently, Fukushima 

Daiichi (2011)7 have made this a less popular source. Carbon capture and 

storage (CCS) is another upcoming technology that can be employed to mitigate 

carbon-based emissions.8 As is true with every new undertaking, the initial costs 

are great as well as there are concerns about the long-term safety of storing CO2 

under geological formations and gradual leakage back into the atmosphere. 

Employing electrochemical devices like batteries and fuel cells to generate 

electrical power is another convenient method which has been used for years to 

drive small portable devices, to act as standby power supplies and nowadays, to 
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supplement, or even replace internal combustion engines (ICEs).9 Although 

batteries have a lower specific energy density (energy per unit mass), this 

shortcoming can be compensated by their higher volumetric energy density and 

the efficiency of electric motors. Nonetheless, batteries, especially the 

predominantly used Li-ion batteries, suffer from issues like high expense, 

corrosive material leakage and explosions on overheating, with current research 

targeted to overcome these barriers.10 Like batteries, fuel cells can be used to 

generate electricity from chemical reactions and have a non-Carnot limited 

thermodynamic efficiency of 80% compared to 20-30% for an ICE.11 However, 

unlike batteries, fuel cells require a constant supply of fuel. Several types of fuel 

cells are available, categorized mainly by the type of fuel or electrolyte used. 

Success and wide-spread commercialization of fuel cells primarily depends upon 

the ability to bring down costs (eliminate the use of noble metal-based 

electrodes), as well as use of non-polluting fuels like hydrogen.12  

1.2.2. Hydrogen as an alternate energy source and current production methods    

A very fascinating possibility that has been in the spotlight is the use of hydrogen 

gas as an alternate power source. Hydrogen has a high specific energy density 

and can be combusted via fuel cells to generate electricity and no toxic by-

products (only water and heat). Hydrogen fuel cells have been used in space 

missions to power the onboard electrical system13 and could also be utilized to 

generate power for other applications like transportation, portable devices and 

stationary uses.14 This would go a long way in keeping harmful emissions under 

check. For instance, using hydrogen fuel cells as replacements for the ICE would 
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be extremely advantageous given its high thermodynamic efficiency and non-

polluting tailpipe emissions. Moreover, the by-products themselves can be 

recycled, as in the case of combined heat and power systems (CHPs) that can 

generate electricity as well as provide heat for homes in winter.15  

Like every other renewable system, realization of a ‘hydrogen economy’ involves 

huge initial investments and, a lot of research is needed, especially in areas of 

hydrogen storage and transport before complete commercialization.16 The lower 

volumetric energy density of hydrogen means it has to be in compressed form to 

be practical; carrying a pressurized tank of a flammable gas in a vehicle gives 

rise to safety concerns. While new technologies to safely store hydrogen, 

including cooling and compressing continue to grow, a critical issue remains to 

be solved: the source and method of production. The majority of the hydrogen 

available commercially is produced from steam reforming of natural gas, which 

creates massive CO2 emissions. Thus, to be considered as a renewable, 

hydrogen gas needs to be generated by other means.17  

Water electrolysis is one technique being used to split water into hydrogen and 

oxygen.18 Currently, ~ 5% commercial hydrogen is produced by this process. The 

majority of this amount though is generated as a side-product of brine water 

electrolysis and is not true water splitting since oxygen is not made. Water 

electrolysis is also used in the International Space Station to generate oxygen.19 

Unfortunately, high costs make large scale commercialization of this method 

difficult. Thermochemical and biomass-based processes are some other ways to 

generate hydrogen.20 Although promising, these methods are not practical to use 
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on a large scale. A long term renewable solution would be to move towards 

solar-driven pathways, which will be described in the following section.                 

1.3 Solar fuels-light driven hydrogen generation 

The sun irradiates earth with an average intensity of 340 watts per square meter. 

To put this into perspective, we are supplied with enough unharnessed energy 

daily to provide power to the entire planet for 7 years.21 Utilizing this energy for 

power generation thus seems to be one of the most sustainable solutions to the 

world’s energy problems. As mentioned earlier, solar PV technology is one of the 

major players in the renewable energy sector and additional power plants and 

panels continue to be installed across the globe. A majority of commercially 

available solar panels are made up of crystalline silicon cells,22 which are 

primarily responsible for the high prices. Nonetheless, the current generation of 

PV technology incorporates thin film solar cells which are less expensive to 

manufacture.23 Furthermore, recent research on cheaper alternatives like multi-

junction PVs as well as perovskite solar cells has shown promising results and 

can generate power at much greater efficiencies (up to 45% compared to 20-

25% for conventional single junction solar cells).24 However, the diurnal nature of 

the sun as well as climatic factors like cloud cover makes this technology highly 

efficient only on good, sunny days. One supplementary route to harness solar 

energy would be to convert it in the form of chemical bonds of a fuel like 

hydrogen, which as described previously, can act as an alternate power source. 

The method can be made more renewable by using water as the source since it 

is abundant and non-polluting.25  
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1.3.1 Photocatalytic ‘total’ water splitting 

For decades now, researchers have tried to model or mimic the natural water 

splitting process, the key step of photosynthesis. Artificial photo-driven (UV light) 

water splitting was first demonstrated by Honda and Fujishima in 1972.26 Taking 

thermodynamics of this process into consideration, splitting water requires 237 

kJ/mol and 4 proton coupled electron transfers (PCETs), corresponding to 1.23 

eV per electron transfer (equations 1-3). In theory, this means that light of 

wavelength 1000 nm and smaller can be employed to drive this reaction. 

Transparency of water to visible light, however, necessitates the use of light-

absorbing chromophores or photosensitizers (PSs), which can capture light 

energy and convert it into the chemical bonds of hydrogen. Thus, photocatalytic 

water splitting has to be carried out in the presence of either semiconductors 

(heterogeneous) or molecular chromophores (homogeneous, both metal and 

metal-free). 

 

 

 

A key requirement for successful photocatalytic water splitting is the ability of the 

PS to absorb in the visible-to-near infrared region since this range contributes 

more than 50% of the power density in the total solar spectrum. Thus, absorption 

in this region would help improve the solar to hydrogen conversion efficiency. 

Conversely, the lifetime should be long enough (or band gap wide enough) to 
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prevent non-radiative decay or recombination of charge carriers. Also, the 

components should be tolerant to various pH conditions and corrosion.27  

1.3.1.(a) Heterogeneous water splitting 

For heterogeneous systems, three approaches can be taken.28 One is a single 

step method which involves photoexcitation of electrons from the valence band 

(VB) to the conduction band (CB) of a semiconductor, resulting in a charge 

separated state (Figure 1-2(A)). The photogenerated hole in the VB oxidizes 

water to evolve O2, while electrons in the CB reduce protons to generate 

hydrogen. However, very few semiconductors (obtained after a lot of bandgap 

engineering) possess the right band gap and stability to catalyze both reactions 

in a single step.29 To avoid these shortcomings, another approach is to use 2 

semiconductors, each active for a specific half-reaction (Figure 1-2(B)), with or 

without a redox relay to facilitate charge transfer between the light absorbers.30  

In spite of having advantages over the one-step process, this method suffers 

from back reactions which prevent evolution of the respective gaseous products. 

A third route to achieve water splitting is through a photoelectrochemical (PEC) 

cell.31 PECs normally involve the use of one (n or p-type cell) or two 

semiconductor photoelectrodes (tandem cell). Figure 1-2C illustrates an n-type 

PEC water splitting device. In some cases, the semiconductors are sensitized 

with transition metal-based dyes to improve their light absorption efficiencies. 

Although numerous accounts of PEC water splitting exist,28, 32 most of the cells 

require an external bias to overcome the resistance to the external flow of 
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electrons. Other problems faced include low conversion efficiencies, poor charge 

transport/rapid recombination, stability, cost, and scalability.  

 

 

 

 

 

Figure 1-2. Heterogeneous water splitting using A) single photoexcitation step B) 

2 semiconductors in presence of a redox relay and C) an n-type PEC device. The 

diagrams have been adapted from ref. 8. 

1.3.1.(b) Homogeneous water splitting 

Compared to heterogeneous catalysis, molecular systems are much simpler to 

study and optimize due to greater synthetic control. Moreover, homogeneous 

systems do not suffer from pH gradients and are more atom economic.21b, 33 

Triplet emitting photosensitizers (PSs) are usually preferred owing to their long-

lived excited states. The process for an ideal situation can be explained as 

follows: on light absorption, an electron from the singlet ground state (S0) gets 

promoted to higher energy levels of the singlet excited state (S1). Internal 

conversion (IC) followed by intersystem crossing (ISC) causes the electron to 

occupy the triplet excited state (T1). The triplet excited state is normally 

associated with frontier orbitals, namely lowest singly occupied molecular orbital 
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(LSOMO) and highest singly occupied molecular orbital (HSOMO). In one 

scenario, the LSOMO gets reduced by the water oxidation catalyst (WOC), which 

in turn oxidizes water and releases oxygen. The water reducing catalyst (WRC) 

gets reduced via electron transfer from the HSOMO and, in turn, relays electrons 

to protons, evolving hydrogen and starting the cycle again. This mechanism can 

be described as reductive quenching (Figure 1-3A). The other possibility, namely 

oxidative quenching, would involve electron transfer from the HSOMO to the 

WRC first, followed by the WOC reducing the LSOMO (Figure 1-3B). 

 

 

 

 

 

 

Figure 1-3. A) Reductive and B) oxidative quenching mechanism for a 3 

component homogeneous water splitting reaction. HOMO = highest occupied 

molecular orbital and LUMO = lowest unoccupied molecular orbital. 

Compared to organic chromophores, which mainly exhibit π-π* or charge transfer 

transitions, transition-metal PSs can additionally undergo metal-to-ligand charge 

transfer (MLCT) transitions that deliver a quasi-negative charge on the ligands 

and leaves an electron deficient metal center, enabling both oxidative and 
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reductive quenching. Participation of the metal center in the transition also allows 

easy intersystem crossing, leading to a long-lived triplet state. These also have 

an added advantage of electronic structure tuning through ligand modification.27, 

34 So far, however, there is no working example of homogeneous total water 

splitting. 

Taking into consideration all factors involved in total water splitting, the presence 

of multiple components in combination with the required 4 proton and electron 

transfer, the overall reaction mechanism becomes highly convoluted. Hence, 

research in this area has mainly focused on optimizing the oxidation and 

reduction half reactions separately, with each half consisting of a semiconductor 

or PS, the respective co-catalyst, and a sacrificial oxidant (SO) or reductant (SR), 

which replaces the complementary half reaction.  

1.3.2. Photocatalytic water reduction 

Photocatalytic water reduction has, by far, been the more widely studied half 

reaction since it involves a simpler 2 electron reduction pathway compared to a 4 

electron process for the oxidative half reaction. As seen for total water splitting, 

both homogeneous and heterogeneous routes can be explored for this reaction. 

The performance of such systems is traditionally gauged in terms of amounts of 

H2 evolved, PS and WRC turnover numbers (TONs, mol of H2 per mol cat/PS), 

turnover frequencies (TOFs, TONs per unit time) and H2 evolution quantum 

yields. 
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1.3.2(a) Heterogeneous water reduction 

For heterogeneous systems, titania (TiO2)-based photocatalysts have been 

almost exclusively used because it is cheap, easy to prepare and resistant to 

photocorrosion.35 Common protocol for using TiO2 involves sensitizing with 

visible-light absorbing dyes (transition metal-based or organic molecules) to 

overcome its inherent wide 3.2 eV band gap (UV absorption). Usually employed 

transition metal PSs have included ruthenium polypyridine,36 zinc porphyrin 37 

and platinum terpyridine complexes38 while organic dyes such as eosin Y and 

rhodamine have also been used among others.39 The majority of these systems 

have used noble metal-based WRCs such as Pt, Pd, Au and Rh, with recent 

examples incorporating earth abundant metals like Co and Ni 40 as well as metal 

oxides41 and metal sulfides.42 Commonly used SRs include triethylamine (TEA), 

triethanolamine (TEOA), ascorbic acid (AA) and ethylenediaminetetraaceticacid 

(EDTA). These systems are plagued by issues like photodegradation and 

recombination, which can be partly overcome by developing heterojunctions 

using quantum dots like CdS43 or carbon-based materials.44 

1.3.2(b) Homogeneous water reduction 

Initial exploration of homogeneous water reduction began with tris-(2,2’-

bipyridine) ruthenium, [Ru(bpy)3]
2+ in a 4-component system.45 [Ru(bpy)3]

2+ has 

been a preferred choice of PS given its low energy MLCT transition and high 

absorptivity.46 However, its small crystal field splitting prevents tuning of the 

metal centered HOMO through ligand modification. Consequently, low lying 
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metal-centered triplet states (3MC) that can quench the active 3MLCT state 

necessitates low LUMO levels, which restricts the energy gap tuning.46a, 47 A 

solution to this problem was to employ transition metals with larger crystal field 

splitting. PSs based on metals like Pt48 and Ir have been employed successfully 

for photocatalytic H2 production; the latter have clearly emerged as a more robust 

and versatile option.  

As early as 1979, Lehn and Sauvage demonstrated the use of [Ir(bpy)3]
3+ as PSs 

for hydrogen generation along with a Pt catalyst and TEOA as SR.49 However, 

this work was not further pursued till the 2000s when interest in iridium-based 

OLEDs emerged.50 The ground work was laid by the Bernhard group, exploring 

luminophores of the general architecture [Ir(C^N)2(N^N)]+, (C^N = 

cyclometalating and N^N = ancillary ligand)51 which were additionally found to be 

active PSs for hydrogen generation.52 These bis-cyclometalated complexes 

exhibit a mixed triplet emissive state consisting of both 3MLCT and 3LC (triplet 

ligand centered).53 Furthermore, they also display frontier orbitals that have 

separate contributions from the metal/C^N and N^N moiety (HOMO and LUMO, 

respectively), which allows greater tuning of photophysical and electrochemical 

properties. For instance, placing electron withdrawing groups on the C^N or N^N 

ligands would stabilize the HOMO or LUMO respectively, while electron donating 

substituents would have the opposite effect. Thus, judicious optimization of 

properties can be achieved.54  

The first family of Ir PSs based on ppy cyclometalating and bpy ancillary ligands 

(Figure 1-4) have been extensively used to evaluate the performance of WRCs. 



15 
 

Initial studies involved use of [Co(bpy)3]
2+ as the WRC, with Ir-based systems 

yielding 20 times larger H2 quantum yields compared to [Ru(bpy)3]
2+.52 Drastic 

improvements in performance have been achieved by employing active WRCs 

like Pt / Pd colloids 55 and [Rh(dtbbpy)3]
3+ (up to 5000 PS and WRC TONs),56 as 

well as by optimizing the PS architecture (6000 - 17,000 PS TONs).57  

 

 

 

 

 

 

 

Figure 1-4. Commonly used cyclometalating (C^N) and ancillary ligands (N^N) 

for synthesizing Ir-based photosensitizers for H2 evolution studies. The parent 

complex, [Ir(ppy)2(bpy)]+ is also depicted above. 

Commonly used SRs have included TEOA, TEA, AA and EDTA. In efforts to 

make photocatalytic water reduction cost effective, recent years have seen an 

increasing replacement of expensive noble metal-based WRCs and PSs with 

earth abundant materials.58 The Eisenberg group especially, has been 

instrumental in employing noble metal-free systems.59 The use of inexpensive 
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visible-light absorbing organic dyes like eosin Y and rhodamine B in association 

with Co and Ni-based WRCs has been regularly reported, with certain 

combinations outperforming Ir-based water reducing systems. Unlike organic 

dyes, however, Ir-based complexes are much more robust and resistant to 

photodegradation and thus continue to be one of the most effective water 

reduction PSs that can be used for investigating the viability of new components. 

1.3.3. Water oxidation 

Although this dissertation does not focus on water oxidation, a brief discussion 

on the evolution of the catalysts is provided. As mentioned previously, water 

oxidation is the more complex reaction. This reaction has been carried out using 

both heterogeneous (metal oxide colloids like RuO2 and IrO2)
60 and 

homogeneous systems (mononuclear / binuclear complexes and 

polyoxometalates).61 Most notable examples include the µ-oxo-bridged Ru ‘blue 

dimer’ by the Meyer group,62 di-ruthenium complexes with rigid ligand 

architectures developed by the Thummel group,63 and the mononuclear 

[Ir(ppy)2(H2O)2]
+ based complexes synthesized by the Bernhard group in 2008.64 

Since then, rapid advances in activity have been made (Crabtree65 and 

subsequently other groups66) by substituting a ppy ligand with a penta-methyl 

cyclopentadiene (Cp*) ligand. These systems, however, are not light-driven and 

involve the use of a sacrificial oxidant like Ce4+, periodate or persulfate to 

activate the catalyst. Recently though, there have been reports of visible light 

driven water oxidation, which avoids the use of excessive oxidants.67  
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1.3.4. Other potential sources of solar H2 

While studies continue to optimize two half-reactions of water splitting separately, 

other substrates are also being considered as potential H2 sources. One example 

includes photolysis of haloacids like HCl and HBr into hydrogen and the 

corresponding dihalogen. This is a 2 electron process, with HBr favored over HCl 

due to the lower energy requirements (50 kcal mol-1 vs 63 kcal mol-1) and the 

ease of separation of bromine from hydrogen as compared to chlorine. Hydrogen 

generation from haloacids has been successfully achieved by using Au, Pt, Rh 

and Ir-based mononuclear and dinuclear complexes.68 The biggest barrier for 

these reactions is the oxidation of halide, which is normally promoted by use of 

chemical traps, although recently mononuclear Ni(III) complexes have been 

reported to photoeliminate dihalogen from haloacids.69 These reactions are also 

susceptible to heat losses, which causes a reduction in efficiency.  

The photo-driven hydrogen generation from alcohols is another method that is 

being pursued. Methanol, (MeOH) for example, is one of the cheapest alcohols 

available and can act as a source of hydrogen. However, MeOH is commercially 

produced via steam reforming of methane and thus a renewable and economical 

manufacturing method has to be developed before it can be used for solar 

hydrogen generation. EtOH is a better option since it can be produced from 

biomass feedstocks. Ongoing research is targeting EtOH production through 

direct fermentation of cellulose,70 which, if successful, can lead to EtOH 

production from biological waste.  
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1.4 Summary and motivation of thesis 

To make our energy production, storage and consumption more environment-

friendly, we need to stop relying exclusively on fossil-fuel based technologies and 

adopt renewable sources and methods of energy production. Among the various 

available routes, solar hydrogen generation promises to be one of the most 

viable options. Photo-driven water splitting, the holy grail of artificial 

photosynthesis, would be the ideal way to evolve hydrogen. However, the 

complexity of the overall reaction has led researchers to study the oxidation and 

reductive half-reactions separately, with the ultimate goal of uniting the optimized 

half reactions. The reduction half, which pertains to hydrogen evolution, has been 

widely studied, with current systems strongly focusing on employing earth 

abundant materials. Besides water, other sources like alcohols are also being 

considered due to favorable energetics as well as the substrate’s benign nature.  

This work aims to explore some of the available photocatalytic routes to evolve 

hydrogen, adhering to the current requirements. To address the need for cheap, 

active catalysts for water reduction, a nickel-based molecular hexameric cluster 

as well as heterogeneous metal-free N-enriched nanocarbons has been explored 

as WRCs in presence of state-of-the-art iridium-based photosensitizers. As an 

example of employing abundant and naturally available sacrificial reagents, the 

use of oxalic acid as an electron donor is demonstrated through a biphasic 

proton reduction system. The biphasic approach is significant since it can 

potentially be used for combining the two half-reactions of water splitting. 

Additionally, this thesis also contributes to the growing field of visible light-driven 
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alcohol dehydrogenation by demonstrating hydrogen generation from alcohols 

with the help of a rhodium polypyridine catalyst and iodide in an acidic medium. 
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CHAPTER 2. 

NICKEL THIOLATE HEXAMERIC CLUSTER: EMPLOYING AN EARTH 

ABUNDANT METAL-BASED WATER REDUCING CATALYST (WRC) 

 

2.1 Introduction 

In efforts to develop stable molecular WRCs based on earth-abundant materials, 

chemists have been exploring different ligand-metal systems; nickel thiolates, in 

particular, have gained special importance because of their structural similarity to 

the active site in [Ni-Fe] hydrogenase.[1] An important strategy involves 

modification of ligands and experimenting with the electronic environment 

surrounding the metal. Using this methodology, several types of nickel thiolates 

have been synthesized and used as WRCs for hydrogen generation.[2, 3] Nickel 

thiolate cluster complexes are a class of compounds which drew our attention 

because of the unique structural possibilities which could be achieved by 

modification of the corresponding thiolate ligand/s.[4-12] More importantly, some of 

these clusters have also been shown to be active electrocatalysts for proton 

reduction.[13] Such clusters, however, have rarely been used as WRCs for photo-

driven hydrogen evolution. Only In 2011 did Zhang et al. demonstrate that an in-

situ formed nickel hexameric cluster could be used as a WRC along with 

Erythrosin B as the PS, with the system exhibiting a quantum efficiency of 24.5% 

at 460 nm.[14]  
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This chapter discusses our investigation of an earth-abundant metal (nickel) 

containing thiolate cluster for photocatalytic water reduction in presence of an 

iridium-based PS. The nickel catalyst used for this purpose was a 

phenylethylthiolate-based tiara-like cluster, Ni6(SC2H4Ph)12 or Ni6(PET)12 which 

was synthesized ex-situ and characterized by various techniques which shed 

light on its structural aspects as well as its purity. Electrochemical analyses were 

conducted to demonstrate the proton reducing ability of the Ni cluster, justifying 

its use as a water reducing catalyst. A cyclometalated Ir(III) complex, [Ir(F-

mppy)2(dtbbpy)](PF6) was chosen as the PS since this complex has been shown 

to be a very robust and versatile [Ir(C^N)(N^N)]+ derivative, exhibiting a high 

emission lifetime and excited state reduction potential.[15, 16] Careful optimization 

of the overall system led to high performances in terms of catalytic turnover 

numbers (TONs) and turnover frequencies (TOFs). Quenching studies further 

elucidated the catalytic mechanism observed in this water reduction system while 

mercury poisoning test helped ascertain the molecular nature of the catalyst.   

2.2 Experimental section 

2.2.1 Materials and methods 

Iridium (III) Chloride (IrCl3.4H2O) was purchased from Pressure Chemicals. 4,4’-

di-tert-butyl-2,2’-bipyridine (dtbbpy), nickel (II) chloride (NiCl2·6H2O), 2-

phenylethanethiol (PhC2H4SH, 99%), sodium borohydride (NaBH4, 99.99%), 

tetrahydrofuran (THF, HPLC grade) and dichloromethane (HPLC grade, 99%) 

were obtained from Sigma-Aldrich. Tetraoctylammonium bromide (TOABr > 98 
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%) and tetra n-butylammonium hexafluorophosphate (tBu)4NPF6, (99%) was 

purchased from Fluka. All chemicals were used without further purification. 

Nanopure water (18.2 MΩ·cm) was used in all experiments that involved water. 

1H-NMR and 2-D correlation spectra (COSY) were recorded on Bruker 300 MHz 

spectrometer at room temperature. UV-Vis spectra of the products were 

measured using an HP Agilent 8453 diode array spectrophotometer at room 

temperature. Single crystal X-ray data of Ni6(PET)12 was collected on a Bruker 

X8 Prospector Ultra equipped with an Apex II CCD detector and an IµS micro-

focus CuK\α X-ray source (λ = 1.54178 nm).  The data was collected at room 

temperature (296 K). 

2.2.2 Synthesis  

F-mppy and [Ir(F-mppy)2(dtbbpy)](PF6): The cyclometalating ligand, 5-methyl-2-

(4-fluorophenyl)pyridine (F-mppy) and the iridium complex were synthesized 

according to procedures reported previously.[16]  

Ni6(PET)12 : Synthesized using modified literature procedures employed 

previously for Au / Pd-based clusters.[17, 18]  

1H-NMR (300 MHz, chloroform-d):  6.8-7.3 (m, 60 H), 3.18 (t, 12 H), 2.62 (t, 12 

H), 2.46 (t, 12 H), 1.89 (t,12 H) 

2.2.3 Stability study of Ni6 cluster using UV-visible spectroscopy 

UV-visible spectra of a 0.05 mM solution of Ni6 in THF were recorded over a 

period of several days at RT using an HP8453 single beam UV-visible 
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spectrophotometer. In separate experiments, 0.05 mM THF solutions of Ni6 

containing 6 and 10 equivalents of AcOH were monitored over a period of 24 

hours at RT, recording a spectrum every 2 hours, using an HP8453 single beam 

UV-visible spectrophotometer equipped with an Agilent 89090A temperature/time 

programmed module. Using the same instrument, a 0.05 mM solution of Ni6 in a 

standard photoreaction mixture (8:1:1 THF:H2O:TEA) was monitored over a 

period of 24 hours at RT, recording a spectrum every 2 hours. 

2.2.4 Electrochemical analysis: electrocatalytic proton reduction and electrode 

rinse test 

Proton reduction experiments were carried out using a CH-Instruments 

Electrochemical Analyzer Model 600C potentiostat. Increasing equivalents of 

glacial acetic acid (AcOH) were added to a 0.1 M solution of (tBu)4NPF6 in THF 

containing 1 mM Ni6 catalyst. A 3 mm glassy carbon working electrode, coiled 

platinum wire counter electrode and a silver wire pseudoreference electrode 

were employed for the measurements. Ferrocene (Sigma) was used as an 

internal standard and all potentials were referenced to the standard calomel 

electrode (SCE).[19] 

For the electrode test, cyclic voltammetry was first performed using a 0.1 M 

(tBu)4NPF6  solution of THF containing 1mM Ni6PET12 in absence and presence 

of AcOH (22 eq.). The working electrode was then rinsed with THF before 

running another scan in a freshly prepared solution containing everything except 

the catalyst. Scan rate = 100 mV/s. 
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2.2.5 Photoreaction protocol 

All solutions were made in 40 ml screw top vials (VWR). Specified amounts of PS 

and catalyst were dissolved in the solvent (10 ml) which comprised of 8 ml THF, 

1 ml H2O and 1 ml TEA. The vials were then placed in a 16 well, water-cooled 

LED photoreactor which is mounted on an orbital shaker. Pressure transducers 

were screwed onto the vials before subjecting them to degassing by applying 

vacuum, which was followed by filling them with Ar gas. This cycle was repeated 

7 times before allowing the vial headspace to come to atmospheric pressure. The 

orbital shaker was turned on (100 rpm) and the samples were illuminated from 

below using the LEDs (460 nm). H2 generation was monitored with the help of 

pressure transducers and the corresponding kinetic traces were obtained. The 

reactions were run till no more increase in the H2 evolution traces was observed. 

The reaction headspace of each vial was then analyzed using a residual gas 

analyzer (RGA) which had been previously calibrated using 1:9 and 3:7 H2-Ar 

mixtures. Pressure outputs from the samples were referenced against vials 

containing only the respective solvent. All reactions were carried out at room 

temperature.  

2.2.6 Dynamic quenching analysis 

Quenching study was done following a previously reported protocol.[15] A 20 µM 

solution of the Ir PS was made in THF and aliquots of increasing concentrations 

of Ni6 in THF were added in a septum-equipped quartz cuvette. The solutions 

were degassed for 5-10 min using THF-saturated Ar. The samples were excited 
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using an N2 laser (Laser Science, Inc. VSL-337LRF, 10 ns pulse, 337 nm), and 

the emission decay/lifetimes was recorded using the emission monochromator, 

PMT detector and a Tektronix TDS 3032B digital phosphor oscilloscope. 

2.2.7 Time-dependent spectroscopic analysis of photoreactions 

4 photoreactions, each containing 0.3 mM Ir with a different Ni6 concentration 

(0.1 mM, 0.025 mM, 0.001 mM and no catalyst) were carried out using the 

regular protocol. 200 µl of the photoreaction mixture was syringed out in a 

septum-equipped quartz cuvette at different time intervals and diluted to 3 ml 

using 8:1:1 THF:H2O:TEA solution. The solutions were degassed for 5 min 

before recording the UV-visible spectra using a Shimadzu UV-1800 double beam 

spectrophotometer. 

2.2.8 Mercury poisoning experiment 

Reaction mixtures containing 0.3 mM Ir and 0.025 mM Ni6 were subject to 

illumination in presence of increasing equivalents of mercury (namely 570, 1970 

and 3540 equivalents). The reaction was carried out under vigorous stirring to 

facilitate proper mixing of the components. 

2.3 Results and discussion 

2.3.1 Elucidation of Ni6 cluster structure  

Single crystal x-ray analysis established the metallocrown-like structure, 

containing six Ni atoms arranged in an approximately hexagonal ring, with six 

bridging sulfur atoms above and six below the plane (Figure 2-1). The crystal 
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was found to belong to the P 21/n space group, having a primitive monoclinic unit 

cell with dimensions a = 11.3690 (13), b = 12.5599 (17), c = 32.770 (3), α = 90.00 

(0), β = 91.729 (9), and γ = 90.00 (0). Each Ni ion has a distorted square planar 

geometry. 

 

 

 

 

 

 

 

 

 

Figure 2-1. Thermal ellipsoid diagram showing the hexameric double crown-like 

Ni6S12 core 

Further insight into the structural features was gained via 1H-NMR (in CDCl3) 

which displayed four triplets in the aliphatic region as depicted in Figure 2-2(A). 

The peaks at 3.18 and 2.62 ppm belong to the -methylene (attached to S) 

protons, while β-methylene protons give rise to the peaks at 2.46 and 1.89 ppm. 
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The reason for these two sets of peaks is attributed to the alternate axial and 

equatorial placement of the ligands around the hexameric core, caused by the 

steric bulk of the ligands. More evidence was obtained from a 2-D COSY 

experiment as depicted in Figure 2-2(B), which confirms the existence of two 

groups of protons, group 1 (3.18 and 2.46 ppm) and group 2 (2.62 and 1.89 

ppm), confirming the presence of two different ligand environments. Similar 

structural arrangements have been seen in PET protected gold nanoclusters[20] 

as well as other [M(SR)2]6 complexes (M = Ni, Pd, etc).[21] 

 

 

 

 

 

 

Figure 2-2. 1H-NMR (A) and 2D-COSY (B) spectra of Ni6(PET)12 showing the 

presence of two different ligand orientations due to steric bulk of the thiolate 

ligands (RT, CDCl3 solvent). 

UV-Visible spectroscopic analysis of the Ni6 cluster showed the presence of three 

charge transfer bands (Figure 2-3) which is due to the low spin NiS4 environment 

of NiII ion.[13] The cluster remains stable in solution for several days, with little 

decrease in intensity of the peaks. The cluster degrades slowly over a period of 
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24 hours in the presence of acetic acid (AcOH) and photoreaction solvent, with 

retention of the Ni6 features (Figures A-1(A-C), Appendix). Furthermore, no 

change in the 1H-NMR spectrum was seen on addition of increasing equivalents 

of AcOH and after 24 hours (Figure A-2 and A-3, Appendix), outlining the stability 

of the cluster in an acidic environment.  

 

 

 

 

 

 

Figure 2-3. UV-Vis spectra of Ni6(PET)12 in THF recorded at RT over several 

days. Little decrease in peak intensities is seen, demonstrating the stability of the 

cluster in solution. 

2.3.2 Ni6(PET)12 as a hydrogen evolution reaction (HER) catalyst 

To determine the role of the Ni6 cluster as an HER catalyst, cyclic voltammetry 

was performed in the presence of increasing amounts of AcOH. In the absence 

of acid (Figure 2-4(A), black line), the cluster shows a very weak irreversible 

reduction wave around – 1.8 V (NiII to NiI) and an irreversible oxidation (NiII to 

NiIII) at + 0.8 V. On addition of acid, an increase in current is seen and a more 

pronounced Ni reduction peak begins to form at a more positive potential at -1.4 



39 
 

V (Figure 2-4(B), blue line, 6 acid equivalents). This peak continues to shift 

slightly with increasing acid concentration and finally centers at -1.32 V. This 

observation indicates direct protonation of the reduced Ni(I) centre and also that 

the protonation is faster than the overall catalytic rate.[22, 23] It is important to note 

that the Ni(II/I) potential also lines up well with the reduction potential of the Ir PS, 

rendering electron transfer between the species feasible during photocatalysis. 

Moreover, a new reductive event appears at -1.6 V, the current height of which 

increases with increasing acid equivalents.  

 

 

 

 

 

Figure 2-4. A) Cyclic voltammograms of Ni6(PET)12 demonstrating proton 

reduction in presence of acid. Inset: Effect of acid concentration on proton 

reduction current. B) Reduction waves of Ni6(PET)12 demonstrating the reduction 

of the cluster at more positive potentials in presence of increasing acid 

equivalents. Scan rate = 100 mV/s 

This can be attributed to electrochemical desorption, leading to H2 evolution. 

Similar observations have been reported by various groups employing Ni-based 

HER catalysts.[13, 24-26] The H2 liberation current reaches saturation after adding 
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22 equivalents of acid (Figure 2-4(A), inset). An electrode rinsing experiment[27] 

confirmed that Ni films / colloids do not form in this reductive and acidic 

environment (Figure A-4, Appendix). 

2.3.3 Ni6(PET)12 as a WRC: photocatalytic and spectroscopic evaluation 

To demonstrate its photocatalytic water reducing properties, the nickel cluster 

was used in a molecular system along with [Ir(F-mppy)2(dtbbpy)](PF6) as the PS. 

The molecular structures of the Ir and Ni6 complex used for the photoreactions 

are depicted in Figure 2-5(A) and (B), respectively. TEA functioned as the 

sacrificial reductant.  

 

 

 

 

 

 

Figure 2-5. A, B) Molecular structures of [Ir(F-mppy)2(dtbbpy)](PF6) and 

Ni6(PET)12, respectively. C) Performance evaluation of Ni6(PET)12 as WRC for  

photocatalytic H2 generation (460 nm, 25 hr) and comparison with controls. All 

reactions contained [Ir(F-mppy)2(dtbbpy)](PF6) (0.3 mM) as the PS in a 10 ml 0.7 

M solution of TEA in 90% THF-H2O, unless otherwise stated.  
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For initial experiments, the PS concentration in the reaction vials was kept at 0.3 

mM while a 0.025 mM catalyst concentration was chosen. Controls included vials 

without PS, WRC, water or TEA. Figure 2-5(C) shows the H2 evolution traces and 

corresponding catalyst TONs for the systems. The vial containing all the 

components exhibited high catalyst turnovers (3750) while the controls evolved 

negligible H2. The vial without water, however, did produce up to 700 turnovers. 

This observation can be explained by the accepted reaction pathway which 

involves sequential electron transfers from the TEA and the resultant liberation of 

two protons.[28, 29] It is important to note that 150 µmol H2 could also be generated 

by a few milligrams of trace water present in the solvent. The rapid oxidation of 

TEA combined with the strong oxidizing nature of the excited state PS (E*
red = + 

0.77 V) results in reductive quenching mechanism.[15, 30]  

 

 

 

 

 

 

Figure 2-6. A) Stern-Volmer plot for Ni6(PET)12 as quencher. 0.02 mM Ir(F-

mppy)2(dtbbpy)](PF6) was used as the PS. B) H2 evolution by reductive 

quenching mechanism.  
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To support this observation, a dynamic quenching study was performed using the 

Ir PS and the Ni cluster. A Stern-Volmer plot, illustrated by Figure 2-6(A), was 

generated, which gave a quenching constant, kq = 3.7 x 109 M-1s-1 for the Ir(III) 

PS / Ni catalyst couple. Although the kq for the catalyst is higher than that 

reported for TEA (6.7 x 107 M-1s-1, up to 0.1 M in 80% THF-water), the 

concentration of TEA in the actual photoreactions is 1000 times higher than the 

Ni6 catalyst, implying that reductive quenching still prevails (Figure 2-6(B)). As 

demonstrated by the electrochemical HER study, NiII first undergoes a one 

electron reduction (via electron transfer from the reduced PS, [Ir]0) and 

protonation, possibly yielding the formation of a hydride intermediate.[31, 32] 

Subsequent reduction of an incoming proton would result in H2 evolution. 

 

 

 

 

 

 

Figure 2-7. PS (A) and catalyst (B) turnovers at varying concentrations of Ir(F-

mppy)2(dtbbpy)](PF6) and Ni6(PET)12 in a 10 ml 0.7 M solution of TEA in 90% 

THF-H2O. 
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To probe the mechanism further, concentrations of both, the PS and the WRC, 

were varied. Details of the effect of reactant concentration on H2 evolution are 

depicted in Figure 2-7. In terms of PS turnovers, it was observed that the 

photocatalytic system performs best at low PS concentration and high WRC 

concentration (Figure 2-7(A)) while for catalyst turnovers the trend is reversed 

(Figure 2-7(B)). These results point towards higher order degradation process of 

the WRC, like self-annihilation, which would be more prominent at higher 

concentrations. At the end of the photoreactions, the vials were also found to 

contain brown-black particulate matter, the amount increasing with catalyst 

concentrations. These observations again point towards catalyst degradation, 

evidence for which will be discussed below. 

In order to explore the limit of this H2 production system, the concentration of the 

catalyst was lowered from 0.025 mM to 0.0001 mM, keeping the PS at the 

optimal concentration (0.3 mM). Although there is an initial steady decrease in 

the quantity of hydrogen produced as observed in Figure 2-8(A), hydrogen 

production continued even after 90 hours at lesser WRC concentrations (< 0.015 

mM, Figure A-5, Appendix). This led to a substantial increase in turnovers, with 

0.001 mM catalyst yielding up to 30,000 TON after 90 hours. Time-dependant 

spectroscopic analyses of select photoreaction mixtures (Figure A-6, Appendix) 

shows the gradual disappearance of Ni6 absorption peaks and the presence of a 

new intense absorption at ~ 300 nm after 25 hours of reaction time. This new 

feature could be tentatively assigned to Ni nanoparticles/colloids[33-36] or even 

smaller clusters/complexes, showing that the cluster disintegrates and 
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corroborates the visual observation of particulate matter. Since the Ni6 absorption 

features are retained during the first few hours of reaction (Figures A-6(A) and A-

6(B), insets, Appendix), it is proposed that the cluster itself is the active form, with 

the in-situ formed Ni particulate matter having little or no role to play in H2 

generation for higher catalyst concentrations. Even for the vials with low catalyst 

concentrations that produce H2 even after 25 hours, maximum activity is 

achieved during the first few hours as is evident from the traces depicted in 

Figure 2-8(A). Moreover, no new species can be detected spectroscopically 

during this time period (Figure A-6(C), Appendix).  

 

 

 

 

 

Figure 2-8 A). Kinetic traces at low Ni6(PET)12 concentrations with constant PS 

concentration of 0.3 mM in a 10 ml 0.7 M solution of TEA in 90% THF-H2O. 

Decrease in higher order catalyst degradation leads to prolonged H2 production, 

as shown by the traces for Ni concentrations lower than 0.015 mM. B) Final 

catalyst turnovers obtained at various concentrations of WRC and 0.3 mM Ir. 

The slow, prolonged H2 production could be due to a decrease in second-order 

catalytic degradation processes at low catalyst concentration. A similar trend was 



45 
 

observed for Co-based catalysts at much lower H2 yields.[37] Although 

nanostructured Ni-basedcatalysts have been used previously for H2 

generation,[34, 38-41] the activity of such catalysts is strongly affected by various 

factors like size, structure, particle dispersion, etc.[35, 42, 43] In the present case, 

even if nanoparticles were formed in-situ, there would be a chance of 

aggregation / coalescence in the absence of stabilizing agents, making 

contributions from such components less likely. The reaction vial containing the 

least amount of catalyst (0.0001 mM) produced negligible H2, similar to the 

control having no catalyst. Figure 2-8(B) shows the final catalyst turnovers for the 

entire concentration range used at 0.3 mM PS. 

 

 

 

 

 

Figure 2-9. A) Comparison of maximum catalyst turnover frequencies (TOF) 

obtained at different PS and catalyst concentrations, B) Effect of PS 

concentration on max. TOF, [Ni6] = 0.025 mM. 

Comparison of the maximum catalyst turnover frequencies (TOFs) at different 

concentrations of WRC, Figure 2-9(A), reveals that the reaction proceeds fastest 

at an optimal concentration (0.3 mM Ir and 0.025 mM Ni6) achieving a maximum 
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TOF of close to 1000 hr-1. The observed drop of TOFs at higher catalyst 

concentrations is consistent with the higher order degradation pathway 

suggested earlier. To determine the limit of the PS in the reactions, an additional 

experiment was carried out at higher PS concentrations. As seen previously, the 

water reduction system performs best at WRC concentrations of 0.025 mM, 

achieving up to 4700 turnovers (Figure A-7, Appendix), further confirming the 

optimal concentration of the catalyst. Interestingly, no continuous increase in rate 

is detected on further increase of the PS concentration (Figure A-8, Appendix). In 

fact, increasing the PS concentration from 0.3 mM to 1 mM decreases the rate by 

a factor of 4, denoting PS decay at higher concentrations. The corresponding 

results are depicted in Figure 2-9(B). 

2.3.4 Role of particulate matter in photoreactions 

To further ascertain the nature and role of the particulate matter formed during 

the photoreactions, a mercury poisoning experiment was performed. The 

corresponding H2 evolution traces are depicted in Figure 2-10. It can be seen 

that most of the catalytic activity is retained, even in the presence of over 3500 

equivalents of Hg. This agrees with the evidence obtained in the photoreaction 

spectroscopic analyses that the species formed during photolysis do not take 

part in the generation of H2. The small decrease in activity could be attributed to 

the increased obstruction of the light path with larger quantities of Hg. Previous 

studies done with Pd,[44] for example, have shown a dramatic decrease in 

activity, something not seen in the present case. Remarkably, no loss of Hg 

properties (surface tension, luster, etc), commonly seen during amalgam 



47 
 

formation was observed, hinting towards the non-metallic nature of the 

particulate matter. 

 

 

 

 

 

 

Figure 2-10. H2 evolution traces for reaction vials containing 0.3 mM PS and 0.1 

mM Ni6, in presence of increasing equivalents of mercury.   

It is evident that the processes governing these reactions are very complex. The 

H2 evolution rate of the WRC cannot be considered as an isolated quantity, but it 

has to be placed in the context of the involved light absorption processes, 

electron transfer rates, degradation mechanism, etc. Making use of a versatile 

and robust Ir(III) PS and a Ni6 thiolate WRC integrates all these factors, leading 

to highly active water reduction system. It is an advantage that the Ni6 cluster 

operates efficiently at low concentrations, even though the system is limited by 

catalytic degradation processes. It is possible that the active Ni6 cluster 

disintegrates in to smaller clusters or complexes during the course of photolysis. 

These new species are less likely to take part in the reactions, as was confirmed 
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by UV-Visible and mercury amalgam tests, indicating that the Ni6 cluster indeed 

plays the role of the water reduction catalyst. 

2.4 Conclusion 

To summarize, we demonstrate in this chapter the use of an earth-abundant 

metal thiolate cluster, Ni6(SCH2CH2Ph)12 as a water reducing catalyst. Structure, 

purity and stability of the Ni6 complex was determined by several techniques, 

namely single crystal X-ray analysis, 1H-and 2D COSY NMR and UV-visible 

spectroscopy. Electrochemical analysis demonstrated HER activity of the catalyst 

in presence of a proton source (AcOH), via direct protonation of the reduced Ni(I) 

centre. The water reduction property of the hexameric catalyst was evaluated 

using [Ir(F-mppy)2(dtbbpy)](PF6) as PS with TEA as the sacrificial reductant. The 

system was found to perform optimally at 0.3 mM PS and 0.025 mM WRC 

concentrations, achieving maximum turnover numbers and turnover frequencies 

of 3750 and 970 TON hr-1, respectively. Close to 30000 turnovers were obtained 

at low catalyst concentration of 0.001 mM and high PS concentrations, 

documenting the excellent performance of these clusters as WRCs. Dynamic 

quenching study of the Ir / Ni6 couple and mercury poisoning tests revealed that 

the water reduction system proceeds through reductive quenching mechanism in 

a homogeneous manner. To strengthen our cause of utilizing earth-abundant 

materials for solar H2 generation, the following chapter will shed light on co-

polymer templated nitrogen enriched nanocarbons (CTNCs) as metal-free water 

reducing catalysts.  
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CHAPTER 3. 

USING METAL-FREE WATER REDUCING CATALYSTS - COPOLYMER 

TEMPLATED NITROGEN ENRICHED NANOCARBONS 

 

3.1 Introduction 

In recent years, carbon-based materials have been increasingly utilized in energy 

applications because of their abundance, cost and high activity.1 Heteroatom, 

especially N-containing carbon nanomaterials have generated immense interest 

due to low fabrication costs and synthetic ease.2 Most importantly, doping can 

impart unique properties (enhanced surface energy, catalytic activity, opto-

electronic activity, etc.) to the usually high surface area carbons, making them 

suitable candidates for energy harvesting applications.3 Pertinent to the present 

case, such N-doped carbon materials have found use as supports, 

photosensitizers and catalysts for H2 production. g-C3N4 especially, has been in 

the spotlight, due to their inherent visible light band gap (~ 2.7 eV), displaying 

semiconductor-like properties.4 In addition, these materials exhibit substantial 

chemical and thermal stability. However, to counter low quantum efficiencies of 

pristine g-C3N4, co-sensitizers and co-catalysts (usually Pt) have to be used, 

although composites containing earth abundant WRCs have also been reported.5  

Further activity enhancement of N-doped nanocarbons can be achieved by 

employing synthetic tactics which are role specific. For example, to design an N-



55 
 

nanocarbon based WRC, one has to envision a synthetic route which will warrant 

facile accessibility of protons to the catalytically active N sites, taking care not to 

disrupt conductivity in the process. One way of achieving this is to use block 

copolymers (BCPs) as precursors and modulate the reaction conditions which 

will lead to carbons with different morphologies and activities. This approach has 

been previously used to fabricate copolymer-templated, nitrogen-enriched 

nanocarbons (CTNCs).6 These CTNCs, containing polyacrylonitrile (PAN) as the 

nitrogen source and poly(n-butyl acrylate), PBA as the sacrificial precursor have 

found applications as supercapacitor electrodes,6a oxygen reduction reaction 

(ORR) electrocatalysts7 and as counter electrodes in dye-sensitized solar cells 

(DSSCs).8  

This chapter discusses the use of metal-free CTNCs as a photocatalytic water-

reduction catalyst (WRC). CTNCs were tested for WRC activity using an Ir-based 

photosensitizer, [Ir(ppy)2(dtbbpy)](PF6) and triethylamine (TEA) as a sacrificial 

reductant (SR, Scheme 1). As mentioned in past literature and previous chapters 

of this thesis, Ir-based photosensitizers are highly robust and efficient, exhibiting 

thousands of turnovers with a range of WRCs.9 Wettability and dispersion were 

found to play a crucial role in the H2 generation process, as illustrated by ball-

milling and sonication studies. Effect of pyrolysis temperatures on the 

morphology and activity was evident as ball-milled BM-CTNC800 was found to be 

the best performer, with H2 evolution rate dropping rapidly at higher 

temperatures. Optimal conditions for the photocatalytic system were revealed via 

solvent studies and concentration variation. Most importantly, the CTNCs 
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outperform K2PtCl4/colloidal Pt used under similar conditions, highlighting their 

role as potential replacements for noble metal catalysts. 

 

 

 

 

 

 

 

Scheme 3-1. Catalytic cycle involving BM-CTNC as a water reducing catalyst, 

along with an Ir-based photosensitizer and TEA as sacrificial reductant.    

3.2 Experimental section 

3.2.1 Materials and methods 

Acrylonitrile (AN), n-butyl acrylate (BA), methyl 2-bromopropionate (MBP), 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA), 2,2′-bipyridyl (bpy), 

CuBr, CuCl, CuBr2, anisole, dimethylformamide (DMF), dimethylsulfoxide 

(DMSO), tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP), ethanol, 

methanol and polyacrylonitrile (PAN) homopolymer (Mw = 150,000) were all 

obtained from Sigma-Aldrich. HPLC grade solvents were used for photostudies, 
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procured from Fischer, EMD or Pharmaco-Aaper. All other chemicals were used 

as received. X-ray Photoelectron Spectroscopy (XPS) was performed using an 

ESCALAB 250Xi X-ray Photoelectron Spectrometer Microprobe. Raman analysis 

was carried out using a gas phase Raman spectrometer (ENWAVE 

OPTRONICS, GasRaman-NOCH-1, max. output power = 500 mW, excitation 

wavelength = 532 nm). The spectra were recorded via a ProRaman XC1V79XNT 

software program. Electrospray ionization mass spectroscopy (ESI-MS) was 

recorded using a Thermo-Fisher LCQ instrument equipped with an ESI ion 

source. 

3.2.2 Synthesis 

Bulk Copolymer-Templated Nitrogen-Enriched Nanocarbon (CTNCs): The block 

copolymer and homopolymer precursors were synthesized via atom transfer 

radical polymerization as reported previously.10 The BCP precursors used in all 

studies had DPn 140 and 90 for PAN and PBA respectively. In order to assure 

their dispersability in the reaction medium, CTNCs were pulverized by ball-milling 

for 5 minutes using a Spex 8000M mill in a silicon nitride container and ball. 

Samples were stored in a vacuum oven at 200 °C before use (henceforth called 

BM-CTNC). Since one of the main aims of the study was to investigate the use of 

CTNCs as metal-free catalysts, at all synthesis and processing steps, special 

attention was given to avoiding the introduction of trace amount of metals into the 

material. 
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[Ir(ppy)2(dtbbpy)](PF6): The iridium-based photosensitizer was synthesized 

according to procedures described in literature.11  

3.2.3 Photolysis protocol 

A specified quantity of CTNC was weighed into 40 mL pre-cleaned EPA vials 

equipped with septa caps (VWR International, USA). The samples were then 

dispersed thoroughly in 7 mL of solvent via sonication for a 2 hour period. 1 mL 

aliquots of the photosensitizer, [Ir(ppy)2(dtbbpy)](PF6) in the same solvent were 

added to the carbon samples, followed by water and TEA. The final solutions (10 

mL) contained the required amounts of photosensitizer and CTNC catalyst in an 

8:1:1 solvent / water / TEA ratio. A stir bar was placed into each vial, the septa 

caps were screwed back on and the samples were subject to degassing by 

application of vacuum and subsequent back-filling with Ar. This cycle was 

repeated 7 times to ensure an inert atmosphere. After bringing the vials to 

atmospheric pressure, the samples were magnetically stirred for 1 hour after 

which they were illuminated using a home built photoreactor with side illumination 

(24 W 460 nm LED strip with 300 diodes, Solid Apollo SA-LS-BL-3528-300-24 

V).12 After the specified illumination period, the vial headspace was analyzed for 

H2 by gas chromatography (GOW-MAC, series 400 G/C, thermal conductivity 

detector, Ar carrier gas). The instrument was pre-calibrated using 10% H2-Ar gas 

mixtures. To obtain H2 evolution traces, septa caps were replaced by pressure 

transducers. Following the same photoreaction protocol, the pressure readings 

were recorded via a LabView PC interface and converted to H2 traces post 

headspace quantification. 
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3.2.4 Post-reaction XPS analysis  

A 10 ml 8:1:1 MeCN/H2O/TEA solution containing 0.5 mM Ir and 30 mg BM-

CTNC700 was degassed and illuminated for 24 h following the regular protocol. 

After H2 evolution ceased, the solution was vacuum filtered to isolate the carbon, 

which was then washed with acetonitrile (3 x 5 ml) and acetone (3 x 5 ml) and 

then left for drying. The powder was then subject to XPS analysis. 

3.2.5 Post-reaction ESI-MS analysis  

A 40 ml EPA vial containing 0.1 mM Ir and 4 mg BM-CTNC800 in a 10 ml 8:1:1 

MeCN/H2O/TEA solution was subject to illumination following the regular 

protocol. After a 24 h period, the solution was vacuum filtered to isolate the 

carbon. Thereafter, the filtrate was concentrated to dryness via rotary 

evaporation. The residue was then subject to ESI-MS using a 50-100 µM 

methanolic solution. 

3.2.6 Raman analysis  

BM-CTNC analysis: Small quantity of the BM-CTNC was spread evenly on a pre-

cleaned silicon slide. The slide was then placed under a vertically mounted laser. 

An acquisition time of 15 minutes was used for all measurements. Care was 

taken to ensure the focal point of the beam was at the center of the CTNC layer 

at all times.  

Kinetic isotope studies: Three reaction vials were prepared, each containing 0.3 

mM Ir and 4 mg BM-CTNC900 in an 8:1:1 MeCN/water/TEA mixture. Either 1ml 
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H2O, D2O or 1:1 H2O/D2O was added. After 24 hours of illumination time, the vial 

headspace was analyzed by the Raman spectrometer. The spectrometer was 

pre-calibrated for H2 and D2. For the H2 calibration, a degassed vial containing 10 

ml of MeCN was placed in a cylindrical laser chamber and injected with 

increasing amounts pure H2. After each injection, the laser was turned on, 

(acquisition time = 3 minutes). For D2, a similar approach was taken. Pure D2 for 

this purpose was generated separately via reaction of pure lithium metal with 

D2O. After recording the spectra, the peaks of interest, namely H2 (4110 cm-1) 

and D2 (2988 cm-1) were numerically integrated and the corresponding calibration 

curves were generated. The content of sample vials was analyzed in a similar 

fashion, following which H2, D2 and HD (3612 cm-1) were quantified using the 

curves. 

3.3 Results and discussion 

3.3.1 Initial investigation and effect of ball-milling / sonication 

Copolymer-templated nanocarbons pyrolyzed at 700 oC (CTNC700) were 

investigated as a WRC in conjunction with 0.1 mM of an Ir-based photosensitizer, 

[Ir(ppy)2(dtbbpy)](PF6) in MeCN as solvent. Post reaction headspace analysis of 

the reaction vial revealed presence of H2 (185 µmol) (Figure 3-1A). Surprisingly, it 

was observed that CTNCs evolved more H2 than in-situ generated colloidal Pt 

WRC used under similar conditions. Negligible amounts of H2 were evolved in 

the absence of PS, catalyst, or TEA, indicating that all components are required 

for the reaction to take place efficiently, providing evidence of a catalytic cycle. 
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The control vial without water did generate H2. As shown in previous reports,9a, 9f, 

13 this result could be attributed to reduction of protons from residual water as 

well as from the sacrificial reductant.  

Thorough dispersion of CTNCs was critical for optimal catalytic performance and 

reproducibility, due to their heterogeneous nature in contrast to the TEA and PS. 

Ball-milling and sonication were carried out to ensure that the performance was 

not limited by settling of CTNC out of the solution. N content in a carbon lattice 

can create permanent dipoles,14 which could possibly improve wettability, which 

may consequently aid in keeping the CTNC well-suspended.       

 

 

 

 

 

Figure 3-1. Results of photocatalytic water reduction with BM-CTNC700. All 

experiments used 4 mg of WRC and 0.1 mM PS, with MeCN/H2O/TEA as 

specified in the experimental section, unless stated otherwise. A) H2 production 

from initial observed activity, control studies and the comparable Pt system. B) 

Catalytic performance with various sample processing/preparation conditions. 
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Shown in Figure 3-1(B), samples subjected to both ball-milling and sonication 

evolved larger quantities of H2 than without one or both steps. Smaller particle 

sizes afforded by ball-milling after pyrolysis facilitated suspension of the sample 

during the prolonged sonication process. This subsequently may have enhanced 

interaction with the molecular constituents, especially the PS, assisting in more 

efficient electron transfer and better catalytic performance. Post-reaction XPS 

analysis of the CTNC (Figure A-9, Appendix) revealed the presence of non-

metallic iridium within the carbon, corroborating the existence of an improved PS-

WRC interface in which the PS may be adsorbed into pores of the CTNC. 

3.3.2 Influence of pyrolysis temperature  

To determine the effect of pyrolysis temperature on hydrogen evolution activity, 

CTNCs pyrolyzed at temperatures ranging from 600-1000 oC were ball-milled 

and then tested as WRCs under the conditions described previously. As depicted 

in Figure 3-2(A), an improvement in H2 evolution can be seen with increasing 

temperature, with BM-CTNC800 generating 277 µmol H2, though a drastic drop in 

performance was seen for the CTNCs pyrolyzed beyond this temperature. The 

effect of pyrolysis temperature on structure of PAN has been well-documented;6a, 

15 de-nitrogenation leads to progressive fusing of graphitic domains into more 

extended nanographitic sheets, with retention of nanoscale morphology. This 

increase of the size of nanographitic domains at the expense of nanographitic 

edges was monitored via Raman spectroscopy, shown in Figure 3-2(B), as a 

simultaneous decrease of the D and increase of the G bands. 



63 
 

 

 

 

 

 

 

Figure 3-2. A) Effect of pyrolysis temperature on WRC performance (error bars 

correspond to ±1 standard deviations). B) Raman spectra of BM-CTNCs at 

varying pyrolysis temperatures. 

The superior performance of materials pyrolyzed at 800 oC thus likely reflects the 

optimum balance between the increasing size of the pi-electron pool 

(nanographitic domain size) and the decreasing content of N-catalytic sites.  

Similar temperature effect on performance has been observed in previous 

studies of electrochemical applications of CTNCs.7-8  

3.3.3 Control experiments with other carbons   

In order to assess the uniqueness of CTNCs as WRCs, parallel photoreactions 

were carried out using control carbons, including pyrolyzed PAN homopolymer 

and several commercially available activated carbons (Figure A-10, Appendix).  

In all cases, BM-CTNC800 was shown to outperform the controls, pointing to the 

enhanced accessibility of catalytic sites, which in turn, can be attributed to the 
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inherent mesoporosity nanostructure. In comparison, lack of these traits led to 

lower performance for activated carbons. It should be noted that the decreased, 

yet measureable H2 evolution activity for the controls could be due to metal 

impurities. CTNCs, on the other hand, exhibit negligible metallic content, 

indicating the advantage of the copolymer templating process for improving 

catalytic activity.    

3.3.4 Further optimization: solvent and concentration studies 

The choice of solvent is crucial for the success of any photocatalytic system. 

Apart from being the dispersion medium, solvent can greatly affect the 

interactions between the components as well as their individual stabilities and 

activities.16 In the current study, H2 production was tested in a range of solvents 

commonly employed for photocatalysis (Figure 3-3), leading to the surprising 

finding that superior results were obtained with MeCN.  This result was 

unexpected since MeCN, due to its coordinating abilities, has been known to 

disrupt the Ir PS activity via bipyridine ligand replacement.13 Additionally, in 

contrast with the previously reported Ir-based water reduction systems, the 

CTNC catalyst based system performed poorly in weakly coordinating solvents 

such as THF and DMF.   

As shown in Figure 3-3, attempts to correlate the catalyst performance with 

physicochemical properties of solvents pointed to the prominent importance of 

solvent viscosity and surface tension.  It can be observed that solvents with lower 

viscosity or surface tension acted as the ideal medium. Dominance of these  
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Figure 3-3. Effect of solvent on photocatalytic H2 evolution, plotted in 

correspondence to solvent properties.  

factors over the electronic/dielectric properties of the solvent is an indication that 

for the mesoporous heterogeneous catalyst like CTNC, the performance is 

primarily dependent on mass transport and wettability of the catalyst. 

As noted previously, a possible benefit of effective dispersion is PS incorporation 

within the pores of the WRC, leading to an intimate interaction between the 

catalyst and the PS. This would promote faster electron transfer and potentially 

even delay ligand dissociation. To test this, a post-photoreaction mixture was 

analyzed by positive ion ESI-MS. A major peak at m/z = 769.27, corresponding to 

[Ir(ppy)2(dtbbpy)]+, confirmed that the PS remains intact during the course of the 

photoreaction (Figure A-11, Appendix). Since ESI-MS also showed the presence 

of the PS in its dissociated form, the possibility of this species coordinating to the 

N-enriched edges of the carbon and acting as the active form cannot be 
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overlooked. Thus, photocatalytic systems with separately synthesized PSs, 

[Ir(ppy)2(MeCN)2]
+ and [Ir(ppy)2(H2O)2]

+,17 were investigated. Under similar 

reaction conditions, these did not yield any H2, indicating that the original state of 

the PS is the active species. 

Further optimization of the photocatalytic system was performed by varying the 

concentration of both PS and WRC. Larger quantities of H2 were obtained at 

higher PS concentrations, as depicted by Figure 3-4(A). Also, at any given PS 

concentration, maximum H2 was generated by vials containing 4 mg of catalyst. 

Thus the optimal combination for maximizing overall H2 production was found to 

be 4 mg WRC and 0.3 mM PS, producing 555 µmol H2. Figure 3-4(B) displays 

the corresponding PS turnover numbers (TONs); the system performed better at 

lower Ir concentrations, again in the presence of 4 mg WRC, though below 0.1 

mM, PS TONs decreased in H2 formation (Figure A12, Appendix). Interestingly, 

no further increase in H2 production was observed on employing a PS 

concentration higher than 0.3 mM, suggesting higher order degradation 

pathways prevailing at such concentrations, or excess of PS molecules able to 

donate electrons to CTNC. H2 produced per gram of WRC as well as the 

corresponding catalyst turnover frequencies (TOF) were maximized by using 

smaller amounts of CTNCs, achieving up to 300 mmol H2/g and 150 mmol H2/g/h 

respectively (Figure 3-4(C) and (D). See Figure A-13, Appendix, for 

corresponding kinetic traces). This is likely due to competing light absorption 

between the PS and CTNCs at higher catalyst loadings. 
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Figure 3-4. Concentration studies with respect to A) Overall H2 production B) Ir 

TON C) H2 generated per g CTNC D) BM-CTNC800 TOF. 

3.3.5 Kinetic isotope effect evaluation 

To further analyze the mechanisms involved in photocatalysis, deuterium 

labelling experiments were carried out. Using the optimal conditions for overall H2 

production, three different solutions were prepared, containing either 1 mL of 

H2O, D2O or 1:1 H2O/D2O. Headspace analysis for H2, D2 and HD was performed 

using gas-phase Raman spectroscopy. As seen in Figure 3-5 (A), for the vial 

containing D2O, D2 accounted for 87.3% of the total gas composition with minor 

contributions from HD (12.5%) and H2 (0.2%). The dominance of deuterium 

(93.6%) in the gaseous products indicates water to be the major source of 
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protons. The presence of slight amounts of HD and H2 could be attributed to the 

reduction of protons released after the sacrificial electron donation by TEA, as 

observed for the control without water. On the other hand, the 1:1 mixture 

showed up to 70.8% H2 and 29.2% HD, without any traceable amounts of D2 

(Figure A-14, Appendix). 

 

 

 

 

 

Figure 3-5. Gas-phase Raman spectroscopic analysis of photoreaction vial in 

presence of D2O. B) Gas evolution traces of photo-driven water reduction, carried 

out in presence of either H2O, D2O or a 1:1 mixture. 

Thus, there is an isotope effect, where protons are selectively reduced over D. 

However, comparison of the corresponding gas evolution traces revealed little 

change in the final H2 production (Figure 3-5(B)) or activity (Figure A-15, 

Appendix). This suggests that the proton reduction step is not rate-determining, 

which may also indicate that electron transfer might be pivotal in the kinetics for 

this water reducing system. This, as established in previous sections, could be 
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ascribed to the dispersability and mesoporosity of the BM-CTNC, which 

facilitates better contact with the PS and TEA. 

3.4 Conclusion 

To summarize, copolymer-templated nitrogen-enriched nanocarbons (CTNCs) 

are demonstrated as effective metal-free catalysts for photocatalytic water 

reduction along with an Ir-based photosensitizer. Uniform dispersability of the 

catalyst determined its ability to reduce protons efficiently, as demonstrated by 

ballmilling and sonication experiments. An intricate interplay between conductivity 

and nanostructure was found to determine overall catalytic activity, depicted by 

the effect of different pyrolysis temperatures on photocatalytic performance. The 

carbon prepared at 800 oC (BM-CTNC800) was found to be the best catalyst, 

generating up to 555 µmol H2 under optimal conditions. Indication of overall 

robustness of this water reducing system was provided by solvent studies, where 

MeCN which normally leads to PS destabilization, was found to be the ideal 

solvent. Under similar conditions, all these carbons were found to generate more 

H2 than colloidal Pt, highlighting their effectiveness as metal-free catalysts. 

Isotope labelling experiments, assessed by gas-phase Raman spectroscopy 

illustrated water to be the source of protons. This technique also provided further 

support to the possibility of electron transfer processes being the rate 

determining step/s. 
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CHAPTER 4. 

USING OXALIC ACID AS ELECTRON DONOR IN A BIPHASIC HYDROGEN 

GENERATION SYSTEM 

 

4.1 Introduction 

As illustrated in previous chapters, extensive attempts have been made to 

replace expensive catalysts with earth-abundant materials.1 However, with 

respect to the sacrificial electron donors, reports have been scarce. 

Triethylamine (TEA) and triethanolamine (TEOA) have been almost exclusively 

utilized while the use of ethylenetriaminetetraacetate (EDTA) and dihydro 

nicotinamide dinucleotide (NADH) as electron donors has also been 

documented.2 In spite of their high electron donating capabilities, these reagents 

have certain drawbacks. While TEA, TEOA and EDTA owe their origins to fossil 

fuel-based materials,3 NADH is expensive and not stable at the acidic pH that are 

favorable for proton reduction.4 Hence, alternate highly efficient, environment-

friendly electron donors are being sought. In this regard, oxalic acid presents 

itself as an attractive candidate to tackle the limitations associated with 

conventionally used electron donors. Oxalic acid and its conjugate base, oxalate, 

are naturally occurring compounds produced during the incomplete oxidation of 

carbohydrates in plants. In addition, it is a good reducing agent (Eo = -0.475 V vs 

NHE), and can act as a 2 electron donor. In spite of these attractive features, 

oxalic acid has rarely been used as an electron donor for H2 generation,5 though 
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recent years have seen a sudden rejuvenation of interest in this molecule for the 

same purpose.6 

With regard to the H2 generation process, a biphasic catalytic system would be 

especially useful since it would tremendously broaden the scope of substrates, 

catalysts and electron donors. Additionally, a biphasic system could potentially 

be used to combine the oxidation and reduction half-reactions of water splitting, 

which are otherwise carried out separately in aqueous or organic solvents, 

respectively. In this regard, amphiphilic metallosurfactants have gained a lot of 

interest due to their ability to form micelles, which can encapsulate a wide range 

of polar and non-polar molecules.7 This makes them useful for a broad range of 

applications, including energy harvesting, where effective energy transfer could 

occur in mixed donor-acceptor micelles.8  

 

 

 

 

 

Figure 4-1. Molecular structures of the Ir (A) and Rh (B) metallosurfactants used 

in this study. 

In this chapter, we demonstrate a unique biphasic approach to achieve visible 

light-driven H2 evolution using oxalic acid as the SR, in conjunction with iridium 
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and Rh metallosurfactants, namely [Ir(ppy)2(dhpdbpy)]Cl, Figure 4-1(A) and 

[Rh(dhpdbpy)2Cl2]Cl, Figure 4-(B), as PS and proton reducing catalyst, 

respectively (where ppy = 2-phenylpyridine and dhpdbpy = 4,4’-di-heptadecyl-

2,2’-bipyridine). The bulky alkyl chains ensured solubility of both the PS and 

catalyst in the organic phase while the oxalic acid remained in the aqueous 

phase. Solvent studies revealed a 1:1 toluene/water mixture in presence of 1-

octylamine and minimum amount of 1-octanol, to be the ideal medium. 1-octanol 

is proposed to help maintain the biphasic medium while 1-octylamine assists in 

proton/oxalate phase transfer. Concentration optimizations were carried out to 

maximize photocatalytic performance, achieving up to 240 Ir turnover numbers 

(TONs) and over 400 Rh TONs. Moreover, this photocatalytic system was found 

to produce H2 for ~95 h, highlighting its stability. Luminescence quenching 

studies were also performed to help gain further insight into the mechanistic 

aspects.  

4.2 Experimental section 

4.2.1 Materials and methods 

Iridium (III) Chloride (IrCl3.4H2O) and Rhodium (III) Chloride (RhCl3.3H2O) were 

purchased from Pressure Chemicals. 2-phenylpyridine was obtained from Alfa 

Aesar. HPLC grade xylene, toluene, water, dichloromethane (DCM) and 

acetonitrile (MeCN) were obtained from Fischer Scientific. Anisole and 1-octanol 

were purchased from TCI Chemicals. 1-octylamine and oxalic acid dihydrate 

(C2H2O4. 2H2O) were procured from Sigma Aldrich. Ethanol (EtOH, 200 proof) 
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and methanol (MeOH, 99%) was obtained from Pharmco-Aaper. All deuterated 

solvents for NMR analysis were obtained from Cambridge Isotopes. All 

chemicals were used without further purification. 1H-NMR was recorded on 

Bruker Avance 300 MHz spectrometer at room temperature. Positive ion 

electrospray ionization mass spectrometry was carried using a Thermo-Fisher 

LCQ instrument equipped with an ESI ion source. Gas-phase Raman 

spectroscopy was performed employing a Raman spectrometer (ENWAVE 

OPTRONICS, GasRaman-NOCH-1, max. output power = 500 mW, excitation 

wavelength = 532 nm). A ProRaman XC1V79XNT software program was used to 

record the spectra. 

4.2.2 Synthesis 

[Ir(ppy)2(dhpdbpy)]Cl: Carried out by first synthesizing the dimer, [Ir(ppy)2-μ-Cl]2 

using reported procedures,9 and then cleaving the dimer with the ancillary ligand 

using a modified literature procedure.8a A three-necked round bottom flask was 

charged with the dimer (200 mg, 0.187 mmol), to which was added 200 ml 1:3 

EtOH/DCM. The resulting solution was magnetically stirred and the ancillary 

ligand, 4,4’-di-heptadecyl-2,2’-bipyridine (260 mg, 2.2 eq.) was added. The 

solution was then refluxed under Ar and in the dark for 12 h. The reaction was 

cooled to room temperature and then rota-evaporated to dryness. The solids 

were dissolved in hot EtOH (~70 ml), heated for a while and then cooled to 0 oC. 

The solution was filtered through Celite, which was then rinsed with some EtOH. 

The filtrate was concentrated to dryness; the solids were re-dissolved in 

minimum quantity of hot EtOH and recrystallized. The bright yellow crystals were 
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isolated via vacuum filtration, washed with minimum amount of cold EtOH, water 

and then dried overnight to give the complex in 75-80% yield.  

1H-NMR (300 MHz, acetone-d6):  8.96 (s, 2H), 8.25 (d, 2H, J = 8.2 Hz), 7.94 (m, 

6H), 7.81 (d, 2H, J = 5.9 Hz), 7.56 (d, 2H, J = 5.7 Hz), 7.16 (t, 2H, J = 6.6 Hz), 

7.04 (t, 2H, J = 7.8 Hz), 6.92 (t, 2H, J = 7.5 Hz), 6.36 (d, 2H, J = 7.6 Hz), 2.89 (t, 

4H, J = 7.9 Hz), 1.75 (m, 4H), 1.29 (Br m, 56H), 0.89 (t, 6H, J = 6.6 Hz) (Figure 

A-16, Appendix) 

MS (ESI): m/z Calculated: 1133.71 (M+), Found: 1133.8 (M+,100 %). (Figure A-

17, Appendix) 

[Rh(dhpdbpy)2Cl2]Cl: Synthesized using modified literature procedures.9b 

4.2.3 Photophysical characterization 

Photophysical experiments were carried out using 10 μM MeCN solutions (2 ml) 

in a septa-equipped quartz cuvette, thoroughly purged with Ar for 15 min. UV-

visible spectroscopy was performed using a Shimadzu UV-1800 double beam 

spectrophotometer. Emission spectra was obtained using a Fluorolog-3 

spectrophotometer associated with dual monochromators and a photomultiplier 

tube at right-angle geometry. Samples were excited at 400 nm. To obtain the 

excited-state lifetimes, the samples were pulsed using the fourth harmonic (266 

nm) of a Nd:YAG (Continuum Minilite) laser and a digital oscilloscope (Tektronix 

TDS 3032B) was employed to measure the luminescence decay. The decay 

plots were converted to a linear regression via a LabView interface to get the 

lifetimes. Quantum yield was calculated using the equation φs = φref (Is/Iref) 
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(Aref/As) (ηs/ηref) using a 10 μM MeCN solution of [Ru(bpy)3]PF6 as the reference 

(where φs = quantum yield of sample, φref = quantum yield of reference (6.2%), Is 

and Iref are the maximum emission intensities of sample and reference, 

respectively, Aref and As are the respective reference and sample absorbances at 

excitation wavelength, and ηs and ηref represent the refractive indices of the 

solvents used for the measurements). 

4.2.4 Photolysis protocol 

A typical photocatalytic experiment was carried out as follows; stock solutions of 

[Ir(ppy)2(dhpdbpy)]Cl and [Rh(dhpdbpy)2Cl2]Cl were prepared using 1-octanol in 

toluene as solvent. Oxalic acid solutions were prepared in DI water. 2 ml each of 

the PS and catalyst solutions along with 4 ml of the oxalic acid solution were 

added to 40 ml screw top EPA vials (Fischer Scientific) to give 1:1 

organic/aqueous biphasic solutions. The specified amount of 1-octylamine was 

added to each of the reaction vials under dark conditions and a magnetic stir bar 

was placed in. Pressure transducers were screwed on and the solutions were 

subject to 7 cycles of vacuum degassing and back-filling with N2 to ensure 

complete de-aeration. The samples were then illuminated in a 12-well, home-built 

cylindrical photoreactor with side-illumination (24 W 460 nm LED strip with 300 

diodes, Solid Apollo SA-LS-BL-3528-300-24 V)10 under constant magnetic 

stirring. Gas evolution traces were obtained via a LabView PC interface. Post-

illumination, small quantities of the headspace were injected into a gas 

chromatograph (GOW-MAC, series 400 G/C, thermal conductivity detector, Ar 

carrier gas) to quantify H2. 
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4.2.5. Quenching studies 

For luminescence quenching studies, two sets of experiments in two different 

solvents were performed to account for the solubilities of the components. 

Quenching via oxalic acid was done using MeCN as solvent while toluene was 

used when employing Rh as quencher. Protocol used was as follows; to a 

purged 10 µM solution of the Ir PS, increasing concentrations of respective 

quencher was added and the corresponding excited state lifetimes/emission 

spectra were recorded. The solution was degassed with Ar for 15 min before 

every measurement. Stern-Volmer plots were generated from the resulting data. 

4.3 Results and discussion 

4.3.1 Photophysical evaluation 

MeCN was employed as solvent for UV-vis since toluene exhibits intense 

absorptions in the UV region. The UV-visible absorption profile for 

[Ir(ppy)2(dhpdbpy)]Cl in MeCN (Figure 4-2, blue line) displays features that are 

typical for cyclometalated Ir complexes. Strong absorption peaks in the 200-290 

nm range can be assigned to ligand-centered (LC) π-π* transitions while weaker 

features around 300-450 nm are due to mixed 1MLCT and interligand charge 

transfer (1ILCT) excitations. An extremely weak, low energy transition can also be 

seen at 466 nm (Figure 4-2, blue line, inset), which could tentatively be attributed 

to excitation to the forbidden 3MLCT state. The metallosurfactant was found to 

emit at 565 nm (Figure 4-2, red dotted line), exhibiting a quantum yield of ~18%. 

The excited state lifetime was determined to be 646 ns. 
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Figure 4-2. Absorption (blue line) and emission (red dotted line) profile for 

[Ir(ppy)2(dhpdbpy)]Cl. Ar purged, 10 µM MeCN solutions were used to obtain the 

spectra. Inset shows the weak 3MLCT transition at 466 nm.  

4.3.2 Biphasic photocatalytic hydrogen generation: initial studies 

Preliminary investigation for photocatalytic hydrogen generation involved a 

solvent study, using 0.25 mM Ir, 0.25 mM Rh and 75 mM oxalic acid in 1:1 

organic/aqueous biphasic solutions, in presence of 1-octylamine (1 ml). As 

depicted in Figure 4-3(A), toluene in presence of 1-octanol (5%) was found to be 

the best solvent, producing up to 68 µmol H2. 1-octanol probably helps in 

maintenance of the biphasic medium. 1-octylamine on the other hand, is 

suspected to play the role of a phase transfer agent since long-chain alkyl 

amines have been known to afford extraction of organic acids via ion-pair 

formation.11 Using sodium oxalate instead of oxalic acid yielded much lesser 

quantities of H2. This result lends further support to the possibility of the ion pair 

formation, which would be favorable under acidic conditions as well as hints 
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towards oxalic acid being a proton source. Control experiments carried out in the 

absence of Ir, Rh, oxalic acid, 1-octylamine or illumination did not generate any 

H2, signifying the necessity of all components in the catalytic cycle.  

 

 

 

 

 

Figure 4-3. Solvent study. A) Variation of organic solvent, with the final solution 

containing 4 ml of the respective organic solvent, 4 ml water and 1 ml 1-

octylamine. 5% 1-octanol in toluene was found to be the most optimal solvent. B) 

Variation of water content and its effect on performance. All vials contained 5% 

1-octanol in toluene as the organic solvent and 1 ml 1-octlamine, with the final 

volume remaining constant (9 ml). Both studies were carried out in presence of 

0.25 mM Ir, 0.25 mM Rh and 75 mM oxalic acid. Photoreaction conditions: 460 

nm, RT, 17 h. 

Using the optimal organic solvent, the amount of water was then varied to 

understand its role in the photocatalytic reaction. As seen in Figure 4.3(B), the 

reaction becomes progressively less productive on lowering the water content. 

This outcome can be directly correlated to the observation that lower water 

content resulted in increasing quantities of oxalic acid precipitating out, leading to 
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inefficient mixing. The vial without water yielded small, yet measurable amounts 

of H2, probably due to reduction of protons released during oxalic acid oxidation. 

Thus, like oxalic acid, water might act as a proton source in addition to being a 

solvent for oxalic acid. 

 

 

 

 

 

 

Figure 4-4. Concentration optimization of oxalic acid, 1-octanol and 1-

octylamine, using fixed concentrations for Ir and Rh (0.25 mM each). 460 nm 

illumination, RT, 17 h. 

4.3.3 Concentration optimization and time-dependent analysis 

Having found the right solvent ratio, further optimization was carried out by 

varying the concentrations of oxalic acid, 1-octylamine and 1-octanol. The PS 

and catalyst concentrations were kept constant at 0.25 mM each. The final 

results after 17 h of illumination are displayed in Figure 4-4.  It can be clearly 

seen that the photocatalytic system performs optimally using the original 

combination, i.e. 75 mM oxalic acid in a solution containing 4 ml 5% 1-octanol in 
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toluene, 4 ml water and 1 ml 1-octylamine. With few exceptions, most of the 

trends can be explained as follows: addition of oxalic acid beyond 75 mM 

exceeds the solubility limit, resulting in precipitation and, as observed earlier, 

decreased performance. The presence of additional 1-octanol possibly hampers 

the phase transfer process while too much 1-octylamine probably affects the 

optimal pH at which proton reduction occurs.  

 

 

 

 

 

 

 

 

 

Figure 4-5. Concentration optimization of Ir and Rh, using 75 mM oxalic acid in 4 

ml 5% 1-octanol in toluene, 4 ml water and 1ml 1-octylamine. Performance was 

evaluated in terms of A) µmol H2 B) Ir TONs and C) Rh TONs. Conditions: 460 

nm, RT, 17 h. 
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To test the limit of this H2 evolution system, varying concentrations of Ir and Rh 

were employed. As illustrated in Figure 4-5(A), larger quantities of H2 were 

generated at higher PS concentrations. These studies also revealed an optimal 

concentration for Rh (0.25 mM), producing ~120 µmol H2. In terms of Ir TONs, 

the photocatalytic system performs ideally at lower Ir (0.0625 mM) and the 

optimal Rh concentration (0.25 mM), yielding up to 240 TONs (Figure 4-5(B)). 

The Rh catalyst, on the other hand, performs better at lower concentrations, 

exhibiting over 400 TONs in presence of excess PS (Figure 4-5(C)). These 

results hint towards higher order degradation pathways prevailing at high PS and 

Rh concentrations.12 

Using different PS concentrations at the optimal Rh concentration, the reactions 

were subject to illumination for an extended period of time. Vials with higher PS 

concentrations were found to produce H2 even after 95 h, generating over 280 

µmol H2 (70 TONs), highlighting the robustness of the photocatalytic system 

(Figure A-18, Appendix). Gas-phase Raman analysis performed after 24 h of 

illumination period revealed the presence of increasing amounts of H2 with 

concentration.    

4.3.4 Quenching studies 

Luminescence quenching studies were carried out to shed light on the 

component interactions during photolysis. Due to insolubility of oxalic acid in 

toluene, MeCN was chosen as the solvent. However, no quenching was 

observed in presence of increasing concentrations of oxalic acid. In case of the 
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Rh metallosurfactant, its insolubility in MeCN at the concentrations required led 

to quenching experiments being carried out in toluene. As seen in Figure 4-6, 

addition of Rh resulted in non-linear quenching, indicating the dominance of 

static quenching at higher Rh concentrations.  

Based on these results, a mechanism is proposed where addition of 1-octylamine 

leads to the formation of an ion pair with oxalic acid. Upon illumination, the 

excited state of the Ir PS is oxidatively quenched by the Rh catalyst. The ion pair, 

being soluble in the organic phase, acts as a proton and oxalate source; oxalate 

donates electrons to the Ir PS while Rh reduces protons to evolve H2 (Scheme 4-

1).       

 

  

 

 

 

 

Figure 4-6. Stern-Volmer plot depicting non-linear intensity quenching of Ir (10 

µM, toluene) by Rh.  
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Scheme 4-1. Proposed mechanism of biphasic H2 evolution 

4.4 Conclusion and future directions 

This chapter discusses our preliminary investigations of using oxalic acid as an 

electron donor for photocatalytic hydrogen generation. Metallosurfactant Ir PS 
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and Rh proton reducing catalyst were employed to achieve this goal via a 

biphasic system in which oxalic acid is dissolved in water while the 

metallosurfactants remain in the organic layer. All components were found to be 

essential for the proton reduction to take place effectively. Solvent and 

concentration studies were carried out to maximize catalytic performance. The 

robustness of this photocatalytic system was unveiled through time-dependent 

analysis, with some combinations producing H2 even after 95 h. Photophysical 

evaluation shed light on the electronic structure of the Ir PS while luminescence 

quenching studies demonstrated a non-linear relationship, hinting towards the 

formation of Ir-Rh aggregates that might enable oxidative quenching to be the 

dominant pathway to H2 evolution. Future experiments would be directed towards 

lending support to the mechanism by performing additional quenching studies in 

presence of 1-octylamine, NMR studies, and by conducting isotope labelling 

studies to understand the role of the individual components.   
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R. Q.; De Cola, L., Tuning emission properties of Iridium and Ruthenium 

metallosurfactants in micellar systems. Inorg. Chem., 2008, 47, 9131-9133; (b) 

Roldán-Carmona, C.; González-Delgado, A. M.; Guerrero-Martínez, A.; De Cola, 

L.; Giner-Casares, J. J.; Pérez-Morales, M.; Martín-Romero, M. T.; Camacho, L., 

Molecular organization and effective energy transfer in iridium metallosurfactant–

porphyrin assemblies embedded in Langmuir–Schaefer films. Phys. Chem. 

Chem. Phys., 2011, 13, 2834-2841; (c) Tamura, K.; Yamagishi, A.; Kitazawa, T.; 

Sato, H., Harvesting light energy by iridium (iii) complexes on a clay surface. 

Phys. Chem. Chem. Phys., 2015, 17, 18288-18293. 

9. (a) Slinker, J. D.; Gorodetsky, A. A.; Lowry, M. S.; Wang, J.; Parker, S.; Rohl, 

R.; Bernhard, S.; Malliaras, G. G., Efficient yellow electroluminescence from a 

single layer of a cyclometalated iridium complex. J. Am. Chem. Soc., 2004, 126, 

2763-2767; (b) Sprouse, S.; King, K.; Spellane, P.; Watts, R. J., Photophysical 

effects of metal-carbon. sigma. bonds in ortho-metalated complexes of iridium 

(III) and rhodium (III). J. Am. Chem. Soc., 1984, 106, 6647-6653. 

10. Brooks, A. C.; Basore, K.; Bernhard, S., Photon-Driven Reduction of Zn2+ to 

Zn Metal. Inorg. Chem., 2013, 52, 5794-5800. 

11. Smith, E. L., Page, J. E., J. Soc. Chem. Ind., London, 1948, 67, 48. 

12. Mulazzani, Q. G.; Venturi, M., Hoffman, M. Z., Mechanism of the uncatalyzed 

formation of dihydrogen in the radiolytically induced reduction of tris(2,2'-

bipyridine)rhodium(III) ion in aqueous solution. J. Phys. Chem. 1982, 86,  242–

24. 

 

 

 



92 
 

CHAPTER 5. 

ALTERNATE METHODS OF SOLAR HYDROGEN GENERATION: ALCOHOL 

DEHYDROGENATION USING RHODIUM-BASED CATALYSTS AND IODIDE 

 

5.1 Introduction 

Although water has been one of the most investigated substrates for solar H2 

generation, the process is thermodynamically uphill (1.23 V on average per 

transferred e-) and is further complicated by multiple H+ / e- transfers.1 While 

researchers continue to look for suitable solutions to overcome the energy barrier 

of splitting water,2 alternate pathways to carbon-neutral H2 are being 

considered.3 For example, abundant biomolecules like lignin, carbohydrates, 

alcohols, etc. contain –OH functionalities and could be oxidized to generate H2.
4 

Alcohols, in particular, can be used to produce H2 and the corresponding 

carbonyl / carboxyl oxidation product, which are valuable for industry and 

laboratory.5 Such an approach would make the overall reaction carbon neutral as 

well as atomically economic. Additionally, dehydrogenation of alcohols is 

thermodynamically less demanding compared to water splitting (e.g. ethanol 

(EtOH) requires only 0.53 V per e- transfer).6  

In the last few decades, there have been several reports of alcohol 

dehydrogenation employing both heterogeneous7 and homogeneous catalysis.8 

Molecular catalysts are particularly sought since heterogeneous catalysts require 
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morphological control which further complicates research efforts. Among 

molecular catalysts, transition metal complexes have generated particular 

interest since they can exist in multiple oxidation states, may exhibit ligand-based 

excited-state tunability, and can be highly atom-efficient9. Significant research 

has been carried out on ‘acceptorless alcohol dehydrogenation’, with some 

examples involving dehydrogenative coupling of alcohols while others focus on 

the dehydrogenation products obtained (aldehyde/ketone and/or H2).
10 These, 

though, are not photon-driven and thus involve use of reflux conditions to provide 

the necessary driving force. More pertinent to the present case, light-driven 

systems in the past have usually employed phosphine-11 or porphyrin-based 

complexes12 as well as binuclear catalysts13. However, the majority of these 

systems operated under UV illumination along with reflux conditions. Very 

recently, Ru-based mononuclear complexes,14 dyads,15 and supramolecular 

catalysts16 have been used to drive alcohol oxidation using visible light. It is 

essential to note the pre-requisites for catalysis to occur in all these molecular 

systems were open co-ordination sites and a 2e- oxidation state change that 

could be supported by the metal center.9b 

This chapter discusses our exploration of visible light-driven alcohol 

dehydrogenation. A novel system of a RhIII-based molecular catalyst in an acidic 

medium containing iodide was employed to achieve this goal. The I3
-/I- redox 

couple, an inexpensive and benign reagent, has been previously used to oxidize 

alcohols chemically,17 while RhIII complexes are known water reduction 

catalysts.18 Several polypyridyl Rh complexes were evaluated for alcohol 
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dehydrogenation; of these, [RhIII(dtbbpy)2(OSO2CF3)2](CF3SO3), Rh7 (Figure 5-1, 

dtbbpy = 4,4‘-di-tert-butyl-2,2‘-bipyridine) was found to be the best performer.  

Characterization of the photoproducts was achieved via 1H-NMR and residual 

gas analysis. A probable mechanism, elucidated via UV-Vis spectroscopy, 

electrospray ionization mass spectrometry (ESI-MS) and time-dependent DFT 

(TD-DFT) calculations, is proposed herein. Further proof was provided by 

electrochemical analysis. Long term experiments were carried out to 

demonstrate the robustness of Rh7. Additional experiments revealed the 

importance of all components i.e. Rh, alcohol, HI and light for the photoreactions. 

 

 

 

 

Figure 5-1. Structure of RhIII(dtbbpy)2(OSO2CF3)2](CF3SO3), Rh7. 

5.2 Experimental section 

5.2.1 Materials and methods 

Methanol (MeOH, 99.9%), Ethanol (EtOH, 200 proof) and Isopropanol (IPA, 

99.9%) were purchased from Pharmco-Aaper. Hydroiodic acid (HI, aq. 57 % 

wt/wt) and trifluoromethanesulfonic acid were obtained from Alfa Aesar. HPLC 

grade tetrahydrofuran (THF), acetonitrile (ACN), dichloromethane (DCM), and 
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water were purchased from Fisher Scientific. Dimethylformamide (DMF, 99.8%) 

was procured from Acros Chemicals. o-dichlorobenzene, tetrabutylammonium 

iodide (TBAI) and tetrabutylammonium hexafluorophosphate (TBAPF6) were 

purchased from Sigma Aldrich. All deuterated solvents for NMR analysis were 

obtained from Cambridge Isotopes.  

1H and 13C- NMR were recorded on Bruker Avance 300 spectrometer at room 

temperature. Positive-ion ESI-MS was performed with 50 μM ethanolic solution of 

Rh7 or Rh7(a) using a Thermo-Fisher LCQ instrument equipped with an ESI ion 

source. UV-visible spectroscopic analysis was done employing a Shimadzu UV-

1800 double beam spectrophotometer.  

5.2.2 Synthesis 

Rh7 is a new complex and the synthesis is described below. The remaining Rh 

polypyridine complexes were synthesized according to reported procedures.[28], 

[31], [32] 

[Rh(dtbbpy)2(CF3SO3)2](CF3SO3), Rh7: The rhodium complex was synthesized 

according to a modified literature procedure.19 o-dichlorobenzene (4ml) was 

added to [Rh(dtbbpy)2Cl2](PF6) (0.25g, 0.29 mmol) and refluxed at 150 oC under 

Ar. Trifluoromethanesulfonic acid (0.26 ml, 2.9 mmol) was added to the above 

solution and the reaction mixture was heated under Ar for 48 h. The mixture 

cooled to RT and then transferred to a separatory funnel with dichloromethane 

(10-15 ml) and washed with water (3 x 10 ml). The organic layer was dried using 

MgSO4 and evaporated to dryness. The product was recrystallized by vapor 
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diffusion (ACN/Et2O) to give white crystals of [Rh(dtbbpy)2(CF3SO3)2](CF3SO3) 

(78% yield).  

1H-NMR (300 MHz, acetone-d6):  9.33 (d, 2H, J = 6.3 Hz), 9.07 (d, 2H, J = 2.0 

Hz), 8.89 (d, 2H, J = 2.2 Hz), 8.43 (dd, 2H, J = 6.3 Hz, 2.0 Hz), 7.74 (d, 2H, J = 

6.3 Hz), 7.63 (dd, 2H, J = 6.4 Hz, 2.3 Hz), 1.61(s, 9H), 1.37 (s, 9H). (See Figure 

A-20). 13C-NMR (300 MHz, Acetone – d6):  168.4, 167.7, 158.1, 156, 152.2, 

150, 126.7, 126.5, 123.4, 123.3, 36.3, 35.8, 29.6, 29.3. (See Figure A-21). 

UV/Vis (0.01 mM, EtOH): λmax (ε / M-1cm-1) = 305 (25000), 317 (23400). MS 

(ESI): m/z Calculated: 937.84 (M+), Found: 937.33 (M+,100 %).(Figure A-19). 

 [Rh(dtbbpy)2I2]I, Rh7(a): Synthesized using a modified literature procedure.20 

Rh7 (0.1 g, 0.092 mmol) was dissolved in acetone (10 ml) followed by addition of 

excess NaI, causing an immediate formation of a dark orange colored solution. 

The solution was refluxed for 24 h and cooled to room temperature. The solvent 

was removed via rotary evaporation and water was added to the orange residue 

to dissolve excess salts. The residue was then isolated via vacuum filtration, 

washed with copious amounts of water and dried overnight. The solid was then 

purified via column chromatography (silica, 20% ethyl acetate : hexane) and 

acetone : pentane vapor diffusion recrystallization to give orange crystals of 

Rh7(a) (40-50% yield).  

1H-NMR (300 MHz, acetone-d6):  10.24 (d, 2H, J = 6.22 Hz), 8.95 (d, 2H, J = 

1.9 Hz), 8.81 (d, 2H, J = 1.8 Hz), 8.12 (dd, 2H, J = 6.2 Hz, 2.2 Hz), 7.65 (d, 2H, J 

= 6.06 Hz), 7.6 (dd, 2H, J = 6.06 Hz, 1.9 Hz), 1.57 (s, 9H), 1.38 (s, 9H). UV/Vis 
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(0.01 mM, EtOH): λmax (ε / M-1cm-1) = 291sh (68100), 298 (68600), 313 (57000), 

358 (20200). MS (ESI): m/z Calculated: 893.51 (M+), Found: 893.00 (M+,100 %). 

5.2.3 Photoreaction protocol 

The photoreactions were carried out using a standard protocol reported 

previously by our lab.[33] Briefly, Rh stock solutions were made in the respective 

alcohols and the specified amounts of catalyst and HI were added to 40 ml 

screw-top EPA vials (VWR), with the final solution (10 ml) containing 91% of the 

chosen alcohol by volume. Addition of HI was always done in darkness. The vials 

with pressure transducers screwed on were degassed by applying vacuum and 

back filling with Ar (7 cycles). This procedure was carried out in a home-built 16 

well, water-cooled LED (460 nm) photoreactor equipped with an orbital shaker. 

The vial headspace was allowed to come to atmospheric pressure, followed by 

turning on the orbital shaker (100 rpm) and illuminating the samples from below. 

A residual gas analyzer (RGA) calibrated with 1:9 and 3:7 H2-Ar mixtures was 

used to analyze the headspace gas. For the time-dependent experiment, 

different vials were removed from the photoreactor at the specified time and 

separately analyzed by the RGA and 1H-NMR.  

5.2.4 Electrochemistry 

Electrochemical analysis was done employing a CH-Instruments Electrochemical 

Analyzer 600C potentiostat in a three electrode set up consisting of a glassy 

carbon working electrode, silver wire quasi-reference electrode and a platinum 

coil counter electrode. The working solution consisted of 0.5 mM analyte in 
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acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

as the supporting electrolyte. All solutions were thoroughly purged with Ar for 10-

15 min before recording the cyclic voltammograms at room temperature under 

constant Ar flow. Scan rate of 100 (or 50) mV/s was used for all measurements. 

Ferrocene (Sigma) was used as an internal standard and all potentials were 

referenced against SCE using fc/fc+ = 0.4 V.[34]  

5.2.5 Computational analysis 

All DFT calculations were carried out with the Gaussian 03 suite. Ground-state 

and excited-state geometries were optimized using B3LYP functional and 

LANL2DZ basis set. Time-dependent DFT (TD-DFT) calculations were 

performed at the optimized ground-state geometry, calculating the energy and 

oscillator strength for each of the 100 lowest singlet excitations. UV-Vis spectra 

prediction was achieved using GaussSum 2.0. Electronic transitions were 

expanded as Gaussian curves, with a full-width at half-maximum (fwhm) for each 

peak set at 4000 cm-1. 

5.2.6 In-situ spectroscopic analysis of photoreaction mixtures 

 An aliquot of a stock solution of Rh7 prepared in EtOH (0.1 ml, 0.2 mM) was 

added to a quartz cuvette equipped with a septa cap. The solution was brought 

up to volume (2ml) by addition of 1.725 ml EtOH and HI (0.175 ml) under dark 

conditions, giving final concentrations of 0.01 mM Rh7 (to avoid detector 

saturation) and 0.7 M HI. The spectra was recorded before and after 15 minutes 

of degassing by Ar, followed by bottom illumination (460 nm) in a 2 well, air-
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cooled photoreactor. All samples were kept under continuous flow of Ar during 

the photoreactions. Spectra were recorded after 1, 2, 5, and 12 hours of 

illumination. After 24 hours, the spectra were recorded every 2 minutes until no 

appreciable decrease in absorbance was seen. The same conditions were 

employed for the experiment using TBAI, except after illumination, the spectra 

were taken after every minute. 

5.2.7 ESI-MS investigation of photoreaction mixtures 

To determine the formation of Rh7(a) during photocatalytic alcohol 

dehydrogenation, an EtOH solution in water (10 ml, 1.3 %) was prepared 

containing 0.4 mM Rh7 and 0.7 M HI. This solution was then subject to the 

photoreaction protocol followed in this report. After 24 hours of illumination, an 

orange precipitate formed, which was isolated and washed thoroughly with water. 

Presence of excess Rh7 and water ensured precipitation during the 

photoreaction. A 50 µM ethanolic solution of this solid was then analyzed by 

positive ion ESI-MS.    

To verify the role of iodide as well as the acidic medium in the photoreactions, a 

10 ml 91% ethanol solution containing 0.1 mM Rh7 and 0.3 mM TBAI was 

prepared. This concentration of TBAI was chosen to detect the formation of 

Rh7(a) without affecting the peak intensities. The solution was then degassed 

and back-filled with Ar as per the protocol. Without exposing to light, 3ml of the 

mixture was then analyzed via ESI-MS. 
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5.3 Results and discussion 

5.3.1 Catalyst screening 

Initial studies involved screening different RhIII polypyridyl complexes (0.1 mM) 

for hydrogen generation from a 10 ml 91% alcoholic [methanol (MeOH), ethanol 

(EtOH), or isopropyl alcohol (IPA)] solution, at atmospheric pressure under argon 

as detailed in the experimental section. Vials containing EtOH or IPA generated 

H2, whereas no H2 was observed from MeOH. The results are depicted in Figure 

5-2. Rh catalysts with and without labile ligands were used in this experiment. 

The combination of a polypyridine system and labile, monodentate ligands 

seemed to have a very positive effect on performance. In accordance with this 

observation, the vial containing [RhIII(dtbbpy)2(OSO2CF3)2](CF3SO3), Rh7 was 

found to exhibit superior activity, initially producing 16 and 13 μmol H2 from EtOH 

and IPA, respectively, corresponding to equivalent number of catalyst turnover 

numbers, TONs (μmol H2/μmol Rh). All other compounds generated less H2 than 

Rh7, which was then used for further exploration.  

Control vials without Rh or HI did not produce any H2, signifying that both 

components are required for the reaction to occur. The dependence of the 

dehydrogenation reaction on the type of chelating ligands, ligand lability, and the 

fact that the catalysis does not work without Rh (or HI) suggests the possibility of 

the Rh center participating as both photosensitizer and catalyst, with I- playing a 

vital role. Also, oxygen (O2) was found to be detrimental to the reaction. 
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Figure 5-2. Different Rh catalysts used for photo-driven EtOH and IPA 

dehydrogenation in presence of HI. All reactions used a 10 ml, 91% EtOH or IPA 

solution containing 0.1 mM Rh and 0.7 M HI ( 24 hours, 460 nm, 22 oC). No H2 

was evolved from vials containing MeOH. The errors of the measured H2 

evolution were within 10%. 

5.3.2 Effect of solvent 

To determine the effect of solvent environment along with the role of alcohol on 

H2 generation, the composition of the solution was altered by adding different 

quantities of other solvents. Figures 5-3(A) and 5-3(B) clearly illustrate the 

decline in the amount of H2 generated with increasing amount of inert solvent. 

However, the effect of aprotic solvents was found to be more drastic than that of 

protic solvents, leading to a >50 % drop in activity, upon addition of just 20% of 

secondary solvent. This observation establishes the importance of H+ mobility for 

the dehydrogenation reaction. MeOH addition changed the performance less 

than the other solvents, but absence of EtOH or IPA ceased the production of H2 
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completely. Dilution by water, a potential source of H+, also had a negative effect 

on the reaction, clearly indicating that the alcohol is the source of H2. In addition, 

co-ordinating abilites of the solvents might not be a conclusive factor for 

diminishing H2 generation as the decreased activities do not correlate with 

ligating strengths of the solvents employed.  

 

 

 

 

 

Figure 5-3. Effect of solvent on A) EtOH and B) IPA dehydrogenation using 0.1 

mM Rh7 and 0.7 M HI.  Increasing the % solvent causes a decrease in amount of 

H2 generated. (24 hours, 460 nm, 22 oC). 

5.3.3 Concentration optimization 

A concentration study with Rh7 ranging from 0.001 mM to 0.2 mM was 

performed to pinpoint the optimal catalyst quantity, while keeping the other 

parameters constant. As shown in Figure 5-4(A), H2 production increases with 

catalyst concentration for both evaluated alcohols. Although the vial with 0.2 mM 

catalyst produces almost twice the amount of H2 than the vial containing 0.1 mM, 

the catalyst TON remained more or less steady. Thus, 0.1 mM was chosen as 
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the optimal catalyst concentration and used in subsequent studies. Variation of 

the HI concentration at 0.1 mM Rh7 revealed that the reaction slows down at 

lower concentrations. Even though higher turnovers were achieved at 1 M HI 

(Figure A-22, Appendix), further studies were carried out at 0.7 M to prevent 

damage to the pressure transducers. Combined with the observation that vials 

containing both Rh7 and aq. HI but no alcohol did not generate H2, it seems that 

the concentration of I- used is crucial for the reaction to occur optimally. This is 

supported by controls where using 0.7 M HCl or tetrabutylammonium iodide 

(TBAI) instead of HI did not generate H2, thus highlighting the strong involvement 

of I- as well as the role of the acidic medium in the dehydrogenation reactions. 

 

 

 

 

 

Figure 5-4. A) EtOH and IPA dehydrogenation using different concentrations of 

Rh7 and 0.7 M HI (24 hours, 460 nm, 22 oC). An increase in H2 evolution was 

seen with increase in Rh, with the system performing optimally at 0.1 mM. B) 

Effect of illumination on EtOH and IPA dehydrogenation. No H2 was evolved in 

the absence of light, demonstrating the photocatalytic nature of this alcohol 

dehydrogenation system. 
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5.3.4 Photocatalytic nature of reaction 

Since this system does not employ a traditional photosensitizer, it became 

essential to determine the role of light in these reactions. A test was carried out 

using three different Rh7 concentrations, in the absence and presence of 

illumination. The results are depicted in Figure 5-4(B). It is evident that no H2 is 

produced in the absence of light, indicating that the dehydrogenation reaction is 

truly photo-driven in nature. 

5.3.5 Temperature dependence 

To determine the effect of temperature, the dehydrogenation reactions for both 

EtOH and IPA were carried out at three temperatures ranging from 10 - 30 oC, 

using Rh7 concentrations ranging from 0.025 mM - 0.1 mM (Figure A-23, 

Appendix). A non-linear relationship between the temperature and the quantity of 

H2 generated was observed, with the system performing optimally at 22 oC and 

0.1 mM Rh7; future experiments were henceforth conducted under these optimal 

conditions. Temperatures higher than 30 oC were not employed in order to probe 

the reactions under ambient conditions.  

5.3.6 1H-NMR evaluation and stability study 

1H-NMR analysis (CDCl3) of the photoreactions performed under optimal 

conditions (91% IPA, 0.1 mM Rh7, 0.7 M HI) revealed a signature acetone peak, 

indicating that alcohol dehydrogenation indeed takes place (The oxidation 

product for EtOH, acetaldehyde however, could not be easily discerned from 1H-  
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Figure 5-5. Time-dependent analysis of IPA dehydrogenation, using 0.1 mM Rh7 

and 0.7 M HI. A linear increase of H2 (A) was seen for up to 100 hours. (B) Linear 

correlation of acetone with H2 formation (C) Variation of maximum Rh7 TOF, 

showing an increase after the initial hours of illumination, remaining fairly 

constant for the rest of the experiment. 

NMR, possibly due to overlap of peaks in the aliphatic region). A time-dependent 

study in IPA was then carried out to elucidate the kinetics of H2 and acetone 

generation. The reaction starts slowly, evident from the negligible H2 produced 

during the initial hours. As seen in Figure 5-5(A), the amount of H2 and the 

corresponding Rh7 TONs eventually increased almost linearly with time for up to 

100 h. Maximum Rh7 TONs of ~ 40 were achieved at the end of the experiment. 

The vials were found to contain acetone, the amount of which increased linearly 
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with H2 production (Figure 5-5(B), also see Figure A-24, Appendix). Control vials 

did not produce any acetone, once more indicating that all components were 

essential for alcohol dehydrogenation to take place. The kinetics of the reaction 

were found to be slow, reflected in the catalyst turnover frequencies (TOFs), as 

depicted in Figure 5-5(C). However, the rate was found to be steady for 100 h, 

highlighting the robust nature of the catalytic system. The observed reaction 

performance is comparable to that measured in original photocatalytic systems 

using amines and ascorbic acid as sacrificial donors.21 

5.3.7 Mechanism of alcohol dehydrogenation 

All these results and observations indicate that Rh7, I-, alcohol and light are 

necessary for H2 generation. It is evident that an induction period occurs for the 

first few hours during which the Rh7 complex converts to a state active for H+ 

reduction. We speculate that [RhIII(dtbbpy)2(I)2]
+, Rh7(a), is the photoactive 

species which is formed via ligand displacement. The e- donating nature of the 

dtbbpy and lability of the triflate ligand would synergistically assist the iodide to 

displace the triflate. Illuminating Rh7(a) drives a ligand (I-) to metal (RhIII) charge 

transfer (LMCT), leading to the formation of the reduced species, [RhI(dtbbpy)2]
+, 

Rh7(b) and I3
-. A similar photosensitized formation of I-I bonds using Ru (II) 

complexes has been reported by the Meyer group.22 I3
- oxidizes the alcohol, 

forming I-.23 The reduced RhI
 species is known to form a RhIII hydride 

intermediate,18a, 24 which, in the presence of an incoming proton and I-, evolves 

H2 and regenerates Rh7(a). It is also plausible that Rh7 might act as a reservoir 

for the regeneration of the di-iodo species.  



107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5-1. Proposed mechanism of IPA dehydrogenation by Rh7, involving 

ligand exchange, followed by LMCT via I- to form a reduced Rh species, Rh7(b). 

I3
- oxidizes IPA to acetone while Rh7(b) reduces protons probably via a Rh-

hydride complex leading to H2 evolution.  
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This proposed mechanism differs from previously reported Rh-catalyzed alcohol 

dehydrogenations where direct alcohol co-ordination to the metal center was 

involved.12a 25 This aspect of the mechanism was also observed during the 

solvent study where MeOH was not shown to decrease the activity of the catalyst 

as much as other co-ordinating solvents. This hypothesis was further supported 

by UV-Vis, TD-DFT and ESI-MS analysis, described in following sections. The 

proposed mechanism of IPA dehydrogenation is depicted in Scheme 5-1. 

5.3.8 Spectroscopic evaluation 

An in-situ UV-visible spectroscopic analysis of the photoreaction mixture was 

carried out to provide further insight into the mechanism. Rh7 in EtOH shows the 

presence of two distinct peaks at 305 nm and 317 nm, seen in Figure 5-6(A). 

Upon addition of HI under dark conditions, new peaks emerge at 290 nm (seen 

as a shoulder) and 358 nm that can be attributed to I3
-,26 formed due to presence 

of O2. This became evident as degassing led to significant decrease of the I3
- 

peaks, due to reaction with the alcohol. The transitions belonging to Rh7 also 

undergo changes in features which persist even after degassing. In addition, a 

residual absorption can still be seen at 358 nm indicating the formation of a new 

species, possibly Rh7(a) in equilibrium with the original species. As depicted in 

Figure 5-6(B) (also inset), initial hours of illumination under Ar show a gradual 

increase in both Rh7(a) and I3
- peaks. This observation corroborates with the 

time study as well as the mechanism where the first few hours of illumination 

involve the formation of Rh7(a), which eventually converts to a species active for 

H+ reduction. Spectra recorded after 12 and 24 hours of illumination show an 
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Figure 5-6. A) Spectral changes of 0.01 mM Rh7 (in EtOH) on addition of HI and 

subsequent degassing, depicting the formation of Rh7(a). B) In-situ 

spectroscopic analysis demonstrating the increase in formation of Rh7(a) and I3
- 

with illumination, carried on for 24 hours. Red and black lines denote spectra 

recorded after 12 and 24 hours, respectively. The inset depicts the Rh7(a) and I3
- 

peaks recorded for the initial period. C) Time-dependent analysis of the 

photoreaction mixture after 24 hours of illumination, showing a decrease in 

intensity of Rh species and I3
-. Inset: first-order decay of the I3

- peak at 358 nm 

due to alcohol oxidation. 
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intense transition at 290 nm in place of the original peaks, alongwith re-

emergence of the peak at 358 nm, asserting the formation of I3
- during the course 

of the photoreaction. At the end of the illumination period, as illustrated by Figure 

5-6(C), both the peaks were found to decrease in intensity with time due to 

oxidation of alcohol by I3
-, though at different rates. A first-order decay was 

observed for the peak at 358 nm (Figure 5-6(C), inset), signifying I3
- as the major 

absorber. On the other hand, the decay for the 290 nm peak follows a more 

complicated path (Figure A-25, Appendix). This indicates contributing absorption 

from two or more species, corroborating with the mechanism that an intimate 

correlation exists between Rh7, Rh7(a) and I3
-. Replacing HI with TBAI gave rise 

to similar spectral features, although having much lower intensity and without any 

significant decay after illumination (Figure A-26, Appendix). 

5.3.9 Computational and ESI analysis  

Additional evidence for the dehydrogenation reaction mechanism was supplied 

by TD-DFT calculations and ESI-MS. Frontier orbital diagrams were generated 

based on the electronic transitions related to the two lowest excited states of Rh7 

and Rh7(a) (Figure 5-7). Rh7(a) was found to possess a smaller HOMO- LUMO 

gap as compared to Rh7. For Rh7(a), the HOMO was found to be mainly located 

on the iodides. In case of the LUMO, electron density can be seen on the Rh 

center as well. As far as Rh7 is concerned, HOMO and LUMO exhibit 

contributions from both triflate and Rh center. UV-visible spectra for Rh7 and 

Rh7(a) were also predicted using an EtOH solvent model (Figure A-27, 

Appendix). These were found to match reasonably well with the spectra obtained 
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experimentally. This, however, was not the case for the spectrum predicted for a 

di-alcohol Rh complex, attesting that the alcohols do not co-ordinate to the Rh 

center. These analyses also establish that a ligand to metal charge transfer 

indeed takes place during the photoreaction, leading to the formation of Rh7(a).  

 

 

 

 

 

 

 

 

Figure 5-7.  Energy diagrams for Rh7(a) and Rh7 focussing on the orbitals 

involved in two lowest energy transitions. In the case of Rh7(a), the HOMO 

includes mainly the iodides while the LUMO exhibits electron density on both the 

iodides and the Rh center. In agreement with the proposed mechanism, this 

supports that a ligand to metal charge transfer transition is involved in the 

observed photocatalytic reaction. For Rh7, both the HOMO and LUMO involve 

some contributions from both triflate as well as the Rh center. 
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To confirm the formation of Rh7(a), a photoreaction was carried out for 24 hours 

employing excess Rh7 and water in EtOH. The precipitated solid obtained at the 

end of the experiment was then subject to ESI-MS analysis (Figure A-28, 

Appendix) which revealed the presence of Rh7(a). A similar test using TBAI 

instead of HI also led to the formation of Rh7(a), but in minor quantities (Figure 

A-29, Appendix). Corroborating with the TD-DFT calculations, ESI analysis did 

not show the presence of a Rh-alcohol complex. These studies further 

substantiate the importance of both I- as well as the acidic medium, which jointly 

assist in the formation of the Rh di-iodide and the subsequent hydride species, 

leading to H2 evolution. 

5.3.10 Investigating the role of Rh7(a) 

To shed light on its properties, Rh7(a) was separately synthesized by a modified 

literature procedure20 using Rh7 as the starting material (experimental section). 

Purity of the resulting complex was confirmed by 1H-NMR and ESI-MS (Figures 

A-30 and 31, Appendix). Further studies on the Rh7(a) complex were then 

carried out using UV-Vis spectroscopy, cyclic voltammetry and photocatalysis. As 

seen in Figure 5-8, Rh7(a) displays absorptions at 298 nm and 313 nm, which 

are slightly blue-shifted as compared to the peaks for Rh7. Replacement of 

triflate by iodide has another noticeable effect in the form of an additional 

absorption observed at 358 nm, along with a shoulder at 291 nm. This new 

absorption profile greatly resembles the one obtained on addition of HI to Rh7, 

further validating the claim that the spectral changes observed in the presence of 

HI are due to formation of the di-iodo Rh species. It is clear from the figure that 
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the two Rh species have different extinction coefficients. This explains the 

increase in absorption intensity on addition of HI to Rh7. This, in turn, correlates 

well with the in-situ spectroscopic analysis, where the two Rh species Rh7 and 

Rh7(a) exist in equilibrium with I-/I3
- in presence of light. The difference in the 

extinction coefficients at λ = 298 nm  and  358 nm (ε = 6.86 x 104 and 2.02 x 104 

M-1 cm-1, respectively) for Rh7(a) also supports the disparity seen for the decay 

order during in-situ spectroscopic analysis of photoreactions. 

 

 

 

 

 

Figure 5-8. UV-visible spectral comparison of Rh7(a) (green line) and Rh7 with 

(black line) and without (blue line) HI, confirming that Rh7(a) is formed after 

addition of HI via ligand displacement. Difference in molar absorptivities of the 

two peaks for Rh7(a) explain why the peaks decay with varying order post 

illumination. [Rh] = 0.01 mM in EtOH 

To evaluate their redox behaviour, cyclic voltammetry was conducted on Rh7 

and Rh7(a) in acetonitrile. Both species were found to possess rich redox 

properties as illustrated by Figure 5-9(A) and (B), respectively. Several 
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similarities were observed in comparison to previously reported RhIII polypyridine 

complexes.27 The first cathodic wave (I + II) is an overall 2e- ECEC step involving 

two successive reductions of the Rh, each followed by a ligand (triflate or iodide) 

dissociation. This process was found to be cathodically shifted for Rh7(a) as 

compared to Rh7, probably due to the lower electronegativity of the iodide and 

also since the LUMO of Rh7(a) is higher in energy as compared to that of Rh7 

(see Figure 5-7). However, contrary to literature reports, this first cathodic wave 

was found to be quasi-reversible for both species, with an anodic counterpart 

appearing hundreds of millivolts away. 

Interestingly, the anodic counterpart for Rh7(a) seems to be composed of at least 

three overlapping peaks which can be distinguished at low scan rates (Figure 9B, 

inset). Although a precise conclusion cannot be arrived at presently, it is possible 

that these peaks depict the stepwise re-attachment of the iodides or solvent 

molecules to the Rh center during re-oxidation of RhI to RhIII. In addition to these 

reductions / ligand dissociations, two cathodic events (designated III and IV) 

were observed. In accordance with the previously published report,27 these can 

be attributed to the formation of [Rh]0 and [Rh]-1 species, respectively. These 

reductions lie at almost equal potentials and were found to be completely 

reversible for both complexes. 

While no redox events could be observed during the anodic scans for Rh7, 

Rh7(a) displays two quasi-reversible anodic waves which can be assigned to the 

I-/I3
- and I3

-/I2 redox couples, respectively. Previous studies carried out on 

iodide/iodine redox chemistry have shown presence of similar features.28 
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Figure 5-9. Cyclic voltammograms of A) Rh7 and B) Rh7(a). Rh7(a) can clearly 

be distinguished from Rh7 by the presence of two quasi-reversible anodic waves 

belonging to oxidation of I- and I3
-, respectively. Figure 5-9(B) inset: Depiction of 

the quasi-reversible anodic counterpart of I+II at lower scan rate of 50 mV/s. 

Three overlapping signals can be observed, probably due to re-attachment of 

iodides. The arrows along the voltammograms denote the scan direction. Scan 

rate = 100 mV/s , 0.5 mM [Rh] analyte in ACN. 

As pointed out earlier, the cathodic scan leads to ligand dissociation and since 

the reverse process is quasi-reversible, free iodide from Rh7(a) is available for 

the redox processes. On the other hand, triflate ligands are not redox-active and 

hence no anodic signals can be seen. The electrochemical properties of both 

complexes, recorded at a scan rate of 100 mV/s are outlined in Table 1. It is clear 

from the electrochemical analysis that iodides can be dissociated from Rh7(a) 

and that they show redox activity. This lends additional support to the proposed 

mechanism involved in the photocatalytic alcohol dehydrogenation where the 

initial step involves formation of the di-iodo complex. Visible light acts as the 
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initiator for the sequential two-electron reduction of the RhIII center and formation 

of I3
- via an LMCT from iodide to RhIII.  

Table 1. Electrochemical properties[a] of Rh7 and Rh7(a) 

 

[a] collected using 0.5 mM analyte in acetonitrile with 0.1 M TBAPF6 as supporting electrolyte, 

scan rate = 100 mV/s. [b] Redox couple I
-
 / I3

-
. [c] Redox couple I3

-
 / I2 

Finally, to evaluate the catalytic activity of Rh7(a), an additional photostudy for 

EtOH and IPA dehydrogenation was conducted under the optimal reaction 

conditions (0.7 M HI, 0.1 mM Rh7(a), 91% EtOH/IPA). Lower catalytic TONs 

were achieved for both alcohols as compared to Rh7 (Figure A-32, Appendix). 

This result is not surprising as the predicted mechanism along with the 

spectroscopic as well as ESI-MS evaluation hint towards the existence of an 

equilibrium between Rh7, Rh7(a), and I3
-. In addition, electrochemical analysis 

demonstrated the quasi-reversible nature of the iodide dissociation event, 

suggesting the partial regeneration of Rh7(a). These observations indicate that  

Rh7(a) as a catalyst is less stable than the parent Rh7 and that the equilibrium 

Rh 
species 

Ered 
(V vs SCE) 

 
E

 

(mV)
 

 

Eox 
(V vs SCE) 

E
 

(mV)
 

 
     I+II              III          IV        I+II              III            IV 

Rh7 -0.57 -1.44 -1.69 470 61 64 --------- --------- 

Rh7(a) -0.91 -1.47 -1.72 520 61 62 +0.39
[b]

 
+0.715

[c]
 

1150
[b]

 

291
[c]

 



117 
 

between the two species is critical to the robustness of the catalytic system. This, 

in turn necessitates the presence of the triflate complex which seems to play a 

role in stabilizing the di-iodo species during its regeneration, as pointed out in the 

proposed mechanism. Carrying out the same reaction in the dark produced no 

H2, confirming that changing the catalyst does not affect the photocatalytic nature 

of the reaction.  

5.4 Conclusion 

In conclusion, we demonstrate photo-driven alcohol dehydrogenation using a Rh-

based polypyridine complex in the presence of I- in an acidic medium. An initial 

screening study involving different Rh complexes for H2 generation from different 

alcohols established [RhIII(dtbbpy)2(OSO2CF3)2](CF3SO3), Rh7, to be the optimal 

catalyst. Solvent studies gave a clear indication of alcohol being the origin of the 

evolved H2. Further exploration of the system revealed that all components (i.e. 

Rh7, HI, alcohol and light) were essential for the reaction to take place with the 

catalytic system performing optimally in a 91% alcohol solution containing 0.1 

mM Rh7 and 0.7 M HI. 1H-NMR of reaction mixtures containing IPA as the 

alcohol proved the formation of acetone, confirming the dehydrogenation 

reaction. Time-dependent analysis of IPA dehydrogenation under optimal 

conditions showed a linear dependence of H2 and acetone generation on time. 

The proposed mechanism of the reaction involves a short induction period during 

which Rh7 undergoes ligand displacement to form a photoactive state, 

[RhIII(dtbbpy)2(I)2]
+, Rh7(a). This would be followed by an I- to Rh LMCT, resulting 
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in alcohol oxidation by the photogenerated I3
- and proton reduction / H2 evolution 

by the reduced Rh center, [RhI(dtbbpy)2]
+, Rh7(b). Supporting evidence for the 

catalytic mechanism was obtained via UV-visible spectroscopy, TD-DFT 

calculations, ESI-MS and electrochemistry. Future work would focus on 

improving the activity and versatility of this catalytic system via ligand 

modifications and structure-activity optimizations. Different types of alcohols and 

possibly other -OH containing substrates would also be explored. 

5.5 References 

1. Cline, E. D.; Bernhard, S., The Transformation and Storage of Solar Energy: 

Progress Towards Visible-Light Induced Water Splitting. CHIMIA. 2009, 63, 709-

713. 

2. (a) Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q.; 

Santori, E. A.; Lewis, N. S., Solar water splitting cells. Chem. Rev. 2010, 110, 

6446-6473; (b) McKone, J. R.; Lewis, N. S.; Gray, H. B., Will Solar-Driven Water-

Splitting Devices See the Light of Day? Chem. Mater. 2014, 26, 407−414. 

3. Shimura, K.; Yoshida, H., Heterogeneous photocatalytic hydrogen production 

from water and biomass derivatives. Energy Environ. Sci. 2011, 4, 2467-2481. 

4. (a) de la Garza, L.; Jeong, G.; Liddell, P. A.; Sotomura, T.; Moore, T. A.; 

Moore, A. L.; Gust, D., Enzyme-based photoelectrochemical biofuel cell. J. Phys. 

Chem. B. 2003, 107, 10252-10260; (b) Hambourger, M.; Gervaldo, M.; 

Svedruzic, D.; King, P. W.; Gust, D.; Ghirardi, M.; Moore, A. L.; Moore, T. A., 

[FeFe]-hydrogenase-catalyzed H2 production in a photoelectrochemical biofuel 

cell. J. Am. Chem. Soc. 2008, 130, 2015-2022; (c) Xie, S.; Zhai, T.; Li, W.; Yu, 

M.; Liang, C.; Gan, J.; Lu, X. H.; Tong, Y., Hydrogen production from solar driven 

glucose oxidation over Ni(OH)2 functionalized electroreduced-TiO2 nanowire 

arrays. Green Chem. 2013, 15, 2434-2440. 



119 
 

5. (a) Larock, R. C., Comprehensive organic transformations: a guide to 

functional group preparations. VCH New York, 1989; (b) Hudlicky, M., Oxidations 

in organic chemistry. American Chemical Society Washington, DC, 1990. 

6. McDaniel, N. D.; Bernhard, S., Solar fuels: thermodynamics, candidates, 

tactics, and figures of merit. Dalton Trans. 2010, 39, 10021-10030. 

7. (a) Tanaka, A.; Hashimoto, K.; Kominami, H., Preparation of Au/CeO2 

Exhibiting Strong Surface Plasmon Resonance Effective for Selective or 

Chemoselective Oxidation of Alcohols to Aldehydes or Ketones in Aqueous 

Suspensions under Irradiation by Green Light. J. Am. Chem. Soc. 2012, 134, 

14526-14533; (b) Tanaka, A.; Sakaguchi, S.; Hashimoto, K.; Kominami, H., 

Preparation of Au/TiO2 with Metal Cocatalysts Exhibiting Strong Surface Plasmon 

Resonance Effective for Photoinduced Hydrogen Formation under Irradiation of 

Visible Light. ACS Catal. 2012, 3, 79-85; (c) Higashimoto, S.; Tanaka, Y.; 

Ishikawa, R.; Hasegawa, S.; Azuma, M.; Ohue, H.; Sakata, Y., Selective 

dehydrogenation of aromatic alcohols photocatalyzed by Pd-deposited CdS–TiO2 

in aqueous solution using visible light. Catal. Sci. Technol. 2013, 3, 400-403; (d) 

Sarina, S.; Bai, S.; Huang, Y.; Chen, C.; Jia, J.; Jaatinen, E.; Ayoko, G. A.; Bao, 

Z.; Zhu, H., Visible light enhanced oxidant free dehydrogenation of aromatic 

alcohols using Au–Pd alloy nanoparticle catalysts. Green Chem. 2014, 16, 331-

341; (e) Liu, Z.; Caner, J.; Kudo, A.; Naka, H.; Saito, S., Redox‐Selective 

Generation of Aldehydes and H2 from Alcohols under Visible Light. Chem. Eur. J. 

2013, 19, 9452-9456. 

8. Johnson, T. C.; Morris, D. J.; Wills, M., Hydrogen generation from formic acid 

and alcohols using homogeneous catalysts. Chem. Soc. Rev. 2010, 39, 81-88. 

9. (a) Morton, D.; Cole-Hamilton, D. J.; Utuk, I. D.; Paneque-Sosa, M.; Lopez-

Poveda, M., Hydrogen production from ethanol catalysed by Group 8 metal 

complexes. J. Chem. Soc., Dalton Trans., 1989, 3, 489-495; (b) Esswein, A. J.; 

Nocera, D. G., Hydrogen production by molecular photocatalysis. Chem. Rev. 

2007, 107, 4022-4047. 

10. (a) Milstein, D., Discovery of environmentally benign catalytic reactions of 

alcohols catalyzed by pyridine-based pincer Ru complexes, based on metal–



120 
 

ligand cooperation. Top. Catal. 2010, 53, 915-923; (b) Nielsen, M.; Junge, H.; 

Kammer, A.; Beller, M., Towards a Green Process for Bulk‐Scale Synthesis of 

Ethyl Acetate: Efficient Acceptorless Dehydrogenation of Ethanol. Angew. Chem. 

Int. Ed. 2012, 51, 5711-5713; (c) Spasyuk, D.; Gusev, D. G., Acceptorless 

dehydrogenative coupling of ethanol and hydrogenation of esters and imines. 

Organometallics 2012, 31, 5239-5242; (d) Ho, H. A.; Manna, K.; Sadow, A. D., 

Acceptorless Photocatalytic Dehydrogenation for Alcohol Decarbonylation and 

Imine Synthesis. Angew. Chem. Int. Ed. 2012, 51, 8607-8610; (e) Balaraman, E.; 

Khaskin, E.; Leitus, G.; Milstein, D., Catalytic transformation of alcohols to 

carboxylic acid salts and H2 using water as the oxygen atom source. Nature 

Chemistry. 2013, 5, 122-125; (f) Tseng, K.-N. T.; Kampf, J. W.; Szymczak, N. K., 

Base-Free, Acceptorless, and Chemoselective Alcohol Dehydrogenation 

Catalyzed by an Amide-Derived NNN-Ruthenium (II) Hydride Complex. 

Organometallics 2013, 32, 2046-2049; (g) Zhang, G.; Hanson, S. K., Cobalt-

Catalyzed Acceptorless Alcohol Dehydrogenation: Synthesis of Imines from 

Alcohols and Amines. Org. Lett. 2013, 15, 650-653; (h) Zeng, G.; Sakaki, S.; 

Fujita, K.-i.; Sano, H.; Yamaguchi, R., Efficient Catalyst for Acceptorless Alcohol 

Dehydrogenation: Interplay of Theoretical and Experimental Studies. ACS Catal. 

2014, 4, 1010-1020. 

11. (a) Matsubara, T.; Saito, Y., Catalysis of phosphine-coordinated rhodium (I) 

complexes for 2-propanol dehydrogenation. J. mol. Catal. 1994, 92, 1-8; (b) 

Simpson, M. C.; Cole-Hamilton, D. J., Catalytic applications of rhodium 

complexes containing trialkylphosphines. Coord. Chem. Rev. 1996, 155, 163-

207. 

12. (a) Irie, R.; Li, X.; Saito, Y., Photocatalytic dehydrogenation of secondary 

alcohols with rhodium porphyrin complex. J. Mol. Catal. 1983, 18, 263-265; (b) Li, 

X.; Shinoda, S.; Saito, Y., Photocatalytic liquid-phase dehydrogenation of 

cyclohexanol with rhodium porphyrin complex. J. Mol. Catal. 1989, 49, 113-119. 

13. (a) Roundhill, D. M., Excited-state chemistry of tetrakis (µ-pyrophosphito) 

diplatinum (II). Photoinduced addition of aryl bromides and iodides to the 

binuclear complex and the photoinduced catalytic conversion of isopropyl alcohol 



121 
 

into acetone and hydrogen. J. Am. Chem. Soc. 1985, 107, 4354-4356; (b) 

Yamamoto, H.; Shinoda, S.; Saito, Y., Photocatalytic dehydrogenation of 

methanol in the liquid phase with cis-Rh2Cl2(CO)2(dpm)2 and Pd2Cl2(dpm)2 

complex catalysts. J. Mol. Catal. 1985, 30, 259-266; (c) Mena, I.; Casado, M. A.; 

Polo, V.; García‐Orduña, P.; Lahoz, F. J.; Oro, L. A., The Dehydrogenation of 

Alcohols through a Concerted Bimetallic Mechanism Involving an Amido‐Bridged 

Diiridium Complex. Angew. Chem. Int. Ed. 2012, 51, 8259-8263. 

14. Ohzu, S.; Ishizuka, T.; Hirai, Y.; Fukuzumi, S.; Kojima, T., Photocatalytic 

Oxidation of Organic Compounds in Water by Using Ruthenium (II)–Pyridylamine 

Complexes as Catalysts with High Efficiency and Selectivity. Chem. Eur. J. 2013, 

19, 1563-1567. 

15. (a) Chen, W.; Rein, F. N.; Rocha, R. C., Homogeneous Photocatalytic 

Oxidation of Alcohols by a Chromophore–Catalyst Dyad of Ruthenium 

Complexes. Angew. Chem. 2009, 121, 9852-9855; (b) Chen, W.; Rein, F. N.; 

Scott, B. L.; Rocha, R. C., Catalytic Photooxidation of Alcohols by an 

Unsymmetrical Tetra (pyridyl) pyrazine‐Bridged Dinuclear Ru Complex. Chem. 

Eur. J. 2011, 17, 5595-5604; (c) Farràs, P.; Maji, S.; Benet‐Buchholz, J.; Llobet, 

A., Synthesis, Characterization, and Reactivity of Dyad Ruthenium‐Based 

Molecules for Light‐Driven Oxidation Catalysis. Chem. Eur. J. 2013, 19, 7162-

7172. 

16. (a) Chao, D.; Fu, W.-F., Facile synthesis of a ruthenium assembly and its 

application for light-driven oxidation of alcohols in water. Chem. Commun. 2013, 

49, 3872-3874; (b) Chao, D.; Fu, W.-F., Insight into highly selective 

photocatalytic oxidation of alcohols by a new trinuclear ruthenium complex with 

visible light. Dalton Trans. 2014, 43, 306-310. 

17. (a) Farhadi, S.; Zabardasti, A.; Babazadeh, Z., Aerobic photocatalytic 

oxidation of activated benzylic and allylic alcohols to carbonyl compounds 

catalyzed by molecular iodine. Tetrahedron Lett. 2006, 47, 8953-8957; (b) Togo, 

H.; Iida, S., Synthetic use of molecular iodine for organic synthesis. Synlett 2006, 

2006, 2159-2175. 



122 
 

18. (a) Cline, E. D.; Adamson, S. E.; Bernhard, S., Homogeneous catalytic 

system for photoinduced hydrogen production utilizing iridium and rhodium 

complexes. Inorg. Chem. 2008, 47, 10378-10388; (b) Stoll, T.; Gennari, M.; 

Serrano, I.; Fortage, J.; Chauvin, J.; Odobel, F.; Rebarz, M.; Poizat, O.; Sliwa, 

M.; Deronzier, A., [RhIII(dmbpy)2Cl2]
+ as a Highly Efficient Catalyst for Visible‐

Light‐Driven Hydrogen Production in Pure Water: Comparison with Other 

Rhodium Catalysts. Chem. Eur. J. 2013, 19, 782-792. 

19. Bolinger, C. M.; Story, N.; Sullivan, B. P.; Meyer, T. J., Electrocatalytic 

reduction of carbon dioxide by 2, 2'-bipyridine complexes of rhodium and iridium. 

Inorg. Chem. 1988, 27, 4582-4587. 

20. Gidney, P.; Gillard, R.; Heaton, B., 1, 10-Phenanthroline and 2, 2′-bipyridyl 

complexes of rhodium (III). J. Chem. Soc., Dalton Trans. 1972,  23, 2621-2628. 

21. (a) Kirch, M.; Lehn, J. M.; Sauvage, J. P., Hydrogen generation by visible 

light irradiation of aqueous solutions of metal complexes. An approach to the 

photochemical conversion and storage of solar energy. Helv. Chim. Acta 1979, 

62, 1345-1384; (b) Keller, P.; Moradpour, A., Is there a particle-size dependence 

for the mediation by colloidal redox catalysts of the light-induced hydrogen 

evolution from water? J. Am. Chem. Soc. 1980, 102, 7193-7196; (c) Krishnan, 

C.; Sutin, N., Homogeneous catalysis of the photoreduction of water by visible 

light. 2. Mediation by a tris (2, 2'-bipyridine) ruthenium (II)-cobalt (II) bipyridine 

system. J. Am. Chem. Soc. 1981, 103, 2141-2142. 

22. (a) Marton, A.; Clark, C. C.; Srinivasan, R.; Freundlich, R. E.; Narducci 

Sarjeant, A. A.; Meyer, G. J., Static and dynamic quenching of Ru (II) polypyridyl 

excited states by iodide. Inorg. Chem. 2006, 45, 362-369; (b) Gardner, J. M.; 

Giaimuccio, J. M.; Meyer, G. J., Evidence for Iodine Atoms as Intermediates in 

the Dye Sensitized Formation of I− I Bonds. J. Am. Chem. Soc. 2008, 130, 

17252-17253; (c) Rowley, J. G.; Farnum, B. H.; Ardo, S.; Meyer, G. J., Iodide 

chemistry in dye-sensitized solar cells: making and breaking I − I bonds for solar 

energy conversion. J. Phys. Chem. Lett. 2010, 1, 3132-3140. 

23. Mori, N.; Togo, H., Facile oxidative conversion of alcohols to esters using 

molecular iodine. Tetrahedron 2005, 61, 5915-5925. 



123 
 

24. (a) Mulazzani, Q. G.; Venturi, M.; Hoffman, M. Z., Mechanism of the 

uncatalyzed formation of dihydrogen in the radiolytically induced reduction of tris 

(2, 2'-bipyridine) rhodium (III) ion in aqueous solution. J. Phys. Chem. 1982, 86, 

242-247; (b) Bakac, A., Aqueous rhodium (III) hydrides and mononuclear 

rhodium (II) complexes. Dalton Trans., 2006, 13, 1589-1596. 

25. Irie, R.; Li, X.; Saito, Y., Reaction mechanism of photocatalysis for the liquid-

phase dehydrogenation of 2-propanol with rhodium porphyrin complex. J. Mol. 

Catal. 1984, 23, 17-22. 

26. Bichsel, Y.; Von Gunten, U., Determination of iodide and iodate by ion 

chromatography with postcolumn reaction and UV/visible detection. Anal. Chem. 

1999, 71, 34-38. 

27. Kew, G.; DeArmond, K.; Hanck, K., Electrochemistry of rhodium-dipyridyl 

complexes. J. Phys. Chem. 1974, 78, 727-734. 

28. (a) Macagno, V.; Giordano, M.; Arvia, A., Kinetics and mechanisms of 

electrochemical reactions on platinum with solutions of iodine-sodium iodide in 

acetonitrile. Electrochimica Acta 1969, 14, 335-357; (b) Ejigu, A.; Lovelock, K. R.; 

Licence, P.; Walsh, D. A., Iodide/triiodide electrochemistry in ionic liquids: Effect 

of viscosity on mass transport, voltammetry and scanning electrochemical 

microscopy. Electrochimica Acta 2011, 56, 10313-10320. 

 

 

 

 

 

 

 

 

 

 

 

 



124 
 

CHAPTER 6. 

SUMMARY AND FUTURE DIRECTIONS 

 

 

The field of solar hydrogen (H2) generation has been expanding rapidly over the 

past few decades, with current focus on replacing expensive components with 

cheaper alternatives.1 With this objective in mind, this thesis concentrates on 

photocatalytic H2 production from water and alcohols by utilizing different 

catalytic approaches, namely homogeneous, heterogeneous and biphasic 

systems. More specifically, in this work, traditionally used Pt or Pd-based water 

reducing catalysts (WRCs) were substituted by a homogeneous Ni hexameric 

cluster,2 as well as by heterogeneous metal-free copolymer-templated, nitrogen-

enriched nanocarbons (CTNCs). Both catalysts were found to be viable 

alternatives, performing at par, or sometimes even better than the noble metal-

based WRCs.  

This dissertation also took up the challenge of replacing synthetic sacrificial 

donors like triethylamine (TEA) and triethanolamine (TEOA) with abundant and 

naturally available reagents like oxalic acid. H2 generation in this case was 

achieved through a biphasic catalytic system. Another aspect which this thesis 

addressed is the visible light-driven H2 generation from alcohols. Being 

thermodynamically less demanding than water splitting, this process can be used 

as an alternate H2 production method. Our photocatalytic system, consisting of a 

Rh polypyridine catalyst and iodide, was found to be highly robust, producing H2 
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and acetone linearly for ~100 h (from IPA) without any significant decrease in 

activity.3  

Along with the use of inexpensive components, commercial viability of solar 

hydrogen generation depends on factors such as effective photosensitization and 

catalysis. Although completely noble-metal free systems have been reported in 

literature,4 these suffer from premature degradation of the dye (commonly 

organic chromophores), primarily due to the photobleaching.5 Thus, the use of 

robust photosensitizers like cyclometalated iridium complexes has been 

indispensable for probing the capability of new components (WRCs and 

sacrificial donors for the current work). As pointed out in the introduction, the 

presence of a transition metal can alter and possibly augment the 

photosensitization abilities of the resulting chromophore. Hence, one of the future 

directions would be to employ earth-abundant metal-based photosensitizers. For 

instance, copper-based luminescent complexes are being used in light-emitting 

electrochemical cells,6 organic light emitting diodes,7 as well as for cell imaging8 

and, could potentially be used for driving H2 generation.  

Another facet that needs exploring using such earth-abundant materials is the 

tethering of the photosensitizer to the catalyst which would facilitate electron 

transfer and possibly prevent untimely degradation. Several successful examples 

of such orchestrated systems (usually using noble metal-based constituents) 

have been reported previously.9 Utilizing similar strategies in the presence of 

cheap components would be very interesting.4b Additionally, photosensitizers and 
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catalysts that can efficiently produce H2 in an aqueous environment need to be 

developed.   

To make solar H2 generation a more practical process, it is essential to drive the 

process as a single reaction. As noted earlier, alcohol dehydrogenation can be 

used as an alternate method where simultaneous oxidation of alcohols and 

reduction of protons can occur. To improve the activity of our current system, 

future experiments would involve design and use of catalysts that can absorb 

more proficiently in the visible region. Furthermore, some preliminary tests have 

shown our system to perform better in the presence of hexane. It is possible that 

hexane facilitates extraction of the resulting oxidation product/s (acetone for 

instance), in turn driving the dehydrogenation process forward. Thus, upcoming 

trials would involve further exploring this tactic. Finally, to use water as a practical 

source, the two half reactions of water splitting need to be carried out together in 

the absence of sacrificial agents. Taking cue from our sacrificial biphasic H2 

generation system, the bilayer approach could be potentially used to achieve 

total water splitting, with H2 generation taking place in the organic phase along 

with simultaneous O2 evolution from the aqueous layer.   
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APPENDIX: ADDITIONAL FIGURES 

CHAPTER 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. UV-Vis spectrum of Ni6(PET)12 in THF in presence of 6 equivalents 

(A) and 10 equivalents (B) of AcOH, and in the photoreaction solvent (C), 

recorded every 2 hours at RT for a period of 24 hours and 20 hours, respectively. 

The black line refers to the spectrum taken at 0 time. A slow decrease in intensity 

of the peaks is seen, indicating that the catalyst degrades slowly. However, the 

Ni6 spectral features are retained, indicating that the cluster does survive under 

these harsh conditions. 
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Figure A-2. 1H-NMR of Ni6(PET)12 in presence of increasing equivalents of 

AcOH, depicting the stability of the cluster in acidic environment 

 

 

 

 

 

 

 

 

 

Figure A-3. 1H-NMR of Ni6(PET)12 in presence of 10 equivalents of AcOH, 

depicting the stability of the cluster in acidic environment after 24 hours. 
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Figure A-4. Rinse test to determine formation of Ni films / colloids in reductive 

acidic conditions. Scan rate = 100 mV/s. 

 

 

 

  

 

 

 

 

Figure A-5. Continuous H2 generation (90 hrs) by low concentrations of 

Ni6(PET)12 at 0.3 mM PS in a 10 ml 0.7 M solution of TEA in 90% THF-H2O. 
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Figure A-6. Time-dependant UV-Visible spectra of photoreaction mixtures 

containing 0.3 mM Ir and A) 0.1 mM Ni6, B) 0.025 mM Ni6, C) 0.001 mM Ni6 and 

D) No catalyst. Insets: Change in intensities of Ni6 absorption with time. The 

features are retained for the first few hours, suggesting the cluster is the active 

form. The intense absorption at ~300 nm after 25 hours could be due to Ni 

colloids or smaller clusters/complexes formed in-situ because of catalyst 

degradation. 
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Figure A-7. Catalyst turnovers obtained at higher concentrations of PS, using 

three different concentrations of the catalyst. Going with the observed trend, 

higher turnovers were achieved with increasing Ir(III) concentration, with the 

system containing 0.025 mM Ni6 giving approximately 4700 turnovers. 

 

  

 

 

 

 

 

 

Figure A-8. Corresponding catalyst TOFs obtained at higher concentrations of 

PS. As can be seen from the figure, increasing Ir(III) concentration led to a 

decrease in the rate of H2 generation. 
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CHAPTER 3. 

 

 

 

 

 

 

Figure A-9. High resolution Ir 4f XPS spectrum of post-reaction BM-CTNC700. 

 

 

 

 

 

 

Figure A-10. Comparison of BM-CTNC800 with control carbons. Conditions: 0.1 

mM Ir and 4 mg carbon in a 10 ml 8:1:1 MeCN/water/TEA solution, 460 nm, 24 h, 

RT. 
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Figure A-11. ESI spectra of the photosensitizer [Ir(ppy)2(dtbbpy)]PF6  A) before 

and B) after photoreaction, indicating that the photosensitizer remains structurally 

intact during the duration of photolysis.   

 

 

 

 

 

 

 

Figure A-12. Results of Ir concentration study using 4 mg BM-CTNC800. The 

water reducing system performs ideally in presence of 0.3 mM Ir, producing 550 

µmol H2 and 138 mmol H2/g. 
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Figure A-13. Concentration study. H2 evolution traces and corresponding 

maximum catalytic TOF plots for vials containing 0.1 mM Ir (A & B), 0.2 mM Ir (C 

& D) and 0.3 mM Ir (E & F).  
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Figure A-14. Raman spectroscopic analysis of vial containing 0.3 mM PS and 4 

mg BM-CTNC900 in presence of 1:1 H2O/D2O. Negligible presence of D2 indicates 

an isotope effect, where the lighter proton is preferentially reduced. 
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Figure A-15. Catalytic TOFs traces obtained for vials containing 0.3 mM PS and 

4 mg BM-CTNC900 in presence of either H2O, D2O or 1:1 H2O/D2O. Negligible 

change in activity was observed, indicating the rate determining step to be an 

electron transfer process. 
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CHAPTER 4. 

 

 

 

 

 

 

Figure A-16. 1H-NMR spectrum of [Ir(ppy)2(dhpdbpy)]Cl recorded using acetone-

d6 

 

 

 

 

 

 

 

Figure A-17. A) ESI-MS spectrum of [Ir(ppy)2(dhpdbpy)]Cl (50 µM, MeOH), 

depicting the [M]+ peak at m/z = 1133.8.  
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Figure A-18. A) H2 evolution traces at different PS concentrations, depicting 

stability of photocatalytic system. B) Raman signal for H2 recorded after 24 h of 

illumination.   
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CHAPTER 5. 

 

 

 

 

 

Figure A-19. A) ESI-MS spectrum of Rh7, depicting the [M]+ peak at m/z = 

937.33. B) Corresponding isotopic distribution pattern. 

 

 

 

 

 

 

 

Figure A-20. 1H-NMR spectrum of Rh7 using acetone-d6 as solvent. Peaks at 

2.8 and 2.1 ppm belong to residual solvent and acetone, respectively. Inset 

depicts the aromatic proton peaks for further clarity.  
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Figure A-21. 13C-NMR spectrum of Rh7 using acetone-d6 as solvent. Peaks at 

29 and 212 ppm belong to acetone. Inset depicts the aromatic carbon peaks for 

further clarity.  
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Figure A-22. Effect of HI concentration on EtOH and IPA dehydrogenation, using 

optimal concentrations of 91 % alcohol and 0.1 mM Rh7. Even though higher Rh 

turnovers were obtained at 1 M HI, a lower concentration of 0.7 M was used for 

further studies to avoid damage to the pressure transducers. Reaction time = 24 

hours. 

 

 

 

 

 

 

 

 

Figure A-23. Effect of temperature on EtOH and IPA dehydrogenation (reaction 

time = 24 hours), depicting that increasing the temperature does not lead to 

increased production of H2. The system performs optimally at 22 oC and 0.1 mM 

Rh7.   
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Figure A-24. Time dependent 1H-NMR analysis (chloroform-d) of IPA 

dehydrogenation, showing increase in acetone production (peak between 2.07-

2.09) with time. The unlabelled spectra, namely blue, red and green lines, were 

NMR measurements taken at 0, 1 and 2 hours after illumination, respectively. As 

mentioned in the manuscript, this growth was found to be linear with H2 

generation. All reactions were carried out using 0.1 mM Rh7, 0.7 M HI and 91% 

alcohol at 22 oC.  
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Figure A-25. Decay kinetics of species absorbing at 290 nm. A) 0th order B) 1st 

order C) 2nd order and D) 3rd order. It is evident that a much more complicated 

transformation pathway is involved, probably due to absorption by Rh7, Rh7(a) 

and I3
- in the same range. 
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Figure A-26. UV-Visible spectroscopic analysis of reaction mixtures containing 

0.01 mM Rh7 and 0.5 M TBAI in EtOH, recorded after the 24 hour illumination 

period every minute for 6 minutes (red to black lines, see legend). The blue line 

represents the absorption of 0.01 mM Rh7 in EtOH while the violet line depicts 

the spectrum after addition of TBAI. Compared to HI, similar spectral features 

were obtained but not of the same magnitude. Also, no appreciable change in 

intensity was seen with time, outlining the importance of iodide as well as the 

acidic medium in the dehydrogenation reaction.  
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Figure A-27. Comparison of calculated (blue line) and experimental (black line) 

UV-visible spectra of A) Rh7 and B) Rh7(a). For the calculations, an EtOH 

solvent model was used in both cases. The vertical lines depict the oscillator 

strengths. The calculated spectra corroborate well with the experimentally 

observed spectral features, confirming that a LMCT takes place, which lends 

further support to the proposed mechanism. As can be seen from Figure A-14(B), 

the calculated spectrum for di-ethanol Rh complex (depicted by the red line) does 

not match the spectrum obtained during the in-situ study. This observation further 

corroborates with the mechanism that the Rh7(a) is indeed formed during the 

photoreaction and that direct coordination of the alcohol to the Rh center does 

not take place. 
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Figure A-28. A) Positive-ion ESI-MS spectrum of solid obtained from a 

photoreaction (24 hours, 460 nm, 22oC) containing 0.4 mM Rh7 and 0.7 M HI in 

EtOH. The peak at m / z = 893.13 is assigned to [Rh7(a)]+, confirming that ligand 

displacement takes place during the course of the photoreaction. B) The 

corresponding isotope distribution pattern for [Rh7(a)]+ and [Rh7]+.  
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Figure A-29. A) Positive-ion ESI-MS spectrum of solution containing 0.1 mM 

Rh7 and 0.3 mM TBAI in EtOH, confirming that the formation of [Rh7(a)] takes 

place without illumination. Despite using 3 equivalents of I-, only a small quantity 

of Rh7(a) was formed, indicating the importance of acidic medium in the 

formation of different Rh species. The corresponding isotope distribution pattern 

are also shown for different [Rh7] species (B), TBA+ (C) and the ion pairs formed 

by TBA+ (D).  
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Figure A-30. 1H-NMR spectrum of Rh7(a) using acetone-d6 as solvent. Peaks at 

2.8 and 0.85 ppm belong to residual solvent while the peak at 2.1 ppm is from 

acetone. Inset depicts the aromatic proton peaks for further clarity.  

 

 

 

 

 

 

Figure A-31. A) ESI-MS spectrum of Rh7(a), depicting the [M]+ peak at m/z = 

893. B) Corresponding isotopic distribution pattern. 
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Figure A-32. Using Rh7(a) as catalyst for EtOH and IPA dehydrogenation, with 

and without illumination. Lower Rh TONs were obtained as compared to Rh7, 

corroborating that an equilibrium exists between the two Rh species and I3
-, with 

Rh7 acting as the main source of the di-iodo species. No H2 was observed for 

the reactions carried out in the dark, confirming that the mechanism is not 

affected on changing the catalyst. All reactions were conducted under optimal 

reaction conditions (0.1 mM Rh, 0.7 M HI, 91% alcohol, 22 oC, 24 hours). 
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