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Structure-activity Relationships in Organic Photocatalysts for Hydrogen 

Production from Water 

Catherine M. Aitchison 

Hydrogen produced from water by photocatalysis has the potential to be a cheap, sustainable 

and low-carbon ‘solar fuel’. Conjugated organic semiconductors are particularly interesting 

as photocatalysts as material properties can be tuned through easy modification of chemical 

structure. However, the relationships between specific material properties and photocatalytic 

activity are not yet well defined, posing a challenge to the design of new photocatalysts and 

the development of existing ones. The most widely studied organic semiconductors for solar 

fuel production are organic-solvent-insoluble bulk polymers with a low degree of order. The 

inability to process such materials after synthesis means that i) characterisation and ii) 

optimisation of secondary and tertiary structures are not facile. In this work, alternative 

conjugated organic materials are investigated as photocatalysts for hydrogen production from 

water. In each, a degree of control can be exerted during or post synthesis to give a desired or 

quantifiable material structure.  

First, a series of polymers synthesised by emulsion polymerisation were studied. The 

optimised microstructure of these materials, in comparison to bulk analogues synthesised in 

precipitation polymerisations, lead to increased photocatalytic activity with EQEs of up to 

20% at 420 nm.  The ability to generate polymers from the same monomers but with different 

particle size also allowed the relationship between catalyst surface area and catalytic activity 

to be investigated.  

Next, a series of oligomers were tested for photocatalytic hydrogen evolution. The well-

defined chemical structure, conformation and packing of these oligomers was used to 

determine how properties such as chain length and backbone twisting affect photophysical 

properties and photocatalytic activity of the materials.  

Finally, a hydrogen-bonded organic framework and related materials were studied. By 

comparing the activity of the same molecule in ordered and amorphous phases it was shown 

unambiguously that crystal packing can have orders of magnitude effect on photocatalytic 

activity. The high activity of some of the oligomers and this hydrogen-bonded framework 

indicates that molecular materials can be as active for photocatalytic hydrogen production as 

polymers, significantly expanding the scope of organic semiconductors that should be 

considered for further study.  
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“Is fossil solar energy the only one that may be used in modern life and 

civilization? That is the question.” 

(The Photochemistry of the Future, G. Ciamician, Science, 1912, 36, 385.) 
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On the 23rd of August 1856, ‘the circumstances affecting the heat of the Sun’s rays’ was read 

before the American Association for the Advancement of Science.1 The author, Eunice 

Foote, was the first person to demonstrate a link between ‘carbonic acid gas’ and the 

‘thermal action of the rays of light that proceed from the Sun.’. ‘An atmosphere of that gas’ 

she noted ‘would give to our Earth a higher temperature’.  

In the 164 years since this initial observation anthropogenic carbon dioxide emissions have 

amounted to 2 trillion tonnes2–4 and humanity now faces a climate emergency.5,6 In 2018, a 

United Nations special report stated that without a sharp decline in greenhouse gas emissions 

is by 2030,  ‘global warming will surpass 1.5 °C in the following decades, leading to 

irreversible loss of the most fragile ecosystems, and crisis after crisis for the most vulnerable 

people and societies.’7 In the last few years consensus amongst scientists8 and the public9–11 

have solidified;  an alternative source of energy is required.      

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

1.1 ‘Clean’ Energy Sources and Solar Energy 

Global energy consumption in 2018 was 19 TW. 80% of this energy was derived from fossil 

fuels, coal, oil and gas, the combustion of which led to the production of 33,000 Mt of 

carbon dioxide.12 The use of alternative energy sources, that do not generate greenhouses 

gases, is now higher than at any point in history but their uptake will have to increase 

substantially over the next 10–30 years to meet the commitments outlined in the Paris 

climate deal.13 Alternative sources of energy, shown in Figure 1, include harnessing the 

kinetic energy of wind, waves, tides, and other flowing water, as well as the heat stored in 

the earth’s surface or in oceans.  

Whist nuclear energy does not produce significant amounts of greenhouse gas compared to 

fossil fuels,14 it is often separated from other ‘clean’ energies because it can be viewed as 

non-renewable; the majority of energy generated by fission requires uranium, a finite 

resource. The process of mining and enriching uranium is highly energy intensive and has 

significant health and environmental impacts.15 High profile, public-image-damaging 

accidents and the high cost and frequent delays associated with power plant construction 

means investment of nuclear energy has slowed significantly in the last decade.16  This is in 

 

Figure 1: Comparison of renewable energy sources’ annual potentials, total fossil fuel reserves 

and global energy consumption in 2018 and predicted in 2040.  Reproduced with permission from 

reference [63].  
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contrast to newer renewable energy sources, where investment and uptake have grown 

significantly; wind power for example has gone from a 0% share of electricity production in 

2000 to 5% in 2018, with 12% growth in the last year.12   

The size of the different renewable energy sources vary dramatically and are represented in 

Figure 1. Solar energy dwarfs all other energy sources; harnessing less than 0.02% of the 

solar radiation that that hits the Earth’s surface would be sufficient to meet current  energy 

demands. The huge potential of solar energy can be exploited in a number of different ways. 

Figure 2 shows the different routes through which solar energy can be converted into useful 

forms.  

 

Solar thermal systems can provide low level heat energy for residential, public and 

commercial buildings and solar water heating collectors now have capacity of 480 GW 

across 130 countries.13 Aside from space and water heating, a large proportion of the world’s 

heat demand is industrial processes such as steel and cement manufacturing.17 Directly 

powering these with solar energy has not been possible so far because of the high 

temperatures required.  However, recent reports of solar concentrators reaching more than 

1000 °C18 indicate that it may be possible to utilise sunlight for some of these energy 

intensive industrial processes. Concentrated solar thermal energy can also be used to 

generate electricity in the same way as traditional fossil fuel power stations; i.e., by heating 

water to drive a steam turbine. This is now a significant industry with a global capacity of 

5.5 GW, accounting for more than 2% of electricity supply in certain countries, notably 

Spain.13  
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Figure 2: Solar energy conversion processes.   
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Despite advances in solar thermal technology, photovoltaics constitute most of solar 

electricity supply. Capacity has increased rapidly over the past 10 years to 505 GW in 

2018.13 Advances in efficiency and scale-up of production have allowed the price of solar 

electricity to become competitive with fossil fuel-derived electricity.1920 Even replacing 

existing coal plants with new PV is becoming increasingly cost-effective.21 These advances 

mean that PV technology is on track to meet a Sustainable Development Scenario consistent 

with the Paris Climate Change Agreement,2223 but as discussed below, solar electricity alone 

cannot meet the complex energy requirements of modern society.  

1.2 Energy Storage and Hydrogen 

Hydrogen has the highest energy per unit mass of any chemical fuel. Its production from and 

conversion to water allows for an emissions-free energy storage cycle. The idea of a 

‘Hydrogen Economy’ has existed since the 1970s24 and envisages the use of hydrogen as an 

energy vector, enabling energy to be stored, transported and used in a similar way to fossil 

chemical fuels in our current systems, but without the emission of greenhouse gases.  

Aside from production—which is discussed in the next section—the realisation of a 

hydrogen economy faces a number of significant challenges; the low volumetric energy 

density of hydrogen means substantial compression is required for many applications.25 This 

makes distribution and storage more difficult, increasing the cost and complexity of 

materials and infrastructure.26,27  

Nevertheless, hydrogen is likely to play a significant role in future energy systems.2825 Some 

of the applications in which hydrogen may be useful are outlined below. 

1.2.1 Storage for Electrical Grid Systems 

A significant issue with many ‘clean’ energy sources is the temporal and spatial 

inconsistency of supply; hydroelectric, wind, wave, tidal and solar-derived power all require 

specific climatic or geographic locations and all but the first of these methods fluctuates on 

timescales of months, days or (for wind) minutes. Electricity demand is equally variable and 

grid systems must be capable of covering both seasonal and short-term peaks. In Saudi 

Arabia, for example, air conditioning requirements mean that daily electricity consumption 

in August can be more than twice that in January,29 whilst in the UK a 1990 post-World Cup 

semi-final penalties tea-making exercise caused a 2800 MW spike in electricity demand in 

less than five minutes.30,31 This mismatch between renewable supply and demand means that 

a comprehensive energy storage solution is required for future electricity provision.  
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As of 2012, 99% of global energy storage capacity for electricity grids was pumped hydro 

energy storage (PHES). PHES uses electrical energy to pump water from a low lying to a 

high lying location. When needed, the stored potential energy is converted back to electricity 

by allowing the water to flow back downhill and drive a turbine. The advantages to this 

method of storage is the ability to scale up to large gigawatt-scale plants with long lifetimes 

and reasonable 75% energy conversion efficiencies.32 Compressed air energy storage 

(CAES) is one alternative to water pumping. CAES can be scaled to high (hundreds of MW) 

capacity plants and, despite lower efficiency from associated thermal energy changes, is still 

predicted to have lower costs than both PHES and batteries with similar capacity.33  

Both PHES and CAES require specific geographical locations which limit the applicability 

of these methods in certain countries. In addition, hour-scale discharge times mean that 

whilst these technologies are suitable for bulk power management, other systems are 

required for short term demand changes. Battery technology is an increasingly cost effective 

solution to this34 but storing energy as hydrogen could also play a role in modulating energy 

supply.25 So-called power-to-gas systems, which use electricity to drive hydrogen production 

from water (see section 1.1.3), are predicted to become more affordable as electricity and 

electrolyser costs decrease.35 Hydrogen could also be burnt to heat water and drive turbines 

for electricity production.36 Whilst this process has lower electrical energy conversion 

efficiency than hydrogen fuel cells it could provide a high level of supply flexibility and 

provide a short-term route to carbon reductions using existing gas-power stations.25     

1.2.2 Storage for Fuel Applications 

Conversion from and to electricity is only one aspect of the worlds energy storage 

requirements; 60% of global energy demand is in fact fuel-based, rather than electrical.37,38 

The majority of non-electrical energy is used for heating buildings, transport and industrial 

processes.25,38  

Batteries can provide a portable energy storage system for some transport applications and 

there have been large advances in battery energy density and affordability in recent years.39 

Battery-powered electric vehicles do face challenges with respect to charging time, range 

and weight limitations which are particularly limiting towards public transport and freight 

vehicles such as trucks and buses.40–42 Electric road vehicles powered by on-board hydrogen 

fuel cells are viewed as viable competitors by some25,40 and, despite lower global interest 

than battery-powered vehicles, certain countries, notably Japan, are investing significant 

resources in creating a hydrogen-based transport infrastructure.43,44 
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Global heating requirements are larger than both electricity and transport and account for 

40% of greenhouse gas emissions. Demand is split roughly equally between industrial 

processes and heating air and water in buildings.45  In the UK, more than 70% of domestic 

heating is provided by natural gas.25 Electrical heat pumps are one low carbon alternative to 

this but their limited heat output may not be sufficient to meet peak demand in countries 

with colder winters. Widespread adoption could also require significant upgrades to 

electrical grid systems to meet demand.46 Replacing natural gas with hydrogen in traditional 

condensation boilers is another option and hydrogen can also be used to supply heat using 

fuel cell combined heat and power (CHP) systems. The cost of these systems are currently 

high but are decreasing rapidly and could be competitive with other residential heating 

systems between 2025 and 2050.47   

Decarbonising heat for industrial processes is one of the most urgent requirements if nations 

are to meet greenhouse gas emission commitments. Very little progress has been made thus 

far, partly due to long equipment and investment cycles.25 Hydrogen burns at a similar 

temperature to coal and so could be used to heat cement kilns, which is currently a 

particularly emissions-heavy process. Hydrogen is also capable of reducing iron oxide so 

could replace carbon-based coke reductants in steel manufacturing. Current limitations to 

these technologies are the costs associated with furnace replacement, the high price of 

hydrogen and a lack of hydrogen infrastructure.48  

1.3 Hydrogen Production Methods 

1..3.1 Current Hydrogen Production Methods 

Arguably the biggest feasibility problem with the ‘Hydrogen Economy’ is fuel production; 

currently 95% of the hydrogen is produced from fossil fuels (Figure 3).49  

 

 

Figure 3: Breakdown of global hydrogen production methods. Data from reference [49].  
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Currently, the primary use of hydrogen is in the production of ammonia for fertiliser but 

hydrogen is also increasingly used in oil refining and other chemical processing.50 

Production in 2017 was 60 million tonnes, so decarbonisation is an important goal 

irrespective of the level of uptake of hydrogen into the new technologies and applications 

discussed in section 1.2. 

The most common way of producing hydrogen is through steam methane reforming (SMR), 

an endothermic process that requires high temperatures that are normally produced via fossil 

fuel burning.50 The reaction of methane and water produces a mixture of hydrogen and 

carbon monoxide, but the latter is often reacted further to produce CO2 and more hydrogen 

in the gas-shift reaction.51 As such, SMR is associated with significant direct and indirect 

greenhouse gas emissions. Oxidation of other crude oil products and coal gasification makes 

up the remainder of fossil fuel generated hydrogen, whilst the production of hydrogen from 

water makes up just 4%.  

Hydrogen can be derived from water by electrolysis. This process uses electrical current to 

drive the otherwise non-spontaneous ‘splitting’ of water into hydrogen and oxygen. (Section 

1.2). Electrolysis is regarded as a feasible route to ‘clean’ hydrogen as it can be powered 

with electricity generated by renewables.50 Systems using solar as the energy source for 

water splitting have the potential, according to the United States Department of Energy52 and 

others,53 to be a commercially viable if solar to hydrogen (STH, see Section 1.7.1) 

conversion efficiencies of 10% can be reached.   

Water splitting can also be achieved by thermolysis. However, this process requires 

temperatures exceeding 2500 °C54 and so is not currently economically viable, even using 

fossil fuels as heat sources. Coupled processes involving multiple thermochemical reactions, 

such as Sn(II)/Sn(IV) oxide cycling, lower the required temperature to around 500 °C but 

introduce reagent and reactor durability issues55  

1.3.2 Solar Hydrogen Production 

1.3.2.1 Two-step Solar Hydrogen Production 

Figure 4 shows how water, CO2 and N2 can be electrochemically converted into value-added 

products, such as hydrogen,56 CO,57 methanol58 and ammonia59 all of which can be used as 

renewable chemical fuels. By coupling solar-derived electricity with electrolysis it is thus 

possible to produce ‘solar fuels’—such as hydrogen—in two steps using current commercial 

technologies. Most solar panels have efficiencies of around 15–20% and electrolysers for 

large-scale alkaline hydrolysis are currently around 60% efficient.25 These values are 
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currently not sufficient to make PV-electrolysis-derived hydrogen cost-effective compared 

to hydrogen produced via steam reforming. However, prices are predicted to fall below 

fossil fuel-based routes in the next 10 years, primarily through a drop in the price of solar 

electricity.5335 The development of alternative polymer electrolyte membranes (PEMs) and 

solid oxide electrolysis could also give efficiency improvements, 532560 as well as further 

progress of commercial solar panels towards the 40% efficiencies61 achieved by lab-scale 

test cells with multiple junctions and solar concentrators. 

 

Whilst it is possible, using a grid system, to conduct these two processes separately, there is 

also significant interest in integrated modules that could provide localised energy storage or 

fuel at source. STH efficiencies of 30% have been achieved using a solar concentrator and 

InGaP/GaAs/GaInNAsSb triple-junction solar cell in series with two high efficiency PEM 

electrolysers,62 but STH efficiencies of large scale cells with feasible stability are currently 

significantly lower.63   

Hydrogen can also be produced from biomass. Solar fuels research is often dubbed ‘artificial 

photosynthesis’ as it aims to use man-made materials to mimic the largest chemical 

conversion process on the planet—photosynthesis. The Earth’s terrestrial and oceanic 

biosphere produce around 100 billion tonnes of ‘solar fuel’ every year in the form of new 

biological carbon64 but this process is significantly less efficient than current synthetic 

mechanisms. Most plant life has solar-to-biomass conversion efficiencies of less than 1% 

and the most effective biofuel crops are still below 4%.65,66 Whilst these sources can be 

cheap, the sugar cane, maize and palm oil crops most commonly used to make biodiesel and 

bioethanol, require large amounts of land and water in tropical and equatorial regions. This 

 

Figure 4: Cartoon of chemical fuel conversion. Electrochemical half reactions for the production 

of chemical fuel from low value feedstocks.   
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means these ‘carbon neutral’ fuels are often associated with considerable environmental and 

emissions costs through land clearing.67–70 Biofuel produced from agricultural and urban 

waste could provide a more sustainable route and countries such as India produce hundreds 

of megawatts of power from waste.71  The conversion of biomass to ‘useful chemicals’ make 

this a two-step solar fuel route. For hydrogen, this processing step can have efficiencies 

between 50 and 100% depending on the nature of the biomass feedstock. For example, low 

grade lignocellulosic materials require biomass gasification whist more efficient aqueous 

reforming or fermentation techniques can be used to make hydrogen from sugars and 

alcohols.72  

The focus of this thesis is the direct conversion of solar energy to chemical fuel and the 

different one-step routes for this are outlined in more detail below. The discussion focusses 

on hydrogen production from water although similar materials and set-ups can be used for 

the production of other chemical fuels7374 as shown in Figure 4.    

1.3.2.2 Biological Hydrogen Production 

The direct production of hydrogen from sunlight and water—biophotolysis—is a naturally 

occurring biological process. In photosynthesis, the oxidation of water to produce oxygen, 

protons and electrons is photocatalysed by photosystem II (Figure 5). In CO2 reducing 

photosynthetic systems, electrons are transferred to FNRase for carbon fixation, but a 

number of other reductases are present in some organisms and can catalyse alternative 

reduction reactions.75 Hydrogenases catalyse the reduction of protons to dihydrogen 

molecules and are present in a number of cyanobacteria and algae.76 In cyanobacteria, this 

process is simultaneous with oxygen production but in algae anaerobic conditions are 

usually required for hydrogen production.77 Sulfur deprivation can generate the required 

oxygen-depleted conditions but a number of bioengineering techniques have also been 

employed to generate strains of microalgae with lower oxygen sensitivity78 and improved 

hydrogen evolution rates.79,80  

Whilst cheap, biophotolysis mechanisms have very low STH conversion efficiencies in 

comparison to artificial systems.72 This is due to the inefficient utilisation of the full solar 

spectrum but is also thought to be related to complex electron transfer pathways of 

biophotosynthesis which, it is sometimes argued, makes them better suited for the generation 

of more complex building blocks than for producing hydrogen as a fuel.81    
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An alternative approach is so called semi-artificial photosynthesis which aims to utilise the 

strengths of both natural and man-made photoabsorbers and catalysts. There is a growing 

interest in wiring bioderived components such as PSII and various hydrogenases into PV-

electrochemical or photoelectrochemichal systems, but the removal of the biological 

‘housing’ of these components often results in low stability.75 At this relatively early stage of 

development there are few examples of unbiased systems capable of overall water splitting 

and STH efficiencies above 0.5% are yet to be reported82–85 

1.3.2.3 Photoelectrochemical Hydrogen Production 

In 1972, Fujishima and Honda were the first to show that water could be split into hydrogen 

and oxygen using light and a man-made photoelectrochemical (PEC) cell.86 Whilst 

electrolysis applies an external voltage across a pair of electrodes to drive a non-spontaneous 

reaction, PEC cells replace one or more of the electrodes with a photoactive semiconductor 

electrode, thus replacing some or all of the external bias with the potential generated from 

 

Figure 5: Cartoon mechanism of photosynthesis and biophotolysis. Oxidation of water by   

photosystem II (PSII) is followed by various electron transfer steps and the reduction of 

ferredoxin (Fd). Fd can donate electrons to various reductases to drive carbon dioxide, nitrogen or 

proton reduction. Reproduced with permission from reference [75] - Published by Springer 

Nature.  
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photoexcitation. Photoelectrochemical cells can have three configurations, shown in Figure 

6, with a) a photoanode coupled with a ‘normal’ cathode counter electrode, b) a 

photocathode with an anodic counter electrode or c) both a photoanode and photocathode.87  

 

Configurations a) and b) in Figure 6 rely on a single semiconductor. As such, to drive 

overall water splitting, the potentials of the conduction and valence bands must sit above and 

below the potentials for proton reduction and water oxidation, respectively. Splitting water 

thus requires a minimum photoexcited potential of 1.23 V, equivalent to absorption of a 

photon with a maximum wavelength of 1009 nm. Figure 7a shows the American Society for 

Testing and Materials AM 1.5 G standard for solar irradiance by wavelength of radiation.88 

This defined as the solar irradiance received on an inclined plane at 37° tilt toward the 

equator, an angle chosen—along with the particular temperature, pressure and ozone 

levels—to approximate average annual conditions across the US’s 48 contiguous states.  

Considering the proportion of irradiance that has sufficient energy to satisfy this 

thermodynamic limit and the energy ‘wasted’ by overly energetic photons gives maximum 

single-absorber STH efficiencies of around 30–32%.63,89,90 In reality overpotential 

requirements mean that feasible bandgaps are significantly larger than the 1.23 V minimum 

and internal device losses mean that reactor EQEs (see section 1.7.1) will be less than 100%. 

Figure 7b shows the maximum STH values for different device efficiencies as a function of 

usable light wavelength. For example, a single semi-conductor with a 2 eV bandgap should 

be able to utilise wavelengths up to 600 nm and, thus, to reach the 10% STH target an 

internal device EQE of just over 60% is required.89  

a) b) c)

 

Figure 6: PEC water splitting using (a) a photoanode, (b) a photocathode, and (c) a photoanode 

and photocathode in tandem configuration. The bandgaps are depicted smaller in (c) to emphasise 

that semiconductors with a narrow bandgap can be employed. Reproduced from reference [87] 

with permission from The Royal Society of Chemistry. 
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Configuration c) in Figure 6 is the most promising set-up to give overall PEC water splitting 

as the use of two absorbers means that smaller bandgap semi-conductors can be employed. 

Dual-absorber systems have a larger thermodynamic STH limit of ~40%63,90 meaning lower, 

more achievable device efficiencies could produce the desired 10% target; Feasible 

bandgaps for a stacked system (whereby a small bandgap absorber sits behind a lager 

bandgap absorber and hence only receives photons that are too low in energy to be absorbed 

by the top material) of 1.84 and 1.23 eV are predicted to require device EQEs of less than 

44% to give 10% STH.90 In comparison to PV, PEC water splitting is a relatively 

undeveloped area of research53 and experimental results are yet to hit the aforementioned 

efficiencies. To date, one of the highest reported STH efficiencies for a tandem PEC cell is 

3.7%. This was reported in 2018 by Kobayashi and co-workers, who used a CuIn1-xGaxSe2 

(CIGS) photocathode coupled with a CdS buffer layer and Pt co-catalyst stacked behind a 

BiVO4 photoanode with Fe/Ni oxide oxygen evolution catalyst.91 CIGS-based photocathodes 

such as this are gaining increasing attention for water splitting applications92,93 due to their 

wide bandgaps but these materials have significant issues with stability and require full 

protective layers to separate the materials from the electrolyte.94 For example, the Kobayashi 

cell only reports solar to hydrogen conversion over a ten minute period and during this a 

19% drop in activity is observed. Photocathodes based on metal oxide semi-conductors show 

lower photocurrents but are more robust.63 Cu2O cathodes are the most widely studied of 

these and have been shown to be capable of maintaining photocurrents of ~ 5–10 mA cm-2 

over 120 hours.95  
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Figure 7: a) American Society for Testing and Materials AM 1.5 G standard for solar irradiance 

by wavelength of radiation, data from reference [88]. b) Calculated solar energy conversion 

efficiency as a function of wavelength for overall water splitting using photo- catalysts with 

various quantum efficiencies. Reproduced with permission from reference [89]. Copyright (2010) 

American Chemical Society. 
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As the front layer in stacked systems, and with typically larger overpotential requirements 

for water oxidation, photoanodes utilise wider bandgap semi-conductors than photocathodes. 

TiO2 was the first photoanode material shown to be capable of water oxidation86 however, as 

a UV-only absorbing semi-conductor this material has quickly been replaced by other oxides 

such as BiVO4 and Fe2O3 capable of absorbing visible wavelengths.96 The advantage of these 

materials is their high stability in water, thus operating times of more than 1000 hours are 

achievable97 and simpler cell design can be used. Higher photocurrent densities can be 

achieved using group 5 and 13 metal nitrides and oxynitrides9899,100 but these materials are 

less stable and require surface protection. 

The thermodynamic requirements of single absorber systems and device losses mean there 

are few single semi-conductor PEC systems (configurations a) and b), Figure 6) that show 

unassisted production of hydrogen and oxygen from water.101,102103 However, if the 

photoelectrode band positions do not provide sufficient driving force for the two redox 

reactions, it is possible to alter the potential across the counter electrode using an external 

power source. External bias must be taken into account when considering overall 

efficiency104 but this provides an easy mechanism for controlling thermodynamic driving 

force and allows individual photoanode or photocathode materials to be studied in isolation 

before combination into tandem systems as in Figure 6c).  

Alternatively, external bias can be provided by an integrated photovoltaic cell in a PV-PEC 

hybrid. Here, incoming radiation must be shared between two absorbers, the photoelectrode 

and the photovoltaic component, but this type of system is significantly more efficient than 

pure PEC cells with STH of around 8% demonstrated.105,106  

A final cell type, and one which combines elements of both PEC and PV-electrolysis, is 

‘buried’ systems. Instead of applying a coating to a photoelectrode, buried systems protect a 

PV junction such as silicon, perovskites or CIGS so that the material can be used in contact 

with water.63 On the surface of the protected photoabsorber, electrocatalyst components 

provide an active site for proton reduction and water oxidation, respectively. The more 

advanced efficiencies of PV materials mean that these systems can reach solar to hydrogen 

values of up to 19%,107108,109 approaching the best unconcentrated solar PV-electrolysis 

systems.110,111   

Whilst currently more efficient than the purely catalytic routes discussed below, a significant 

issue with many PEC, PV-PEC and buried systems is that of reactor complexity and the 

associated manufacturing costs.63 Panels often have highly developed designs with up to 6 

material layers for a single electrode98 or more than 10 for full ‘artificial leaf’ devices,112 
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often requiring multiple finely-tuned coating methods. The many contact points between 

components means that crystallinity and microstructure is often crucial for optimum 

efficiency113 and so energy intensive, high cost techniques such as vapour and atomic layer 

deposition are employed in the most active systems.114 An additional issue with panel and 

electrode systems is that of scale up. The drop off in photocurrent and potential on moving a 

typical tandem PEC system from 0.1 cm2 lab-scale test cell to a commercial 10 m2 panel 

have been predicted to be at least 33% and 0.15 V respectively, leading to a one third 

reduction in overall STH efficiency.63 This is due to a combination of ohmic losses 

associated with increased substrate resistance and spatial defects, the generation of chemical 

gradients, such as H+ ions, and the requirement of a membrane to sperate hydrogen and 

oxygen. These issues are also evident in experimental results; one of the largest PEC-PV 

systems tested to date is a 1.6 m2 BiVO4 photoanode coupled with silicon PV which had 3% 

STH,115 considerably lower than smaller panels with similar active components. These 

manufacturing and scale up issues contribute to the high hydrogen costs calculated for PEC 

and PV combined systems.11653  

1.3.1.4 Photocatalytic Hydrogen Production 

Several reports analysing the technoeconomics of solar fuels production have indicated that 

photocatalytic hydrogen production could provide the cheapest route to renewable hydrogen 

production.52,90 This is mainly due to the low capital cost of the simple reactor designs 

possible for this wireless process, as shown in Figure 8 below. Photocatalyst powders 

suspended in plastic-bag reactor systems could provide hydrogen for US$1.6 and US$3.2 

kg-1 for the single and dual bed systems shown in a) and b) of Figure 8, significantly lower 

than the US$4–10 costs predicted for PEC panel set-ups c) and d).90  
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These calculations assume STH efficiencies of 5–15%, which means significant 

improvements must be made to current state of the art systems. PC systems are significantly 

behind PEC and PV-electrolysis in this respect; Currently the maximum STH reported for 

photocatalytic systems is 5% for inorganic117 and 2% for metal-free semiconductors118 but 

these studies, 6 and 5 years ago respectively, have had little follow-up work. A more 

representative efficiency of around 0.4% STH was achieved for a 1 m2 panel, which 

sustained 60% of its maximum activity after 1000 hours of illumination.119  This corresponds 

to nearly 6 months of 6-hour AM 1.5 G days, a substantially shorter timescale than the 5 

 

Figure 8: Schematic of four reactor types including (a) Type 1 reactor cross-section showing the 

particle slurry contained within baggies separated by an access driveway, (b) Type 2 reactor 

cross-section showing the particle slurries contained within baggie assemblies consisting of an 

alternating arrangement of a full size and half-size baggie each for O2 and H2 evolution, (c) Type 

3 reactor design showing the encased composite panel oriented toward the sun with buoyant 

separation of gases, and (d) Type 4 reactor design with an offset parabolic cylinder receiver 

concentrating light on a linear PEC cell.. Reproduced with permission from reference [90] - 

Published by The Royal Society of Chemistry 
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year reactor lifetime assumed in the aforementioned costings, but longer than has been 

demonstrated for unbiased PEC overall water splitting (OWS) systems.63 The panel uses the 

one-step mechanism shown in Figure 9a, with an alternative design of photocatalyst particles 

dropped onto a silica substrate, covered with a thin layer of water and enclosed in acrylic 

that avoids the need for stirring. Gas was collected by tilting the panel by 10–20° and bubble 

accumulation could be prevented by using a hydrophilic top panel that sits above the thin 

layer of water. The panel showed a small drop in efficiency compared to a lab-scale reactor, 

which was attributed to uneven photocatalyst distribution, but cracks in the photocatalyst 

sheets were found to have no effect on activity, demonstrating the inherent robustness of a 

system that does not rely on long-range charge transfer. Whilst this system does rely on 

small amounts of Rh co-catalyst, the semiconductor synthesis and cocatalyst loadings can be 

achieved through relatively cheap molten salt synthesis. As with PEC systems, significantly 

higher STH of 3.3%120 can be achieved using more complex photocatalyst architectures but 

these rely on expensive, high vacuum techniques such as plasma-assisted molecular beam 

epitaxy which are not suited to scale-up. 

Unlike single photoelectrode PEC, there are numerous examples of unbiased OWS by one-

step excitation systems, including those above, that rely on a single semiconductor to 

provide the driving force for both half reactions as shown in Figure 9a.121 STH efficiencies 

exceeding 1% have also been demonstrated with these so-called ‘Z-scheme’ systems122 

(Figure 9b) but these are yet to be demonstrated in long-term or scaled-up experiments. As 

with tandem PEC Z-schemes, use of dual absorbers allows semi-conductors with smaller 

overlapping bandgaps and increased light absorption without compromising driving force. 

Typically the hydrogen evolution photocatalyst (HEP) is made up of a visible light 

absorbing semi-conductor whose conduction band sits at a negative potential relative to 

NHE, and can thus drive proton reduction, combined with a cocatalyst as the active site for 

reaction. Similarly, the oxygen evolution photocatalyst (OEP) must include a semiconductor 

with a valence band below 1.23 V relative to NHE and have photoexcited holes that can 

oxidise water, normally with the assistance of a cocatalyst.  

The use of two semi-conductors is only effective if charge transfer can be facilitated between 

the two, as shown in Figure 9c. A small number of systems have reported OWS though 

particle collision in suspension123,124 or by generating fused particles125 but systems that rely 

on a solid or solution-based electron mediator are far more common.121 Solid electron 

mediators have been found to give high efficiency63 but the advantage of a solution redox 

shuttle is the possibility of separating the production of hydrogen and oxygen as shown in 

Figure 8b.   
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The Gibbs free energy of separating a 2:1 mixture of hydrogen and oxygen is less than 1% 

that of the OWS process126 and gas separation by pressure swing absorption has been 

modelled to be achievable at relatively low cost.90 However, this process involved 

compression of the H2/O2 mix to 300 psi before separation, which some argue constitutes a 

significant explosive risk.127 Gas separation membranes can be used at lower pressures 

which is also thought to be more consistent with current OWS photocatalysts that often 

require reduced pressure to give optimal performance and avoid back reaction.119,127 

Achieving a suitable balance of permittivity and selectivity using membrane systems may be 

challenging, however, and increase cost and processing times compared to pressure swing 

methods.    

The mechanism of photocatalytic water splitting, and the different materials studied as 

photocatalysts are discussed in the following sections. 

1.4 The Process of Photocatalytic Water Splitting 

The splitting of water into hydrogen and oxygen (equation 1) has a Gibbs free energy of 237 

kJ mol-1 at 298 K. The overall reaction can be split into two half reactions which occur at 

separate sites. The two electron reduction of protons to molecular hydrogen (0 V vs. NHE, 

pH = 0) and the four hole oxidation of water to molecular oxygen (1.23 V vs. NHE, pH = 0) 

as shown in equations 2 and 3.121  

C)

A) B)

 

Figure 9: PC water splitting using A) a single absorber, one-step system, B) dual absorber, two-

step “Z-scheme” system. C) Strategies for electron transfer in Z-scheme systems. Adapted with 

permission from references [87] and [124] - Published by The Royal Society of Chemistry 
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                  ΔGr° = 237 kJ mol-1 (1) 

                                E° = 0.00 V (2) 

                      E° = +1.23 V (3) 

The energies associated with these reactions are the thermodynamic difference between 

reactants and products but do not consider any kinetic barriers to reaction, or energy loss 

incurred in the various stages of photocatalytic reaction. To understand how these might 

affect the rate of reaction it is necessary to look in more detail at the steps involved.  

i) Light Absorption 

Electromagnetic (EM) radiation can interact with matter in a number of ways but absorption 

processes, as opposed to scattering phenomena, involve “the transfer of energy from an 

electric field to a material or molecular entity”.128 This energy transfer can be thought of as 

the perturbation of a system of charged particles from a ground state to an excited state. 

Whilst electromagnetic radiation can be treated as a continuous wave in many instances, the 

photoelectronic effect indicates that light can also be treated as discrete ‘quanta’ or photons 

whose energy is determined by the frequency at which they oscillate, according to the Plank-

Einstein relation.129 The discrete energy of photons limits the transitions that (EM) radiation 

can drive such that interaction with lower frequency radiation, such as microwaves, can only 

induce perturbation between states that are relatively close in energy, such as molecules in 

different rotational states, whilst higher frequency UV and X-ray frequencies can drive 

transitions between states with different electron configurations.130 Solar radiation consists 

of frequencies from 4 – 8 × 1014 Hz and thus lies somewhere between these examples. It has 

insufficient energy to drive electron transitions in atomic orbitals but the reduced energy gap 

between electronic states in some molecules and materials means absorption of solar 

radiation can result in excitation.  

Absorption will only occur if interaction between the electromagnetic field and the material 

results in a change in dipole moment but there are a number of other selection rules that 

govern the probability of transition between two electronic states.129 The spin conservation 

rule, or Wigner rule, states that only transitions that do not change the spin state of the 

system are allowed.128 Thus, for materials with a singlet ground state S0 (i.e., with electron 

spins paired in anti-parallel configurations) the lowest energy ‘allowed’ transition is to the 
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first excited singlet state, S1 (Figure 10). This is the excitation that occurs in the majority of 

photocatalysts although S0 to Sn transitions and the T to T transitions of triplet state materials 

can contribute towards light absorption. Spin-orbit coupling also means that spin-forbidden 

transitions also occur in some materials.  

The absorbance of a material at a particular wavelength is determined by the probability that 

a transition with energy equal to a photon of that wavelength will occur. This probability is 

determined by the transition oscillator strength, f. As well as spin considerations, the 

oscillator strength for a particular electronic transition is dependent on the spatial overlap 

between the two states as well as the change in dipole moment from transition.130 The S0 to 

S1 absorption spectrum of a material encompasses a range of wavelengths as absorption 

corresponds to electronic transitions that can also be accompanied by a change in the 

vibronic and rotational energy levels of the system.131 Absorption occurs on a femtosecond 

timescale, much faster than the timescale involved in molecular or lattice vibrations, and so 

transitions between vibrational states with highly overlapping vibrational wavefunctions – 

ones that involve little change to the position of nuclei – are the most likely to occur. This 

approximation, the Franck-Condon principle, governs the vibrational fine structure observed 

in the electronic absorption spectra of some materials.  

The electronic energy levels in molecular systems can be described by molecular orbitals 

which may be delocalised across several atoms within a molecule. The S0 to S1 transition 

corresponds to an electron moving from the highest occupied molecular orbital (HOMO) to 

the lowest unoccupied molecular orbital (LUMO) and thus the transition energy is related 

(although not identical) to the energy difference between those two orbitals and the oscillator 

strength is dependent on their symmetry and spatial overlap. Many semiconductors are not 

molecular materials, however, and have electronic energy levels that are best described as 

bands of states delocalised across an extended lattice. The occupied states of these materials, 

the valence band (VB), lie at energies up to 4 eV below the unoccupied conduction band 

(CB) states and thus photoexcitation by visible and UV wavelengths can promote electrons 

from the VB to the CB.  

Regardless of where a semiconductor lies on the spectrum of orbital-like or band-like energy 

states, electronic transitions result in the formation of an exciton- an unpaired electron in an 

excited electronic energy level that is bound to a certain degree with the ‘hole’ generated in 

the ground state energy level by its promotion 



21 

 

 

ii) Charge carrier generation and separation 

The excitonic electron-hole pair are bound by coulombic interactions but the strength of this 

interaction, the exciton binding energy, is strongly dependant on the relative permittivity of 

the semiconductor – how significantly the electric field of other electrons in the system can 

‘screen’ the attractive force between charges. The relative permittivity of semiconductors is 

measured by the dielectric constant and can vary by several orders of magnitude depending 

on the material. Ionic, inorganic semiconductors typically have high dielectric constants 

leading to weak coulombic interaction and low (~ 10 meV) exciton binding energies. These 

are known as Wannier-Mott excitons (Figure 11b) and have a radius larger than the lattice 

spacing such that the electron and hole components may be located several unit cells 

apart.132 In contrast, organic molecular crystals and polymers generally have substantially 

lower dielectric constants and therefore photoexcitation of these materials generates strongly 

bound, Frenkel-type, excitons (Figure 11a).133 These are localised and have binding energies 

of the order of 0.3–0.5 eV.  

 

 

Figure 10: Jablonski diagram showing excitation and possible radiative and non-radiative 

transitions along with typical timescales of these processes.   
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After formation, excitons will ultimately decay or separate. Radiative decay is most 

commonly fluorescence – the recombination of electron and hole in an excited state of the 

same multiplicity as the ground state with the emission of a photon – although 

phosphorescence after intersystem crossing to an accessible triplet state can occur in some 

materials. Decay can also be non-radiative, i.e. internal conversion, which is the transition 

from Sn states to lower singlet states (in reality this is predominantly S1 to S0 and, if it 

occurs, S2 to S1), or vibrational deactivation within a state, where energy is lost through 

heat.131 These decay processes are summarised in Figure 10 and occur on a range of different 

timescales, although all are slower than excitation. Vibrational relaxation within an 

electronic state is very fast and in molecular systems generally occurs in about 10–12 s; 

before fluorescence takes place.131 The rate of spontaneous fluorescence and other non-

emissive routes that depopulate the S1 state determine the exciton lifetime. In solid 

semiconductors the rates of these processes are highly dependent on lattice structure as 

impurities and defects can act as recombination centres and reduce the excited state 

lifetime.130  

Photocatalysis relies on the separation of excitons into non-geminate charge carriers before 

these recombination routes can occur. This thesis focuses on organic molecular crystals and 

polymers, and separated charges in these systems cause strong, atomic scale lattice 
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Figure 11: a) Strongly bound Frenkel exciton. b) Weakly bound Wannier-Mott exciton. c) 

Separated electron polaron and hole polaron. Dots represent lattice points in the crystal.  
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deformations, known as polarons (Figure 11c), which differ substantially from ‘free’ 

electrons or holes.130 Exciton dissociation occurs spontaneously in many inorganic 

materials134 but organic semiconductors are generally thought to require donor-acceptor type 

electronic structures135,136 or homojunctions between ordered and disordered domains137 to 

stabilise polaron formation. Charge separation can also be driven by exciton interaction with 

an ‘external’ species; Noble metal cocatalysts, such as Pt, with Fermi levels below the 

semiconductor conduction band can aid in charge separation by acting as an electron 

sink.138,139 Similarly, redox shuttles in Z-scheme systems can facilitate polaron formation by 

donating electrons or holes to excitons.  

When studying HEPs and OEPs individually for incorporation into Z-scheme systems it is 

common to use sacrificial electron donors or acceptors and these can facilitate charge 

separation analogously to redox shuttles. Photocatalysts for the oxygen evolution half 

reaction are commonly studied with AgNO3, which irreversibly scavenges an electron from 

the photoexcited semiconductor. HEPs are studied with a variety of electron donors140 and 

these can facilitate electron polaron formation from reductive quenching of excitons.141 

Triethylamine (TEA), ascorbic acid, and mixtures of sodium sulfite and sulfide are all 

employed as electron donors in this work and their proposed degradation schemes following 

oxidation are shown in Figure 12.140,142  

 

a) b)

c)

 

Figure 12: a) Oxidation of triethylamine to acetaldehyde. b) Na2S / Na2SO3 donates electrons via 

oxidation of sulfate and sulfide via (1-4), reproduced with permission from reference [142. 

Copyright (2008) American Chemical Society. c) Oxidation of ascorbic acid, reproduced from 

reference [140]. 
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The scientific validity of using sacrificial electron donors as a proxy for OWS is complicated 

by the fact that most scavengers are thermodynamically ‘easier’ to oxidise than water (i.e., 

they have less positive oxidation potential). The risk in these systems is that improvements 

to hydrogen evolution rate may in fact be facilitated by improvements to the hole scavenging 

process, a step which ultimately must be removed in OWS systems. In recent years there 

have been some moves toward donors, such as cysteine143 that might ultimately act as 

reversible redox shuttles. An alternative approach is to pair proton reduction with a useful, 

or at least sustainable, oxidation reaction. Reisner and co-workers have developed CdS 

quantum dots that could photocatalyse the oxidation of lignocellulose or plastic waste to 

facilitate the reduction of protons to hydrogen.144,145 

iii) Charge transfer 

Efficient transport of charge carriers from the point of initial excitation to redox active sites 

on the material surface are required for successful hydrogen and oxygen production. In 

organic semiconductors, energy transfer can occur both before and after charge separation 

and thus correspond to the movement of bound excitons or separated electron and hole 

polarons through the material. In organic polymers and molecular crystals excitons migrate 

through non-radiative dipole-dipole interactions best modelled as a Forster resonance energy 

transfer process.146 This transfer occurs between neighbouring molecules or chains, but the 

strength of resonance interactions decreases rapidly with distance and is dependent on the 

mutual orientation of the donor and acceptor dipole moments. This means that the 

conformation and packing of polymer chains or molecules has a large effect on how far 

excitons can diffuse through the material.147 This diffusivity, along with the excited state 

lifetime, determines exciton diffusion length, which is typically 5–10 nm in organic 

semiconductors. As this is significantly shorter than the tens to hundreds of nanometres that 

light can penetrate into semiconductors, exciton migration to sites of charge separation on 

the material surface may limit photocatalysis.146  

Charge separation, proton reduction and water oxidation do not typically occur at the same 

site on the photocatalyst and thus transfer of separated charge carriers through the 

semiconductor may also be required for hydrogen or oxygen production. Mechanisms vary 

substantially between inorganic and organic materials. The band structure of the former 

means that the wavefunctions of charge carriers can be thought of as delocalised, leading to 

coherent transport and high (102–104 cm2 V-1 s-1) mobilities. In contrast, the more localised 

orbitals of organic semiconductors means polaron transport is best described as a hopping 

mechanism between sites, typically resulting in lower charge carrier mobilities of 10-10–101 

cm2 V-1 s-1.148     
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The mobility of polarons is dependent on the coupling between the starting and ending 

electronic states; i.e., a charge localised on one molecule to a charge localised on its 

neighbour.149 The distortion of the lattice surrounding the separated charge makes a 

significant contribution to the polaron energy so the displacement of surrounding atoms or 

molecules from equilibrium, as the charge moves from site to site, can also act as a kinetic 

barrier to charge mobility. As with excitons, the polaron diffusion lengths are a function of 

this mobility versus the lifetime of the separated state, and are reduced by the presence of 

traps or recombination centres.148  

iv) Proton reduction and water oxidation 

Some semiconductors possess surface groups that act as the active site for either proton 

reduction or water oxidation.150 However, most semiconductors capable of photocatalytic 

water splitting require the addition of a cocatalyst. Whilst the role of the semiconductor is to 

generate and transport charges at the correct potential to drive the reaction, the role of the 

cocatalyst is to lower the activation energy of the redox reactions. Water oxidation is 

particularly kinetically challenging, as it is a four-electron process and can require 

millisecond to second timescales,151 but proton reduction can also benefit from the presence 

of cocatalysts. It has been shown that, in certain materials, ‘trapped’ photogenerated 

electrons can exist on a timescale of hours yet be unable to facilitate hydrogen production 

until a cocatalyst is added.152  

The cocatalysts deposited on semiconductors for water oxidation and proton reduction are 

typically heterogeneous nanoparticles or clusters rather than well-defined molecular 

catalysts. As such the mechanisms by which these materials facilitate redox processes are 

often not well understood. Most proposed mechanisms for water oxidation catalysts involve 

the coordination of water to metal centres followed by oxygen–oxygen bond formation.153–

155 Similarly HE catalysts involve transfer of an electron from a metal centre to a proton to 

form M-H bonds followed by H-H bond formation. This means cocatalysts with higher 

Fermi energy levels are the most active catalysts whilst an intermediate M-H bond strength 

facilitates both absorption and desorption steps.138,156,157 Cocatalysts can also lower the 

activation energy of unwanted reactions such as the reduction of oxygen. Coating methods, 

as shown in Figure 13, can be used to disfavour such competing back reactions by blocking 

gas diffusion to the active site surface.121  
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Depending on the rate of redox reaction versus charge carrier generation, holes and electrons 

may accumulate on cocatalyst sites or may be ‘used’ immediately. The amount and 

distribution of cocatalyst present on the semiconductor is thus often crucial to optimising 

hydrogen production. There is often a ‘volcano’ type relationship between cocatalyst loading 

and activity; at low catalyst loadings increasing content leads to an increase in activity up to 

an optimum level but above this value increasing content results in lowered activity. Low 

loading behaviour is dominated by the reduction in diffusion length required of charge 

carriers as cocatalyst content increases, whilst at higher levels cocatalysts can facilitate 

charge recombination or block light absorption.158,159     

1.5 Photocatalyst Design  

Materials chemistry papers frequently talk about ‘design’160–163; the idea that a material’s 

properties and performance for a given application can be accurately predicted based on the 

chemical groups or processing used. In order to successfully employ this strategy for 

hydrogen-producing photocatalysts, a thorough understanding of how different structural 

properties affect photocatalytic activity is needed. In this relatively new field these ‘design 

rules’ are not well defined. However, considering the mechanism of photocatalysis outlined 

above, it is possible to identify some of the factors that might affect hydrogen evolution rate: 

Driving Force: The potential difference between the excited electron or hole and the redox 

potentials gives the thermodynamic driving force, or overpotential, for reaction. The 

positioning of semiconductor orbitals (or bands), and thus excited electron and hole 

 

Figure 13: Schematic model of the functioning of a metal–Cr2O3 core–shell cocatalyst during the 

promotion of photocatalytic OWS. The surface nanolayer coating promotes proton reduction—

hydrogen evolution reaction (HER)—and water oxidation—oxygen evolution reaction (OER)—

over oxygen reduction reaction (ORR). Reproduced with permission from reference [121].  
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energies, are dictated by the chemical composition and bonding present in the 

semiconductor. The frontier molecular orbitals of organic semiconductors are typically 

aromatic π orbitals and thus conjugation along a polymer backbone or extended molecule 

can also significantly affect the orbital energies. As such, chain length and the angles 

between units—determined by substitution pattern and backbone twisting—can be as 

important as monomer structure or the functional groups present. 

Light Absorption: The number of photons absorbed by the semiconductor depends on both 

the fraction of solar wavelengths that can interact with the material—the absorption onset—

and the magnitude of the absorption; that is, the extinction coefficient of the material. The 

former depends on the band gap or HOMO-LUMO energy gap of the semiconductor and is 

thus affected by the same factors that govern driving force; the latter is a function of the 

material oscillator strength. Oscillator strength depends on a variety of factors including 

spatial overlap of the orbitals involved in the transition. Reactor design and the 

microstructure and dispersibility of the photocatalyst can also significantly affect the 

proportion of light that is transmitted through or scattered by a system.    

Charge carrier lifetime, separation and mobility: This encompasses a number of processes, 

but all are affected by material properties such as the conformation of monomer units, the 

distances between and the relative orientation of molecules or chains (packing). In general, 

charge carrier lifetime and mobility are increased by more ordered systems with fewer 

defects that could encourage recombination.164 Such properties may be affected by 

molecular structure or chain length but synthesis or processing methods can also govern the 

degree of crystallinity and the particular polymorph present in a material.    

Surface Area: The area of the photocatalyst that is in contact with water or scavenger is 

dependent on the particle size of a suspension photocatalyst, or the roughness of a film. 

Porosity can also affect accessible surface area and, like external surface properties such as 

particle size and roughness, can depend on the chemical groups present but is often also 

altered by synthesis or processing methods. The ability of water or scavenger to permeate a 

material determines any internal surface area and is different to porosity. Although affected 

by pore size and distribution, the presence of hydrophilic functional groups is often key and 

can facilitate an increase in active area by pore wetting or by swelling otherwise non-porous 

structures. 
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Figure 14 shows the complex relationship between material properties, such as chain length 

or crystallinity, and the factors that dictate photocatalytic activity. Isolating individual 

structure-activity relationships in real-world materials is particularly hard due to the 

difficulty in changing only one property and affecting only one of these factors. Without an 

understanding of why a particular material has a high or low hydrogen evolution rate it is 

hard to identify the features that should be kept or enhanced when designing the next 

photocatalyst iteration and those that we should attempt to remove. 

Indeed, one relatively new approach that has risen out of the expansion of high throughput 

workflows and automation is that of materials discovery.165,166 This strategy relies less on 

design or control of material properties and instead relies on the testing of vast numbers of 

different materials to identify the best candidates for a particular application.167 An 

increasing variety of material properties can also be measured in high throughput workflows, 

meaning large datasets can be used to see whether particular properties correlate with 

photocatalytic activity. Such post-rationalisation could provide significant insights into 

structure-activity relationships, especially when paired with machine learning techniques, 

which have been shown to be capable of using material datasets to predict hydrogen 

evolution rate to a reasonable degree of accuracy.168  

Whilst high throughput screening of photocatalysts for hydrogen production can cover a lot 

of chemical space and frequently do find highly active ‘hits’, the search space has mostly 

been limited to testing ready-made materials or altering testing conditions.169 Synthesising 
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Figure 14: Scheme representing the factors and material properties that may influence 

photocatalytic hydrogen evolution rate and the complex cause-effect relationships between them. 
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and processing new materials still carry significant resource and labour costs. It is thus 

important to focus high throughput searches into feasible areas of investigation, a process 

that ultimately relies on some understanding of structure-activity relationships.   

1.6 Materials Used for Photocatalytic Hydrogen Production  

1.6.1 Inorganic Semiconductors 

Five years after Fujishima and Honda first used TiO2 as a photoelectrode for water splitting, 

Schrauzer and Guth showed that when a suspension of the same compound in water was 

irradiated with UV-light, hydrogen and oxygen were evolved in a 2:1 stoichiometric ratio.170 

This was the first example of light-driven OWS though a purely photocatalytic mechanism. 

Small amounts of hydrogen and oxygen were produced without the addition of a co-catalyst 

but the authors noted an improvement in hydrogen evolution by the addition of a Fe2O3 

dopant. Soon after, it was reported that the addition of a RuO2 cocatalysts was required for 

sustained oxygen production171 whilst early studies using SrTiO3 relied on Ni and Pt 

cocatalysts.172,173 

TiO2 provides a good example of how crystal structure can influence photocatalytic activity, 

as the rutile phase of the TiO2 semiconductor in these initial studies was crucial for hydrogen 

and oxygen production. Anatase and brookite phases show little or no water-splitting 

activity, which has been attributed to the presence of trap states near to the valence bands of 

these two phases, which lowers the driving force for water oxidation.174 TiO2 and SrTiO3 are 

some of the most widely studied semiconductors for overall water splitting and 

photocatalysts based on these materials can reach very high (> 30%) EQEs at UV 

wavelengths.175,176 However, a fundamental issue with using these materials to produce solar 

fuels is their inability to absorb wavelengths greater than 400 nm. Metal oxides of many d0 

and d10 cations, 177–180 such as Ti4+, were investigated in the 30 years following the initial 

report of OWS but in general these materials have valence bands composed of O 2p orbitals 

with potentials around 3 V (vs NHE). Thus, if the conduction bands (normally metal cation d 

orbitals) of these compounds are to lie at a more negative potential than the proton reduction 

potential then the bandgap must be greater than 3 eV, precluding the absorption of most 

visible light.121   

One strategy for raising VB potential and thus increasing visible light absorption is to 

replace the oxygen anions in metal oxides with less electronegative nitrogen or chalcogen 

anions. These have occupied orbitals (N 2p, S 3p and Se 4p) that lie at higher energies than 

O 2p and thus introduce valence bands that sit at less negative potentials. This concept was 
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applied in 2006 by Domen et al to give the first example of visible light driven 

photocatalytic water splitting.181 Their (Ga1-xZnx)(N1-xOx) semi-conductor uses aliovalent 

substitution of Zn2+ for Ga3+ to tune the O/N ratio of the solid solution and give an 

absorption onset at 510 nm and EQEs of up to 2.5% between 420 and 440 nm. Further ‘red-

shift’ can be achieved with perovskite structures based on LaMgx Ta1−x O1+3x N2−3x 
182 or 

oxysulfides such as Y2Ti2O5S2
183

 that can split water at wavelengths up to 600 nm. However, 

the efficiency of these materials is significantly lower than wider bandgap semiconductors 

and many oxynitride materials are not stable to photodegradation unless coated with an 

oxyhydroxide nanolayer.121
  

The addition of dopants with partially filled d orbitals is a less widely used technique for 

raising VB energy, as such transition metal centres tend to act as recombination centres. One 

example of this is Rh/Sb doped SrTiO3 which uses Sb5+ in Ti4+ sites to stabilise the formation 

of Rh3+.184 Rh 4d orbitals effectively provide a higher energy VB and enable absorption up 

to 520 nm but the EQEs of this system are limited to 0.1% at 420 nm.   

Several visible light absorbing photocatalysts, such as Fe2O3, WO3 and BiVO4, show high 

activity as water oxidation catalysts but have conduction bands with insufficient potential to 

drive proton reduction.185–187 Bismuth-containing materials have been modified to increase 

the bandgap and allow for overall water splitting. This was first achieved by Yttrium 

doping,188,189 but much higher activity has been reported for simultaneous substitution of 

In3+ and Mo6+ into BiVO4. These dopants induce a partial phase transition in the 

semiconductor lattice from monoclinic to tetragonal which results in a raised conduction 

band energy and a ‘greenish’ BiVO4 with an EQE of 3.2% under overall visible light (420–

800 nm) (Figure 15).190     
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Above are examples of single absorber/one-step excitation, as shown in Figure 9a. Z-scheme 

arrangements with two absorbers were first shown to be active for visible light driven water 

splitting in 2001.191 This initial study used a platinised SrTiO3-based HEP coupled with 

platinised WO3 for photocatalytic oxygen evolution and a IO3/I
- redox shuttle to enable 

electron transfer between the two. Similar Pt/WO3-based OEPs have been paired with more 

efficient Ta and Zr oxynitrides,192 as well as a variety of oxysulfides193 to generate tandem 

systems with EQEs of up to 6.8% at 420 nm.194 To date, one of the most active Z-schemes 

using a solution phase redox shuttle used [Fe(CN)6]
-3/-4  with a CoOx/BiVO4 OEP and  a 

Rh/Cr2O3 loaded Zn/Ta oxynitride HEP to achieve STH of 0.5% (Figure 16).195 

 

b)a)

c)

d)

 

Figure 15: BiVO4 modification to facilitate proton reduction. Doping with In and Mo induces a 

phase transformation which raises the CB energy. Reproduced with permission from reference 

[190].   

 

 

Figure 16: Z-scheme overall water splitting with tandem BiVO4 and ZrO2/TaON semiconductor 

absorbers with CoOx water oxidation catalyst, Au to catalyse reduction of the [Fe(CN)6]3- redox 

shuttle and Rh/CrOx for proton reduction. Reproduced with permission from reference [195].   
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Z-scheme systems have been reported for separate particulate systems without any redox 

shuttles,123 but higher efficiency (> 1% STH) systems rely on photocatalyst particles 

immobilised on a solid state electron mediator. Commonly these are expensive noble 

metals196–199 but reduced graphene oxide200 and carbon122 have also been shown to be 

effective conducting layers, improving the scalability of these sheet-type systems.  

The contact between particles and mediator is crucial to photocatalytic activity in these 

systems and has been improved by annealing,199 but an alternative approach is to generate 

fused heterostructures.201,202. These often rely on HEP and OEP crystal phases that can grow 

off one-another’s surfaces such as Ta3N5 and BaTaO2N,125 whose similar octahedral 

structural units allow for lattice alignment (Figure 17) and an improved charge transfer 

interface. A similar concept has also been applied to InGaN embedded in GaN nanowires, 

although this is stated to be a ‘one-step’ system rather than a Z-scheme heterostructure.203 A 

follow up study improved activity significantly by introducing an electric field along the 

wire by Mg-doping.120 This was thought to provide a driving force for charge separation and 

resulted in a STH of 3.3%. Aside from a similar InGaN heterostructure that was reported 

recently204 and the aforementioned CoxO single component system117 (which both claim > 

5% efficiency), this is the highest reported STH for any OWS photocatalyst.  

 

The above overview focuses on semiconductor modification but nearly all of these examples 

utilise one or more co-catalyst components. Transition metal oxides, such as IrOx, MnOx, 

RuOx and CoOx, are the mostly widely utilised oxygen evolution catalysts whilst metal 

nanoparticles of Pt, Pd, Rh and Ni, as well as sulfides and phosphides, have been shown to 

facilitate proton reduction.205 Cocatalysts can also reduce semiconductor photodegradation 

 

Figure 17: Z-scheme overall water splitting with fused Ta3N5 HEP and BaTaO2N OEP. 

Reproduced with permission from reference [125].   
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and are thought to aid in interfacial charge transfer.138 These factors are dependent on the 

chemicals chosen but can also be controlled through modification to the co-catalyst surface 

and interface.205 Very recently, Domen and co-workers optimised their SrTiO3:Al 

photocatalyst by doping the oxygen and hydrogen evolving cocatalysts on separate crystal 

facets to promote ‘one-way’ charge separation within particles and achieve EQEs of 96%.206 

This, however, was only achieved using high energy wavelengths (< 360 nm) and it may be 

that such high efficiency is much more difficult to achieve with smaller bandgap 

semiconductors; at a rudimental level, charge separation processes always rely on a degree 

of ‘downhill’ potential to get from the initial excitation to a successful redox reaction. 

Nevertheless, the fact this result represents efficiencies of close to unity across the multi-step 

processes of light absorption; charge carrier generation, separation and transfer to active 

sites; proton reduction and water oxidation is quite remarkable. This study proves 

photocatalytic systems can realise OWS close to the theoretical limits described in Figure 

7b.      

1.6.2 Metal-Free Semiconductors 

The above examples all rely on metal-based inorganic semiconductors. However, in 2009, 

Wang et al. reported visible light-driven hydrogen production from water using a metal-free 

carbon nitride semiconductor and a Pt co-catalyst in the presence of a triethanolamine 

(TeOA) sacrificial electron donor.207 Carbon nitrides, shown in various forms in Figure 18, 

are a class of polymers based on triazine and heptazine units and had been previously shown 

to be active as a heterogeneous catalysis.208 The 2009 study created a huge amount of 

interest in graphitic carbon nitride (g-C3N4)
1 as a cheap, stable and earth-abundant 

alternative to metal-oxide semiconductors for solar fuel photocatalysis.  

 
1 note this abbreviation is literature convention and often does not represent the elemental 

composition of photocatalyst materials. 
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Unmodified g-C3N4 is usually formed through condensation of dicyandiamide or melamine 

precursors at temperatures of 450–600 °C, which gives a melon-type structure (Figure 18c) 

with a bandgap of 2.6–2.7 eV, substantially larger than the 2.1 eV bandgap of the theoretical 

infinite sheet of fully condensed g-C3N4.
207,209

 Nitrogen pz orbitals are primary components of 

the materials’ HOMO levels and thus form the valence band, whilst the LUMOs are derived 

from mostly carbon pz orbitals and make up the conduction band. These have been calculated 

by density functional theory (DFT) to give oxidation and reduction potentials of 

approximately 1.5 and -1.2 V versus NHE and thus indicate the material has an appropriate 

band structure to drive proton reduction and water oxidation.207 These potentials have 

subsequently been supported by cyclic voltammetry and photoelectron and inverse 

photoemission spectroscopy measurements.210,211 The materials absorption onset is 

correspondingly around 460 nm and a common strategy for optimising g-C3N4 

photocatalysts is to narrow the bandgap through atomistic doping. S, P, C, I, O, F and B, as 

well as many metal cations have been doped into g-C3N4-based photocatalysts212 and, whilst 

this can significantly extend the materials absorption spectrum, doping can also increase 

charge carrier recombination213 possibly through increased disorder.212 To avoid this, 

strategic and controlled doping is required, for example O-doping at bridging positions has 

been shown to give materials with absorption up to 800 nm and high 10% EQEs.214 

a)

c)

e)

b)

d)

f)

 

Figure 18: Carbon nitride and related materials. a) melamine, b) triaminotriazine, c) melon, d) 

poly(triazine imide), e) heptazine-based C3N4, f) triazine-based C3N4. 
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Dye loading has also been employed to extend the absorption spectra of carbon nitride 

materials. Organic molecular dyes such as Eosin Y and indole-based donor acceptor 

structures, as well as organometallics such as zinc and manganese phthalocyanine 

complexes have been added to carbon nitrides to produce composites with higher HER than 

unmodified materials.215–217 Mesoporous carbon nitrides and small dye loadings are 

commonly employed in such systems to prevent the blocking of the semiconductor or 

cocatalyst interface with water. Composite materials with onsets and activity in the near-IR 

region can be formed but these are yet to be combined with the highest EQEs, possibly due 

to poor charge transfer across the photosensitiser/semiconductor interface. 

Possibly the most common strategy for improving the photocatalytic activity of carbon 

nitrides is to employ microstructuring techniques to increase the semiconductor active 

surface area.218 These morphological approaches are covered in more detail in the next 

chapter, Section 2.1.  

Precursor selection is an important factor in the activity of carbon nitride photocatalysts. 

Using urea instead of dicyandiamide or melamine precursors has been found to give 

increased HER on a number of occasions.219–221 This has been attributed to higher degrees of 

polymerisation221 but it has also been suggested that persistent unreacted end-groups can 

improve hydrogen evolution rates in carbon nitrides222 meaning the role of amine, 

cyanamide and other protonated groups is still somewhat unclear. Another strategy has 

involved the use of ‘pre-organised’ materials such as melamine/cyanuric acid which form 

self-assembled supramolecular structures before heating to convert to g-C3N4. This can give 

a variety of nanostructures223 with increased dispersibility and surface area but is also 

thought to increase order within the semiconductor and improve charge transport.224  

The most active carbon nitrides are fabricated using ionothermal molten salt procedures. 

These are employed after the initial melon-forming calcination and give significantly more 

crystalline materials. In 2016, Wang and co-workers produced a highly ordered carbon 

nitride photocatalyst using this method. The material had reduced electron-hole 

recombination due to a low density of defect sites and so could reach EQEs of above 50% at 

405 nm for the first time.225 Zhang et al. subsequently increased efficiencies even further by 

switching to a urea/oxamide precursor which gave a reduced bandgap for improved light 

absorption and smaller interlayer stacking distances thought to aid exciton dissociation and 

charge transport between layers.226 Most recently the same authors reported EQEs of 60%, 

the highest of any carbon nitride, by optimising the salt mix used for ionothermal treatment. 

NaCl /KCl mixtures were found to avoid the formation of less active poly(triazine imide) 
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(Figure 18d), compared to lower melting point Li salts, and encourage the formation of a 

triazine-heptazine donor-acceptor structures which may aid charge separation.220    

The headline efficiency above was tested over 16 hours but sustained hydrogen production 

has also been reported for platinised g-C3N4 in a scaled-up 0.7 m2 reactor across 30 days of 

operation albeit with much lower EQEs227 

Carbon nitride has primarily been examined for proton reduction or water oxidation under 

sacrificial conditions but OWS has been achieved though the loading of g-C3N4 with 

appropriate H2 and O2 producing cocatalysts.228 There are a small number of reports of 

carbon nitride and carbon-based materials for OWS without metal cocatalysts, which often 

attribute their activity to heterojunction type nanostructures.229 A 2015 study on g-C3N4 

loaded with carbon quantum dots which reported an EQE of 16% at 420 nm and STH of 

2%.118 However, to date no follow-up studies have been reported that reproduced these 

results. There are significantly more reports of OWS by carbon nitrides incorporated into Z-

scheme systems with inorganic semiconductors and loaded with appropriate cocatalysts.230–

233     

Aside from carbon nitride, mixed main-group semiconductors based on boron carbides, B6O, 

BP, BN, borocarbonitrides234 and C3N3S3
235 have been shown to be active for hydrogen 

production from water under sacrificial conditions although with low (< 1%) EQEs. 

Although elemental carbon is not a semiconductor, N-and P-doped graphene can have 

visible light compatible bandgaps and show moderate activity as hydrogen production 

photocatalysts,236,237 as can nanostructured silicon238 and red phosphorus.239 In recent years, 

black phosphorus has become a particular material of interest for proton reduction,240241 and 

Z-scheme242 OWS, due to its near-IR absorption onset and the ability to create high surface 

area nanosheets.  

1.6.3 Organic Semiconductors 

Organic materials are generally considered to contain C-H bonds. Whilst the idealised 

structure of graphitic carbon nitride is C3N4, the real-world materials used as photocatalysts 

also contain significant amounts of hydrogen243 and thus could be considered organic. The 

carbon nitride-based materials above are differentiated from other organic materials, below, 

primarily due to synthetic considerations; carbon nitrides are prepared through low-yield, 

high-temperature reaction of a small number of precursor materials and thus the chemical 

diversity achievable through modern organic chemistry cannot be fully employed. A range 

of cross coupling techniques including Sonogashira, Kumada, Negishi, Stille and Suzuki 
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polymerisation,244 as well as reversible low-temperature condensation and cyclisation 

reactions mean a huge range of functional groups can be tolerated and incorporated into 

extended conjugated materials.  

1.6.3.1 Conjugated Linear Polymers 

The 2009 paper by Wang et al. on carbon nitride began a new era of interest in carbon-based 

semi-conductors as hydrogen producing photocatalysts, but this was not the first ‘metal-free’ 

semiconductor shown to be capable of light driven hydrogen production from water. In 1985 

Yanagida et al. showed that, upon irradiation with light of  λ > 290 nm and using 

triethylamine or diethylamine sacrificial electron donor, poly(p-phenylene) (PPP Figure 19) 

was capable of photocatalysing proton reduction to molecular hydrogen.245 No metal 

cocatalysts were added in these initial experiments although the polymers were formed by 

Kumada-type coupling so likely contained residual Ni. Subsequent studies by the same 

authors showed that the addition of Ru0 increased the HER of poly(p-phenylene) by a factor 

of 7 and provided the first evidence that noble metal particles could aid in the transfer of 

electrons from polymer to protons.246  

Easy modification of monomer chemical structure is perhaps organic semiconductors’ 

greatest advantage in comparison to inorganic materials and can result in huge changes to a 

polymers physical and optoelectronic properties.160 Again, this was first shown in the 

context of photocatalytic proton reduction by Yanagida when his group demonstrated the 

order of magnitude increase in HER on moving from the homopolymer of phenylene (PPP) 

to the 2,5-homopolymer of pyridine (PPy Figure 19).247 The bandgap of PPy was found to 

contract by 0.5 eV in comparison with its phenylene analogue, leading to an absorption 

onset reaching further into the visible region. This extended light absorption range does not, 

however, fully explain the increased activity of PPy observed at wavelengths less than 400 

nm. Instead, the authors suggest the heterocycle provides an effective interface for charge 

separation and electron transfer through radical intermediates that are not accessible to PPP. 

This is stated to be partially due to the more coplanar chain of PPy, whereby reduced steric 

clash from the absence of the 6-proton results in a less twisted backbone geometry and 

increased stabilisation of radical anions by delocalisation. Whilst subsequent studies have 

also invoked the importance of hydrophilicity to explain the activities of these particular 

materials,248 this concept of planarisation has also been used in more recent studies on linear 

polymers for photocatalysis; In 2016 Sprick et al. synthesised a series of planarised 

fluorene-type co-polymers shown in Figure 19 P2-7. 249 The fused fluorene unit in P2 and 

P3 was found to give HERs between 3 and 4 times greater than the freely rotating phenylene 

units in P1. Importantly this was despite equivalent synthesis methods and similar palladium 
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contents across the polymers. Interestingly, the optical gaps of the planarised materials, 

particularly P2, were not significantly different to P1. Oligomeric analogues with equivalent 

chain lengths did show slightly red-shifted absorption spectra for fluorene-containing 

materials but it does appear that planarisation benefits photocatalytic activity beyond 

improving light absorption properties.  

 

Even more significant improvements in activity were found when replacing the bridgehead 

carbon atom of the fused ring with alternative heteroatom based functional groups such as in 

the carbazole, dibenzo[b,d]thiophene and dibenzo[b,d]thiophene sulfone bearing polymers 

P4-7. Of these, P7 is the most active hydrogen producing photocatalyst with a rate of 

2,352 µmol h-1 g-1 under broad spectrum irradiation, which was higher than platinised TiO2 

tested on the same set-up. Significantly, the slightly contracted 2.70 eV bandgap of P7 

allows for absorption of visible wavelengths of light meaning that, unlike TiO2, P7 has a 

significant external quantum efficiency of 7.2% at 420 nm.  

Since this initial finding, the dibenzo[b,d]thiophene sulfone (dbts) unit has become one of 

the most widely studied monomers in organic photocatalysts for hydrogen production and 

has been incorporated into various linear polymers, CMPs, COFs and CTFs, some of which 

are detailed below. Insights into dbts-bearing materials’ high activity were elucidated using a 

combination of modelling and spectroscopic measurements on the highly active dbts 

homopolymer P10.141 Transient absorption spectroscopy (technique outlined in Section 

1.7.3) showed that, upon excitation in the presence of a triethylamine sacrificial electron 

 

Figure 19: Linear polymer photocatalysts for hydrogen production.  
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donor, P10 gives a long-lived absorption signal at 630 nm assigned to an electron polaron, 

indicating hole transfer from a polymer-based exciton to TEA. This feature was found to 

have significantly smaller amplitude in polymers with decreasing dbts content. Modelling 

suggested the increased polaron yield of P10 was the result of increased thermodynamic 

driving force for electron transfer due to the increased localisation of water around this 

material. Dbts units have a permanent dipole of 5.7 D which makes P10 significantly more 

hydrophilic than phenylene based materials, with smaller, sub-60°, contact angles with 

water. Aside from stabilising charge carrier generation, this increased wettability may also 

influence the polymer microstructure and dispersibility, resulting in increased polymer 

surface area in contact with the reaction medium or exposed to light. 

Benzothiadiazole is another acceptor monomer with a substantial permanent dipole250 and 

has also been shown to form linear polymers with high HERs.251,252 The co-polymer of 

benzothiadiazole and phenylene has an EQE of 5.38% at 420 nm whilst, on an identical set-

up, the equivalent dbts/phenylene co-polymer, P7, has a similar EQE of 6.61%.251 Modelling 

of a high activity benzothiadiazole/fluorene co-polymer concluded, similarly to the dbts 

study described above, that the heteroatoms in the benzothiadiazole unit, may facilitate 

hydrogen-bond formation and thus could improve interaction with water molecules or 

protons.253  

The above examples increase wettability by altering the polymer backbone but it is also 

possible to add hydrophilic side chains such as ethylene glycol to conjugated linear 

polymers. This was first done in 2016 by Yu and co-workers who added triethylene glycol 

(TEG) chains to a benzodithiophene/bipyridine co-polymer.254 Despite decreased contact 

angles with water, this material was outperformed substantially by a perylenebisimide-based 

polymer with hydrophobic alkene chains, most likely due to perylene based materials 

redshifted absorption spectra and subsequently improved light absorption properties. More 

surprising was the fact that an analogous benzodithiophene/bipyridine co-polymer with 

hydrophobic dodecyl side chains had almost identical activity to the TEG-bearing material. 

This is in direct contrast to more recent studies that have shown TEG side chains can 

improve the photocatalytic activity of fluorene/phenylene co-polymers by a factor of 40 

compared to hydrocarbon sidechains.255 Even polymer backbones with polar dbts groups 

were found to have double the activity moving from hexyl to TEG side chains. This, and 

other studies,256 suggest the hydrophilic chains improved dispersibility compared to the 

alkane analogues with evidence of reduced suspension particle sizes and increased swelling 

leading to increased catalytically active area. TEG side chains have also been associated 

with increased photogenerated electron lifetime,255 improved interaction with Pt cocatalysts 
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and reduced interlayer stacking distance,256 highlighting the complex effect changes to 

molecular structure can have on the various factors shown in Figure 14.   

At the extreme of polar hydrophilic polymers are polyelectrolytes. In these materials full 

wetting would be represented by fully dissolved single chains of polymer. Recently, Wu et 

al. synthesised an alkyl ammonium bromide-bearing polyelectrolyte with a conjugated 

fluorene/phenyl/ethyne backbone that does appear to fully dissolve in aqueous solution at 

0.05 mg mL-1 concentrations. However, this material had very low activity for photocatalytic 

hydrogen evolution.257 Interestingly, adding fluorine or cyano-substituents to the polymer 

backbone appeared to induce partial aggregation of the polymer chains and lead to an order 

of magnitude increases in HER suggesting maximising interactions with water must be 

weighed against maintaining interchain interactions which could aid charge separation and 

transport.  

Linear polymers have also been used to demonstrate the importance of chemical structure in 

tailoring the VB and CB energies. Polythiophene is a low-bandgap material which absorbs 

up to 800 nm but subsequently has a 0.8 eV driving force for proton reduction, in contrast to 

PPP’s 1.5 eV overpotential and limited visible light absorption. Sprick et al. showed that co-

polymerisation with varying proportions of thiophene and phenylene monomers resulted in 

materials with bandgaps intermediate between that of the homopolymer end points and with 

up to six times the photocatalytic activity.258 This study demonstrates the balance between 

using a small enough semi-conductor bandgap to allow for a significant proportion of solar 

irradiation to be absorbed whilst also maintaining sufficient  thermodynamic driving force 

for the reduction of protons and oxidation of the scavenger respectively.   

Several studies on heterogeneous linear co-polymers credit the combination of donor and 

acceptor monomers with improving charge separation in the excited state253,254 and charge 

transfer has also been explored through physical mixtures of separate donor and acceptor 

polymers. Cao and co-workers used triphenylamine-bearing polymer donors with 

benzothiadiazole-bearing polymer acceptors and showed that mixtures of the two materials, 

and particularly nanostructures formed by blending the two materials, had activity that 

outperformed the individual polymers.259 The authors ascribe this effect to photoinduced 

charge transfer between the two polymers reducing recombination. More recently, Kosco et 

al. showed a similar concept could be applied to produce heterostructures with very high 

activity (60 mmol h-1 g-1 using an ascorbic acid SED and wavelengths from 350 to 800 

nm).260 The donor and acceptor polymers used in this study are shown in Figure 20 and 

showed the importance of the interface between the materials and with water, as 
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photocatalytic activity varied by an order of magnitude moving from core-shell assemblies 

to an intermixed blend. This allows high EQEs of up to 6.2% at red-shifted 700 nm 

wavelengths.260  

 

1.6.3.2 Conjugated Polymer Networks 

Aside from carbon nitride, the first polymeric networks to be shown to be active for 

hydrogen production were a series of polyazomethine networks developed by Schwab et 

al.261 These highlighted the effect that linker regioisomerism can have on photocatalytic 

activity, with order of magnitude increases in HER upon moving from a 9,10-substituted 

anthracene dialdehyde, to 2,6-substituted anthracene and naphthalene dialdehydes. In this 

instance twisting of the anthracene linker out of the plane of the network was thought to 

interrupt charge carrier transport but similar effects have also been observed for flat 

tridentate linkers, particularly 1,3,5-phenylene,251,262 the meta-substitution pattern of which is 

thought to reduce polymer conjugation length.  

As with linear polymers, forming CMPs with varying proportion of two optoelectronically 

contrasting monomers, phenylene and pyrene in this case, has been found to be an effective 

method for tuning polymer bandgap.263 An intermediate bandgap of 2.33 eV, between those 

of the two homogeneous end points, was again found to be the most active photocatalysts for 

proton reduction. Interestingly, varying monomer content also had a large effect on porosity, 

with BET surface areas ranging from 597 – 1710 m2 g-1, but in line with several subsequent 

CMP studies,251,262,264 this did not appear to correlate at all with catalytic activity. This is not 

to say that microstructure and porosity have no effect on HER; it may be that their 

significance is masked by other optoelectronic factors. Systems where porosity is found to 

correlate with photocatalytic activity, often contain significantly more heteroatom groups 

a) c)b)

 

Figure 20: Heterostructure polymer nanoparticles for photocatalytic proton reduction. 

Reproduced with permission from reference [260].  
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and it has been suggested that hydrophilic pores are crucial in enabling full wetting of open 

network structures.265,266 Without this, accessible surface areas measured by gas sorption do 

not necessary translate into catalytically active surface area where contact between polymer 

and water (or SED) enables reaction to occur. This and other microstructural effects are 

reviewed in more detail in Chapter 2 and Chapter 4.    

The hydrophilic, acceptor-type benzothiadiazole and dbts monomers have been used in a 

CMP structures by a number of groups251,266,267 but Yu and co-workers have focused on more 

red-shifted aromatic linkers based on perylene and thiophene.268,269 They, and others,270,271 

have shown that, when co-polymerised with phenylene-type linkers, these strong donor units 

tend to have low activity. However, significantly higher HERs can be achieved when they 

are combined with pyridyl-based acceptors, shown in Figure 21, which are thought to give 

improved charge separation. The most active material, PCP11, which is also stated to have 

an optimised dipole moment as well as improved wettability and crystallinity, has a 

moderate EQE of 1.93% at 400 nm.   

 

Like many CMP and linear polymers synthesised through Pd-catalysed cross coupling these 

materials show photocatalytic hydrogen production without the addition of Pt cocatalysts. It 

is widely accepted the carbon nitride materials require a metal co-catalyst to achieve 

significant hydrogen evolutions rates but the role of residual palladium in organic polymers 

had, until recently, been less widely studied. The insoluble nature of most of the 

photocatalysts in question make complete removal of Pd nanoparticles very difficult and CO 

poisoning experiments show little change in activity.263 The materials shown in Figure 21, 

and several other studies251,263,272 showed no particular correlation of Pd content with HER 

 

Figure 21: Structures of comonomers (M0−M11) used for the preparation of PCP0−PCP11, by 

Suzuki Coupling. Reproduced with permission from reference [269]. Copyright (2016) American 

Chemical Society. 
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across different polymer structures. However, the authors showed that their PCP0 polymer 

synthesised with increasing Pd contents did have higher activity, up to around 0.8 wt. % Pd 

when the HER appeared to plateau.268 More recent studies on the role of palladium on 

photocatalytic activity are discussed in Section 3.8, where the topic is investigated in detail.  

CMPs containing triazine units, often referred to as covalent triazine-based frameworks 

(CTFs), are often differentiated from other CMP photocatalysts, perhaps because they can be 

formed though nitrile trimerisation reactions273–275 rather than carbon-carbon bond forming 

reactions. In reality, many CTFs studied for photocatalysis could be, and sometimes have 

been,265,276 formed through metal catalysed cross coupling reactions to give chemically (if 

not microstructurally) analogous materials. One of the first examples of CTFs as a hydrogen 

production photocatalysts was in 2015 when CTF-1, the network formed by trimerization of 

1,4-dicyanobenzene, was shown to have visible light activity comparable to g-C3N4.
277 

Shortly after, Lotsch and co-workers, reported an oligomeric phenyl-triazine material, 

formed from the same starting materials but using lower synthesis temperatures. These were 

thought to have higher activity than more condensed structures, possibly due to increased 

crystallinity and hydrophilicity.278  

Increasing the length of phenyl linkers was found to increase the HER of CTFs to a certain 

extent,279,280  but higher activities have been achieved through the introduction of 

heteroatom-containing functional groups such as carbazoles or nitriles.276,281 Donor-acceptor 

structures have been used in CTFs in an analogous way to other CMPs. Bodjys and co-

workers used fused thiophene donors and found that triazine/benzotrithiophene CTFs gave 

particularly high HERs, which were assigned to strong charge transfer interactions through 

short donor-acceptor distances. The authors also suggest that push-pull type spatially 

separated orbital structures can provide an alternative route to reducing bandgaps as opposed 

to increasing conjugation lengths through extended aromatic synthons.282 

Huang et al. took a slightly different approach and aimed to create co-block polymer-type 

structures by introducing a second monomer 30 minutes into the polymerisation reaction.283 

This heterostructure was found to show significantly longer PL lifetimes and higher activity 

than the separated components suggesting that the junction does improve charge separation. 

The authors state that the fully covalent interface is important for this and enables a high 7% 

EQE under visible wavelengths. 

Most CMP and CTF materials are amorphous but recently an alternative CTF synthesis 

method using in situ oxidation of alcohols to aldehydes was developed by Tan et al. which 

produced more crystalline, highly active materials at relatively low temperatures. It is 
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thought that the slow production of the aldehyde reagent in this method results in a more 

controlled polymerisation with a low nucleation rate and thus highly ordered structures.284   

Aside from carbon nitride-based materials, CTFs were also the first polymeric 

semiconductors shown to be active for the water oxidation half reaction. The initial report of 

the photocatalytic activity of CTF-1 demonstrated that, in addition to HE activity, when 

loaded with an RuOx co-catalyst the material had low activity for photocatalytic oxygen 

evolution.277 The reduced carbonisation of low-temperature CTF synthesis compared to 

high-temperature salt-melts, is often cited as crucial to photocatalytic activity and the CTF-

1/RuOx combination was also found to have significantly higher OE activity (up to 140 μmol 

g−1 h−1 using an AgNO3 electron scavenger, λ > 420 nm), when the polymer was synthesised 

under mild microwave conditions, which the authors suggest gives a highly ordered 

structure.285 Whilst several CTFs have been shown to be active for oxygen evolution, and 

generally show higher rates than carbon nitride,279,286 one of the most active organic water 

oxidation photocatalysts to date is an alternative aza-CMP formed from the condensation of 

1,2,4,5-benzenetetramine and hexaketocyclohexane.287 This material’s headline visible-light 

OER of 572 μmol g−1 h−1 was achieved using a Co(OH)x co-catalyst (AgNO3 electron 

scavenger, λ > 420 nm) and  interestingly the low 1.22 eV bandgap of this material allowed 

limited photocatalytic activity to persist up to near-IR wavelengths (> 800 nm).  

There are a few reports of OWS by CMP photocatalysts. In 2017 Xu and co-workers 

reported overall water splitting using nanosheets of 1,3-diyne linked CMP.288 Surprisingly, 

this single component catalyst was stated to reach STH efficiencies of 0.6% without the 

addition of any metal cocatalysts (and importantly was not synthesised using noble metal-

catalysed cross-coupling). It should be noted that no follow-up studies have been reported to 

date that reproduce these remarkable results. The evolution of hydrogen and oxygen in these 

systems was dependant on sonication of the photocatalyst after illumination. The authors 

state this is to release gas trapped in the pores of the material, but this processing raises 

questions about the possibility of mechano-chemical water splitting in this set-up.289 That 

said, the same authors have also reported OWS using a Z-scheme of two aza-fused CMPs 

that does not rely on sonication.290 In this instance, a van der Waals heterostructure of 

weakly interacting interlayered HEP and OEP sheets was thought to be crucial to the 

material’s activity. The authors demonstrate increased photocurrent in the composite 

material versus the separate components so claim the heterostructure enables efficient charge 

separation and migration.      
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1.6.3.3 Covalent Organic Frameworks 

Covalent organic frameworks (COFs) were first developed in 2005 by Yaghi and co-

workers.291 COFs are a class of extended networks held together by reversible covalent 

bonds, such as those in boronate esters, imines and hydroazones.292 This contrasts with 

CMPs that have monomers joined by strong, irreversible covalent bonds.293 The reversibility 

of COF network linkages allows for reorganisation of defects during synthesis, moving the 

system from kinetic to thermodynamic control and allowing the formation of single crystals 

with order up to µm-scale domains.294 COFs have the potential to combine crystallinity, 

porosity, and extended conjugation with molecular tunability and thus are particularly 

attractive for photocatalytic hydrogen production.  

In 2014, Lotsch and co-workers developed hydrazone-based TFPT–COF (Figure 22) 

which, when loaded with a Pt cocatalyst, was shown to be active for visible light driven 

hydrogen production under sacrificial conditions.295  The same authors followed this with an 

azine linked triazine-bearing material, N3–COF, which was found to have higher activity 

than related pyrimidyl, pyridyl or phenyl-bearing analogues. This was thought to be due to 

the higher planarity of the triazine-linked units giving decreased disorder and lateral offset 

between layers and higher surface areas.296 Whilst these materials show reasonable, 2-3 day, 

retention of photocatalytic activity over time, the inherent instability of many COF linkages 

make them unsuitable for prolonged exposure to water or non-neutral pH which often leads 

to collapse of the low-density ordered structure. 



46 

 

 

Kandambeth et al. had previously developed a versatile strategy of COF linkage stabilisation 

using 1,3,5-triformylphloroglucinol.297 This aldehyde could undergo reversible Schiff-base 

reaction with amine linkers to give imine-linked networks, but these linkages also contained 

enols. After reversible formation of the order network, enol-keto tautomerisation occurs and 

is rendered essentially irreversible by the presence of a strong intramolecular hydrogen bond 

in this form. This approach allows a diverse set of aromatic di and tri-amines to be used in 

the synthesis of stable COFs and was utilised in 2018 to give a diacetylene-bearing COF, 

TP-BDDA COF, which retained crystallinity in a variety of organic solvents as well as 

water and HCl (3M).298 The EQE of this material was found to be 1.3% at 420 nm. 

Interestingly the activity of this TP-BDDA COF was over ten times that of an analogous 

monoacetylated material with a similar absorption spectrum, surface area and stacking 

arrangement. The difference was assigned to improved charge transport characteristics of the 

diacetylene linkers but demonstrates that COFs, like CMPs and linear polymers, are highly 

dependent on molecular structure, even when favourable packing in terms of order and 

porosity are present. 

Wang et al. showed that very active photocatalysts could be generated by combining the 

1,3,5-triformylphloroglucinol linker with a fused benzothiophene sulfone-based diamine 

linker. This material, FS-COF, has an EQE of 3.2% at 420 nm but it has an absorption onset 

that stretches well into the visible region, meaning EQEs of 0.6% were obtained at 600 nm. 

The hydrophilic groups of this material line the pore walls of the low-density structure and 

FS-COF

TFPT-COF

N3-COF

TPBDDA-COF

TpDTz-COF

 

Figure 22: Structures of selected COFs used for photocatalytic proton reduction.  

 



47 

 

enable high water uptake into the network, increasing the catalytically active surface area. A 

similarly stable, hydrophilic COF, TpDTz-COF, was obtained using polar thiazolo[5,4-

d]thiazole linkers and was shown to display high activity with an earth abundant Ni catalyst 

instead of the usual Pt or Pd.299  

One major disadvantage of COFs is the difficulty of synthesis. Generation of COF crystals 

often involves low yielding reactions over extended time periods that are difficult to scale to 

even 100 mg levels.300 This is a relatively new field in comparison to cross coupled 

polymerisations, however, and recent developments in COF synthesis, such as using electron 

beam irradiation, suggest these materials could be made on larger scales.301    

More specific overviews of microstructured, oligomeric and crystalline molecular 

photocatalysts are given at the start of Chapters 2-4.   

1.7 Techniques and Concepts 

Non-standard concepts and techniques used in this work are outlined below. 

1.7.1 Measurement of photocatalyst efficiency 

1.7.1.1 Solar to Hydrogen 

Solar to hydrogen (STH) efficiency is a measure of the percentage of solar energy that is 

successfully converted into chemical energy, in the form of hydrogen, and is defined by 

equation 4. It should be noted that this measure is only relevant to overall water splitting as 

sacrificial electron or hole donors introduce other chemical energy considerations.   

 

                                              (4) 

 

Chemical energy is given as the rate of hydrogen production in mol s-1 multiplied by the 

Gibbs free energy change of the reaction (237,000 J mol-1 at 25 °C). Solar energy is given by 

the intensity, I (in J m-2S-1), of the Air Mass 1.5 Global (AM 1.5 G) G173 standard (as 

shown in Figure 7a) multiplied by the device area, Ad (in m2).104  
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1.7.1.2 External Quantum Efficiency 

External Quantum Efficiency (EQE) measures the percentage of photons incident on a 

device that result in a successful photocatalytic reaction.104 Two absorption events are 

required to produce one molecule of hydrogen, hence EQE is given by two times the number 

of molecules of hydrogen produced (nH2) divided by the number of incident photons (nphotons) 

(equations 5 and 7). In practice,  nphotons is measured using a power meter. These display a 

power reading (Ps) which can be divided by the area of the sensor (As) to give a light 

intensity at the position of the device. This light intensity can in turn be multiplied by the 

area of the device exposed to light (As) to give the power hitting the device (Ad), and further 

multiplied by the time (t) over which the hydrogen is produced to give the total energy 

hitting the device (Ed). Finally the number of photons is calculated by dividing this total 

energy by the energy of a photon (Ephoton), defined by the Plank-Einstein relation302 as the 

product of the photons speed (c) and Planks constant (h), divided by its wavelength (λ) 

(equation 6).  

 

                                                 (5) 

                                            (6) 

                                             (7) 

 

 

1.7.2 Particle Size Analysis Using Light Scattering 

1.7.2.1 Dynamic Light Scattering 

Solid particles suspended in fluids undergo Brownian motion. This is the random movement 

of suspended particles due to collision with the thermally excited molecules of the fluid and 

is generally only significant in systems with particles of less than 1 µm. The translational 

diffusion coefficient of particles (D) defines the velocity of Brownian motion and is 
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inversely related to hydrodynamic diameter (dH) according to the Stokes-Einstein equation 

(8), such that smaller particles move more rapidly than larger ones.303  

                                                             (8)                                            

 

Dynamic light scattering (DLS) is non-invasive particle sizing technique that relies on this 

relationship. When a laser is passed through a suspension the Brownian movement of 

particles causes light to be scattered at different intensities. The frequency of these intensity 

fluctuations can be used to determine particle size for materials of around 1 nm up to several 

µm,304 as shown in Figure 23. The oscillating intensity signal is converted into a particle size 

distribution using a correlation function. This extracts the time dependency of the signal by 

measuring how quickly the correlation between a signal at time t and a signal at time t + τ is 

lost. The resulting correlation curve is analysed to give the intensity-weighted mean 

diameter, Zav, as well as polydispersity index which measures the broadness of the particle 

size distribution.305  

 

 

Figure 23: Light scattering by different particle sizes. Differences in diffusion coefficient results 

in different frequency fluctuations in light intensity. Copyright CC BY-SA 3.0 Mike Jones. 
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1.7.2.2 Static Light Scattering 

Whilst DLS measures fluctuations in the intensity of scattered light at one fixed angle, static 

light scattering (SLS, also known as laser diffraction) measures the time-independent 

intensity of light scattered across a range of angles. The scattering of light by particles sized 

from hundreds of nanometres up to 50 µm is dominated by diffraction and is best described 

using Mie theory.306 This model estimates the intensity of light diffracted by a particle, at a 

particular angle, based on the size of the particle and the difference in refractive index 

between the particle and the liquid medium. The smaller the particle the larger the angle of 

light diffraction.307  

SLS involves the illumination of a suspension with a laser (typically 400 – 700 nm) and uses 

up to 100 detectors to measure how the intensity of diffracted light varies with angle. This 

signal is then compared to a Mie theory-based predicted optical model for an initial ‘best 

guess’ particle size distribution. This size distribution is refined in an interactive process to 

give the best fit to the measured signal.308 

The accuracy of the particle size distributions predicted by static light scattering can be 

negatively affected by multiple scattering events, particularly for higher concentrations or 

smaller particle sizes. SLS is also less suited to particle sizes significantly below the 

wavelength of the laser because in these systems Rayleigh scattering makes up a significant 

component of measured light intensity  ̧ reducing the appropriateness of the Mie scattering 

model. Fitting can also be affected by the material refractive index and absorbance used for 

the optical model and so care should be taken if these parameters are estimated rather than 

measured.309  

There are a number of parameters that can be extracted from particle size distributions. In 

the context of photocatalysis, particle size is important because it affects the active surface 

area. As such, the most relevant information from particle size distributions is the Sauter 

mean diameter, (D[3,2]).310 This is defined by equation 9, where particle sizes are divided 

into n channels in a histogram. The geometric mean particle diameter associated with each 

channel, Di, is defined as the square root of the product of the upper and lower channel 

bounds. the percentage of the distribution in each channel is νi. (D[3,2]) represents a surface 

area-weighted mean diameter and is thus strongly influenced by the presence of small 

particle fractions. A suspension of uniform particles with diameters equal to D[3,2] would 

have the same surface area as the measured distribution.311  
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                                                             (9)                                            

1.7.3 Time-resolved Spectroscopy Techniques 

1.7.3.1 Time-Correlated Single Photon Counting 

Time-correlated single photon counting (TCSPC) is a spectroscopic method that can be used 

to determine fluorescence lifetimes, amongst other applications. Samples are excited with a 

single wavelength pulsed light source and emission is measured perpendicular to excitation. 

A photomultiplier is usually employed so that single photons hitting the detector can be 

measured. Fluorescence timescales are determined by comparing the time delay between 

photons arriving at the detector, via emission from the sample, and a reference pulse which 

travels directly from light source to the detector. This gives an emission count signal with 

respect to time.131  

Fluorescence lifetimes are estimated by fitting this signal to a decay model in the form of 

equation 10. Decay of the excited state may be through a single process or multiple 

processes and so signal intensity (I(t))  is made up of one or more components each with a 

corresponding lifetime (τ) and coefficient representing contribution to overall decay, (αi). An 

instrument response signal is usually measured using a non-luminescent standard and 

subtracted from the sample signal to account for photons that reach the detector through 

scattering or other non-emissive processes. After fitting, average fluorescence lifetime (τav) 

can be calculated according to equation 11 and are useful for comparing trends between 

materials and are related to the steady state emission.312 

                                                          (10)                                            

                                                             (11)                                            

 

1.7.3.2 Transient Absorption Spectroscopy  

Transient absorption spectroscopy (TAS) is a pump-probe technique used to investigate the 

excited state of molecules or materials. Samples are excited with a laser pulse (pump) and 

the UV-visible absorption spectrum recorded (probe) after a certain time delay. Difference 

spectra are generated by comparison to the ground state sample absorption profile. 
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Depopulation of the ground state can give a negative signal, or bleach, whilst excited state 

species give separate positive absorption features. These can be characterised by the specific 

wavelengths of the absorption and the magnitude can provide information about the yield of 

exciton or polaron formation. Analysis of how these features grow in or decay over time can 

also be used to establish the timescale of active species formation and their lifetime. This is 

particularly useful since, unlike TCSPC, the lifetime of states that decay by non-radiative 

pathways can be analysed as well as those that are fluorescent. Another advantage is that 

ultrafast TAS can probe samples significantly less than 1 ps after the initial excitation 

meaning even short-lived species can be detected.313  

1.7.3.3 Photoinduced Absorption Spectroscopy  

Whilst the short laser ‘pump’ used in TAS can generate excited state species and provide 

valuable insight into the decay processes, this excitation method is not analogous to 

conditions used in photocatalysis, where materials are continuously illuminated. 

Photoinduced absorption spectroscopy (PIAS), is an alternative time resolved spectroscopy 

technique, where quasi steady-state conditions can be achieved using a LED pulse of up to 

several seconds duration as the excitation source (Figure 24a). This is an important 

difference as excited state species will accumulate on a material if photo-generation is more 

rapid than the combined rate of decay or reaction processes.314 The concentration of charged 

species can also affect the rate of these different process, with recombination rates higher at 

increased charge carrier concentrations.149 This limits charge accumulation and typically 

leads to a saturation point a short time after the light source is turned on, as shown in Figure 

24b.  

 

a) b)

 

Figure 24: a) Set-up for PIAS. b) Typical PIAS spectrum showing the build-up and saturation of 

charge carriers on a TiO2 semi-conductor. Adapted with permission from reference [314].  
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1.8 Project Aims 

To deconvolute structure-activity relationships in organic photocatalysts (Section 1.3), we 

need to vary one property while keeping others as constant as possible. This is inherently 

difficult (Fig. 14) in the specific context of organic materials, discussed in section 1.6, most 

of which are insoluble polymers synthesised in bulk precipitation reactions. As such, 

purification and indeed atomistic-level characterization for these materials is challenging.  

Also, changes to the molecular structure of the monomer unit may alter not just the orbital 

energies of the polymer but also properties such as molecular conformation, crystallinity, 

and particle size. These properties are then difficult to change post-synthesis because the 

materials cannot be dissolved in organic solvents for processing. The smaller range of 

characterisation techniques possible for these types of insoluble materials also makes it 

difficult to measure whether, or how much, properties have changed as a result of the 

synthetic variation.  

This work examines materials where a degree of control can be exerted during synthesis or 

by processing, with the aim of gaining a greater understanding of how various material 

properties affect photocatalytic hydrogen production.  To do this, we use a battery of 

different characterization methods. 

Chapter 2 examines the effect of microstructure on photocatalytic activity by synthesising 

polymers comprised of the same monomer units but with differing particle sizes. This was 

accomplished by employing emulsion polymerisation techniques that allow nanoparticle 

analogues of unprocessable bulk materials to be produced. The absorption properties of 

these materials was measured to compare the relative degrees of polymerisation achieved 

through these two synthesis routes. The hydrogen production activities of the nanoparticle 

and bulk systems were measured under a number of different photocatalytic conditions, 

using different SEDs and catalyst concentrations. The differing aggregation behaviour of the 

samples in these systems was characterised using microscopy and the light scattering 

techniques described in Section 1.7.2, to gain further insight into the relationship between 

particle size or particle-dispersant interaction and photocatalytic activity. In Chapter 3, 

oligomeric semiconductors based on fluorene or dibenzothiophene sulfone are investigated 

as proton reduction photocatalysts. Oligomers with differing numbers of repeat units or 

substituent groups were synthesised, and characterised by single crystal X-ray diffraction. 

The aim was to use the well-defined photocatalyst structures to investigate how particular 

features, such as chain length or backbone twisting, affect the absorption properties of the 

material and photocatalytic activity. In addition, the effect of chain length and palladium 
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content on charge carrier generation and lifetime were investigated using the time resolved 

spectroscopy techniques described in Section 1.7.3. These kinetics were used, along with 

hydrogen production rates, to gain insight into the mechanism and rate limiting steps of 

photocatalysis. 

Hydrogen-bonded organic frameworks (HOFs) were investigated as hydrogen production 

photocatalysts in Chapter 4. One aim of this section was to exploit the solubility of HOF 

materials in polar organic solvents to grow single crystals. The packing of these materials, 

particularly their propensity to form extended π-π stacking columns is investigated. In 

particular, the processability of a pyrene-based HOF was used to generate crystalline and 

amorphous versions of the same molecule. This isolates the effect, if any, of crystal packing 

on photocatalytic activity from the effect of changing chemical structure. These materials 

were also compared to a number of related pyrene-based compounds with different degrees 

of order or different porosities. Finally, the feasibility of forming photocatalytically active 

HOFs from a wider range of materials is assessed by initial studies incorporating alternative 

aromatic core groups. 
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2.1. Introduction  

Whilst the optimal morphology of a photocatalyst is as yet unknown, increasing active 

surface area would be expected to increase catalytic rate as a general rule for heterogeneous 

catalysts. In conjugated organic polymers, exciton diffusion typically occurs on the length 

scale of 5–20 nm;1–3 that is, potentially significantly less far than the depths into which light 

can penetrate into the material.4 Polymeric photocatalysts are typically made by precipitation 

polymerisation reactions to give ‘bulk’ particles in the micron size range. Hence, for bulk 

photocatalysts, a portion of photogenerated excitons will typically be unable to reach the 

material surface and react. In the case of photocatalytic proton reduction, the “active area” 

should therefore consider the area that is exposed to light and the area that is in contact with 

water or sacrificial electron donor. This surface area can be either extrinsic or intrinsic, 

which gives two potential approaches for microstructuring: pores and nanoparticles.  

Generating different microstructures is relatively simple if using monomers with different 

chemical structures. For example, a series of fluorene and dibenzothiophene sulfone based 

CMPs using 1,3,5- and 1,2,4,5-phenyl crosslinkers were compared to linear 1,4- and 1,3- 

phenyl linked polymer analogues to investigate the effect of porosity on hydrogen 

production rates.5 In this study, the most active material was found to be a highly porous 

network, which was shown by water uptake measurements and quasi-elastic neutron 

scattering to be capable of hydration up to 52 wt. % with indications of good mass transport 

in the material. However not all of the porous polymers in this study outperformed their 

linear analogues suggesting that porosity may only be beneficial to photocatalytic hydrogen 

production if the pores are accessible to water. Indeed, a previous study by Yang et al. 

investigating benzothiadiazole based polymer photocatalysts for hydrogen production6 found 

no correlation between BET surface area and hydrogen production rates, with the one linear 

polymer tested—one of the least porous materials in the study—found to be more active 

than all eight CMP materials. Clearly, variation in chemical structure can sometimes 

outweigh potentially beneficial features in tertiary structure. A further fundamental question 

is the impact of porosity on exciton transport. 

Instead of comparing different material classes that have inherently different 

microstructures, actively microstructuring a material and measuring the effect on 

photocatalysis allows structural properties to be separated from other chemical or electronic 

effects—that is, only the microstructure varies, and not the chemistry. In the context of 

organic polymers, different microstructures can be obtained if a material is soluble in 

organic solvents and thus solution processable. In 2017, Woods et al showed that the 
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addition of a solubilising 2-ethylhexyl side chain to a carbazole based polymer did not 

significantly alter hydrogen production rate in the bulk but it did allow a highly active thin 

film to be cast, using significantly less material whilst maintaining a very high hydrogen 

production rate.7 The hydrophobic aliphatic chains used in this work may be not be ideal for 

generating a highly wetable photocatalyst. In recent years, there have been examples of 

photocatalysts with hydrophilic8,9 or ionic10 side chains that couple good processability with 

higher photocatalytic activities. Casting films also allows for measurement of a number of 

different photoelectronic properties. For example, photoelectron spectroscopy in air 

(PESA)11 can be employed to calculate energy levels in organic thin films.12–14 Similarly, 

many conductivity and charge transport techniques such as impedance spectroscopy15 and 

time of flight16 require polymer-electrodes most easily achieved through films. In 

photocatalytic applications, soluble polymers have also been cast onto glass fibres which has 

allowed for photocatalysis in flow17 and in scale-up experiments.9  

Nanoparticles of solution processable conjugated polymers have been shown to have some 

of the highest hydrogen evolution rates per gram of catalyst in the literature.18 In 2016, 

polymer ‘dots’ of approximately 60 nm were reported using PFBT and a polysterene/PEG 

based co-polymer (Figure 1) and were found to have unprecedented initial hydrogen 

evolution rates of 8.3 mmol h-1 g-1, 5 orders of magnitude higher than the bulk polymers 

under equivalent conditions.19  

 

Figure 1: Preparation of PFBT-Pdots and a diagram for light-driven hydrogen generation. Image 

reproduced from reference [19] with permission of the rights holder, John Wiley & Sons, Inc.  
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However, this initial rate was sustained for less than 20 minutes and after 80 minutes the 

hydrogen evolution rate had been reduced to almost zero. The same group improved the 

activity and longevity of this material by introducing a thiophene unit into the backbone 

leading to initial rates as high as 50 mmol h-1 g-1 and an increased 4-hour hydrogen 

production lifetime.20 Similar results were also found for ‘hollow’ polymer dots21 and for 

nanoparticles with blends of two different polymers.22 These materials are most active when 

loaded with photodeposited platinum which is thought to act as an active centre for proton 

reduction. An alternative approach by Tseng et al. was to create polymer nanoparticles with 

a cycloplatinated monomer unit, which displayed high activity and longevity, with up to 12 

hours of hydrogen production.23 In general, these materials are tested at very low 

concentrations (10–20 µg mL-1) and hence, whilst the mass normalised hydrogen evolution 

rates are very high, the EQEs (see Section 1.7) are low in comparison with bulk polymer 

photocatalysts in literature.18 From a practical perspective, the amount of hydrogen produced 

per unit irradiated area is a better measurement of performance than the mass-normalized 

hydrogen production rate. EQEs are a direct incident light to hydrogen calculation and 

therefore dilute systems tend to have low values due to transmission of light through the 

sample. Developing systems with increased longevity that are active at more practicable 

concentrations is crucial to the progress of this field. A recent example by McCulloch et al. 

also used a blending technique and showed that with appropriate choice of donor and 

acceptor polymers and an intermediate 0.1 mg mL-1 concentration, EQEs of 6.2% could be 

reached at wavelengths up to 700 nm.24  

The most widely studied organic material for hydrogen production is graphitic carbon 

nitride18,25,26 and this, along with some of the most active and stable organic polymer 

photocatalysts,18,27,28 is insoluble in organic solvents. Optimising the microstructure of these 

materials is therefore significantly more challenging and often energy intensive. Techniques 

such as ball milling29,30 and exfoliation31,32 have been used to create nanostructured versions 

of carbon nitride and other 2-D networks that have improved photocatalytic activity over the 

bulk materials. Similarly reducing particle size through delamination has been used to obtain 

sheets of only a few molecules thick in a variety of acetylene,33 hydrazone34 and boronate 

ester35 bearing covalent organic frameworks but this technique is not suited to linear or 3-

dimensional polymers.  

Materials can also be microstructured through a variety of in-synthesis methods. Polymers 

are particularly suited to this approach as, although conjugated polymers containing 

aromatic groups without aliphatic sidechains are commonly insoluble, the monomer units 

from which they are made are often significantly more processable. For example, the surface 



69 

 

areas of otherwise non-porous or low porosity polymers can be increased by polymerising in 

the presence of a silica template which is then removed post synthesis, to yield permanent 

cavities in the material. This technique has been widely used in the high temperature 

synthesis of carbon nitride26,36,37 but has also been shown to give increased surface areas for 

polymers synthesised by solution-based carbon carbon cross coupling38 as well as in acid 

catalysed vapour phase synthesis of hollow polytriazine networks (Figure 2).39  

Whilst effective, the removal of the silica templates often involves hazardous chemicals such 

as NH4F or HF which are highly environmentally damaging and not compatible with the 

chemical linkages of some organic photocatalysts. Aside from carbon nitride, the first 

polymers tested for hydrogen production were primarily based on cross coupled carbon-

carbon bonds40 but the current field of organic photocatalysts now includes a range of 

covalent organic frameworks with triazine,30,41 immine,27,42,43 hydrazone44 and azine45,46 

linkages. Recently Karak et al. developed a new method for creating low-density COF 

foams by adding sodium bicarbonate to the reaction mixture (Figure 3). The resultant 

effervescence was frozen in by freeze drying before heating to polymerise by β-ketoenamine 

formation.47 It remains to be seen whether this approach would be applicable to many other 

materials but the chemical diversity of organic photocatalysts means microstructuring 

approaches with broad scope are particularly attractive.  

 

Figure 2: Schematic of solid vapor synthesis and idealized structures of the nanoporous hollow 

polytriazine networks. Reproduced from reference [39], published by the Royal Society of 

Chemistry. 
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The concept of introducing porosity using a two-phase synthetic medium has also been 

widely studied in the context of polyHIPEs (Figure 4). Polymers synthesised in high internal 

phase emulsions have been used in a number of different applications including membrane 

separations, reaction supports, tissue engineering scaffolds and photocatalysis48,49 but often 

utilise non-conjugated monomers with large alkyl chains and the technique has not been 

studied for less soluble groups.  

 

Figure 3: (a) Schematic representation of COF−foam synthesis using an in-situ gas-foaming 

technique. (b) 3D volume rendered X-ray computed tomographic image of COF foam and cartoon 

representation of disordered macropores present in the foam matrix. (c) Space-filled model of 

ordered micropores of the 2D crystallites of the COF foam. (d) Digital image of COF−foam and 

scanning electron microscopy (SEM) image of the surface of the foam. Image reproduced from 

reference [47], with permission of the American Chemical Society.  

 

 

Figure 4: Schematic of polyHIPE synthesis. Image reproduced from reference [49], with 

permission of Elsevier.  
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Polymers can also be synthesised in ‘normal’ oil in water emulsions, where the aqueous 

continuous phase makes up the majority volume with a minor dispersed organic phase, 

resulting in colloidal polymer particles.50 This approach to limiting particle size has been 

widely applied for biomedical applications51–53 where the polymer nanoparticles produced 

can encapsulate biomolecules or drugs.54–57 It is also an easy method of synthesising 

magnetic polymer nanoparticles58,59 which have applications in imaging60 and magnetic 

separation61 and for encapsulating fluorescent molecules, which can help to improve loading 

concentrations and stability.62,63 In these examples, the polymer produced is primarily a 

matrix for another material. As such, acrylate-based polymers are most commonly used with 

polymerisation through both radical and anionic routes.52,53,64–67 Emulsion polymerisation 

can also be used for coordination-based polymerisations such as metathesis reactions68,69 and 

cross coupling techniques including Glaser,70,71 Songashira72,73 and Suzuki coupling 

reactions.72 These routes allow for the easy synthesis of aromatic polymer backbones and as 

such the formation of nanoparticles where the polymer itself is the functional component.   

The above are primarily examples of mini-emulsion polymerisation where the oil droplet 

size ranges from 50 to 1000 nm and where polycondensation occurs only within pre-existing 

droplets.50 Mini-emulsions are created by applying a shear stress to a mixture of two 

immiscible liquids.74 Although not a thermodynamic energy minimum, these systems are 

kinetically stabilised on a timescale of hours to years by the addition of surfactants. This is 

in contrast to macro-emulsions where droplet sizes are 1–100 µm and which exist on a 

timescale of seconds to hours.50 Most mini-emulsions use surfactants that are soluble in the 

continuous phase and therefore, for oil in water emulsions, ionic surfactants such 

cetrylbutylammonium bromide (CTAB) or sodium dodecylsulfate (SDS) are commonly 

used. This approach is particularly attractive for the large aromatic groups normally 

associated with good photoredox activity as highly solubilising solvents such as toluene can 

be used as the dispersed phase. 

It has previously been shown that a benzothiadiazole bearing CMP synthesised in mini-

emulsion can outperform the bulk analogue for the photocatalytic degradation of 

Rhodamine-B (Figure 5)72 but to date emulsion polymerisation derived materials have not  

been investigated for hydrogen production.  
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In this chapter, three polymers synthesised in mini-emulsions were tested for photocatalytic 

proton reduction and compared to bulk analogues to measure the effect of particle size on 

activity. The phenyl-based network ME-CMP (Figure 6) was deemed to be a good 

candidate as it has been shown to be a moderately active hydrogen production photocatalyst 

under UV irradiation75 and has been made in mini-emulsion before.72 Introducing 

dibenzothiophene sulfone units into the polymer backbone has been previously shown to 

increase photocatalytic activity by increasing hydrophilicity and charge carrier lifetime.28 

Therefore, the dibenzothiophene sulfone analogue of ME-CMP, S-CMP1 was also tested as 

well as the linear homopolymer P10 (Figure 6). These materials also allow us to compare 

CMP networks to linear polymers.  

 

 

 

 

 

Figure 3: (a) SEM and (b) TEM images of differently shaped benzothiadiazole bearing CMP 

nanoparticles made in mini-emulsion. Reproduced from reference [72], published by the Royal 

Society of Chemistry. 
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2.2. Emulsion polymerisation derived polymers 

2.2.1. Synthesis and Characterisation 

Bulk polymers ME-CMP, S-CMP1 and P10 were synthesised by Suzuki coupling in  

precipitation polymerisations according to literature methods.5,28,75 A single-phase 

DMF/water solvent system was used and refluxed at 145° C for 48 hours. ME-CMP-e. 

S-CMP1-e and P10-e, in contrast, were synthesised by Suzuki coupling in toluene/ water 

mini-emulsions via a modified literature procedure.72 These were necessarily conducted at a 

lower temperature and a shorter reaction time of 17 hours (See experimental section 2.4.2 

for full details).76 

Dynamic light scattering (DLS) measurements on the emulsion-derived materials indicted 

all samples were exclusively made up of particles less than one micrometer with average 

hydrodynamic diameters (Z-average) of 248, 180 and 156 nm for MECMP-e, S-CMP1-e 

and P10-e respectively (Figure 7A). These particle sizes are consistent with polymerisation 

occurring within the toluene droplets of the mini-emulsion.50 The CMP particles, 

ME-CMP-e and S-CMP1-e, showed no signs of aggregation over 11 days without stirring, 

with minimal (< 15%) changes in average particle diameter or size polydispersity as 

measured by DLS (Figure 7E). By contrast, the linear P10-e particles flocculated over 9 

days to give an average diameter of 400 nm. When sonicated, these 400 nm agglomerates 

could be redispersed and a hydrodynamic radius of 169 nm was found by DLS, close to the 

original size of the particles directly after synthesis.  

 

Figure 4: i) Cartoon of emulsion polymerisation. ii) Cartoon of precipitation polymerisation. iii) 

Synthesis routes of the polymers. Image reproduced from reference [71], published by the Royal 

Society of Chemistry 
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Scanning electron microscopy (SEM) of the emulsion particles agreed well with the DLS 

measurements, showing particle sizes from 50 nm up to 500 nm for all samples. Aside from 

size, the different materials had different shapes; ME-CMP-e and S-CMP1 showed a more 

elongated, tendril-like morphology compared to P10-e, which comprised roughly spherical 

particles. This variation in morphology has previously been observed in emulsion 

polymerisation derived materials72 (Figure 7 B-D) and could be due to the developing 

particle forming within a droplet or at the interface.  

Due the dependence of emulsion droplet size on oil content,67,77 smaller particle sizes could 

be generated by altering the water: toluene ratio of the emulsion used for synthesis. 

However, these reactions gave diminished poly-condensation yields as assayed by UV-

visible spectroscopy and so this was not chosen as a means for increasing photocatalyst 
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Figure 7: (A) Distribution of particle sizes for the emulsion-derived materials by DLS. SEM 

images of ME-CMP-e (B), S-CMP1-e (C) and P10-e (D) recorded at 3 keV, scale bars are 1 µm. 

(E) Stability of the average particle size of the emulsion derived materials, as measured by DLS. 
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surface area. Increasing sonication time and power did not result in smaller particle sizes, 

indicating the conditions used provided sufficient energy for the mini-emulsion to reach a 

pseudo steady state.67 Attempts to remove the sodium dodecylsulfate surfactant by dialysis 

after synthesis resulted in increased flocculation of the samples and so the emulsion-derived 

materials were used without further purification.  

It has been shown that residual palladium from the cross coupling catalyst used in synthesis, 

can play a role in photocatalytic hydrogen production from water78,79 and this is discussed 

further in Chapter 3. The residual palladium content of the polymers was determined by 

inductively coupled plasma - optical emission spectrometry (ICP-OES) (emulsion-derived 

materials) or by inductively coupled plasma – mass spectrometry (ICP-MS) (bulk materials). 

ME-CMP-e, S-CMP1-e and P10-e had levels of 0.542, 0.420 and 0.403 wt. % with respect 

to the polymer, similar to the levels of Pd found in their corresponding bulk polymers 

(0.363, 0.332 and 0.650 wt. %).  

Table 1: Palladium contents and optical properties of the bulk and emulsion-derived materials. 

Material Pd content from ICP  

(wt. %) 

Absorption onseta 

 (nm) 

Emission maximab  

(nm) 

ME-CMP 0.363 ± 0.006c 404 432 

ME-CMP-e 0.542 ± 0.002d 358 396 

S-CMP1 0.332 ± 0.007c 439 465 

S-CMP1-e 0.420 ± 0.003d 409 441 

P10 0.650 ± 0.02cb 481 508 

P10-e 0.403 ± 0.001d 466 513 

a See section 2.4.1 for how onset is extracted from spectra. b λex = 325 nm.  c Pd content measured 

by ICP-MS, average and standard deviation of 3 repeats.    d Pd content measured by ICP-OES, 

average and standard deviation of 5 repeats.   
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UV-Vis spectroscopy (Figure 8) revealed significant differences between the absorption 

profiles for the CMP emulsion-derived particles and their bulk analogues. Bulk ME-CMP 

has an absorption onset of 404 nm while in ME-CMP-e, this is shifted further into the UV 

(358 nm). Similarly, bulk S-CMP1 has an absorption onset of 439 nm, compared to 409 nm 

for S-CMP1-e. It is possible that the lower temperature of the emulsion polymerization 

resulted in a reduced degree of polycondensation compared to the bulk synthesis at higher 

temperature. Lower molecular weights have been observed previously for CMPs that were 

prepared in nonpolar solvents such as toluene at lower temperatures, as compared to the 

same CMP synthesised in aprotic polar solvents, such as DMF, at higher temperatures.80 The 

linear polymers P10 and P10-e showed a smaller difference between their absorption 

profiles with onsets of 481 nm and 466 nm, respectively.  

For linear systems, it has been shown previously that low molecular weight oligomers can 

have similar absorption on-sets to their respective polymer.7 It is possible, therefore, that 

differences in chain length between the linear polymers P10 and P10-e have a more limited 

 

 
A B 

C D 

Figure 8: UV-Vis spectra of the bulk and emulsion-derived materials, ME-CMP and ME-

CMP-e (0.006 mg mL-1) (A), S-CMP1 and S-CMP1-e (0.007 mg mL-1) (B) and P10 and P10-e 

(0.010 mg mL-1) (C), emulsion particles were measured in suspension, bulk samples are measured 

by DRS, all spectra are normalised. Photograph of all materials as photolysis suspensions (D). 
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effect on the absorption on-set as compared to the two CMPs. The insoluble nature of the 

polymers meant full analysis of chain length was not possible, but the effect of chain length 

on absorption and catalytic properties of these materials is discussed in more detail in 

Chapter 3. Photoluminescence spectroscopy was employed to measure the emission 

characteristics of the materials and again showed significant differences between the bulk 

and emulsion-derived materials. The emission maximum of ME-CMP was 432 nm whilst 

the maximum for ME-CMP-e was blueshifted 38 nm to 396 nm. Similarly, the emission of 

S-CMP1 was 465 nm compared to 441 nm for S-CMP1-e. Again, P10 and P10-e were the 

most similar with emission maxima of 508 and 513 nm respectively.  

A sample of P10-e was collected from dispersion by high frequency centrifugation, washed 

with water and dried under vacuum for thermogravimetric and nitrogen sorption analysis. 

Whilst bulk P10 is not a porous polymer, its nitrogen isotherm does show some surface 

adsorption and it has an apparent BET surface area of 56 m2 g -1 (Figure 9). In contrast, the 

dried P10-e material showed negligible adsorption and gave a nominal BET surface area of 

just 7 m2 g -1. This difference may be due to more optimal packing of the small, regularly 

shaped emulsion-derived particles in comparison with the large bulk particles that are fused 

into irregular shapes. The collection and drying of sufficient sample for sorption analysis 

required scale up of the emulsion synthesis by a factor of 10 and samples could not be 

redispersed. Analysis was therefore only performed on the highly active P10-e material. 
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Figure 9: Nitrogen sorption isotherms of P10 and P10-e measured at 77.3 K to 1 bar (desorption 

curves shown as open symbols).  
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Thermogravimetric analysis of P10 and the dried P10-e samples also showed a difference 

between the two materials; P10-e was significantly more stable, with a 50 wt.% loss at a 

temperature of 565 °C, compared to 518 °C for P10.  This is perhaps surprising given the 

assumption, discussed above, that P10-e has a shorter chain length than bulk P10 and 

indicates that the secondary or tertiary structure of P10-e is stabilising the material. This 

may be the result of electrostatic interactions of the dibenzothiophene sulfone units on the 

particles surface or may be due to different chain stacking in the emulsion derived materials. 

The interaction of the material with the pan and the subsequent effect on heat transfer could 

also be responsible.   

 

2.2.2 Photocatalytic hydrogen production using triethylamine  

2.2.2.1 Hydrogen evolution experiments 

The emulsion-derived and bulk polymers were first tested for photocatalytic proton 

reduction using a triethylamine (TEA) sacrificial electron donor as well as a methanol co-

solvent to aid miscibility with the aqueous phase.28 The concentrations of the emulsion-

derived samples were calculated assuming full conversion of the monomer into polymer. 

The emulsion-derived samples (8.3 mL) were added to equal parts TEA and methanol (16.7 

mL), sonicated for 10 minutes and degassed by N2 bubbling for 30 minutes before 
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Figure 10: Thermogravimetric analysis of P10 and P10-e heated at 10 °C min-1 in air. 
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illuminating with a 300 W Xe lamp fitted with either a λ > 295 nm or λ > 420 nm filter. The 

amount of hydrogen produced was measured by gas column chromatography at 

approximately hourly intervals. The concentration of photocatalyst can be highly influential 

to mass normalised hydrogen evolution rates81 (as is discussed further below) and so the 

bulk materials were tested at the same concentration as their emulsion-derived analogues. In 

addition, to account for any surfactant effects, the bulk materials were tested in identical 

conditions to those used in the preparation of the emulsion-derived material; that is the 

appropriate mass of bulk polymer was dispersed in water / toluene (9:1), SDS (10 mg mL-1) 

and K2CO3 (3.5 mg mL-1). To this suspension (8.3 mL) was added equal parts TEA and 

methanol (16.7 mL) to give identical photolysis conditions to those used for emulsion-

derived materials. 

 

Under broadband illumination (λ > 295 nm), all emulsion-derived materials were more 

active than their bulk counterparts. ME-CMP-e was the least active with a hydrogen 

Table 2: Photocatalytic activity of the bulk and emulsion-derived materials. 

Material Polymer concentration 

(mg mL-1) 

HERa λ > 295 nm 

 (mmol h-1 g-1) 

HERa λ > 420 nm 

 (mmol h-1 g-1) 

ME-CMP 0.06 1.72 ± 0.04 0.046 ± 0.002 

ME-CMP-e 0.06 4.40 ± 0.25  0.052 ± 0.001 

S-CMP1 0.07 5.92 ± 0.18 2.59 ± 0.07 

S-CMP1-e 0.07 8.54 ± 0.11 1.84 ± 0.01 

P10 0.1 9.54 ± 0.26 6.13 ± 0.22 

P10-e 0.1 29.46 ± 0.38 14.52 ± 0.31 

aHydrogen evolution rate (HER) determined with catalyst in 25 mL 

aqueous/methanol/triethylamine 1:1:1 (aqueous phase containing water: toluene (9:1), SDS 

surfactant (10 mg mL-1) and Na2CO3 (3.5 mg mL-1) irradiated by 300 W Xe light source fitted 

with the specified band pass filter. HERs were determined from a linear regression fit over 5 

hours and the error is given as the standard deviation of the amount of hydrogen evolved. 
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evolution rate (HER) of 4.4 mmol h-1 g-1, over twice that of the bulk material ME-CMP 

(1.72 mmol h-1 g-1) under equivalent conditions. S-CMP-e was more active, producing 

hydrogen at a rate of 8.54 mmol h-1 g-1 however the improvement over the bulk material was 

smaller (44 %) in this case as the bulk material S-CMP1 had a HER of 5.92 mmol h-1 g-1. 

P10-e was the most active, with a HER of 29.46 mmol h-1 g-1 and was over three times as 

active as the bulk analogue P10 (9.54 mmol h-1 g-1).  
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Figure 11: Hydrogen evolution of emulsion-derived and bulk materials over time in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1). ME-CMP and ME-CMP-e (0.06 mg mL-1) 

using λ > 295 nm (A) or λ > 420 nm (B), SCMP-1 and SCMP-1-e (0.07 mg mL-1)  using λ > 295 

nm (C) or λ > 420 nm (D), P10 and P10-e (0.1 mg mL-1) using λ > 295 nm (E) or λ > 420 nm (F).  
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Using only visible light (λ > 420 nm filter) the photocatalytic behaviour was significantly 

different; neither ME-CMP-e and ME-CMP absorb visible wavelengths and this was 

reflected in very low hydrogen evolution rates of 0.052 mmol h-1 g-1 and 0.046 mmol h-1 g-1 

respectively. SCMP-1 has a more red-shifted light absorption onset and has a 

correspondingly greater HER of 2.59 mmol h-1 g-1 but under these conditions SCMP-1-e has 

lower activity than the bulk (1.84 mmol h-1 g-1). It appears that any increase in active surface 

area in the emulsion-derived material in this instance, is outweighed by the blue shift in 

absorption onset and correspondingly smaller fraction of usable light. Again, P10-e was the 

most active material with a HER of 14.52 mmol h-1 g-1 and, importantly, retained a 2.4-fold 

increase compared to the bulk (6.13 mmol h-1 g-1). It is probable that the smaller blueshift on 

moving from bulk to emulsion-derived material allows the increased surface areas to 

dominate.   

2.2.2.2 Aggregation  

It was noted that the turbidity of the emulsion-derived material dispersions increased when 

under the conditions described for photolysis and indeed post-photocatalytic DLS 

measurements indicated the presence of material with a hydrodynamic diameter of greater 

than a micrometre. Control experiments (Figure 12). revealed that aggregation is not a 

function of light irradiation but occurs within minutes of adding TEA and methanol to the 

emulsion-derived materials.  

For example, the average particle size of a sample of S-CMP1-e increased from 180 nm to 

1937 nm within 2 minutes of adding TEA and methanol to make up the (1:1:1) photolysis 

medium. It should be noted that this latter hydrodynamic radius is not precise as the sample 

contains particle sizes above the measurable range by DLS.82 A similar result was found 

upon addition of methanol only or TEA only. 

Addition of TEA and methanol to the nanoparticle mixtures also resulted in a slight red-shift 

of the UV-Vis absorption spectra of the emulsion derived particles (Appendix, Figure 12). 
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To enable more accurate measurement of larger particles, analysis on the aggregated 

materials was also carried out by static light scattering (SLS, see section 1.7). This also 

allowed comparison with the bulk materials. Although the emulsion-derived materials had 

aggregated in the photolysis medium, they were still smaller than the bulk materials under 

equivalent conditions; Bulk ME-CMP had particle sizes ranging from 2–100 µm while the 

aggregated ME-CMP-e particles were 1–40 µm. Perhaps more significantly, the surface 

area weighted Sauter mean diameter,83 D[3,2] (Section 1.7), decreased from 16.6 µm for the 

bulk polymer to 7.94 µm for ME-CMP-e (Figure 13 and Table 3). 
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Figure 12: Aggregation of ME-CMP-e (A), S-CMP1-e (B) and P10-e (C) upon addition of TEA 

(1 mL) and methanol (1 mL) to the ‘as synthesised’ nanoparticle dispersions (1 mL). Zaverage 

(hydrodynamic radius) measured by DLS.  
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Likewise, bulk S-CMP1 ranged from 1 µm to over 100 µm, with a D[3,2] of 20.7 µm, while 

the emulsion-derived particles, S-CMP1-e, had a maximum size of 20 µm with sub-

micrometer material also present, giving a smaller D[3,2] of 3.69 mm (Figure 13 and Table 

3). The P10 materials gave more multi-modal SLS plots: both the bulk and the emulsion-

derived materials had a large fraction of particles in the 1–20 µm range but the emulsion 

system showed a particularly significant nanoscale fraction ranging from 30 nm to 500 nm. 

This resulted in a lower D[3,2] value of 0.37 µm for P10-e compared to 2.06 µm for bulk 

P10 (Figure 13 and Table 3). Table 1 also shows the relative surface areas of the different 

samples according to their particle distributions. This is not an absolute measure and is only 

valid for comparison between materials since the density of the materials has not been 

measured. The values stated are calculated assuming an arbitrary density of 1 g cm-1.     

Table 3: Particle sizes of the bulk and emulsion-derived materials in the photolysis medium 

Polymer D[3,2]a,b  

(µm) 

Relative Surface Areaa,c 

(m2 kg-1) 

ME-CMP 16.6 361 

ME-CMP-e 7.94 756 

S-CMP1  20.7 290 

S-CMP1-e 3.69  1625  

P10 2.06 2911  

P10-e 0.37 16390 

aBulk and emulsion-derived particle sizes as measured by static light scattering under catalytic 

conditions; polymer dispersed in aqueous/methanol/triethylamine (1:1:1) (aqueous phase 

containing water: toluene (9:1),  SDS surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1). bSauter 

mean diameter (see Equation 1 in Chapter 1, Section1.7.2). c Relative surface area calculated from 

the total particle surface area divided by total particle mass assuming a density of 1 g cm-3. 
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The aggregated particles were also analysed by SEM. Samples of ME-CMP-e, S-CMP1-e 

and P10-e collected from the photolysis mixtures contained a polydisperse mixture of 

particle sizes (Figure 14). All emulsion-derived materials showed microscale aggregates but 

smaller ‘free’ nanoparticles from 50 nm – 1 µm were also present in all three materials. 

These free nanoparticles were not observed in the SLS distributions of ME-CMP-e and (to a 

lesser extent) S-CMP1-e suggesting the limitations of SLS for such polydisperse materials 

(see section 1.7) and indicates that the relative surface areas of the emulsion-derived 

materials in Table 1 are likely to be underestimates compared to the bulk. Even allowing for 

this, we can still see a strong correlation between the measured surface areas and HER 

(Figure 13D); it seems that this factor, coupled with absorption onset, is crucial in 

determining photocatalytic activity in these systems.  
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Figure 13: Particle size distributions of ME-CMP and ME-CMP-e (A), S-CMP1 and S-CMP1-

e (B), P10 and P10-e (C) by static light scattering under catalytic conditions; polymer dispersed in 

aqueous/methanol/triethylamine 1:1:1 (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1). Plot of relative surface area as determined by 

SLS, against HER at λ > 295 nm for the different materials (D).  
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2.2.2.3 Effect of concentration on mass normalised hydrogen evolution rates 

Thus far, the concentration of the polymer used in photocatalytic testing was simply one 

third that of the emulsion polymerisation synthesis concentration. In order to compare the 

emulsion-derived material to other polymer nanoparticles used for photocatalytic hydrogen 

production in literature19,20,23 P10-e was also tested at a concentration of 13 µg mL-1. This 

led to a greatly increased mass normalised hydrogen evolution rate of 60 mmol h-1 g-1, 

similar to the highest reported values for polymer nanodots in the literature. Comparing the 

actual amounts of hydrogen produced across the 13 µg mL-1 and the original 100 µg mL-1 

 

Figure 14: SEM images of ME-CMP-e (A), S-CMP1-e (B) and P10-e (C) collected from the 

photolysis mixture recorded at 3 keV.  Scale bars are 1 µm. 
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experiments (Figure 15), it is clear to see that the latter is within the saturated regime of 

catalyst concentration whereby increasing the amount of photocatalyst does not lead to a 

corresponding linear increase in hydrogen evolution rate. As argued by Kisch in 2010,81 care 

must therefore be taken when comparing mass normalised hydrogen evolution rates as a 

small difference in the concentrations used for testing can lead to vastly different mass 

normalised rates. Although these mass normalised rates are interesting in understanding the 

inherent activity of a material, the field is arguably yet to reach a stage where amount of 

catalyst required is a limiting factor, rather than more immediate issues such as lifetime, low 

rates and the requirement for sacrificial agents. Given that we are yet to reach the 10% solar 

to hydrogen target discussed in Section 1.7, an arguably more practical measure might focus 

on the total amount of hydrogen produced by a system for a given number of incident 

photons. This is the basis of external quantum efficiencies.   

2.2.2.4 External Quantum Efficiency 

External quantum efficiency (EQE) is defined in Chapter 1 Section 1.7.1 and represents the 

percentage of photons incident on a device that are absorbed by the semi-conductor catalyst 

and go on to successfully reduce a proton. Two such events are required to produce one 

Figure 15: Hydrogen evolution of P10-e at different concentrations.   
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molecule of hydrogen. At a concentration of 0.1 mg mL-1, using a pathlength of 1 cm, P10-e 

had an EQE at 420 nm of 5.8 ± 0.2%, over twice that of the bulk material under equivalent 

conditions (2.3 ± 0.1%). However, this was significantly lower than the maximum EQE for 

bulk P10, measured previously as 11.6%.28 It was presumed this drop was due to the much 

lower (1/10) concentration of catalyst and therefore P10-e was also measured at a 

concentration of  > 1 mg mL-1. Under these conditions, P10-e had a similar activity to P10, 

with an EQE = 12.7%. It was noted, however, that the suspension of P10-e remained 

significantly more transparent than the bulk equivalent, potentially allowing a significant 

fraction of the light incident on the device to pass straight through. EQE does not take into 

account any light lost by transmission through the sample. P10-e was therefore also 

measured in cells with increased path lengths of 2 cm and 5 cm (previously 1 cm) to 

investigate the effect of reduced transmission. As expected, the EQE of P10-e increased with 

the path length of cell used (Table 4) such that a maximum EQE of 20.4 % was determined. 

This is amongst the highest EQE of any polymer photocatalyst18 although significantly lower 

than the most active carbon nitride materials, which can reach greater than 50% 

efficiency.84,85  

 

Table 4: External Quantum Efficiencies of P10 and P10-e at 420 nm 

Material Concentration 

(mg mL-1) 

Path Length 

(cm) 

EQEa 

(%) 

P10 0.1 1.0 2.3 ± 0.1 

P10-e 0.1 1.0 5.8 ± 0.2 

P10-e 0.1 2.0 10.5 ± 1.0 

P10-e 0.1 5.0 14.2 ± 0.2 

P10-e >  1 1.0 12.7 ± 0.8 

P10-e > 1 5.0 20.4 ± 0.4 

a Average EQE over a 5 hour experiment error given by the standard deviation. 



88 

 

2.2.3 Photocatalytic hydrogen production using alternative sacrificial electron 

donors 

2.2.3.1 Particle size in different systems 

If the emulsion-derived particles could be prevented from aggregating under photocatalytic 

conditions, it was thought that the resulting increase in surface area might lead to even 

higher hydrogen evolution rates. To explore this possibility, the particle sizes of the 

emulsion-derived materials was measured using a number of different sacrificial electron 

donors.  

Triethanolamine (TeOA) has been used as sacrificial electron donor for many organic 

photocatalysts86 and, unlike triethylamine, is fully miscible with water so can be utilised 

without a methanol co-solvent. The ‘as synthesised’ emulsion-derived materials (1 mL) 

added to a 10 vol.% TeOA solution (2 mL) were stable to aggregation. In fact, particle sizes 

reduced. This could be due to the 1/3 dilution, or the amphiphilic structure of TeOA could 

facilitate a surfactant-like effect, preventing flocculation.  DLS indicated ME-CMP-e had a 

hydrodynamic diameter of 94 nm compared to 248 nm as synthesised. Similarly, S-CMP1-e 

reduced from 180 nm as synthesised to 88 nm in the TeOA solution. As previously, P10-e 

had the smallest particles; 59 nm (verses 156 nm as synthesised).  

(L)-Ascorbic acid is also commonly used as a sacrificial electron donor27,86 and the 

emulsion-derived materials (1 mL) added to a solution of ascorbic acid (2 mL, 0.1 M) 

appeared to be stable to aggregation. Particle sizes were similar to those ‘as synthesised’; 

hydrodynamic diameters by DLS were 209, 226 and 160 nm for ME-CMP-e, S-CMP1-e 

and P10-e respectively (Figures 16).  
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Figure 16: Distribution of particle sizes for the emulsion-derived materials by DLS in the 

presence of a TeOA (A) or ascorbic acid (B) sacrificial electron donor.  
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2.2.3.2 Hydrogen evolution using ascorbic acid as an electron donor 

The emulsion-derived materials were tested using an ascorbic acid donor, at the same 

polymer concentration as described in section 2.2.2.1 Table 2. The emulsion-derived 

samples (8.3 mL) were added to ascorbic acid solution (0.1 M, 16.7 mL), sonicated for 10 

minutes and degassed by N2 bubbling for 30 minutes before illuminating with a 300 W Xe 

lamp. ME-CMP-e and S-CMP1-e were tested using a λ > 295 nm filter and had HERs of 

148 and 2662 µmol h-1 g-1 respectively. These values were similar to the bulk materials under 

equivalent conditions (218 and 1818 µmol h-1 g-1) and considerably lower than the rates of 

the materials using a triethylamine donor (Table 2). P10-e was tested under visible light (λ > 

420 nm) and showed a hydrogen evolution rate of 2089 µmol h-1 g-1, less than half that of the 

P10 bulk under the same conditions. It appears that the reduced size of the emulsion-derived 

materials in this system does not lead to increased performance.   

Table 5: Particle sizes of the emulsion-derived materials in various sacrificial electron donors. 

Material Size as synthesiseda 

(nm) 

Size in TeOA 

solutionb 

(nm) 

Size in ascorbic acid 

solutionc 

(nm) 

ME-CMP-e 248 94 209 

S-CMP1-e 180 88 226 

P10-e 180 59 160 

aHydrodynamic diameter (Zav) from DLS of the emulsion-derived materials at the concentrations 

used for synthesis. bHydrodynamic diameter (Zav) from DLS of the emulsion-derived material 

(1 mL) added to 10 vol. % TeOA (2 mL). cHydrodynamic diameter (Zav) from DLS of the 

emulsion-derived material (1 mL) added to ascorbic acid solution (2 mL, 0.1 M). 
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2.2.3.3 Hydrogen evolution using a TeOA electron donor 

The polymer photocatalysts were tested using a triethylamine sacrificial electron donor; the 

as synthesised suspensions (8.3 mL) were added to triethanolamine solution (16.7 mL, 

10 vol. %) sonicated for 10 minutes and degassed by N2 bubbling for 30 minutes before 

illuminating with a 300 W Xe lamp. ME-CMP-e and S-CMP1-e were again tested using a 

λ > 295 nm filter, whilst P10-e was tested using only visible light (λ > 420 nm). Under these 

conditions, the emulsion-derived materials performed much worse than their bulk analogues 

with HERs of 34, 102 and 501 µmol h-1 g-1 compared to 82, 3583 and 6832 µmol h-1 g-1 for 

the corresponding bulk polymers. This was despite the significantly smaller particle sizes of 

the emulsion-derived materials in this system.  
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Figure 17: Hydrogen evolution of emulsion-derived and bulk materials over time in 25 mL, made 

up of ‘synthesis liquor’ (8.3 mL) added to ascorbic acid solution (16.7 mL, 0.1 M), ‘(synthesis 

liquor’ containing water: toluene (9:1), SDS surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1). (A)  

ME-CMP-e and ME-CMP using λ > 295 nm. (B)  S-CMP1-e and S-CMP1 using λ > 295 nm. 

(C)  P10-e and P10 using λ > 420 nm.  
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Based on these results, it appears that the relationship between particle size and overall 

photocatalytic rate is complex and not solely determined by surface area. This indicates that 

reducing particle size indefinitely may not increase activity and that other factors such as 

light transmission and light scattering need to be considered.  
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Figure 18: Hydrogen evolution of emulsion-derived and bulk materials over time in 25 mL, made 

up of ‘synthesis liquor’ (8.3 mL) added to triethanolamine solution (16.7 mL, 10. vol %), 

‘(synthesis liquor’ containing water: toluene (9:1), SDS surfactant 10 mg mL-1 and Na2CO3 3.5 

mg mL-1). (A)  ME-CMP-e and ME-CMP using λ > 295 nm. (B)  S-CMP1-e and S-CMP1 using 

λ > 295 nm. (C)  P10-e and P10 using λ > 420 nm.  
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2.2.4 Aggregation and solvent effects 

Across the previous experiments, the most successful photocatalytic system was a mixture of 

free nanoparticles and aggregated material; the emulsion-derived P10-e added to a 1:1 

mixture of TEA and methanol. It has been shown previously that an induction period with an 

accompanying degree of aggregation was required for photocatalysis in nanoparticle 

systems19  albeit over much smaller particle sizes than described here. It is therefore possible 

that the aggregates in the TEA / methanol system are crucial to improved evolution rate, 

possibly due to light scattering effects;87 that is, reflection within the polymer suspension 

leads to greater catalytically productive capture of light, rather than unproductive 

transmission. 

Table 6: Photocatalytic activity of the bulk and emulsion-derived materials using alternative 

donors 

Material Polymer concentration 

(mg mL-1) 

HER               

Ascrobic Acid donora  

 (mmol h-1 g-1) 

HER   

Triethanolamine 

donorb  

 (mmol h-1 g-1) 

ME-CMP 0.06 0.22 ± 0.01 c 0.082 ± 0.003 c 

ME-CMP-e 0.06 0.15 ± 0.01 c  0.034 ± 0.003 c 

S-CMP1 0.07 1.82 ± 0.04 c 3.58 ± 0.62 c 

S-CMP1-e 0.07 2.66 ± 0.05 c 0.10 ± 0.02 c 

P10 0.1 4.53 ± 0.07 d 6.83 ± 0.26 d 

P10-e 0.1 2.09 ± 0.02 d 0.50 ± 0.06 d 

aHydrogen evolution rate (HER) determined with suspension (25 mL), made up of emulsion-

derived material (8.3 mL) added to ascorbic acid solution (16.7 mL, 0.1 M), or b Hydrogen 

evolution rate (HER) determined with suspension (25 mL), made up of emulsion-derived material 

(8.3 mL) added to triethanolamine solution (16.7 mL, 10 vol. %), irradiated by 300 W Xe light 

source. c λ > 295 nm filter. d λ > 420 nm filter. 
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2.2.4.1 Salt induced aggregation 

Increasing the concentration of ions of water is known to induce aggregation in some 

nanoparticle systems.88   An attempt was therefore made to induce aggregation in the, 

otherwise stable, TeOA donor system by adding sodium chloride. Visible aggregation 

occurred within 30 minutes upon addition of 1 g of sodium chloride to 25 mL of the TeOA 

donor system (as described in section 2.2.4.3). Before salt addition, the average P10-e 

hydrodynamic radius was measured as 59 nm by DLS. The particle size of the mixture was 

too large for analysis by DLS, but SLS measurement indicated an average particle size of 

4 µm (Figure 19).   

The hydrogen evolution rate of the system with salt added was found to increase to 

1223 µmol h-1 g-1; that is, more than twice that of the un-aggregated system (Figure 20A). 

The ionic content of water has also been shown to influence the photocatalytic activity of 

some carbon nitride systems, possibly due to interaction between photogenerated electrons 

and ions.89 However, a control reaction of bulk P10 under the same conditions showed 

minimal variation with and without salt added (Figure 20B). This suggests that the 
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Figure 19: Particle size distribution of P10-e in the TeOA donor system (Section 2.2.3.3) after 

the addition of NaCl (40 mg mL-1) by static light scattering.  
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difference in activity between P10-e with and without salt is indeed an aggregation effect, 

rather than stemming from the medium conductivity.  

 

 

2.2.4.2 Removal of toluene 

In relating particle size to active area of a photocatalyst, it is often assumed or left implicit 

that there is perfect contact between the polymer and the water or sacrificial electron donor. 

Dibenzothiophene sulfone-bearing polymers, such as P10, are among the most widely 

studied materials for hydrogen evolution5,27,28,90 and it has been suggested that the 

hydrophilicity of this monomer is particularly important for its generally high activity.28 

However, in a two-phase toluene in water system, these polymers may still show a strong 

affinity for the oil phase. In principle, residual toluene could therefore be limiting proton 

reduction in the TeOA system by coating the polymer photocatalyst and inhibiting 

interaction with the aqueous phase. The amphiphilic structure of TeOA may exacerbate this 

effect by stabilising a two-phase system. This would not be an issue in the TEA system due 

to the addition of large amounts of miscibilising methanol. To investigate this effect, a 

sample of P10-e was treated by high speed centrifugation several times to remove all 

residual toluene. When redispersed in 10 vol.% TeOA by sonication, these particles showed 

a very similar size to ‘as synthesised’ (66 nm vs 59 nm Figure 21A). This sample was then 

tested for hydrogen evolution in the TeOA system and activity was found to increase 13-fold 

0 1 2 3 4 5 6
0

2000

4000

6000

8000
l > 420 nm

 P10-e

 P10-e + NaCl

H
y
d

ro
g
e

n
 E

v
o

lv
e
d

 (
m

m
o
l 
g

-1
)

Time (h)

0 1 2 3 4 5

0

5000

10000

15000

20000

25000

30000

35000 l > 420 nm

 P10

 P10 + 1g NaCl

H
y
d

ro
g
e

n
 E

v
o

lv
e
d

 (
m

m
o
l 
g

-1
)

Time (h)

A B

 

Figure 20: Hydrogen evolution of P10-e (A) and P10 (B), with and without the addition of NaCl 

(40 mg mL-1).   
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from 0.5 to 6.9 mmol h-1 g-1. This was, however, still less than half the rate of the 

TEA/MeOH based system.  

2.2.4.3 Deposition onto silica 

Although the improvement upon toluene removal is significant, the rate of P10-e is still very 

similar to that of the bulk, despite its vastly reduced particle size, and is significantly lower 

than the TEA system. To better mimic the aggregated material in the high-performing TEA 

system, a sample of toluene-free P10-e was deposited onto silica colloids. Elemental 

analysis of this material indicated 33% P10-e by mass and analysis by SLS showed a highly 

polydisperse sample with particle sizes from 300 nm to 200 µm (Figure 22A). Photocatalytic 

testing in the TeOA system showed an increased HER of 9.0 mmol h-1 g-1 (normalised to the 

mass of the polymer) indicating that larger particle sizes may be beneficial for light capture 

which in this case seems to outweigh any decrease in particle size (Figure 22B). A control 

reaction of silica colloids in the TeOA system produced no hydrogen upon irradiation. Given 

that silica is an insulator, we suggest that this effect stems from light scattering by the silica 

colloids, suggesting strategies where inert, scattering colloids might be used to enhance the 

HER of colloidal catalysts for water splitting. 
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Figure 21: (A) Particle size distribution and (B) Hydrogen evolution of P10-e before (black) and 

after (red) full removal of toluene.  
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2.3 Conclusions 

In summary, the work in this chapter suggests that reducing particle size is an effective way 

of increasing the photocatalytic activity of polymer particles, at least up to a point. Mini-

emulsion polymerisation was shown to be an effective method of synthesising small particle 

analogues of otherwise unprocessable, insoluble bulk polymers but there were some 

drawbacks to using this method; Polymerisation appeared to be inhibited by the mini-

emulsion conditions, resulting in materials with shorter chain lengths and correspondingly 

blue shifted absorption profiles. This appeared to be particularly significant in CMP 

materials where the reduced light absorption of ME-CMP-e and S-CMP1-e led to reduced 

hydrogen evolution rates under visible light compared to the bulk materials. This was in 

contrast to HERs for these materials when including UV light (λ > 295 nm), where they 

outperformed the bulk materials—presumably because, under these conditions, the increased 

surface area of the emulsion-derived materials outweighs their inferior absorption 

characteristics. The polymerisation of the linear material, P10, seemed to be less affected by 

the emulsion conditions with only a small blue-shift in absorption onset from the bulk 

material. Whether this is due to P10-e reaching higher molecular weights than the CMPs or 

whether the absorption profile of P10 is more similar to its shorter chain length analogues is 

currently unknown,although this point is explored further in Chapter 3. In either case, it 

appears that mini-emulsion polymerisation may be better suited for the synthesis of organic 

photocatalysts that contain visible light absorbing chromophores. This could reduce the 

reliance on high polycondensation yields to give sufficiently red-shifted absorption spectra. 
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Figure 22: Particle size distribution by SLS (A) and hydrogen evolution (B) of P10-e deposited 

onto silica colloids. 
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Perhaps unsurprisingly, it was found that interactions between the polymer and water or 

polymer and scavenger are particularly important for catalytic activity and that the residual 

toluene from the emulsion synthesis could inhibit hydrogen production. Whilst this could be 

avoided by the careful removal of toluene through repeated centrifugation, it highlights the 

potentially detrimental effect of hydrophobic groups or molecules that could ‘coat’ 

photocatalysts or otherwise render them more hydrophobic, inhibiting contact with water. 

This suggests great care should be taken when modifying materials with, for example, alkyl 

chains to improve solubility, that improvements in processability do not come at the cost of 

wettability. Similarly, the selection of components for more complex systems involving dye 

sensitisation or redox shuttles should consider these colloidal interactions.  

Interestingly, studies of photocatalysts in different scavenger systems found that the 

relationship between decreased particle size and increased hydrogen production rate was not 

a simple linear correlation. Whilst increased surface area was in general beneficial, the most 

active system studied here contained a highly polydisperse mixture of large, micron-sized 

aggregates and ‘free’ nanoparticulate material. The reason for this is not clear but may in 

part be due to light scattering effects. Scattering layers have been widely employed in solar 

cells to increase the proportion of light that interacts with a photoactive layer.87 In these 

materials, particles with sizes equivalent to the wavelength of light scatter incoming 

photons, reducing the fraction that pass through the device without being absorbed. It is 

possible the particle sizes of the emulsion-derived photocatalysts using a TeOA scavenger 

(circa. 60 nm for P10-e) are too small to provide optimal interaction with the λ > 295 nm 

irradiation, with a significant proportion of the light passing straight through the suspension. 

This would be consistent with the EQE measurements whereby increasing the path length of 

the measurement cell increased the hydrogen production efficiency for a given incident light. 

Maximising light absorption has been considered in photoelectrochemical cell design for 

many years, with the reduced exciton diffusion lengths of thin films, or nanoscale materials 

being balanced against optimal interaction with light.91,92 It also possible that the presence of 

polydisperse aggregates provides some advantages in term of electronics. It has been 

claimed that a composite material of small and large particles of the same crystalline TiO2 

phase can take advantage of the differing band positioning in the bulk and nanoparticulate 

material to form a so called ‘homojunction’.93 This was thought to aid spatial charge 

separation and reduce recombination resulting in an increased hydrogen evolution rate of the 

composite material over the individual small and large components. 

Nanoparticles can be used as a model system to investigate the relationship between 

structure and activity, but the high hydrogen evolution rates achieved here, and in other 
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systems, suggests that polymer nanoparticles also have the potential to be used in practical 

solar fuels applications. One issue with previous polymer nanoparticle systems is that of 

longevity; some of the most active materials in the literature based on mass-normalized 

HERs20,22,23 have been shown to produce hydrogen for just 2–12 hours before significant or 

total loss of activity occurred. These are significantly shorter timescales than many bulk 

organic materials such as benzothiadiazole-bearing polymers,38 most carbon nitride 

photocatalysts26 or even many crystalline materials such as COFs.27,45,94,95 The reason for the 

loss of nanoparticle activity has often not been explored but in some cases deactivation has 

been ascribed to aggregation.19,20 Whilst aggregation occurs rapidly in the TEA/MeOH 

system, it did not seem to inhibit photocatalysis. Alternatively, chemical breakdown of the 

catalyst may occur: indeed, the difference in hydrogen production longevity between ME-

CMP-e, S-CMP1-e and P10-e (see appendix Figure 23 and 24) does suggest that chemical 

differences may play a role in the photocatalysts’ stability to irradiation or scavenging 

conditions. Clearly, the maximised active surface areas and small catalysts loadings of 

nanoparticle systems would be particularly affected by chemical instability but, at least in 

the case of P10-e, the timescale for photocatalytic activity is similar to that of P10. Its 

sustained hydrogen production over 50 hours shows that polymer nanoparticles can be as 

stable photocatalysts as bulk materials. It is perhaps significant that some of the short-lived 

examples in literature19,20  use polymers that show limited stability (< 2 hours) even in the 

bulk. This suggests that carefully choosing the chemical structure of a photocatalyst may be 

the most important factor in determining catalyst longevity, rather than there being an 

inherent instability associated with nanoparticle-based systems.  

Another potential issue with nanoparticle photocatalysts is concentration. Polymer 

nanoparticles are often tested at very low catalysts loadings. This, as discussed above, can 

lead to very high hydrogen evolutions rates when normalised to catalyst mass, but very little 

hydrogen actually being produced per unit area irradiated. P10-e, however, shows good 

activity when tested at higher concentrations meaning that very high optimised EQE values 

of 20.4% can be achieved.  
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2.4 Experimental 

2.4.1 General Procedures  

Nuclear Magnetic Resonance Spectroscopy 

Solution state 1H and 13C{1H} Nuclear magnetic resonance spectra were recorded at 400 and 

75 MHz respectively using a Bruker Avance 400 NMR spectrometer. 

Mass Spectrometry  

High resolution mass spectrometry was performed on an Agilent Technologies 6530B 

accuratemass QTOF mixed ESI/APCI mass spectrometer (capillary voltage 4000 V, 

fragmentor 225 V) in positive-ion detection mode.   

 

Thermogravimetric Analysis 

Thermogravimetric analysis was performed on an EXSTAR6000 by heating samples at 

10 °C min-1 under air in open platinum pans from room temperature to 800 °C. 

Sorption Analysis 

Surface areas were measured by nitrogen adsorption and desorption at 77.3 K. Powder 

samples were degassed offline at 110 °C for 15 hours under dynamic vacuum (10-5 bar) 

before analysis. Isotherms were measured using Micromeritics 2420 volumetric adsorption 

analyser. Surface areas were calculated in the relative pressure (P/P0) range from 0.07 to 

0.35 of the adsorption branch. 

Inductively Coupled Plasma Mass Spectrometry  

Palladium contents were determined by by ICP-MS using a Perkin Elmer ICP MS NexION 

2000. Samples (5 mg) were digested in nitric acid (70 wt. %, 10 mL) using a Perkin Elmer 

Microwave Titan prior to analysis and diluted to a minimum volume of 50 mL. Instrument 

has 1 ppb (0.0000001 wt. %) baseline with respect to the digested sample solution, therefore 

‘useable’ limit is 10 ppm  (0.001 wt. %) with respect to the sample 

Dynamic Light Scattering  

Dynamic light scattering measurements were performed on a Malvern Zetasizer Nano 

Particle Sizer, at 25 °C, in aqueous solutions or with the addition of triethylamine (TEA), 

methanol (MeOH) or triethanolamine (TeOA) as described. Three measurements, each of 12 

scans, were taken for each sample and the average calculated. A polymer refractive index of 

1.59 and absorbance of 0.01 was used for all samples. Measurements in aqueous solution 
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were fitted using the Malvern ‘Generic latex’ standard operating procedure with solvent 

refractive index of 1.330 and viscosity 0.8872 cP. Measurements in Water/MeOH/TEA 

mixtures were fitted with a modified operating procedure with solvent refractive index of 

1.337 and viscosity 1.646 cP. Measurements in a 10% TeOA mixture were fitted with a 

modified operating procedure with solvent refractive index 1.013 and viscosity of 1.347 cP. 

Static Light Scattering  

Static light scattering measurements were performed on a Malvern Mastersizer 3000 Particle 

Sizer, polymers were dispersed in water/methanol/triethylamine (1:1:1) mixture by 10 

minutes of ultrasonication and the resultant suspensions were injected into a stirred Hydro 

SV quartz cell, containing more of the Water/MeOH/TEA mixture, to give a laser 

obscuration of 2 – 8%. Particle sizes were fitted according to Mie theory, using the Malvern 

‘General Purpose’ analysis model, for non-spherical particles with fine powder mode turned 

on. A polymer refractive index of 1.59, polymer absorbance of 0.1 and solvent refractive 

index of 1.337 were used for fitting. 

 

Scanning Electron Microscopy 

Imaging of the polymer morphology was achieved on a Hitachi S4800 Cold Field Emission 

SEM, with secondary electron and backscatter detectors. SEM samples of the bulk were 

dropped as powder, whilst nanoparticles were dropped from aqueous dispersion onto 

conductive carbon, and coated with gold using a sputter coater. SEM images were recorded 

at 3 keV. 

Fluorescence Spectroscopy 

The fluorescence spectra of the oligomers were measured with a Shimadzu RF-5301PC 

fluorescence spectrometer at room temperature. Bulk samples were measured as powders in 

the solid state whilst the emulsion particles were measured as suspensions. 
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UV-Visible Absorption Spectroscopy 

The UV-Visible diffuse reflectance spectra of bulk samples were measured as powders in 

the solid state and the absorption spectra of the emulsion particles were measured as 

suspensions at room temperature on a Shimadzu UV-2550 UV-Vis spectrometer. Absorption 

onset was measured from the intersection of a tangent to the steepest slope of the onset with 

a tangent to the scattering tail, as shown in Figure 23.   

Hydrogen Evolution Experiments 

Water for nanoparticle synthesis and hydrogen evolution experiments was purified using an 

ELGA LabWater system with a Purelab Option S filtration and ion exchange column (ρ = 15 

MΩ cm) without pH level adjustment. A quartz flask was charged with the catalyst and 

dispersants as described and sealed with a septum. The resulting suspension was 

ultrasonicated until the photocatalyst was dispersed before degassing by N2 bubbling for 30 

minutes. For standard measurements, the reaction mixture was illuminated with a 300 W 

Newport Xe light-source (Model: 6258, Ozone free) for the time specified. The lamp was 

cooled by water circulating through a metal jacket. Gas samples were taken with a gas-tight 

syringe, and run on a Bruker 450-GC gas chromatograph equipped with a Molecular Sieve 

13X 60-80 mesh 1.5 m × ⅛” × 2 mm ss column at 50 °C with an argon flow of 40.0 mL 

min-1. Hydrogen was detected with a thermal conductivity detector referencing against 

standard gas with a known concentration of hydrogen. Hydrogen dissolved in the reaction 

mixture was not measured and the pressure increase generated by the evolved hydrogen was 

neglected in the calculations. 

 

Figure 23: Measurement of absorption onset. 
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External Quantum Efficiency 

EQEs were measured using a 420 nm (± 10 nm, fwhm) LED. P10-e and dispersant were  

sonicated for 10 minutes. The mixture was transferred into a quartz cell, sealed with a 

septum and degassed for 30 minutes before illuminating with the LED. Light intensity was 

measured at the front of the cell using a ThorLabs probe and the hydrogen produced was 

measured as above. Efficiency was calculated as the incident photon to hydrogen conversion 

yield. Illuminated area was 8 cm and light intensity varied from 15-19 W m-2 between 

experiments. 

2.4.2 Synthesis 

All reagents were obtained from Sigma-Aldrich or Key Organics and used as received. 

Water for nanoparticle synthesis was purified using an ELGA LabWater system with a 

Purelab Option S filtration and ion exchange column (ρ = 15 MΩ cm) without pH level 

adjustment. Reactions were carried out under nitrogen atmosphere using standard Schlenk 

techniques.  

3,7-Dibromodibenzo[b,d]thiophene sulfone  

Dibenzo[b,d]thiophene sulfone (20.0 g, 92.5 mmol) in sulfuric acid (98%, 600 mL) was 

heated in a nitrogen purged flask to 70 °C. In the dark N-bromosuccinimide (35.6 g, 200 

mmol) was added in several portions and the solution stirred for 24 h. The mixture was 

carefully added to water with cooling and then extracted with chloroform, washed with 

brine, dried with magnesium sulfate and filtered. After evaporation a mixture of 

3,7-dibromodibenzo[b,d]thiophene sulfone and 3-bromodibenzo[b,d]thiophene sulfone was 

obtained. 3,7-dibromodibenzo[b,d]thiophene sulfone was isolated by crystallisation from 

chlorobenzene as a white powder (22.5 g, 60.2 mmol, 65%). 1H NMR (400 MHz, CDCl3): 

δ(ppm) = 7.94 (d, J 2.0 Hz, 2H), 7.78 (dd, J 7.5, 2.0 Hz, 2H), 7.64 (d, 7.5 Hz, 2H). 13C {1H} 

NMR (75 MHz, CDCl3): δ(ppm) = 138.93 (quaternary), 137.14, 129.63 (quaternary), 

125.62, 124.64 (quarternary), 122.94. Anal. Calcd for C12H6Br2O2S: C, 38.53; H, 1.62; S, 

8.57 %; Found: C, 38.48; H, 1.71; S, 8.67 %. HR-MS Calcd for [C12H6Br2O2S + Na]+: m/z = 

394.8353, 396.8333, 398.8312; found: m/z = 394.8342, 396.8333, 398.8297. 

3,7-Dibenzo[b,d]thiophene sulfone diboronic acid bis(pinacol) ester:  

3,7-Dibromodibenzo[b,d]thiophene sulfone (935 mg, 2.5 mmol), bis(pinacolato)diboron 

(1.50 g, 5.9 mmol), potassium acetate (586 mg, 6.0 mmol) and [Pd(dppf)Cl2] (27.4 mg, 

0.038 mmol, 1.5 mol%) were added to a dried flask, dried under vacuum for 5 minutes and 

then purged with N2. N,N-Dimethylformamide (25 mL) was added via syringe and the 
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solution was stirred under nitrogen at 90 °C overnight. The solution was added to water (100 

mL) and the product extracted with ethyl acetate. The organic phase was washed with 

hydrochloric acid (1 M, 50 mL), dried with magnesium sulfate and filtered. After 

evaporation the crude product was recrystallised from acetonitrile to give light brown 

crystals of 3,7-dibenzo[b,d]thiophene sulfone diboronic acid bis(pinacol) ester (564 mg, 1.2 

mmol, 48%).1H NMR (400 MHz, CDCl3): δ(ppm) = 8.28 (s, 2H), 8.05 (d, J 7.5 Hz, 2H), 

7.80 (d, 2H), 1.36 (s, 24H). 13C {1H} NMR (75 MHz, CDCl3): δ(ppm) = 140.07, 137.53 

(quaternary), 133.78 (quaternary), 128.42, 121.07, 84.57, 24.88. Signals for carbons bonded 

to boron were not observed due to C-B coupling. Anal. Calcd for C24H30B2O6S: C, 61.57; H, 

6.46; S, 6.85 %; Found: C, 61.58; H, 6.43; S, 6.75 %. HR-MS Calcd for [C24H30B2O6S + 

Na]+: m/z = 491.1847; found: m/z = 491.1855. 

Representative synthesis of mini-emulsion particles:  

The monomers were dissolved in toluene (16 mL) and degassed by nitrogen bubbling for 30 

minutes. An aqueous solution (144 mL) of sodium n-dodecyl sulfate (10 mg mL-1) and 

sodium carbonate (3.5 mg mL-1) was degassed by nitrogen bubbling for 30 minutes. 

[Pd(PPh3)4] (5 mg, 6.83 µmol) was added to the organic phase followed by the aqueous 

solution. The mixture was sonified with a Branson 550 W digital sonifier at 40% power for 2 

minutes. The emulsion was then degassed for a further 10 minutes before heating to 90 °C 

for 16 hours. The emulsion was filtered through paper (Whatman® general use) and the 

nanoparticles used as synthesised.  

ME-CMP-e  

Monomers: 1,3,5-phenyl triboronic acid tri(pinacol) ester (40.1 mg, 0.88 mmol) and 4,4’-

dibromobiphenyl (41.2 mg, 0.132 mmol).  

S-CMP1-e 

Monomers: 1,3,5-phenyl triboronic acid tri(pinacol) ester (40.1 mg, 0.88 mmol) and 3,7-

dibromodibenzo[b,d]thiophene sulfone (49.4 mg, 0.132 mmol).  

P10-e 

Monomers: 3,7-dibenzo[b,d]thiophene sulfone diboronic acid bis(pinacol) ester (51.5 mg. 

0.11 mmol) and 3,7-dibromodibenzo[b,d]thiophene sulfone (41.2 mg, 0.11 mmol). 
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Chapter 3: Well-defined Conjugated 

Oligomers for Photocatalytic 

Hydrogen Production 
 

All materials in this chapter were synthesised by the author except for PFP, PSP and MFM, 

which were prepared by Dr Reiner Sebastien Sprick. All materials characterisation and 

testing was carried out by the author apart from single crystal X-ray diffraction, where the 

data was collected and structures solved by Dr Marc Little. Transient absorption 

measurements and analysis were carried out by Dr Michael Sachs (Imperial College 

London) and (TD)-DFT calculations were performed by Dr Liam Wilbraham and Dr Martijn 

Zwijnenburg (University College London). 
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3.1. Introduction 

3.1.1 Oligomers for hydrogen production 

The majority of organic materials investigated for hydrogen production are polymeric 

materials with extended covalent structures in either one dimension (linear polymers) or two 

dimensions (gC3N4, CMPs, CTFs and COFs). Much effort has been focused on optimising 

the degree of polymerisation of these materials, particularly gC3N4,
1 where it has been shown 

that materials with a higher degree of polymerisation have narrowed band gaps,2,3 increased 

crystallinity4,5 and improved charge transport properties.6 Whilst highly condensed carbon 

nitrides with high C : N ratios have been shown to have some of the highest external 

quantum yields of any organic photocatalysts,2,6–8 it is also frequently argued that decreasing 

the extent of polymerisation can be beneficial to photocatalysis9 as this leads to an increase 

in the number of terminating ‘defect’ groups, which can improve hydrophilicity10 or may act 

as the active site for catalysis.11 Indeed, melamine derived low-molecular weight carbon 

nitride oligomers have been shown to be more active than their polymer analogues, which 

was ascribed to an increased number of chain terminating amine groups.12 These two 

essentially contradictory approaches underscore the difficulty in designing materials of this 

type from first principles. 

The high temperature conditions employed for carbon nitride synthesis means that it is 

difficult to control chain length, without also altering the prevalence of defects. The 

insoluble nature of the final materials also means that they are also difficult to characterise 

and, thus, the extent of the covalent network as well as the functional groups present are 

poorly defined. As well as unreacted amine groups, cynamide and oxygen bearing groups 

can form through thermal depolymerisation or reaction with precursor impurities or trace 

water during high temperature synthesis in air.11  As such, limited conclusions can be drawn 

about the relationship between polymer chain length and photocatalytic activity for carbon 

nitrides, and this is essentially intrinsic to that chemistry. Conjugated polymers synthesised 

by lower temperature solution-based methods have reduced potential to form defect groups, 

although end groups may still persist. Like carbon nitrides, the resulting products are often 

also insoluble. Well-defined oligomeric materials, by contrast, offer a way of systematically 

investigating the effects of chain length on photocatalytic activity using materials that can be 

characterized at the atomistic level – sometimes, as here, by single-crystal X-ray diffraction.  

Shortly after their initial investigations into poly(p-phenylene),13 Yanagida et al. showed that 

analogous short chain oligomers (n = 2 – 6) were also (very modestly) active for proton 

reduction.14  Despite the extensive use of solid-state single molecules and oligomers in 

organophotoredox reactions15–19 and in organic photovoltaics,20,21 studies into heterogeneous 
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oligomer photocatalysts for light-driven hydrogen evolution have been limited since this 

initial work. As for the aforementioned low-molecular weight carbon nitrides,12 the covalent 

triazine bearing framework, CTF-1, Figure 1, was shown to be significantly less active than 

the related phenyl-triazine oligomers produced when its 1,4-dicyano precursor was 

condensed at a lower synthesis temperature.22 The increased activity of the shorter chain 

lengths was again ascribed to the oligomers higher ratio of terminating (in this case) cyano 

groups, which resulted in a more hydrophilic dispersible material. It was also stated that 

increased overpotential for proton reduction and increased crystallinity could play a role. 

Overall, the differing end-group ratio between the oligomers and the polymer meant that it 

was difficult to deconvolute the effects of extending the materials conjugation length from 

the effect of altering the functional groups present. On the other hand, the HER of the 

oligomers (1076 µmol h-1g-1) was competitive with melon-type carbon nitrides under the 

same conditions (3. wt.% Pt, TeOA scavenger, AM 1.5G solar simulator, 380 mW cm-2) and 

this does indicate that long chain lengths are not necessarily required for high photocatalytic 

activity.  

 

More recently, a series of organoborane / thiophene based oligomers was shown to be 

moderately active for hydrogen evolution.23 These materials were synthesised via Stille 

polymerisation of difunctionalised monomers and thus their low molecular weights are a 

function of inefficient polymerisation rather than molecular design. Whilst not particularly 

active, these oligomers do show that with the correct choice of monomer units, chain lengths 

of between 5 – 8 repeat units are sufficient to generate materials with excellent visible light 

absorption up to 700 nm.  

A different approach was adopted by Cao and co-workers who synthesised PorFN, a zinc-

porphyrin based molecule with extended fluorene arms and quaternary amine salt 

substituents (Figure 2).24 The latter enabled PorFN to be dissolved in water, and to form a 

  

Figure 1: Reaction mechanism of CTF-1 starting from 1,4-dicyanobenzene, which leads to the 

formation of oligomers via trimerization and, ultimately, to an extended 2D CTF (right). The 

idealized crystal structure of fully condensed, crystalline CTF-1 is shown in an AA-type eclipsed 

configuration (viewed along the c-direction). Reproduced, with permission from reference [22]. 

Published by the Royal Society of Chemistry. 
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homogeneous photocatalytic system with low HER.  However, upon addition of NaCl, the 

PorFN aggregates to form a highly-active heterogeneous photocatalyst. Although this 

material has a transition metal component, it does not appear that the zinc atom is an active 

centre for catalysis as its activity, as with nearly all organic photocatalysts, is dependent on 

the presence of a noble metal co-catalyst. This is thought to be the first example of a 

(primarily) organic molecular hydrogen-producing heterogeneous photocatalyst, and its very 

high HER of 10.9 mmol h-1g-1 (TeOA hole scavenger, AM 1.5G solar simulator, 100 mW 

cm−2) demonstrates that such materials can be as active, if not more so, than polymers.  

 

Aside from investigating the relationship between chain length and activity, a desirable 

property of many molecular and oligomeric materials is the ability to form single crystals. 

Increased crystallinity has been found to correlate with increased photocatalytic activity in 

many different organic systems including carbon nitrides,1,4,6,25 CTFs22,26 and COFs27,28 

possibly due to increased charge transport through more ordered structures.29,30 Increases in 

catalytic activity are frequently observed upon moving from amorphous to semi-crystalline 

materials28 and hence the ability to generate an entirely single-crystalline photocatalyst is 

particularly attractive.  

  

Figure 2: Chemical structure of PorFN and schematic of the proposed supramolecular structure. 

PorFN solvated in pure water that showed low photocatalytic activity and assembled in seawater 

leading to high activity Reproduced with permission from reference [24].  
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As well as having a defined primary structure, crystalline materials possess secondary and 

tertiary arrangement of atoms in space, and these can be determined by X-ray diffraction. 

This is particularly useful because it enables investigation into how changing structural 

properties, such as molecular conformation and packing, effects photocatalytic activity. For 

example, Sprick et. al31 and several others32–34 have shown that polymers containing fused 

rings often have higher hydrogen evolution rates than non-planarised analogues. This is 

thought to be due to reduced twisting of the polymer backbone, which increases conjugation 

along the chain. However, as these are amorphous or semi-crystalline materials, confirming 

this is less simple. DFT calculations can be used to predict the lowest energy conformations 

of such polymeric materials35,36 but predicting packing between chains is much more 

computationally expensive—and cannot by definition be definitive, since the experimental 

amorphous structure is unknown. By contrast, in single crystals of molecular or oligomeric 

materials these properties can be determined directly from a single crystal structure.  

Fluorene and its 9,9´-alkylated analogues are cheap, easily processable monomeric units, 

that are included in many polymeric photocatalysts31,34,37–39 and well as in polymers for 

various organic electronic applications.40 The more polar, heteroatom-containing 

dibenzo[b,d]thiophene sulfone unit has been less widely studied for electronic applications  

but is a common emitter in thermally activated delayed fluorescence devices41,42 and nuclear 

stains.43 In addition, as discussed in section 1.4.3, dibenzo[b,d]thiophene sulfone based 

polymers have been repeatedly shown to be amongst the most active organic photocatalysts 

for hydrogen production.28,35,38,44  This chapter investigates the effect of chain length on the 

properties of materials containing these two important units. The monomer, dimer and trimer 

of 9,9´-dimethyl fluorene (MeF1-3) and dibenzo[b,d]thiophene sulfone (S1-3) were 

synthesised and investigated as hydrogen producing photocatalysts. In addition, to test the 

impact of molecular conformation and packing more directly, a series of trimeric catalysts 

with either phenylene or mesitylene substituents on a fluorene or dibenzo[b,d]thiophene 

sulfone “core”, PFP, MFM, PSP and MSM was also investigated.    

 

3.2 Dimethyl Fluorene Oligomers 

3.2.1 Synthesis and characterisation 

The 9,9´-dimethylfluorene monomer, MeF1, was obtained commercially and used without 

further purification. The analogous dimer and trimer, MeF2 and MeF3, were synthesised by 

Suzuki coupling, as shown in Scheme 1, followed by re-crystallisation in dichloromethane / 
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n-hexane. The structures of the three materials, obtained by single crystal X-ray diffraction 

(SCXRD) are shown in Figure 3 (see section 3.10.4 for full details). 

 

 

 

 

 

Residual palladium in polymers from Suzuki coupling has been found to play a significant 

role in photocatalytic hydrogen production.45,46 The palladium content of MeF1, MeF2 and 

MeF3 was therefore analysed by ICP-MS. Whilst MeF1 had palladium levels below the 

detection limit of the instrument ( > 10 ppm with respect to the oligomer, see section 2.4.1 

for full details) MeF2 and MeF3 were found to contain 0.011 and 0.017 wt. % (110 and 170 

ppm) palladium respectively. To allow for fair comparison between the monomer and longer 

oligomers a sample of MeF1 was also loaded with 0.02 wt. % Pd by photodeposition of 

 

Scheme 1: Structures and synthesis of MeF1-3. 

 

 

 
A) B) C) 

D) E) F) 

  

Figure 3: Molecular conformations and crystal packings of MeF1 (A and D), MeF2 (B and E) 

and MeF3 (C and F) as determined by SCXRD.  
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Pd(NH3)2Cl4. When analysed by ICP-MS, this sample was found to contain 0.016 wt. % 

palladium (160 ppm) similar to that of MeF2 and MeF3 

The size of the MeF oligomer particles was measured by SLS (Figure 4). Suspended in 

water, MeF1 had particle sizes from 1 to 1000 µm with a Sauter mean diameter of 24.2 µm. 

MeF2 had smaller particles from 1 to 300 µm with an average of 13.9 µm, whilst MeF3 

ranged from 1 to 500 µm but had the largest average at 33.4 µm.   

 

3.2.2 Photophysical properties 

The optical properties of the MeF oligomers were measured both in the solid state and in 

chloroform solution. A redshift in absorption spectra with chain length was observed in both 

states (Figure 5); by solid state DRS, MeF1 had an absorption onset of 332 nm which 

increased to 405 nm for MeF2 and 430 nm for MeF3, whilst in solution the absorption 

maxima redshifted from 269 to 330 to 355 nm on moving from MeF1-3. This is to be 

expected since increased conjugation length leads to contraction of the HOMO and LUMO.  

MeF1, unlike the longer oligomers, also showed weaker π → π* bands at 291 and 307 nm 

thought to originate, as in fluorene, 47,48  from short-axis polarized and long-axis polarized 

states, respectively.  
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Figure 4: Particle size distributions, by static light scattering, of the MeF oligomers suspended in 

water.   
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The photoluminescent emission spectra of the materials also moved to higher wavelengths 

on moving from monomer to dimer to trimer, with emission maxima at 312, 363 and 394 nm 

in chloroform solution, although MeF2 and MeF3 both displayed multiple emission peaks. 

In the solid state, MeF1-3  showed global emission maxima at 326 nm, 428 nm and 446 nm 

but all three materials showed three emission peaks, similar to the emission spectra of 9,9-

dialklyated fluorene polymers.49 In addition, MeF1 showed an addition broad emission at 

450 nm. Similar red-shifted emissions have been observed in annealed films of fluorene 

bearing co-polymers49 and are thought to be due to excimer formation.  

 

Aside from the wavelengths of light that each photocatalyst can interact with, it is also 

important to look at the intensity of these interactions. The molar extinction coefficients and 

photoluminescence quantum yields (PLQY) (see Section 3.10.3 for full details) were thus 
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Figure 5: UV-Vis spectra of MeF1-3 in (A) the solid state (DRS) and (B) in chloroform solution. 

All spectra are normalised.  
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Figure 6: Photoluminescence emission spectra of MeF1-3 in (A) the solid state and (B) in 

chloroform solution. Each material was excited at its absorption maxima as described in Table 1. 

All spectra are normalised. 
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measured for each material in chloroform solution and calculated for each material’s 

maximum absorption (Table 1).  

MeF1 had the lowest molar extinction coefficient, εMolar, of 16,500 M-1 cm-1, compared to 

42,800 and 71,100 M-1 cm-1 for MeF2 and MeF3. However, clearly the larger oligomers 

have increased number of aromatic units per mole and hence the mass extinction coefficient, 

εMass, (Section 3.10.3) is perhaps a more useful comparison here. In this case, MeF1 has an 

extinction coefficient of 85.2 cm2 g-1: closer to but still lower than MeF2 (111 cm2 g-1) and 

MeF3 (123 cm2 g-1). As well as the magnitude of light absorption at the maxima, for the 

purposes on photocatalytic testing, it is interesting to consider the amount of light absorbed 

across a range of wavelengths. In section 3.2.5, the oligomers are studied in for 

photocatalytic activity under homogeneous conditions. As such the average extinction 

coefficient across the 275 – 400 nm range of wavelengths used in that experiment were 

calculated to approximate the amount of light each material could absorb during 

photocatalysis (see section 3.10.3 for full details). The average extinction coefficient for 

MeF1 from 275 – 400 nm was 9.6 cm2 g-1 indicating the monomer has limited light 

absorption potential compared to the dimer and timer (44.5 and 54.5 cm2 g-1) across this 

range of wavelengths.  

The efficiency of radiative emission also increased with chain length; MeF1 has a 

photoluminescent quantum yield of 10 %, MeF2 94 % and MeF3 100 %.  

Table 1: Optical properties of the MeF oligomers. 

 MeF1 MeF2 MeF3 

λonset solid-statea (nm) 332 405 430 

λmax chloroform (nm) 269, 307 330 355 

λem solid-state (nm) 326 428 446 

λem chloroform (nm) 312 363 394 

εMolar
b (M-1 cm-1) 16,500 42,800 71,100 

εMass
b (cm2 g-1) 85 111 123 

Average εMolar
b,c

  (M
-1 cm-1) 1,860 17,200 31,500 

Average εMass
 b,c

  (cm2 g-1) 9.6 44.5 54.5 

Φb (%) 10 ± 1 94 ± 3  100 ± 5 

aFrom diffuse reflectance spectroscopy of solid powder. b See section 3.10.3 for full definitions 

and details of how Φ was measured.  c λ = 275-400 nm 
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Figure 7: TCSPC spectra of MeF1 (A), MeF2 and MeF3 (B) in the solid state. Data (points), fit 

(line) and residuals (bottom). Excited with a 295 nm (MeF1) or 375 nm (MeF2 and MeF3) laser.  

 

Whilst it is not clear whether emissive excited states are necessarily required for good 

photocatalysis or whether non-radiative states could also lead to proton reduction, water 

splitting and proton reduction photocatalysts are often highly photoluminescent.39,50 

PLQY tells us only about those excitons that recombine radiatively, emitting a photon. 

Photocatalysis (and OPV) relies on the prevention of this, for example by using an electron 

donor, co-catalyst, or donor-acceptor structure to separate charges. The lifetime of excited 

states is thus thought to be crucial in allowing charges to be separated before recombination. 

Time-correlated single photon counting (TCSPC) was employed to probe the kinetics of the 

excited states of MeF1-3. In each case, the oligomers showed multi-exponent emission 

decays. Due to the complex solid-state emission spectra for these materials, lifetime was 

measured for several different emission wavelengths. For example, in the solid state, MeF3 

has emissions at 428nm and 450 nm which gave very short τaverage lifetimes of 0.78 and 1.07 

ns respectively. The lifetime of MeF2 across the same emissions was somewhat longer with 

τaverage lifetimes of 1.43 and 1.98 ns (Figure 7B). The emission of MeF1 was measured at 

326 and 350 nm and showed significantly longer average lifetimes of 2.87 and 7.15 ns.  A 

sample of MeF1 loaded with palladium (0.016 wt. %) to similar concentrations as the dimer 

and trimer showed significantly decreased lifetimes of 1.71 ns and 5.53 ns at 326 nm and 

350 nm emissions (Figure 7A).  In chloroform solution the lifetimes were shorter and less 

varied but the overall trend of decreasing lifetime with chain length was preserved, with 

average lifetimes of 1.15, 1.07 and 0.83 ns for MeF1-3.  
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3.2.3 Photocatalytic Hydrogen Production in Suspension 

A summary of HERs for all photocatalytic testing in this chapter can be found in Section 

3.10.6, Table 7. An equal parts mixture of triethylamine, methanol and water has been found 

to be an efficient sacrificial electron donor medium for hydrogen production.51 The 

photocatalysts were therefore tested in this mixture first. The photocatalyst (25 mg) was 

suspended by sonication in the equal parts mixture of triethylamine, methanol and water (25 

mL) in a quartz flask, degassed by nitrogen bubbling for 30 minutes before irradiation by a 

300 W lamp. None of the oligomers has significant absorption in the visible light region so a 

λ > 295 nm filter was used. Pristine MeF1 was tested, as well the MeF1 sample loaded with 

Pd to approximately equivalent levels as MeF2 and MeF3 (see, section 3.2.1). The hydrogen 

evolution rate was found to increase with chain length; Pristine MeF1 produced hydrogen at 

a rate of 5 µmol h-1 g-1 over the 5 hours testing period and MeF1 with added Pd had a HER 

of 10 µmol h-1 g-1  whilst MeF2 and MeF3 had HERs of 13 and 37 µmol h-1 g-1 (Figure 9A, 

C and E). This overall trend was preserved upon moving to solely UV light (275 < λ < 

400 nm filter) albeit with a smaller variation between the oligomers; MeF1-3 showed rates 

of 3, 4 and 28 µmol h-1 g-1 (Figure 9B, D and F) and MeF1 with added Pd had a HER of 
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Figure 8: TCSPC spectra of MeF1-3 in the chloroform solution. Data (points), fit (line) and 

residuals (bottom). MeF1 and MeF2 excited with a 295 nm laser. MeF3 excited with a 375 nm 

laser.  
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5 µmol h-1 g-1. It should be noted that whilst the dimer and trimer were stable as solids, the 

monomer MeF1, dissolved in the mixture meaning a fair and direct comparison between the 

three materials is perhaps not possible in this system.   
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Figure 9: Photocatalytic hydrogen evolution of MeF1 (25 mg) over λ > 295 nm (A) and 275 < λ 

< 400 nm (B), MeF2 (25 mg) over λ > 295 nm (C) and 275 < λ < 400 nm (D) and MeF3 (25 mg) 

over λ > 295 nm (E) and 275 < λ < 400 nm (F) suspended in (1:1:1) water/methanol/triethylamine 

mixtures (25 mL), 300 W Xe light source. 
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Despite dissolving in the mixture MeF1 collected post photolysis showed no signs of 

chemical breakdown by NMR. Similarly, NMR spectra of MeF2 and MeF3 showed no 

evidence of chemical instability (Figure 12).  

To allow for direct comparison between all three materials as heterogeneous catalysts, 

MeF1-3 were also tested in a fully aqueous system, using an inorganic sodium sulphide 

scavenger. All three materials were stable as solids and evolved hydrogen upon irradiation. 

Using the λ > 295 nm filter MeF1 had a rate of 4 µmol h-1 g-1 slightly higher than MeF2 (3 

µmol h-1 g-1) whilst MeF3 was the most active with a HER of 10 µmol h-1 g-1. However, the 

MeF1 with Pd levels equivalent to the dimer and trimer was significantly more active with a 

hydrogen evolution rate of 14 µmol h-1 g-1.  Upon moving to the 275 < λ < 400 nm filter 

MeF1 was more active, with a HER of 7 µmol h-1 g-1, whilst MeF2 and MeF3 showed a 

rates of 5 and 7 µmol h-1 g-1. Again, the MeF1 with equivalent Pd levels showed the highest 

rate of 28 µmol h-1 g-1.  
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As with the TEA system, no chemical break down of the oligomers was observed by NMR 

(Figure 11), with all materials showing identical spectra pre and post photolysis. PXRD 

patterns of the materials collected after photocatalysis were also similar to those collected 

before with preservation of the main peaks and no evidence new crystal phases (Figure 12). 
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Figure 10: Photocatalytic hydrogen evolution of MeF1 (25 mg) over λ > 295 nm (A) and 275 < λ 

< 400 nm (B), MeF2 (25 mg) over λ > 295 nm (C) and 275 < λ < 400 nm (D) and MeF3 (25 mg) 

over λ > 295 nm (E) and 275 < λ < 400 nm (F) suspended in  Na2S(aq) (0.35 M) / Na2SO3(aq) (0.2 

M) (25 mL), 300 W Xe light source. 
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This indicates these polymorphs are stable under testing conditions, at least over the periods 

investigated here.  

 

 

A

B

C

  

Figure 11: NMR spectra of MeF1 (A), MeF2 (B) and MeF3 (C), pre catalysis (green), post 

catalysis for 6 hours in Na2S(aq) (0.35 M) / Na2SO3(aq) (0.2 M) (red) or in (1:1:1) 

water/methanol/triethylamine (blue) using a 300 W Xe lamp fitted with a λ > 295 nm filter.  
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Figure 12: PXRD spectra of MeF1 (A), MeF2 (B) and MeF3 (C). Predicted from single crystal 

structures (black), pre catalysis (red) and post catalysis (blue) for 6 hours in Na2S(aq) (0.35 M) / 

Na2SO3(aq) (0.2 M) using a 300 W Xe lamp fitted with a λ > 295 nm filter.   
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3.2.4 Homogenous Photocatalytic Hydrogen Evolution 

Since the MeF oligomers are soluble in common organic solvents, it was also possible to 

test their activity for photocatalytic proton reduction under homogeneous conditions. It is 

interesting to consider whether the same trends in activity occur in the solution state when 

the effects of solid-state packing are removed. The oligomers (5 mg) were dissolved in a 

solution of THF, water and triethylamine (90:5:5) (25 mL). Although none of the oligomers 

appeared to be chemically unstable under the heterogeneous conditions described 

previously, the oxidative degradation of polyfluorenes under photolysis has been widely 

observed in optoelectronic devices.52 Therefore, a singlet oxygen and super oxide anion 

scavenger, nickledibutylthiocarbamate53,54 (1 mg) was added to the solutions to minimise 

degradation of the oligomers. None of the dissolved oligomers absorbed significantly in the 

visible region and so the materials were tested using only UV light with the 275 < λ < 400 

nm filter. MeF1 was the most active material under these conditions with a HER 107 µmol 

h-1 g-1, and this decreased with increasing chain length to 93 µmol h-1 g-1 for MeF2 and 30 

µmol h-1 g-1 for MeF3. Unlike in the solid state, we can use the extinction coefficient of the 

oligomers in solution to estimate the amount of light absorbed by the materials in these 

experiments. If we divide the HERs of the oligomers by the average extinction coefficients 

across the wavelengths of irradiation (as calculated in Table 1) we can define an absorption 

corrected activity (ACA). In this case, MeF1 had an ACA of 11.2, whilst MeF2 and MeF3 

had values of 2.8 and 0.6 respectively.  
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Despite the addition of the reactive oxygen species scavenger, MeF1-3 collected post 

photolysis showed small impurity peaks in the aromatic region of the NMR spectra (Figure 

14). Substituted fluorene oligomers have previously been shown to form radical cations 

under electrochemical excitation, these can then couple to form further oligomers55 or could 

react with triethylamine to give impurity species. In these experiments the rates of hydrogen 

evolution are too low to test by isotopic analysis; hence, while we believe that the hydrogen 

evolved is photocatalytic rather than produced from substrate breakdown, we cannot prove 

this conclusively at this stage. Line broadening in these spectra is thought to be due to 

paramagnetic Ni.  
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Figure 13:  Photocatalytic hydrogen evolution of MeF1-3 (5 mg) dissolved in a solution of THF, 

water and triethylamine (90:5:5) (25 mL), irradiated with a 300 W Xe light source fitted with a  

275 < λ < 400 nm filter. Nickeldibutylthiocarbamate (1 mg) was added as a singlet oxygen 

scavenger. 
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Figure 2:  NMR spectra of MeF1 (A), MeF2 (B) and MeF3 (C), pre (blue) and post (red) 

homogeneous catalysis.   
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3.3 Phenyl and Mesityl Oligomers 

3.3.1 Synthesis and Characterisation 

PSP, MSM, PFP and MFM were synthesised by Suzuki coupling, as shown in Scheme 2, 

MSM was purified by column chromatography and all materials were re-crystallised 

(Section 3.10.4 for full details). The structures of the four materials, obtained by SCXRD are 

shown in Figure 15. These are notable for the clear backbone twisting effect of replacing the 

phenyl substituent on PSP and PFP with a mesityl group; whilst the PSP and PFP average 

dihedral angles between rings of 26° and 13°, in MSM and MFM this is increased to 91° 

and 97°.  

 

 

  

Scheme 2: Structures and synthesis of the phenyl and mesityl oligomers. 
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Palladium levels for all materials were measured by ICP-MS, which showed all materials to 

have very low residual Pd from synthesis. PSP had levels below the 10 ppm detection limit 

of the instrument whilst MSM and PFP also had very low levels of 15 ppm and 31 ppm, 

respectively, and MFM had a higher level of 140 ppm. 

The particle sizes of these oligomers suspended in water were found to be smaller than the 

MeF group of oligomers. SLS measurements (Figure 16) showed all four materials were 

quite polydisperse with particles of less than 1 micron up to several hundred microns and 

slight variation in D[3,2] values from 5.3 to 7.3 to 9.3 to 11.6 µm for PSP, MFM, MSM and 

PFP respectively.   
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Figure 15: Molecular conformations and crystal packings of PFP (A and C), PSP (B and D), 

MFM (E and G) and MSM (F and H) from SCXRD.  
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3.3.2 Photophysical Properties 

The optical properties of the phenyl and mesityl substituted oligomers were measured in the 

solid state and in chloroform solution. In both cases, a blueshift was observed in absorption 

spectra upon moving from phenyl substituted material to mesityl analogue (Figure 17). This 

was most evident in the solid-state DRS spectra with a blue shift in absorption onset of 40 

nm for the dibenzothiophene sulfone pair and 96 nm for the fluorene pair. This shift is 

ascribed to the increased backbone twisting observed in the crystal structures of MSM and 

in particular MFM and the subsequently reduced conjugation lengths. The spectra in 

chloroform show less pronounced blueshifts of 22 nm (PSP to MSM) and 52 nm (PFP to 

MFM), which nevertheless indicates that the sterically bulky mesityl groups are causing 

twisted conformations to be adopted in solution as well as the solid state. Both PSP and 

MSM show a shoulder absorption common in dibenzothiophene sulfone bearing molecules, 

which is ascribed to an n → π* transition. It is also notable that in solution MFM, unlike 

PFP, shows a sharp secondary absorption at 312 nm, similar to those of MeF1, which is also 
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Figure 16: Particle size distributions, by static light scattering, of the phenyl and mesityl 

oligomers suspended in water.   
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thought to correspond to weaker π → π* transitions in addition to the main S – S peak.47,48 

This spectra suggests the backbone twisting of MFM causes it to behave, electronically 

speaking, similarly to an isolated fluorene monomer.    

The same trend was observed in the photoluminescent emission spectra of the materials; 

PSP and PFP had emission maxima at significantly higher wavelengths than their mesityl 

substituted analogues MSM and MFM. In the solid state, PSP had an emission maxima at 

438 nm compared to 387 nm for MSM, whilst PFP and MFM had emission maxima at 423 

and 372 nm respectively. Again, MFM displayed similar behaviour to the MeF1 monomer 

with an additional broad emission at 450 nm thought to be due to excimer formation.49  

Dissolved in chloroform, it was notable that the dominant factor in emission wavelength 

appeared to be the bridgehead group of the oligomer core, with both PSP and MSM 

displaying large stokes shifts and correspondingly higher emission wavelengths (409 and 

390 nm) than PFP and MFM (357 and 334 nm). The only molecule to show multiple 

emissions in this case was PFP, which had a secondary maximum at 373 nm.      
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Figure 17: UV-Vis spectra of the phenyl and mesityl substituted oligomers in (A) the solid state 

(DRS) and (B) in chloroform solution. All spectra are normalised. 
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To compare the intensities of these photophysical processes, the molar extinction 

coefficients and PLQYs were also measured for each material in chloroform solution. MFM 

had the lowest molar extinction coefficient, εMolar, of 29,800 M-1 cm-1, compared to the 

highest value of 40,300 M-1 cm-1 for PFP. The dibenzothiophene sulfone-based materials 

showed a similar trend with MSM displaying a lower value (18,800 M-1 cm-1) than PSP 

(35,300 M-1 cm-1). As with the MeF oligomers, these materials were tested for 

photocatalysis across a range of wavelengths, so it is important to consider absorption 

intensity across the 275 – 400 nm range used (see section 3.3.3). The average extinction 

coefficient for MFM from 275 – 400 nm was 7,400 M-1 cm-1, similar to that of MSM (6,700 

M-1 cm-1), whilst the phenylated analogues were over twice as high; 15,700 and 14,300 M-1 

cm-1 for PFP and PSP respectively.  

The efficiency of radiative emission increased dramatically on moving from mesityl 

substituted fluorene to phenyl with PLQYs of 8 and 94% for MFM and PFP respectively. 

Again, the dibenzothiophene sulfone materials were more similar but, like the fluorene-

based materials, showed an increased PLQY for the more planar phenyl analogue (65 and 76 

% for MSM and PSP).   
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Figure 18: Photoluminescence emission spectra of phenyl and mesityl substituted oligomers in 

(A) the solid state and (B) in chloroform solution. Each material was excited at its absorption 

maxima as described in Table 2. All spectra are normalised.   
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Time-correlated single photon counting (TCSPC) measurements indicated that the 

bridgehead group was a more dominant factor in excited state lifetime than the phenyl or 

mesityl substituents. In general, the dibenzothiophene sulfone containing molecules were 

found to have significantly longer lived emissive excited states. All oligomers showed multi-

exponent emission decays but the average lifetimes (τav) were calculated as 2.47 and 2.68 ns 

for PSP and MSM in the solid state, compared to 1.02 and 0.58 for PFP and MFM (Figure 

19A). We note that the particularly low value for MFM may be a function of its higher Pd 

content but the general trend does not correlate strongly with Pd levels, for example MSM 

has a longer lifetime than PSP despite higher Pd content. The same difference between 

fluorene and dibenzothiophene sulfone bearing molecules was found in solution 

measurements (Figure 19B); PSP, MSM, PFP and MFM had weighted average lifetimes of 

2.42, 3.86, 0.57 and 0.05 ns respectively.   

 

Table 2: Optical properties of the phenyl and mesityl substituted oligomers. 

 PSP MSM PFP MFM 

λonset solid-statea (nm) 426 386 437 341 

λmax chloroform (nm) 323 301 331 279, 312 

λem solid-state (nm) 438 387 423 333, 372 

λem chloroform (nm) 409 390 357, 373 334 

εMolar
b (M-1 cm-1) 35,300 18,800 40,300 29,800 

εMass
b (cm2 g-1) 96 103 127 74 

Average εMolar
b,c

  (M
-1 cm-1) 14,300 6,700 15,700 7,400 

Average εMass
 b,c

  (cm2 g-1) 39 15 49 18 

Φb (%) 76 ± 1 65 ± 3  94 ± 1 8 ± 1 

aFrom diffuse reflectance spectroscopy of solid powder. b See section 3.10.3 for full definitions 

and details of how Φ was measured. c λ = 275-400 nm 
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3.3.3 Photocatalytic Hydrogen Production in Suspension 

The oligomers were found to be partially soluble in the mixture of equal parts water, 

triethylamine and methanol and so photocatalytic hydrogen evolution was measured using 

the sodium sulphide scavenger system (as described in section 3.2.3) to avoid this. All four 

materials were stable as solids in suspension and evolved hydrogen upon irradiation. Using 

the λ > 295 nm filter PSP was the most active material with a rate of 24 µmol h-1 g-1, 

followed by PFP with HER of 14 µmol h-1 g-1, MSM HER  6 µmol h-1 g-1 and MFM  HER 

of 5 µmol h-1 g-1 (Figure 17). Upon moving to the 275 < λ < 400 nm filter PSP was still the 

most active (HER 30 µmol h-1 g-1) but MSM under these conditions showed an improved 

rate of 20µmol h-1 g-1 and in the case of the fluorine based oligomers MFM was actually 

more active than PFP (10 versus 9 µmol h-1 g-1) (Figure 20).     
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Figure 19: TCSPC spectra of the phenyl and mesityl substituted oligomers in the solid-state (A) 

and in chloroform solution (B). Data (points), fit (line) and residuals (bottom). Emission of all 

materials were measured from the emission maxima wavelength as described in Table 2. All 

measurements used 295 nm laser for excitation apart from the solid-state measurements of PFP 

and PSP were excited with a 375 nm laser.  
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Under these conditions, all of the oligomer polymorphs were found to be stable by PXRD 

(Figure 21 and 22)—there was no sign of any phase transformation—and these materials 

showed no signs of chemical degradation by NMR (Figure 24).  
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Figure 20: Photocatalytic hydrogen evolution of the phenyl and mesityl substituted oligomers (25 

mg) suspended in  Na2S(aq) (0.35 M) / Na2SO3(aq) (0.2 M) (25 mL), 300 W Xe light source, using a  

λ > 295 nm filter (A and C) and using a 275 < λ < 400 nm filter (B and D).  
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Figure 21: PXRD spectra of PSP (A) and MSM (B) as predicted from single crystal structures 

(black), pre catalysis (red) and post catalysis (blue).  
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Figure 22: PXRD spectra of PFP (A) and MFM (B) as predicted from single crystal structures 

(black), pre catalysis (red) and post catalysis (blue).  
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3.3.4 Homogenous photocatalytic hydrogen evolution 

As with the MeF oligomers, PSP, MSM, PFP and MFM were soluble in THF and so could 

be tested for homogeneous proton reduction in solution. The oligomers were tested under the 

same conditions as described in section (3.2.4). After an initial induction period PFP 

showed a HER of 120 µmol h-1 g-1—the highest of the materials under these conditions. PSP 

and MSM also evolved hydrogen steadily over 5 hours with rates of 14 and 44 µmol h-1 g-1 

respectively. MFM on the other hand showed a slow drop off in activity over time with an 

average HER 13 µmol h-1 g-1. NMR analysis of the materials collected post catalysis showed 

MFM had degraded with complete loss of the signals associated with the original material. 

MSM and to a lesser extent PFP also show some chemical decomposition with impurity 

peaks present in the aromatic region. PSP appeared to be stable (Figure 24). Line 

broadening in the spectra of the materials collected after homogeneous catalysis is thought to 

be due to paramagnetic Ni. As in section 3.2.4, whilst we believe the hydrogen produced in 

these experiments is from photocatalytic proton reduction it was not possible to prove this 

conclusively with isotopic analysis due to the low amounts of gas produced.  

Normalising these rates to the absorption spectra of the oligomers over the irradiation period 

gives us the absorption corrected activity (ACA) values (defined as HER in µmol h-1 g-1 

divided by the mass extinction coefficient, εMass, in cm2 g-1).  These showed no clear trend on 

moving from dibenzothiophene sulfone bridgehead to fluorene or on moving from phenyl 

substituted to mesityl substituted with ACA values for PSP, MSM, PFP and MFM of 0.3, 

1.9, 2.4 and 0.7. 
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Figure 23:  Photocatalytic hydrogen evolution of the phenyl and mesityl substituted oligomers (5 

mg) dissolved in a solution of THF, water and triethylamine (90:5:5) (25 mL), irradiated with a 

300 W Xe light source fitted with a  275 < λ < 400 nm filter. Nickeldibutylthiocarbamate (1 mg) 

was added as a singlet oxygen scavenger.  
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Figure 24:  NMR spectra of PFP (A), MFM (B) PSP (C) and MSM (D), pre catalysis (blue), 

post catalysis in Na2S(aq) (0.35 M) / Na2SO3(aq) (0.2 M) (red) or post homogeneous catalysis 

(green).   
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3.4 Dibenzothiophene Sulfone Oligomers  

3.4.1 Synthesis and characterisation 

The dibenzo[b,d]thiophene sulfone  monomer, S1, was obtained commercially and was 

ground before analysis. Bromination of the monomer using NBS yielded primarily 3,7-

dibromodibenzo[b,d]thiophene sulfone with a small amount of mono brominated 3-

bromodibenzo[b,d]thiophene sulfone. These were used to synthesis the corresponding 

boronic acid (pinacol) esters via Pd catalysed Miyaura borylation and subsequently the dimer 

and trimer of dibenzo[b,d]thiophene sulfone, S2 and S3, by Suzuki coupling (Scheme 3).  

 

As synthesised, S2 and S3 were found to be semi-crystalline by PXRD (Figure 26) but 

insoluble in common organic solvents tested. Crystals suitable for single crystal-XRD were 

therefore obtained by sublimation. The crystals structures of S1, S2 and S3 are shown in 

Figure 25, The single crystal structures and PXRD patterns of sublimed S2 and S3 showed 

the same phases as the as-synthesised oligomers (Figure 26) but provided insufficient 

material for analysis. Further characterisation and testing of S2 and S3 was therefore 

performed on the as-synthesised materials.  

 

Scheme 3: Structures and synthesis of S1-3. 
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A) B) C) 

D) E) F) 

 

Figure 25: Conformation and packing of S1 (A and D), S2 (B and E), and S3 (C and F) from 

SCXRD. Crystals of S2 and S3 were obtained by sublimation.  
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Figure 26: PXRD spectra of S2 and S3 as synthesised compared to the sublimed material and to 

the predicted pattern of the single crystal structure.    
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Figure 27 show S1-3 by SEM.  S1 was comprised of large crystals up to 100 µm in size 

(Figure 27A and B). S2 on the other hand was made up of very small but well-defined 

cuboidal crystals of approximately 100 by 500 nm, aggregated in larger micron scale 

polycrystalline particles. (Figure 27C and D).  This is consistent with the sharp peaks 

observed by PXRD. No obviously crystalline material was found in S3, which was instead 

made of globular particles, although it should be stated here that morphology alone can often 

be a poor marker for crystallinity. These showed a similar polydispersity to S2 with very 

small particles (< 100 nm) mostly fused into larger micron scale aggregates (Figure 27E and 

F).    

Particle size analysis by SLS indicated that the sub-micron particles of S2 and S3 could 

disperse freely to some extent. In water suspensions, both dimer and trimer had significant 

populations of material between 200 and 1000 nm, along with the larger aggregates up to 10 
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Figure 27: SEM images of S1 (A and B), S2 (C and D), and S3 (E and F), recorded at 3 keV.  
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µm. This gave small D[3,2] values of 0.87 and 1.79 µm for the dimer and trimer.  S1 

dispersed in water was made up of generally larger particles with very little material less 

than a micron and a D[3,2] value of 3.96 µm. As with the MeF1 monomer, S1 dissolved in 

the TEA/MeOH/Water mixture but S2 and S3 were also tested as suspensions in this system. 

Both oligomers dispersed well in this system and had smaller D[3,2] values of 0.68 and 

0.57 µm.  

ICP-MS analysis showed the purchased monomer, S1, had palladium levels below the 10 

ppm detection level of the instrument whilst S2 and S3 both had significant residual 

palladium from Suzuki coupling at levels of 0.22 and 0.26 wt. % (2200 and 2600 ppm).  
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Figure 28: Particle size distributions, by static light scattering, of the S oligomers suspended in 

water.  
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3.4.2 Photophysical properties 

As expected, the UV-Vis spectra of S1-3 showed a considerable redshift in absorption onset 

in the solid state and in absorption maxima in chloroform solution with increasing chain 

length. Figure 29A shows the solid-state spectra where S1 has an onset of 382 nm, whilst 

dimer and trimers absorption spectra reach into the visible; S2 has an onset of 444 nm and 

S3 471 nm. In solution the oligomers absorb solely in the UV region and there is evidence of 

multiple transitions. S1 had two shoulder maxima at 362 and 323 nm, with the global 

maxima, well into the mid-UV at 285 nm. S2 had two maxima at 316 and 333 nm whilst S3 

had two at 322 and 344 nm. The extinction coefficient of S1 in chloroform was calculated to 

be 7,400 M-1 cm-1 but S2 and S3 were too insoluble to calculate accurate concentrations.  

The Stokes shift of the oligomers also increased with chain length; S1 has a fluorescence 

maximum in the solid state at 394 nm (Stokes shift 12 nm), S2 shifted 16 nm and had a 

maxima at 460 nm whilst S3 had a fluorescence maxima at 492 nm, a Stokes shift of 21 nm. 

Dissolved in chloroform S1 showed fluorescence with an emission maxima at 361 nm but 

the longer oligomers had more complex emission, with maxima at 373 and 389 nm (S2) or 

396 and 414 nm (S3). S1 was also found to be significantly less fluorescent with a PLQY of 

11%, compared to 73 and 77% for the dimer and trimer.  
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Figure 29: UV-Vis spectra of S1-3  in (A) the solid state (DRS) and (B) in chloroform solution. 

All spectra are normalised. 
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Table 3: Optical properties of the S oligomers. 

 S1 S2 S3 

λonset solid-statea (nm) 382 444 471 

λmax chloroform (nm) 285, 323, 362 316, 333 322, 344 

λem solid-state (nm) 394 460 492 

λem chloroform (nm) 361 373, 389 393, 414 

εMolar
b (M-1 cm-1) 7,400 - c - c 

Φb (%) 11 ± 1 73 ± 4 77 ± 5 

aFrom diffuse reflectance spectroscopy of solid powder. b See section 3.10.3 for full definitions and 

details of how Φ were measured. c Too insoluble for accurate concentration. 

As with the MeF oligomers, the fluorescence lifetimes of S1-3 were found to decrease with 

chain length.  τAv of S1 was 6.08 ns, S2 was 4.85 ns and S3 3.00 ns. Due to its lower Pd 

content S1 was also tested loaded with 0.36 wt. % Pd loaded by photodepostion and an 

almost identical spectrum to pristine S1 (Figure 28). Similarly, samples of S2 and S3 loaded 

with 3 wt. % Pd showed minimal difference in their TCSPC spectra (Figure 28). S2 had an 

identical τAv of 4.85 ns, whilst S3 decreased slightly to 2.76 ns.  
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Figure 30: Photoluminescence emission spectra of S1-3 in (A) the solid state and (B) in 

chloroform solution. Each material was excited at its absorption maxima as described in Table 3. 

All spectra are normalised.   
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3.4.3 Photocatalytic hydrogen production in the solid state 

S1, S2 and S3 were insoluble in the aqueous Na2SO3 / Na2S scavenger system, as described 

previously. Hydrogen evolution of pristine S1 was tested along with a sample with 0.36 wt. 

% Pd added by photodeposition to give similar loadings to those found in S2 and S3. Using 

the λ > 295 nm filter pristine S1 evolved hydrogen at a rate 8 µmol h-1 g-1 whilst the sample 

with added palladium was almost twice as active with a HER of 15 µmol h-1 g-1. This, 

however, was still significantly lower than the dimer and trimer, which had rates of 81 and 

286 µmol h-1 g-1, respectively. An increase in activity with increasing chain length was also 

found when using the UV-only 275 < λ < 400 nm filter although to a lesser extent than under 

broad spectrum radiation; moving from S1 (with equated Pd levels) to S2 to S3 HER 
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Figure 31: TCSPC spectra of the S oligomers in the solid state. Data (points), fit (line) and 

residuals (bottom). S1 excited with a 295 nm laser, S2 and S3 excited with a 375 nm laser.  

 



146 
 

increased from 33 to 50 to 162 µmol h-1 g-1. The pristine S1 with no Pd added showed a 

slightly lower rate of 25 µmol h-1 g-1.  

Hydrogen evolution was next tested using the TEA/MeOH/Water scavenger system (Figures 

30). As with the MeF oligomers, the monomer was found to partially dissolve in this 

mixture and therefore S1 should not be compared directly with S2 and S3, which were both 

insoluble and stable as suspensions.  Using the λ > 295 nm filter, pristine S1 evolved 

hydrogen at an average rate of 26 µmol h-1 g-1 over the first 3 hours of irradiation. However, 

hydrogen evolution did not remain linear, with a sharp decrease to just 8 µmol h-1 g-1 for hour 

5 – 6 (this is discussed further in the next section). Activity increased rapidly with chain 

length in this system; S2 had a hydrogen evolution rate of 414 µmol h-1 g-1 and S3 2073 µmol 

h-1 g-1. Again, this trend was preserved on moving to the 275 < λ < 400 nm filter with HERs 

of 20, 101 and 526 µmol h-1 g-1 for S1, S2, and S3. Given that both S2 and S3 have 

absorption profiles that stretch into the visible region the S oligomers were also tested for 

hydrogen evolution using a λ > 420 nm filter. S1 produced no measurable hydrogen over 5 

hours of irradiation but S2 showed low activity (HER = 26 µmol h-1 g-1) and S3 retained a 

high rate of 1125 µmol h-1 g-1. This was consistent with the EQEs of S2 and S3 at 420 nm, 

which were found to be 0.4 and 8.8%.  
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Figure 32: Photocatalytic hydrogen evolution of the S oligomers (25 mg) suspended in Na2S(aq) 

(0.35 M) / Na2SO3(aq) (0.2 M) (25 mL), 300 W Xe light source, using a  λ > 295 nm filter (A) and 

using a 275 < λ < 400 nm filter (B).  
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Figure 34 shows the activity of S2 and S3 tested for photocatalysis over a longer period. 

Unlike the S1, S2 shows good longevity; a slow drop off in activity was observed but with a 

reduction in rate of less than 50% over 50 hours. S3 showed a more rapid drop off in activity 

with a rate of 576 µmol h-1 g-1 over hours 50 – 55, compared to an initial rate of 2080 

µmol h-1 g-1. This reduction in activity could be almost completely reversed by replacing the 

TEA/MeOH/water dispersant however (Figure 34B), indicating build-up of TEA oxidation 

products may be inhibiting catalysis, rather than degradation of the photocatalyst.  
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Figure 33: Photocatalytic hydrogen evolution of the S oligomers (25 mg) suspended in (1:1:1) 

water/methanol/triethylamine mixtures (25 mL), 300 W Xe light source, using a λ > 295 nm filter 

(A) a 275 < λ < 400 nm filter (B) or λ > 420 nm (C and D). 
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Analysis of S1 collected after photocatalysis in the aqueous Na2SO3 / Na2S scavenger system 

showed no sign of chemical break down by NMR but the sample collected from the 

TEA/MeOH/Water scavenger system showed significant impurity peaks (Figure 35C). In 

order to analyse this chemical breakdown, a sample of S1 was irradiated for 72 hours in the 

TEA/MeOH/water photolysis mixture and was found to fully convert to a single product. 

Analysis by NMR spectroscopy (1H, 13C ATP, 1H COSY and HSQC) and mass spectrometry 

(Section 3.10.2) indicated this material was the triethylamine salt of [1,1'-biphenyl]-2-

sulfonic acid. This transformation was thought to be due to oxidation of S1 by singlet 

oxygen or a superoxide anion and therefore a sample of S1 was also tested in the presence of 

nickel(II) dibutyldithiocarbamate, which has been shown to act as reactive oxygen species 

(ROS) scavenger.53,54 With ROS scavenger the hydrogen evolution of S1 increased to 53 

µmol h-1 g-1 and was linear over at least 23 hours (Figure 35B). Material collected post 

photolysis was found to be S1 by NMR (Figure 35C), indicating oxidation of the substrate 

was effectively suppressed.  
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Figure 34: Photocatalytic hydrogen evolution of the S2 (A) and S3 (B) (25 mg) suspended in 

(1:1:1) water/methanol/triethylamine mixtures (25 mL), 300 W Xe light source, using a λ > 295 

nm filter.  
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PXRD and IR spectra of S2 and S3 collected after extended photocatalysis were very similar 

to the as synthesised materials, suggesting they are more stable than the monomer Figure 36. 

It is possible that S2 and S3 also oxidise under photolysis in the TEA/MeOH/water mixture 

but at a much slower rate than the S1. The instability of the monomer may be partially due to 

the fact it dissolves under these conditions whilst the dimer and trimer are stable as solid 

suspensions. For example, in aqueous Na2S/ Na2SO3, where all materials are stable as solids, 

no sign of chemical breakdown was observed.  

 

Figure 35: Photocatalytic hydrogen evolution of the S1 (25 mg) with and without the addition of 

nickel(II) dibutyldithiocarbamate (1 mg) suspended in (1:1:1) water/methanol/triethylamine 

mixtures (25 mL), 300 W Xe light source, using a λ > 295 nm filter over 5 hours (A) and 1 day 

(B). (C) NMR spectra of S1 pre photolysis (blue), collected post photolysis in aqueous Na2S/ 

Na2SO3 for 5 hours (red), collected post photolysis in water/methanol/triethylamine after 5 hours 

(green),  or 72 hours (purple) without nickel(II) dibutyldithiocarbamate, or after collected post 

photolysis in water/methanol/triethylamine 24 hours with nickel(II) dibutyldithiocarbamate 

(yellow). 
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3.4.4 Time-resolved absorption spectroscopy  

The excited state kinetics of S2 and S3 were studied in more detail by transient absorption 

spectroscopy. A suspension of S2 in the triethylamine/water/methanol mixture probed at 1.0 

ps following excitation by 355 nm laser showed a 630 nm exciton absorption peak in the 

transient spectra (Figure 37A). The exciton peak for S3 under equivalent conditions was 

shifted to 710 nm and is itself at a lower wavelength than the corresponding peak found for 

the polymer equivalent of the S oligomers, P10.44 Whilst these peaks are thought to originate 

from exciton absorptions the presence of an electron donor in the system means that some 

polaron formation may also occur. This redshift in exciton absorption with increasing chain 

4000 3500 3000 2500 2000 1500 1000 500

 

 

 S2 post 72h l > 420 nm

Wavenumber (cm-1)

N
o
rm

a
lis

e
d
 I
n
te

n
s
it
y
 (

a
.u

)

 

 S2 post 72h l > 295 nm

 

 S2 post 24h l > 295 nm

 

 S2

 

 S3

 

 S3 post 24 h l > 295 nm

 

 S3 post 72 h l > 295 nm 

 

 S3 post 72 h l > 420 nm

A

B

 

 S3

N
o
rm

a
lis

e
d
 I
n
te

n
s
it
y
 (

a
.u

)

 

 S3 post 24h @ l > 295 nm

 S3 post 72 h @ l > 295 nm

 

 

 

 S3 post 72 h @ l > 420 nm

5 10 15 20 25 30 35 40

 

 S2

2q

 

 S2 post 24 h l > 295 nm

 

 S2 post 72 h l > 295 nm

 

 

 S2 post 72 h l > 420 nm

C

D

300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
. 

l (nm)

 S2

 S2 post 24 h l > 295 nm

 S2 post 72 h l > 295 nm

 S2 post 72 h l > 420 nm

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
.

l (nm)

 S3

 S3 post 24 h @ l > 295

 S3 post 72 h @ l > 295

 S3 post 72 h @ l > 420

E F

 

Figure 36: FT-IR spectra of S2 (A) and S3 (B), PXRD spectra of S2 (C) and S3 (D) and solid-

state UV-Vis spectra of S2 (E) and S3 (F), collected pre and post photolysis using various filters 

and illumination times in the water/methanol/triethylamine system.  
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length is in good agreement with the corresponding absorption onsets and photoluminescent 

emission maxima. In line with the TCSPC experiments exciton lifetime was found to 

decrease significantly moving from S2 to S3 (Figure 37B). Interestingly, little change in 

exciton lifetime was found on moving from the hole scavenger containing 

triethylamine/water/methanol mixture to a water suspension indicating that, whilst it was 

possible that polarons could form in the system containing TEA electron donor, the signal is 

mainly excitonic. 

 

The transient absorption spectra of S2 and S3 suspended in TEA/MeOH/water were also 

probed at 100 µs following 355 nm excitation are shown in Figure 38A. S3 exhibits a peak 

around 600 nm. This transient absorption feature is very similar to an electron polaron 

absorption previously observed for P10,44 both in spectral shape and spectral position. The 

inset shows the kinetics when probing the sample at 600 nm following excitation. The 

feature persists with significant magnitude up to 100 milliseconds, again matching well with 

long-lived polaron reported for P10. The lifetime of these features are sufficiently long to 

drive proton reduction.44 S2, on the other hand, does not show a clear polaron absorption 

peak at these longer timescales with low ΔA across the visible range probed. The most 

prominent transient absorption feature in this sample, lies above 1000 nm and could be the 

result of a NIR polaron absorption. 

S2 and S3 were also measured using PIAS (Figure 38B), to give quasi-steady state 

illumination conditions. 2.7 s pulses of a 365 nm LED were used for excitation. The spectra 

 

Figure 37: Exciton signatures and dynamics in S2, S3, and P10 suspensions. (a) Transient 

absorption spectra probed at 1.0 ps using polymer particles suspended in a H2O/MeOH/TEA 

mixture, and (b) transient absorption kinetics probed at 1100 nm as obtained from suspensions in 

H2O and H2O/MeOH/TEA. All experiments were performed using an excitation wavelength of 

355 nm and a fluence of 0.08 mJ cm-2.  
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of S3 under these constant illumination condition show the same 600 nm feature found 

during the transient measurement indicating it is also the results of electron polarons on the 

sample. The inset shows the accumulation of electron polarons over the timescale of 

seconds, before the signal reaches a saturation point. This suggests that, at this point, polaron 

formation is in a steady state with the combined loss processes of polaron decay through 

recombination and polaron utilisation in proton reduction. S2 again displays lower signal 

amplitudes than the trimer with a weak absorption feature towards the NIR. This mirrors the 

transient measurements and suggests that lower concentrations of electron polarons 

accumulate on S2 under constant illumination conditions compared to S3.  

 

3.4.6 Photocatalytic activity at high Pd contents 

The photocatalytic tests above were performed on S1-3 with palladium levels of 0.2 -0.4 wt. 

%, but this is significantly below the co-catalyst loading levels found to be optimal for 

proton reduction in carbon nitrides56 and other polymer materials.38,57,58 As such S1-3 were 

also tested with the addition of 3 wt. % palladium by photodeposition of [Pd(NH3)2Cl4]. The 

dissolution of S1 in the photolysis mixture meant accurate determination of deposition yield 

was not possible but ICP-MS analysis of the S2 and S3 materials showed Pd contents of 2.1 

and 2.5 wt. % respectively. STEM imaging showed that palladium nanoparticles of circa 5 – 

30 nm had formed on the surface of S2 and S3 (Figure 39 and 40), with reasonable 

distribution. It is possible smaller nanoparticles of Pd are also present but below the 

resolution of the STEM instrument. 

 

Figure 38: Optical signals from suspensions of S2 and S3 in TEA/MeOH/water under transient 

and steady state conditions. (a) Transient absorption spectra obtained upon 355 nm excitation 

using a fluence of 0.40 mJ cm-2, and (b) photoinduced absorption spectra obtained upon 365 nm 

excitation using a fluence of 5.5 mW cm-2. The insets show the corresponding kinetics probed at 

600 nm showing (a) the decay of intermediates following a 4-7 ns laser pulse, or (b) their 

accumulation during a 2.7 s LED pulse and their decay after the LED is turned off. 
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Figure 39: STEM imaging of S2 as synthesised in bright field (BF) mode (A) and high-angle 

dark field (HADF) mode (B) and S2 with 3 wt. % Pd added by photodeposition in BF mode (C) 

and HADF mode (D).  
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Figure 40: STEM imaging of S3 as synthesised in BF mode (A) and HADF mode (B) and S3 

with 3 wt. % Pd added by photodeposition in BF mode (C) and HADF mode (D).  
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The hydrogen evolution of these materials in the water/triethylamine/methanol system is 

shown in Figure 41 compared to the as synthesised samples. As discussed previously, S1 

was partially soluble and unstable in this solvent system and the sample with 3 wt. % Pd 

added reached a maximum hydrogen evolution of 86 µmol h-1 g-1 before decreasing 

significantly at 3 hours. Again, S2 and S3 showed more linear evolution of hydrogen over 5 

hours and both showed increases in activity upon addition of 3 wt. % Pd. S2 with 3 wt. % Pd 

added had a HER of 1369 µmol h-1 g-1 , 3.3 times that of pristine S2. S3 showed a similar, 3.2 

times increase to 6550 µmol h-1 g-1 with 3 wt. % Pd.  

 

3.5 Predicted optical properties 

The systems in this chapter rely on semiconductors that act as the photosensitiser, the 

transport medium for charged species, and provide the electrochemical potentials required 

for reaction. As such, whilst increasing the onset wavelength for absorption of a 

photocatalysts is beneficial up to a point, smaller HOMO-LUMO (or band in extended 
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Figure 41: Photocatalytic hydrogen evolution of S1(A), S2 (B) and S3 (C) (5 mg) with and 

without the addition of 3 wt. % Pd, from photodeposition of [Pd(NH3)2Cl4], suspended in (1:1:1) 

water/methanol/triethylamine mixtures (5 mL), 300 W Xe light source, using a λ > 295 nm filter. 
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systems) gaps also reduce the thermodynamic driving force for redox reactions. UV-Vis 

measurements can be used to approximate the size of the optical gap in these systems 

(Tables 1-3) but these do not provide information on the positioning of these energy levels 

relative to the redox potentials of the two photochemical half reactions examined here; 

namely, the reduction of protons to molecular hydrogen and the oxidation of the 

triethylamine or sodium sulphide scavenger. It is clear that if the relevant energy levels of a 

semi-conductor photocatalyst do not straddle these redox potentials then hydrogen 

production will not be energetically feasible. It has also been shown previously, that even 

across systems where proton reduction and scavenger oxidation are energetically favourable, 

the magnitude of this driving force can have a strong effect on hydrogen production rates. 

The potentials of the frontier orbitals in the three groups of oligomers discussed above were 

predicted using (TD)-DFT using previously described methods (Figure 42D).59 The 

calculations were performed on gas phase lowest energy conformational structures and the 

driving force for proton reduction was estimated by comparing the potential required for 

proton reduction with that of the electron affinity (EA) of the oligomer. Similarly, the 

driving force for scavenger oxidation was compared with the oligomers ionisation potential 

(IP), to approximate the driving force for the oxidation half reaction. This gives an 

indication of the energy levels of the separated charge carriers (i.e. electron and hole) but, to 

also give an indication of the energy levels associated with the initial oligomer exciton, the 

IP* and EA* values of the oligomers in the excited state were also calculated. The predicted 

optical gaps from these band calculations correlated well with the optical gaps observed for 

the oligomers in chloroform solution (Figure 42B). The observed values were generally 

slightly higher, possibly due to calculating the optical gap from the maxima in absorption 

rather than the onset. Alternatively, differences in conformation between the gas phase and 

chloroform solution could be responsible.  

As expected the increased conjugation lengths observed on moving from MeF1 to MeF3 

leads to a lowering of the oligomer LUMO energy and subsequent shift in EA potential to 

less negative values (relative to SHE), as well as raising the oligomer HOMO energy which 

moves the IP potential to less positive values (relative to SHE). As such, the driving force 

for both proton reduction and for scavenger oxidation decrease with increasing chain length. 

Whilst all 
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of the MeF oligomers have large (>1 V) driving force for proton reduction this result is 

more significant for the oxidation half reaction; MeF1 has a 0.56 V driving force for the 

initial oxidation of TEA but in MeF2 this is reduced to 0.16 V and just 0.05 V in MeF3. The  

trend is even more significant when examining the excited state EA*, a measure for the 

potential required for exciton quenching by the scavenger, where the driving force for MeF2 

is reduced to 0.03V and in MeF3 this process is in fact energetically disfavoured. It should 

be noted that, without transient absorption spectroscopy of these materials, it is difficult to 

determine whether scavenger oxidation is performed by an exciton (thus helping the 

generation of a separated charged species) or by an already separated hole on the oligomer 
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Figure 42: A) Normalised UV-Vis absorption spectra of the oligomers in chloroform; B) Plot of 

the TD-DFT predicted optical gap versus the value obtained from absorption maxima in 

chloroform solution;C) Plot of the oscillator strength predicted by TD-DFT versus the measured 

molar extinction coefficient (εMolar) in chloroform solution; D) Potentials of the free charge 

carriers (IP,EA) and excitons (IP*,EA*) oligomers predicted by DFT and relevant solution 

reactions (at pH 11.5 for the case of using triethylamine as hole scavenger and pH 14.0 in the case 

of SO3
2-  and HS-). Potential of the 2-hole oxidation of triethylamine to diethylamine and 

acetaldehyde not shown as it lies in a similar place as the proton reduction potential for pH 11.5. 

Reproduced, with permission, from reference [87]- Published by The Royal Society of Chemistry. 



157 
 

and thus which of the two driving force values is most applicable.  It should also be noted 

that, whilst the initial step in the oxidation of TEA may provide a kinetic bottleneck for 

MeF3, all of the oligomers have large driving forces for the overall oxidation of TEA to 

DEA. Both HS- and SO3
2- are present in the Na2S/Na2SO3 and could act as the hole 

scavenger. Whilst SO3
2- is the easiest to oxidise overall (2 hole oxidation to SO4

2- has a 

reported experimental potential of -0.94 V) the initial one-hole oxidation of HS- to S2
2- is 

easier (-0.45 V) than that of SO3
2- to S2O6

2- (-0.16 V).60 If HS- anion acts as the hole 

scavenger then all MeF oligomers have overpotentials of at least 1 V for the one hole 

oxidation.  

PSP, MSM, PFP and MFM were all predicted to have large (> 1 V) driving forces for 

proton reduction and the one hole oxidation of HS- but the ‘acceptor’ properties of the 

sulfone group were apparent in the less negative EA and more positive IP values of PSP and 

MSM relative to the fluorene analogues. This means the sulfonated materials had larger 

driving forces for the scavenger oxidation whilst the fluorene analogues had larger driving 

forces for proton reduction. Moving from phenylated to mesitylated oligomers the ground 

state EA and IPs moved further from zero, reflecting the increased optical gaps in these 

materials, and increasing driving force. Interestingly when looking at the excited state IP* 

and EA* values the driving force by excitons (rather than separated charge species, as 

indicated by the ground state EA and IP) was 0.3 V smaller in both mesitylated compounds. 

This large difference could be due to considerable conformational change in the oligomer 

backbone on moving from an exciton to separated charge carriers.  

The IP of ground state S1 is predicted to lie 1.23 V below the redox potential for initial 

oxidation of TEA, whilst the electron affinity of the first excited state (EA*) was estimated 

to be 0.84 V below, indicating that both a separated hole or an exciton had sufficient driving 

force for oxidation half reaction. Similarly, the ground state EA and the excited state IP* lie 

1.52 and 1.13 V above the proton reduction potential respectively meaning hydrogen 

evolution should be thermodynamically favourable for a separated electron or an exciton. As 

expected from the contracted band gaps, the over-potentials for both half reactions decrease 

with chain length. The difference in ground state and excited state potentials were also 

smaller for S2 and S3. The excited state potentials give the smaller predicted driving forces 

but both S2 and S3 still have good thermodynamic over-potentials for initial TEA oxidation 

(0.73 V and 0.6 V) as well as proton reduction (1.00 V and 0.81 V).    

In addition to predicting the energy levels involved in redox reactions (TD)-DFT was used 

to approximate the efficiency of light absorption by calculating the oscillator strengths of the 

transitions involved in photoexcitation. Oscillator strength depends on a number of factors 
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including the energy gap between the two states and the spatial overlap between orbitals.61,62 

Figure 42C shows the strong correlation between the predicted oscillator strengths and the 

measured extinction coefficients in chloroform solutions.   

The influence of the energy gap on oscillator strengths is evident on when comparing the 

oligomers of different chain length. Moving from MeF1 to MeF2 to MeF3 the predicted 

oscillator strength increases from 0.38 to 1.37 to 2.12 as the band gap decreases from 3.73 to 

2.88 V. Accounting for the number of dimethyl fluorene units per molecule this is still an 

increase in oscillator strength “per fluorene unit in the molecule” of 86%. The same trend is 

found for the predicted oscillator strengths of the dibenzothiophene sulfone oligomers; 

values of 0.11, 1.02 and 1.77 are predicted for S1-3.  The oscillator strengths of the 

dibenzothiophene sulfone oligomers are significantly lower than the dimethyl fluorene-based 

analogues. Similarly, both MSM and PSP are predicted to have smaller oscillator strengths 

than MFM despite their significantly smaller optical gaps. The highly electron withdrawing 

sulfone group creates a large dipole on dibenzothiophene sulfone units which would be 

expected to give more spatially separated frontier orbitals, decreasing the probability of 

transition.  

3.6 Discussion of Results from Sections 3.2–3.5  

Aside from chain length, it appears that the effective conjugation length, and thus frontier 

orbital energies and light absorption onsets, of oligomers can be altered by the substitution 

of phenylene groups for sterically hindered mesitylene groups. Crystal structures show the 

backbone of MSM and MFM have average dihedral angles between rings of 91° and 97° 

compared to 26° and 13° for PSP and PFP. This lack of planarization limits conjugation 

giving blue-shifted absorption onsets in the solid-state of 40 nm when comparing PSP to 

MSM and 96 nm for PFP compared to MFM with similar shifts in solution measurements. 

This twisting also appears to affect the magnitude of absorption as reflected in the 

significantly higher extinction coefficient of PFP and PSP versus MFM and MSM. The 

loss in light absorption of the mesityl substituted oligomers is reflected in their poorer 

photocatalytic activity under broad band irradiation. However, when using UV light only, 

the activities of PSP and MSM are very similar, as are PFP and MFM. It seems that the 

twisting of the oligomer backbone through mesityl substitution is primarily inhibiting 

photocatalytic activity by limiting light absorption. Under UV light, it appears that the 

functional group present in the oligomer core is the dominant factor rather than the 

substituent groups, with the dibenzo[b,d]thiophene sulfone containing oligomers having at 

least twice the activity of the fluorene oligomers. It has been previously shown that the 

hydrophilic nature of dibenzo[b,d]thiophene sulfone unit is important in its high catalytic 
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activity as it forms materials with small, easily dispersible particles. However, SLS 

measurements do not show that the particle sizes of PSP and MSM are significantly smaller 

than PFP and MFM, perhaps due to the high crystallinity of these materials and the fully 

aqueous scavenger system. Instead improved activity of the dibenzo[b,d]thiophene sulfone 

containing oligomers may be related to improved interaction with the scavenger at the 

crystal surface or the longer-lived excited states observed by TCSPC. 

We do not observe the same trend in catalytic activity in solution; PFP displays by far the 

highest activity of 120 μmol h-1g-1, MSM has a maximum rate of 44 μmol h-1g-1 whilst PSP 

and MFM had rates of 14 and 13 μmol h-1g-1, respectively. Accounting for differences in 

absorption gives ACAs of 0.3, 1.9, 2.4 and 0.7 for PSP, MSM, PFP and MFM respectively. 

It appears that the advantages provided by the dibenzo[b,d]thiophene sulfone unit are not as 

dominant in solution. This is perhaps surprising given that the extended PL lifetimes of PSP 

and MSM compared to their fluorene analogues were observed in both the solid state and 

solution TCSPC. It is possible that in a homogenous system, where contact between 

oligomer, electron donor and water is maximized, the rate limiting factor for hydrogen 

production may change. Additionally, the crystal packing structures observed for the 

dibenzo[b,d]thiophene sulfone bearing oligomers could improve exciton or polaron mobility 

between molecules and play a role in their improved activity in the solid state which is not 

applicable in the homogenous system. 

Moving back to the solid state and examining the other two groups of oligomers, increasing 

oligomer length leads to a red-shift in absorption on-set which we may expect to increase 

hydrogen production rate. On the other hand, this “positive” effect is accompanied by a 

predicted decrease in driving-force for proton reduction as well as scavenger oxidation. 

Looking at the dimethylfluorene oligomers using a triethylamine scavenger, it would appear 

that the absorption effect dominates as MeF3 is more active than its shorter chain length 

analogues. However, the dissolution of the monomer under these conditions could also 

significantly affect photocatalytic activity. Indeed, when we switch to a system where 

MeF1-3 are all stable as solids and normalise the Pd levels then the trend changes 

significantly; MeF1 has higher HER than both MeF2 and MeF3 using a Na2S scavenger 

when using solely UV light, and when using broad spectrum. This is particularly significant 

considering that MeF1, with solid state absorption onset at 322 nm is able to absorb a much 

smaller fraction of the incoming radiation than MeF2 and MeF3. This trend could be a 

consequence of MeF1’s increased driving force, but this would be unexpected given that all 

MeF oligomers have a > 1 V overpotential for both half reactions in the Na2S system. 

Alternatively, the trend in HER also correlates with increased fluorescence lifetimes, 

suggesting recombination of excitons before quenching by the electron donor could be 
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limiting the activity of the longer chain length oligomers. This is consistent with the strong 

decrease in fluorescence lifetime and strong increase in HER of MeF1 upon addition of 

palladium. In these materials, palladium may increase activity by reducing losses by 

radiative exciton recombination. This could explain the differing trends in activity when 

moving between electron donors; it is possible that improved scavenger interaction in the 

TEA/MeOH/Water system means reductive quenching occurs faster, reducing 

recombination, which favours the short lifetime, longer oligomers.  

The dibenzo[b,d]thiophene sulfone oligomers showed significantly higher photocatalytic 

activities compared to the dimethylfluorene analogues which is consistent with our previous 

work comparing related polymer analogues.63 Unlike the MeF oligomers, the S family of 

oligomers maintain the hierarchy of increasing activity with increasing chain length under 

all tested conditions. The difference however, varied significantly; using Na2S scavenger S3 

is 20 times more active than S1 under broad spectrum irradiation whilst under solely UV-

light this drops to a factor of 4. This suggests that a majority, but not all, of the longer chain 

length oligomers superior activity is due to their redshifted absorption onset. The oscillator 

strengths predicted by DFT for these materials’ So to S1 transitions indicate that absorption 

intensity will also increase significantly with chain length; after accounting for the number 

of monomer units per molecule the predicted oscillator strength of S3 is over five times that 

of S1. Particle size could also play a role in the lower activity of S1 as it has a significantly 

higher D[3,2] than the dimer and trimer. These factors do not, however, explain the 

differences in HER between S2 and S3 whose particle sizes and oscillator strengths are 

much closer.  

Whilst photoexcitation is important, the next stage towards hydrogen production, exciton 

separation into charged species, must also be considered. In this transient absorption 

spectroscopy does indicate a difference between the two materials. Previous studies on the 

polymer analogue of S1-3 (P10) have found that upon illumination and in the presence of an 

electron donor, long-lived electron polarons form on the polymer.44 Whilst S3 shows a 

comparable polaron absorption peak at 600 nm when probed at 100 µs, S2 shows a much 

smaller absorption. Assuming the materials absorb a comparable intensity of the 355 nm 

laser, this would indicate the polaron yield of S2 is significantly lower then S3, correlating 

well with its reduced HER even under exclusively UV irradiation.  

As with the MeF oligomers, the fluorescence lifetimes of the S oligomers decrease with 

increasing chain length. Unlike dimethylfluorene however, Pd content was found to have 

little effect on the lifetime of the excited states of S1, S2 and S3 as measured by TCSPC, at 

least over the Pd contents measured. Photocatalytic activity, on the other hand, shows a high 
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dependence on Pd content. Along with the decreasing lifetime along the S1/S2/S3 series (by 

both TAS and TCSPC); that is, in the order of increasing performance, these contrasting 

trends suggest that the performance differences observed for these materials are not due to 

differences in exciton lifetime. This contrasts with the dimethylfluorene-based materials and 

points to fundamental differences in the excited state behavior of these two families of 

materials.  

Previous studies on the fluorene containing F8BT polymer have shown that Pd promotes 

exciton separation and acts as an electron sink, thus causing electron polarons to become 

localised on Pd centres.37 The behaviour of the MeF oligomers would also be consistent 

with this mechanism but further kinetic analysis would be needed to confirm this. In contrast 

the steady-state TAS experiments on S3 (Figure 38B) show that electron polarons 

accumulate on the oligomer under constant illumination and thus suggests that transfer of the 

electron from the oligomer to a Pd active center could be limiting hydrogen production. This 

would be consistent with the high dependence of HER on Pd loading and might be due to a 

low mobility of electron polarons in the solid, with increasing Pd content reducing the 

diffusion length required for transfer to an active site.  

Crystallinity over large length scales does not appear to be a significant factor in these 

materials’ activity, as hydrogen evolution decreases moving from semi-crystalline S3 to 

polycrystalline S2 to single crystals of S1. This is not to say that ordering of 

dibenzothiophene sulfone units on smaller length scales is not beneficial to activity, indeed 

examining the crystals structures of S1 and of sublimed S2 and S3 (which appear to be the 

same polymorph to as synthesised) it is evident that these materials have greater planar 

overlap of aromatic units and smaller stacking distances than their dimethlyfluorene 

analogues (Figures 3 and 23). It is possible that this more favourable packing accounts in 

part for the generally higher activity of the dibenzothiophene sulfone oligomers. The 

increased hydrophilicity of the more polar dibenzothiophene sulfone units is also thought to 

play a role as it results in significantly smaller particle sizes in suspension.     

Interestingly, the visible light activity of the dibenzo[b,d]thiophene sulfone trimer S3 (1125 

μmol h-1 g-1) is of the same order of magnitude as its polymer analogue, P10, under 

equivalent conditions (2825 μmol h-1 g-1). This challenges the general assumption that long 

chain lengths are required for significant photocatalytic hydrogen production. Only three 

monomer units are required to generate a material with an EQE of 8.8% at 420 nm, 

outperforming many polymeric catalysts in literature. 
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Given the results of sections 3.2 to 3.4, the effects of backbone twisting and the role of 

palladium on photocatalysis were also investigated using further oligomeric and polymeric 

materials and this is discussed in the next two sections. 

3.7 Substituted Dibenzothiophene Sulfone Oligomers  

One example of where structure-activity relationships are important, is in the design of 

conjugated polymers with alkyl substituents. Alkyl and other side chains are employed 

extensively in organic photovoltaic materials and increasingly in organic photocatalysts to 

impart solubility. However, the placement of such chains is highly significant when we think 

about the backbone twisting observed in MSM and MFM and resultant negative impact on 

hydrogen evolution. Whilst co-polymerising dibenzothiophene sulfone units with alkylated 

fluorenes has been shown to be an effective method for increasing solubility, photocatalytic 

activity is found to decrease significantly with decreasing dibenzothiophene sulfone content. 

As such, alkylating the dibenzothiophene sulfone monomer directly has the potential to 

impart both processability and high activity. To investigate the effect of adding larger, more 

solubilising hexyl chains directly to this active unit, the un-alkylated polymer P7 is 

compared to its hexylated analogue P76 whilst S3 is compared to the increasingly hexylated 

SS6S, S6SS6 and S6S6S6 (Scheme 5).  

3.7.1 Synthesis and characterisation 

Meta-linkages in several phenylene-based polymers have been shown to give shorter 

effective conjugation lengths.38,64–66 It was therefore thought to be desirable for 

photocatalytic activity to maintain para-linkages along the polymer backbone. This 

theoretically leaves the 1,2 or 4 (and the corresponding 5, 6 or 8) positions of 

dibenzo[b,d]thiophene sulfone free for alkylation, Steric limitations mean the 2 and 6 

positions are the most accessible: however, in dibenzothiophene sulfone, these positions are 

highly electron deficient, making them difficult to functionalise. Alkylation was therefore 

performed on the thiophene analogue followed by oxidation to the sulfone. Briefly, 

bromination of dibenzothiophene resulted in 2,6-dibromdibenzothiophene, and was followed 

by lithium halogen exchange with n-hexyl lithium and 1-bromohexane to yield 2,6-

dihexyldibenzothiophene before oxidation with peroxide to the sulfone analogue, S6 

(Scheme 4).  
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NBS bromination of S6 in H2SO4 gave the 3-bromo- and 3,7-dibromo-2,6-

dihexyldibenzo[b,d]thiophene sulfone monomers. The latter was co-polymerised with 1,4-

benzenediboronic acid bis(pinacol)ester to give P76 and coupled to 3-dibenzo[b,d]thiophene 

sulfone) boronic acid (pinacol) ester to give the partially hexylated trimer SS6S both via Pd 

catalysed Suzuki coupling. Suzuki coupling of 3-bromo-2,6-dihexyldibenzo[b,d]thiophene 

sulfone with 3,7-(dibenzo[b,d]thiophene sulfone) diboronic acid (bispinacol) ester gave 

another partially hexylated trimer, S6SS6. 3-(2,8-dihexyldibenzo[b,d]thiophene sulfone) 

boronic acid (pinacol) ester was synthesised through Miayura borylation of 3-bromo-2,6-

dihexyldibenzo[b,d]thiophene sulfone followed by Suzuki coupling with 3,7-dibromo-2,6-

dihexyldibenzo[b,d]thiophene sulfone to give the fully hexylated trimer S6S6S6 (Scheme 5).  

 

  

Scheme 4: Synthesis of hexylated dibenzo[b,d]thiophene sulfone 

 

 

 

  

Scheme 5: Synthesis of P76 and the hexylated dibenzo[b,d]thiophene sulfone trimers. 
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Analysis of the materials by ICP-MS showed that all contained significant levels of residual 

palladium. SS6S, S6SS6 and S6S6S6 had Pd contents of 0.34, 0.33 and 0.43 wt.%, all higher 

than S3 (0.26 wt.%). P76 on the other hand, had a lower Pd content (0.21 wt.%) than its non-

hexylated analogue P7 (0.37 wt.%).  

3.7.2 Photophysical properties 

The photophysical properties of the hexylated monomer, S6, are very similar to those of its 

non-hexylated analogue (Figure 43). The absorption maximum in chloroform solution was 

284 nm compared to 279 nm for S1, whilst emission maximum was 366 nm compared to 

361 nm for S1. In contrast, S6 showed a slightly blueshifted absorption onset (379 nm) and 

emission maximum (384 nm) in the solid state compared to S1 (382 nm and 394 nm 

respectively). The slight reduction in solution state optical gap on moving from S1 to S6 is 

consistent with the latter’s more electron donating alkyl chains, which would be expected to 

raise the energy of the HOMO. In the solid state, molecular packing may be the more 

dominant factor on frontier orbital energy levels, whereby reduced intermolecular 

conjugation in S6 gives the slightly blueshifted solid state absorption and emission.  



165 
 

 

There were larger differences in the absorption and emission spectra of P7 and P76 (Figure 

43E and F). The solid-state absorption onsets of P7 and P76 were 478 nm and 449 nm whilst 

the solid-state emission maxima were 480 and 446 nm respectively. These larger differences 

are thought to be due to the twisted conformation of the polymer backbone. As with the 

mesitylated oligomers in section 3.3, steric clash between alkyl chain substituent and the 

neighbouring aromatic core may result in a less planar structure, reducing conjugation and 

causing the blueshift in absorption. 

This effect was also observed in the increasingly alkylated trimers. S3 has an absorption 

maximum in chloroform solution of 396 nm. SS6S and S6SS6 show almost identical 

absorption spectra, both with a maxima at 312 nm whilst the fully alkylated trimer S6S6S6 

was further blueshifted to 306 nm. Likewise, in the solid state, absorption onset was 
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Figure 43: Normalised UV-Vis spectra of S1 and S6  in chloroform solution (A) and in the solid-

state (C) and P7 and P76 in the solid-state (E). Normalised fluorescence spectra of S1 and S6 in 

chloroform solution (A) and in the solid-state (C) and P7 and P76 in the solid-state (E). Excitation 

wavelengths of 275 nm (B), 300 nm (D) and 350 nm (F) were used.  
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blueshifted from 472 to 449 to 443 to 423 nm with increasing alkylation, with the same trend 

observed in the emission spectra as well.    

 

 

3.7.3 Photocatalytic hydrogen evolution 

Previously, HERs were normalised to the mass of catalyst used in experiments. This 

assumes activity is related to the concentration of ‘active absorbers’; that is, the aromatic 

ring monomers. In the previous samples, the molecular weight of the oligomers ‘per active 

unit’ has been quite similar. However, in these alkylated materials the mass ‘per active unit’ 

is as high as 385 g mol-1 whilst the unsubstituted materials are 216 g mol-1; as such, the 25 

mg of catalyst used for testing contains significantly different numbers of active units. To 

account for this in this section, the hydrogen evolution rates are also normalised to the 

number of moles of catalyst used for testing (mmolcat). Whilst the mole-normalised rates 

account for molecular weight differences, they ignore the fact that we are most likely 

operating in the saturated regime of catalysts concentration67 and thus the lower number of 

moles of the hexylated materials may artificially inflate the normalised HER; that is, a 
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Figure 44: Normalised UV-Vis spectra of S3 and the hexylated trimers in chloroform solution 

(A) and in the solid-state (B). Normalised fluorescence spectra of S3 and the hexylated trimers in 

chloroform solution (C) and in the solid-state (D).  



167 
 

higher number of moles would have produced the same amount of hydrogen and thus given 

a lower normalised rate. Each method has its problems and which of the two rates gives the 

fairest comparison between materials is debatable.  

The hydrogen evolution rate of S6 in the Na2S/Na2SO3 scavenger system (as described in 

section 3.2) was 5.1 µmol h-1 g-1 using the λ < 295 nm filter, lower than S1 under equivalent 

conditions (8.0 µmol h-1 g-1) (Figure 45A). Considering the differences in molecular weight 

by examining the HER per mole of photocatalyst rather than per gram the rates are much 

more similar at 1.8 and 1.9 µmol h-1 mmolcat
-1 (Figure 45B). Similarly using the 400 < λ < 

275 nm filter the HERs of S1 and S6 were 25 and 18 µmol h-1 g-1 but normalising per mole of 

catalysts then S6 has the higher rate, 7.0 µmol h-1 mmolcat
-1, compared to S1, 5.5 µmol h-1 

mmolcat
-1 (Figure 45C and D).  

 

In contrast to the monomers, alkylation of the trimers led to a significant reduction in rate. 

The HERs of S6S6S6, S6SS6 and SS6S using the λ < 295 nm filter were 10, 15 and 70 µmol h-1 

g-1 compared to 286 µmol h-1 g-1 for S3. Even taking into account molecular weight 

differences (Figure 46B) there is a large reduction in rate with increasing alkylation 
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Figure 45:  Photocatalytic hydrogen evolution of S1 and S6 (25 mg) suspended in Na2S(aq) (0.35 

M) / Na2SO3(aq) (0.2 M) (25 mL), 300 W Xe light source, using a  λ > 295 nm filter (A and B) and 

using a 275 < λ < 400 nm filter (C and D). Amounts of hydrogen normalised to the mass of the 

catalyst (A and C) compared to the moles of catalyst (B and D).  
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indicating the blueshifted absorption profiles of hexylated trimers are limiting activity by 

reducing the proportion of photons with a useable wavelength. Using solely UV irradiation 

the activities were much more similar with rates of 66, 62, 87 and 162 µmol h-1 g-1 or 76, 60, 

71and 101 µmol h-1 mmolcat
-1 with decreasing alkylation (Figure 46C and D). These results 

indicate absorption onset is a dominant factor in these materials differing HERs, but, as with 

the S1-S3 trend, it appears that another factor, perhaps absorption magnitude or 

hydrophobicity, is also limiting the alkylated materials. 
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Figure 46:  Photocatalytic hydrogen evolution of S3 and the hexylated oligomers (25 mg) 

suspended in Na2S(aq) (0.35 M) / Na2SO3(aq) (0.2 M) (25 mL), 300 W Xe light source, using a  λ > 

295 nm filter (A and B) and using a 275 < λ < 400 nm filter (C and D). Amounts of hydrogen 

normalised to the mass of the catalyst (A and C) compared to the moles of catalyst (B and D).  
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Unlike the oligomers, P7 and P76 were both insoluble in the TEA/MeOH/Water mixture and 

so these materials were tested using this scavenger system (Figure 48). The 

TEA/MeOH/Water scavenger system is less polar than the fully aqueous system used for the 

oligomers and one may therefore expect the increased hydrophobicity of P76 to be less 

significant. Under visible light (λ > 420 nm filter) P7 displayed a HER of 1533 µmol h-1 g-1 

similar to previous reports31  whilst P76 was significantly less active with a HER of 121 

µmol h-1 g-1. Even converting to per mole rates the hexylated polymer is significantly less 

active with a HER of 52 µmol h-1 mmolcat
-1compared to 445 µmol h-1 mmolcat

-1 for P7. When 

using broad spectrum irradiation (λ > 295 nm filter) the activity of P7 increased by 91% to 

2926 µmol h-1 g-1 (849 µmol h-1 mmolcat
-1) whilst  P76  increased by 412% to 619 µmol h-1 g-1 

(266 µmol h-1 mmolcat
-1)  reflecting the larger proportion of the latter’s absorption spectrum 

that lies at wavelengths less than 420 nm. Using solely UV light (400 > λ > 275 nm filter) 

the rates of hydrogen evolution of P7 and P76 were even more similar at 594 and 332 µmol 

h-1 g-1 respectively, equivalent to 172 and 143 µmol h-1 mmolcat
-1. As above, it appears that 

the majority of the reduction in activity for the hexylated material is due to its reduced light 

absorption, although another factor could be its lower residual palladium content of 0.21 

wt.% compared to 0.37 wt% measured for P7.  
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Figure 47:  Hydrogen evolution rate normalised to the mass of catalyst (blue) or normalised to 

the moles of catalyst (red) of S3 and the hexylated oligomers plotted against their optical gaps. 

Hydrogen evolution rate from illumination by a 300 W Xe light source, using a λ > 295 nm filter 

(solid squares) and using a 275 < λ < 400 nm filter (open squares).  
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3.8 Effect of Pd on P10  

In the light of the results of section 3.4 it was thought that the relationship between 

palladium content and activity should also be investigated in the polymer analogue of S1-3, 

P10. The increased magnitude of the TAS signal for this material also allowed for further 

analysis of the kinetics of the photoexcited states.  
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Figure 48:  Photocatalytic hydrogen evolution of P7 and P76 (25 mg) suspended in (1:1:1) 

water/methanol/triethylamine mixtures (25 mL), 300 W Xe light source, using a λ > 420 nm filter 

(A and B), a λ > 295 nm filter (B and C) and using a 275 < λ < 400 nm filter (D and E). Amounts 

of hydrogen normalised to the mass of the catalyst (A, C and E) compared to the moles of catalyst 

(B, D and F).  
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3.8.1 Synthesis and characterisation 

P10 was synthesised via Suzuki coupling of 3,7-dibromodibenzo[b,d]thiophene sulfone and  

3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzo[b,d]thiophene sulfone 

monomers in dimethlyformamide (see section 3.10.2 for full details). Batches with variable 

palladium contents were produced by using different amounts of the 

tetrakis(triphenylphosphine)palladium (0) cross coupling catalysts in synthesis. After work 

up this gave batches of P10 with 0.2, 0.7 and 2.7 wt. % residual Pd, as measured by ICP-

MS, hereafter referred to as P100.2, P100.7 and P102.7. In addition, a batch of P10 was 

synthesised by Yamamoto homo-coupling, of the dibrominated monomer using a nickel(0) 

catalyst to obtain a Pd-free sample, referred to as P10Y (section 3.10.2 for full protocol). 

Whilst P10Y had Pd levels below the 10 ppm detection limit of the ICP-MS instrument, it 

was found to contain 0.4 wt. % residual Ni from synthesis.   

3.8.2 Photophysical properties 

One concern when altering the cross-coupling catalysts used for synthesis is that 

polymerisation may occur more or less efficiently resulting in samples with different chain 

lengths. As P10 is insoluble in all common organic solvents and is not stable to mass 

spectrometry ionisation techniques, determining chain length accurately is not simple. 

However, the solid-state absorption spectra (Figure 49) gives an indication of chain length as 

longer chains would be expected to give smaller optical gaps. It appears that there are some 

small differences in degree of polymerisation between P10 batches as the absorption onset 

shifts 16 nm on moving from P10Y, the most redshifted sample, to P102.7, the least. This 

indicates shorter chain lengths in the samples where more Pd was used in synthesis. The 

emission spectra show larger differences between the samples with emission maxima at 520, 

508, 471 and 436 nm with increasing Pd content.  
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Figure 49: Normalised solid-state UV-Vis DRS (A) and fluorescence emission spectra (B) of P10 

polymers. An excitation wavelength of 400 nm was used for fluorescence measurements.  
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The fluorescence magnitude of the P10 batches suspended in water was also measured. In 

general batches with more palladium had weaker emission indicating some quenching of 

excitons by Pd in water suspension (Figure 50A). This could also be influenced by the 

suspension absorption and scattering effects from differences in the polymers dispersibility. 

All batches showed significant fluorescence quenching upon addition of TEA, indicating 

hole scavenging occurs (Figure 50, dotted lines).  

 

As with the S oligomers, it appears that Pd-content has a limited effect on exciton lifetime as 

measured by TCSPC (Figure 51). P100.2, P100.7 and P102.7 had τAv values of 0.79, 0.64 and 

0.58 ns whilst P10Y had a value of 1.23 ns. However, samples of P100.2 and P10Y loaded 

with Pd by photodeposition were almost identical to the pristine samples (τAv = 0.79 and 

1.25 ns respectively) indicating the changes in lifetime between batches may be partially 

caused by some other inter-batch variation.  
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Figure 50:  Emission TCSPC spectra of the P10 polymers (2mg) suspended in water (4 mL) pre 

(solid lines) and post (dotted lines) addition of TEA (50 µL). Raw data (A) and normalised to the 

emission magnitude of each suspension pre TEA addition (B). Excited at 375 nm. 

. 
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Interestingly, the TCSPC lifetimes of the polymers in suspension were only found to reduce 

very slightly upon addition of triethylamine hole scavenger (Figure 52). The averaged 

lifetimes in this case were 0.69 and 0.63 ns for samples of pristine P100.2 and P100.2 + Pd 

compared to 0.79 ns before TEA addition. Taken together with the large reduction in the 

fluorescence magnitude shown in Figure 50, this suggests that hole quenching by the TEA 

scavenger may occur on a quicker timescale than is measurable by TCSPC (order of ns) but 

that interaction with the scavenger is not 100% efficient. The lifetimes measured thus 

represent mostly the excitons that do not interact with the scavenger, perhaps due to being 

further from the particle surface. 
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Figure 51:  TCSPC spectra of the P10 polymers (2 mg) suspended in water (4 mL), data (circles), 

fit (lines) and residuals (bottom). Samples were excited with a 375 nm laser and emission was 

measured from the emission maxima of each suspension as shown in Figure 48.  

. 
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As discussed above, it has been previously shown that the TAS spectra of P10 in the 

presence of a triethylamine electron donor, shows a long-lived absorption feature at 630 nm 

assigned to a polymer-based electron polaron. All batches of P10 tested here were also 

found to have 630 nm features in their transient spectra (Figure 53D) when suspended in the 

TEA/MeOH/Water mixture and probed at 10 µs following a 355 nm excitation. There was 

some variation in the magnitude of the 630 nm features, but this is thought to reflect 

differences in the suspension’s absorption at the excitation wavelength (Figure 53A) rather 

than differing polaron yield. More significantly, when the decay kinetics of these features 

were measured a large decrease in polaron lifetime was found with increasing Pd content 

(Figure 53C) indicating palladium plays a role in polaron quenching.  
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Figure 52:  TCSPC spectra of the P100.2 (2 mg) with and without Pd loading, suspended in water 

(4 mL) before and after the addition of TEA (50 µL). Data (circles), fit (lines) and residuals 

(bottom) Samples were excited with a 375 nm laser and emission was measured at 511 nm.  
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3.8.3 Photocatalytic hydrogen evolution 

The activity of the different P10 batches was then tested for photocatalytic activity in the 

TEA/MeOH/Water system (Figure 54). HER increases from 2825 µmol h-1 g-1   for P100.2 to 

5332 µmol h-1 g-1 for P100.7 then remained similar at 4906 µmol h-1 g-1 for P102.7. This is 

consistent with the accelerated polaron decay observed by TAS and indicates faster transfer 

of photoinduced polarons to Pd active sites at higher Pd contents results in increased 

hydrogen evolution rates. To confirm this activity change was a result of Pd content rather 

than other sample differences P100.2 was also measured with the addition of 2 wt. % Pd by 

photodeposition of [Pd(NH4)2Cl4]. This sample had the highest rate of all measured samples 

(5718 µmol h-1 g-1) and was found by ICP-MS to have a Pd content of 1.7 wt. %.    

 

Figure 53:  Steady-state absorbance and transient data on P10 particles with different Pd content, 

obtained in a solvent mixture consisting of equal volumes of H2O/MeOH/TEA; Steady state 

absorbance spectra in H2O/MeOH/TEA (A). Transient absorption decay kinetics probed at 

630 nm following 355 nm excitation on the fs – early ns timescale using a fluence of 0.08 mJ cm-2 

(C) and over longer ns – s timescale using a fluence of 0.32 mJ cm-2 (B). Transient absorption 

spectra in probed at 10 µs following nm following 355 nm excitation using a fluence of 0.32 mJ 

cm-2 (D). All samples were prepared with a polymer concentration of 0.24 g L-1. Note that the 

charge yield on the ps – ns timescale largely reflects the absorbance differences at the excitation 

wavelength between the different samples. 
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P10Y also shows moderate hydrogen evolution activity with a rate of 1897 µmol h-1 g-1 

indicating perhaps that Ni may also act as active site for proton reduction. Considering the 

large difference in polaron lifetime, the P10Ys rate is perhaps surprisingly close to that of 

P100.2. This could be due to slow formation of the Ni active species. Photocatalysis 

experiments are conducted over five hours under highly reducing, de-oxygenated conditions. 

It was noted that after the first hour of irradiation the P10Y sample had changed from bright 

yellow/orange to a yellow/green and by the end of the experiment was dark yellow/green, 

perhaps indicating the slow formation of Ni(0). After the 6-hour experiment was ended and 

the sample was exposed to air, the colour returned to yellow/orange within 30 seconds 

suggesting the Ni species formed during photolysis is oxygen sensitive (Figure 55).  
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Figure 54:  Photocatalytic hydrogen production of the P10 polymers (25 mg) suspended in 

(1:1:1) water/methanol/triethylamine mixtures (25 mL), 300 W Xe light source, using a  λ > 420 

nm filter.  
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TAS experiments, while conducted under de-oxygenated conditions, may not provide 

sufficient time or photons to form Ni(0) and thus the polaron decay rates shown in Figure 

53C may represent a sample with limited sites for polaron quenching. Slow formation of 

Ni(0) would also be consistent with the induction period observed in photocatalytic testing. 

The initial HER over the first 75 minutes of the experiment was 1226 µmol h-1 g-1 compared 

to 2004 µmol h-1 g-1 for the subsequent five hours.  

P10Y was also tested with the addition of 2 wt. % Pd by photodeposition of [Pd(NH4)2Cl4]. 

Again, the addition of Pd resulted in an increase in HER to 4005 µmol h-1 g-1. ICP analysis of 

this sample showed 1.9 wt. % Pd in addition to the 0.4 wt. % Ni from synthesis. Whilst this 

sample had a lower 5 h rate than the equivalent P100.2 experiment, the rate over the first hour 

of photolysis was very similar (5527 µmol h-1 g-1). The slight slowing of the rate after this 

point could be due to a an overloading of metal centres as Ni(0) forms on the polymer in 

addition to Pd. This would result in a total metal content of 2.3 wt. %, which is perhaps in 

excess of the optimal loading, or could result in Ni(0) competing with Pd but being less 

efficient at the final proton reduction step.  

STEM analysis showed that residual Pd from synthesis on P100.2, P100.7 and P102.7 formed a 

polydisperse mixture of 5 to 30 nm sized particles (Figure 56A-C and Figure 57). The 

samples of P100.2 and P10Y with Pd added by photodeposition showed similarly sized Pd 

particles, well distributed across the surface of the polymer (Figure 56E-G and 58E-G). This 

is consistent with P100.2 + 2wt. % Pd’s similar HER compared to P100.7 and P102.7.  

Similarly sized Ni particles of 7 – 20 nm were observed on P10Y collected post 

 

Figure 55:  Photographs of P10Y (25 mg) suspended in (1:1:1) water/methanol/triethylamine 

mixture (25 mL), after photolysis under nitrogen (A) and 30 seconds after exposure to air (B).   

. 
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photocatalysis (Figure 58A-C) indicating these may be the active site for proton reduction in 

this material. Whilst these metal particles are visible by STEM, this does not rule out the 

possibility that smaller Pd/Ni particles or clusters are also present on the materials. Analysis 

by high resolution TEM would be required in this case.   
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Figure 56:  P100.2 by SEM (A) and STEM in BF mode (B) and HADF mode (C). P100.2 + Pd by 

SEM (E) and STEM in BF mode (F) and HADF mode (G). Scale bars are 500 nm 
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Figure 57:  P100.7 by SEM (A) and STEM in BF mode (B) and HADF mode (C). P102.7 by SEM 

(E) and STEM in BF mode (F) and HADF mode (G). Scale bars are 500 nm 
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Figure 58:  P10Y by SEM (A) and STEM in BF mode (B) and HADF mode (C). P10Y + Pd by 

SEM (E) and STEM in BF mode (F) and HADF mode (G). Scale bars are 200 nm.  

 

. 
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3.9 Conclusions  

The investigation into these series of oligomers and polymers has enabled a number of 

conclusions to be drawn. Whilst light absorption appeared to be the dominant factor in the 

activity of most of the systems investigated, the MeF1-3 oligomers showed that, in some 

cases, decreasing chain length can provide sufficient improvements to other factors to 

outweigh reduced light absorption. Precisely what these other factors are, though, is still 

somewhat unclear. Driving force most likely plays a role as widening the optical gap 

increases the overpotential for the two redox half reactions. However, the trend in activity 

with chain length was not consistent when the electron donor was altered, indicating the 

kinetics of hole scavenging and, hence, how excited state lifetimes vary with chain length 

must also be considered. 

The behaviour of the S oligomers was quite different to the MeF oligomers, highlighting the 

difficulty of developing general rules for structure-activity relationships between different 

conjugated organic materials. Activity was found to increase rapidly on moving from S1 to 

S2 to S3 with the latter displaying HER not far from the polymer analogue. This was found 

to primarily be a function of the rapid increase of conjugation length with oligomer length 

and subsequent improved absorption properties. TAS and TCSPC measurements both 

showed a decrease in exciton lifetime with increasing chain length, but this did not seem to 

be a dominant factor in regulating photocatalytic activity, possibly due to the speed of hole 

scavenging. TAS measurement of S2 and S3 also indicated that scavenger assisted charge 

separation occurs similarly in short chain lengths to those in polymers, although the 

magnitude of polaron yield was found to be significantly lower for shorter chain lengths.  

Whilst the number of units in the oligomer backbone is clearly important to optical 

properties and photocatalytic activity, the planarity of said backbone is equally important. 

Phenyl and mesityl substitution of fused ring cores were found to give very different 

molecular conformation and packing in the solid state. As a result, the more twisted mesityl 

substituted oligomers had significantly reduced light absorption properties which manifested 

in lower photocatalytic activity under broad spectrum irradiation. This was reversed when 

using solely UV light indicating this twisting did not negatively alter non-absorption 

properties. This was consistent with the behaviour of the series of hexylated oligomers and 

the P76 polymer where increasing alkylation gave more blueshifted light absorption and thus 

low photocatalytic activity at longer wavelengths, but similar activity under UV light. This 

was not the case for the monomer, S6 where absorption properties and activity were similar 

to S1, again indicating that it is a backbone twisting effect that disrupts the oligomers. This 

is pertinent to the growing field of organic-solvent-soluble alkylated polymers for hydrogen 
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evolution, and further studies into the effect of substitution positions on backbone twisting 

may be useful.  

Overall, it appears that materials with longer effective conjugation lengths are primarily 

more active due to their superior absorption properties. The search for new organic 

photocatalytic materials therefore need not be limited to polymers with particularly extended 

conjugation or indeed to polymers in general, as long as aromatic units with sufficiently red-

shifted absorption profiles and high oscillator strengths are incorporated.    

It is widely assumed that the active site for proton reduction on polymer photocatalysts is a 

metal co-catalyst; commonly Pt added after synthesis or residual Pd present from synthesis 

by cross-coupling. Previous work has suggested that aside from acting as the active site for 

proton reduction, hydrogen evolution rate is highly dependent on Pd concentration because 

Pd particles can help to prevent exciton recombination by separating charges. The relative 

independence of the dibenzothiophene sulfone materials’ exciton lifetime to palladium 

content, and the large variation in activity observed at Pd contents above 0.1 wt. % are not 

consistent with this theory. The accumulation of polarons on S2 and S3 as shown by PIAS, 

as well as the large decrease in polaron lifetime of the P10 batches with higher Pd contents 

instead suggests that the rate limiting step for these materials is transfer of an electron 

polaron from the polymer to a Pd active site. 

The fact that polaron lifetime decreases dramatically when the diffusion distance required to 

reach a Pd centre is reduced indicates that charge carrier mobility in these materials may be 

lower than organic materials commonly used for electronic applications. Further work could 

therefore aim to measure and optimise the conductivity of these materials. This may be a 

difficult task as the component that is thought to make S1-3 and P10 good hydrogen 

evolution photocatalysts is the highly polar sulfone group, but monomers containing similar, 

large-dipole-inducing, groups have been found to give reduced charge carrier mobilities.68–70 

In addition, high charge carrier mobility is commonly achieved by increasing 

crystallinity29,30 but the fact that S2, a polycrystalline material, shows similar behaviour to its 

longer chain analogues indicates this may not be an effective strategy for these materials. 

Similarly, minimising twisting of polymer backbones is thought to increase charge carrier 

mobility71,72 but S2 and S3’s crystal structures indicate dibenzothiophene sulfone units most 

likely already adopt a highly planar conformation. Other strategies could be to introduce 

extra conductive components into the material. For example increases in photocatalytic 

activity have been found by adding conducting graphene or reduced graphene oxides layers 

to polymer semiconductors.73,74  An alternative approach would to be to start from materials 
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that are known to be highly conductive, such as polythiophene based materials,29 and to add 

in dibenzothiophene sulfone units.  

3.10 Experimental  

3.10.1 General Procedures 

CHNS microanalysis, solution state NMR, ICP-MS, UV-Vis and fluorescence spectroscopy, 

static light scattering, thermogravimetric analysis and hydrogen evolution experiments were 

conducted as described in Chapter 2.  

Solid-state Nuclear Magnetic Resonance Spectroscopy 

Solid-state NMR experiments were performed on a 9.4 T Bruker DSX solid-state NMR 

spectrometer 4 mm HXY triple-resonance MAS probe in double resonance mode tuned to 

1H at n0(
1H) = 399.98 MHz and the X channel tuned to 13C at n0(

13C) = 100.56 MHz. 

Experiments were performed at room temperature under MAS at nr = 12.5 kHz. 1H pulses 

and SPINAL-64 heteronuclear decoupling75 were performed at a radiofrequency (rf) field 

amplitude of 83 kHz. 1H-13C cross polarization (CP) MAS experiments were obtained with a 

13C rf field of 55 kHz, while the 1H rf field amplitude was ramped to obtain maximum signal 

at a 1H rf field of approximately 60 kHz, at a contact time of 2 ms for 16384 and 8192 scans 

for S2 and S3 respectively at a recycle delay corresponding to 1.3*T1(
1H). The 13C chemical 

shifts were referenced to the CH carbon of adamantane at 29.45 ppm.76 Samples were 

packed in a zirconia rotor with a KelF cap, and NMR data were obtained and analysed using 

TopSpin 3.2. 

Mass Spectrometry  

High resolution mass spectrometry of MeF2, MeF3, PSP, MSM and all intermediates was 

performed on an Agilent Technologies 6530B accuratemass QTOF mixed ESI/APCI mass 

spectrometer (capillary voltage 4000 V, fragmentor 225 V) in positive-ion detection mode.  

PFP was measured in chloroform solution on an Agilent 7890B GC-MS. High resolution 

mass spectrometry of MFM, S2 and S3 was performed at the National Mass Spectrometry 

Facility on an Xevo G2-S Atmospheric Solids Analysis Probe in positive ion detection 

mode. 

Fourier Transformed Infra-Red Spectroscopy 

Transmission FT-IR spectra were recorded on a Bruker Tensor 27 at room temperature; 

samples were prepared as pressed KBr pellets. 
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Powder X-ray Diffraction  

PXRD measurements were performed on a Panalytical Empyrean diffractometer, with a Cu 

X-ray source (λ = 1.5418 Å, Cu-Kα), used in high throughput transmission mode with Kα 

focusing mirror and PIXcel 3D detector. 

Single crystal X-ray Diffraction  

SC-XRD data sets were measured on a Rigaku MicroMax-007 HF rotating anode 

diffractometer (Mo-Kα radiation, l = 0.71073 Å, Kappa 4-circle goniometer, Rigaku 

Saturn724+ detector); or at beamline I19, Diamond Light Source, Didcot, UK using silicon 

double crystal monochromated synchrotron radiation (λ = 0.6889 Å, Pilatus 2M detector). 

Absorption corrections, using the multi-scan method, were performed with the program 

SADABS.77,78 For synchrotron X-ray data, collected at Diamond Light Source (λ = 0.6889Å) 

data reduction and absorption corrections were performed with xia2.79 Structures were 

solved with SHELXT,80 or by direct methods using SHELXS,81 and refined by full-matrix 

least squares on |F|2 by SHELXL,82 interfaced through the programme OLEX2.83 All H-

atoms were fixed in geometrically estimated positions and refined using the riding model. 

For full refinement details, see Tables S1-3.  

Scanning (Transmission) Electron Microscopy 

Imaging of the oligomer morphology was achieved on a Tescan S8000G with secondary 

electron, backscatter and transmission detectors. SEM samples were dropped as powder onto 

conductive carbon and coated with chromium using a sputter coater. SEM images recorded 

at 3 keV with a beam current of 26 pA. STEM samples were dropped onto Agar Scientific 

holey carbon / Cu TEM grids from water suspensions. Unless otherwise stated images were 

recorded at 20 keV with a current of 125 pA. Images were recorded in both Bright Field 

(BF) mode and High Angle Dark Field (HADF) mode. 

Time Correlated Single Photon Counting 

TCSPC experiments were performed on an Edinburgh Instruments LS980-D2S2-STM 

spectrometer equipped with picosecond pulsed LED excitation sources and a R928 detector, 

with a stop count rate below 3%. An EPL-295 diodide (λ = 300.4 nm, instrument response 

100 ps, fwhm) or an EPL-375 diode (λ = 370.5 nm, instrument response 100 ps, fwhm) were 

used as the light source. Oligomers were measured in the solid state and in chloroform 

solution. Polymers were measured in water suspensions. The instrument response was 

measured with colloidal silica (LUDOX HS-40, Sigma-Aldrich) at the excitation 

wavelength. Decay times were fitted in the FAST software using suggested lifetime 

estimates. 
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Transient Absorption Spectroscopy 

Measurements were conducted as described previously.84 

External Quantum Efficiency 

EQEs were measured using a 420 nm (± 10 nm, fwhm) LED. S2 or S3 (12 mg) were 

suspended in water/TEA/MeOH (1:1:1, 8 mL) by sonication. The mixture was transferred 

into a quartz cell, sealed with a septum and degassed for 30 minutes before illuminating with 

the LED. Light intensity was measured at the front of the cell using a ThorLabs probe and 

the hydrogen produced was measured as above. Efficiency was calculated as the incident 

photon to hydrogen conversion yield. Path length was 1 cm, illuminated area was 8 cm and 

light intensity varied from 15-19 W m-2 between experiments. 

3.10.2 Synthesis 

All reagents including MeF1 and S1 were obtained from Sigma-Aldrich, TCI, or 

Fluorochem and used as received. Reactions were carried out under nitrogen atmosphere 

using standard Schlenk techniques. 3,7-dibromodibenzo[b,d]thiophene sulfone and 3,7-

dibenzo[b,d]thiophene sulfone diboronic acid bis(pinacol) ester were prepared as described 

in Chapter 2. 

 3-Bromodibenzo[b,d]thiophene sulfone  

Dibenzo[b,d]thiophene sulfone (20.0 g, 102.4 mmol) was dissolved in concentrated H2SO4 

(500 mL). N-Bromosuccinimide (36.0 g, 202.2 mmol) was added in several portions over 

3 hours and the mixture was stirred overnight at room temperature. The mixture was poured 

into ice-cold water (5000 mL) and stirred for 10 minutes. The solid was filtered off and 

washed repeatedly with water to give a mixture of 3,7-dibromodibezo[b,d]thiophene sulfone 

and 3-bromodibezo[b,d]thiophene sulfone. The mono brominated product was purified by 

column chromatography of the residue material (DCM : n-hexane (40:60)) to give white 

crystals of 3-bromodibezo[b,d]thiophene sulfone (0.71 g, 2.41 mmol, 2.4%). 1H NMR (400 

MHz, CDCl3): δ(ppm) = 7.95 (d, J = 2.0 Hz, 2H), 7.83 (d, J = 7.5 Hz, 2H), 7.79 (d, J = 7.5 

Hz, 2H), 7.77 (dd, J = 8.0 and 2.0 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.67 (t, J = 7.5, 2H), 

7.57 (t, J = 7.5, 2H). 13C {1H} NMR (75 MHz, CDCl3): δ(ppm) = 139.22 (quaternary), 

137.46 (quaternary), 136.93, 134.14, 130.74 (quaternary), 130.72, 130.49 (quaternary), 

125.48, 124.24 (quaternary), 122.95, 122.34, 121.16. Anal. Calcd for C12H7BrO2S: C, 

48.83; H, 2.39; S, 10.86 %; Found: C, 48.82; H, 2.49; S, 10.96 %. HR-MS Calcd for 

[C12H7BrO2S + Na]+: m/z = 316.9248, 318.9227 ; Found: m/z = 316.9243, 318.9222.3-

Dibenzo[b,d]thiophene sulfone boronic acid (pinacol) ester  
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3-Bromodibezo[b,d]thiophene sulfone  (147 mg, 0.5 mmol), diboron pinacol ester (152 mg, 

0.6 mmol), potassium acetate (293 mg, 3.0 mmol) and Pd(dppf)Cl2 (4.8 mg, 6.5 µmols 

1.3 mol%) were added to a dry flask, dried under vacuum for 5 mins and then purged with 

N2. N,N-Dimethylformamide (4 mL) was added via a syringe and the solution was stirred 

under nitrogen at 90 °C overnight. The solution was addedto water (20 mL) and the product 

extracted with ethyl acetate. The crude product was recrystallized from acetonitrile to give 

brown crystals of 3-dibenzo[b,d]thiophene sulfone boronic acid (pinacol) ester (129 mg, 

0.37 mmol, 72%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.29 (s, 1H), 8.05 (d, J = 7.5 Hz, 

1H), 7.83 (m, 2H), 7.79 (d, J = 7.5 Hz, 1H), 7.65 (t, J = 7.5, 1H), 7.55 (t, J = 7.5, 1H), 1.36 

(s, 12H). 13C {1H} NMR (75 MHz, CDCl3): δ(ppm) =  140.14, 138.17 (quaternary), 137.18 

(quaternary), 133.80(s), 131.63(2C, quaternary), 130.77, 128.42, 122.3, 121.91, 120.73, 

84.58 (quaternary), 24.89. Signals for carbons bonded to boron were not observed due to C-

B coupling. Anal. Calcd for C18H19BO4S: C, 63.18; H, 5.60; S, 9.37 %; Found: C, 

62.63; H, 5.45; S, 9.11 %. HR-MS Calcd for [C18H19BO4S + Na]+: m/z = 365.0995; found: 

m/z = 365.0995. 

9,9,9’,9’-Tetramethyl bifluorene (MeF2) 

A flask was charged with 9,9-dimethylfluoren-2-yl boronic acid pinacol ester (320 mg, 

1 mmol), 2-bromo-9,9-dimethylfluorene (273 mg, 1 mmol), toluene (10 mL), sodium 

carbonate solution (2 M, 5 mL) and Starks’ catalyst (1 drop) and was degassed via nitrogen 

bubbling for 30 minutes.  [Pd(PPh3)4] (17.3 mg, 0.015 mmol, 1.5 mol%) was added and the 

mixture was degassed for further 10 minutes before refluxing at 110 °C for 48 hours. The 

mixture was allowed to cool to room temperature before being poured into water (30 mL). 

The organic phase was extracted with chloroform (30 mL), washed with brine (20 mL) and 

dried with magnesium sulfate, filtered, and the solvents were removed under reduced 

pressure. The crude product was recrystallized using a two-solvents mixture of 

dichloromethane/n-hexane to give 9,9,9’,9’-tetramethyl bifluorene as white crystals (298 

mg, 77%). 1H NMR (400 MHz, CDCl3): δ(ppm) =1.52-1.53 (m, 12H), 7.31-7.39 (m, 4H), 

7.47 (dd, J = 7.0, 1.5 Hz, 2H), 7.64 (dd, J = 7.0, 2.0 Hz, 2H), 7.70 (s, 2H), 7.76 (dd, J = 7.0, 

1.5 Hz, 2H), 7.81 (d, J = 7.0Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm) = 27.6, 47.1, 

120.4, 121.5, 122.8, 126.4, 127.2, 127.4, 138.5, 139.0, 140.9, 154.0, 154.4, 120.2. Anal. 

Calcd (for C15H13): C, 93.22; H, 6.78%; Found: C, 91.52; H, 6.64%. HR-MS Calcd for 

[C30H26]
+: m/z = 386.2035; found: m/z = 386.2028. 

9,9,9’,9’,9’’,9’’-Hexamethyl terfluorene (MeF3)  

A flask was charged with 2,7-dibromo-9,9-dimethylfluorene (353 mg, 1 mmol), 2-(9,9-

dimethylfluoren-yl boronic acid pinacol ester (640 mg, 2 mmol), toluene (20 mL), sodium 

carbonate solution (2 M, 10 mL) and Starks’ catalyst (1 drop) and was degassed via nitrogen 
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bubbling for 30 minutes.  [Pd(PPh3)4] (17.3 mg, 0.015 mmol, 1.5 mol%) was added and the 

mixture was degassed for further 10 minutes before refluxing at 110 °C for 48 hours. The 

mixture was allowed to cool to room temperature before being poured into water (60 mL). 

The organic phase was extracted with chloroform (60 mL), washed with brine (20 mL) and 

dried with magnesium sulfate, filtered, and the solvents were removed under reduced 

pressure. The crude product was recrystallized using a two-solvents mixture of 

dichloromethane/ n-hexane to give the pure product as white crystals (521mg, 0.901 mmol,  

90%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.84 (d, J = 8.0 Hz, 2H), 7.81( d, J 8.0 Hz,  

2H), 7.77 (dd, J = 6.5, 1.5 Hz, 2H), 7.72 (dd, J = 4.0, 1.5 Hz, 4H), 7.65-7.68 (m, 4H), 7.47 

(dd, J = 6.5, 1.5 Hz, 2H), 7.31-7.39 (m, 4H), 1.65 (s, 6H), 1.58 (s, 12H). 13C{1H} NMR (75 

MHz, CDCl3): δ (ppm) = 154.6, 154.3, 153.9, 140.8 (2x), 138.9, 138.4, 138.1, 127.2, 127.0, 

126.4, 126.3, 122.6, 121.4, 120.4, 120.3, 120.1, 47.1, 47.0, 27.4, 27.3. Anal. Calcd (for 

C45H38): C, 93.38; H, 6.62%; Found: C, 92.55; H, 6.52%. HR-MS Calcd for [C45H38]
+: m/z = 

578.2974; Found: m/z = 578.2969. 

3,7-Diphenyldibenzo[b,d]thiophene sulfone (PSP) 

A flask was charged with the 3,7-dibromodibenzo[b,d]thiophene sulfone (374 mg, 

1.0 mmol), phenylboronic acid (366 mg, 3 mmol), Starks’ catalyst (2 drops), toluene (50 

mL), aqueous K2CO3 (25 mL, 2 M) and the mixture was degassed with nitrogen. Then 

[Pd(PPh3)4] (35 mg, 3 mol%) was added and the reaction was heated to 110 °C for 2 days. 

After cooling to room temperature the layers were separated, and the aqueous phase was 

extracted with toluene. The combined organic phases were filtered over a plug of SiO2 and 

the plug was thoroughly washed with dichloromethane. The combined organic phases were 

reduced to around 20 mL and the filters that formed were filtered off giving the product as 

white crystals in 76% yield (280 mg). 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.06 (s, 2 H), 

7.88 (d, J = 1.0 Hz, 4H), 7.65 (d, J = 7.5 Hz, 4H), 7.50 (t, J = 7.5 Hz, 4H), 7.44 (t, J = 7.5 

Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm) = 143.8, 138.8, 138.7, 132.6, 130.2, 

129.2, 128.6, 127.1, 121.9, 120.8. Anal. Calcd for C24H16O2S: C, 78.24; H, 4.38; O, 8.68; S, 

8.70%; Found: C, 77.48; H, 4.35; S, 8.64%. HR-MS Calcd for [C24H16O2S+Na] +: m/z = 

391.0769; Found: m/z = 391.0767.  

3,7-Dimesityldibenzo[b,d]thiophene sulfone (MSM) 

A flask was charged with mesitylboronic acid (328 mg, 2 mmol), 3,7-

dibromodibenzo[b,d]thiophene sulfone (374 mg, 1 mmol), toluene (20 mL), potassium 

carbonate solution (2 M, 7 mL) and Starks’ catalyst (1 drop) and was degassed via nitrogen 

bubbling for 30 minutes. [Pd(PPh3)4] (15 mg) was added and the mixture was degassed for 

further 10 minutes before refluxing at 110 °C for 48 hours. The mixture was allowed to cool 

to room temperature before being poured into water (50 mL). The organic phase was 
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extracted with chloroform (50 mL), washed with brine (40 mL) and dried with magnesium 

sulfate, filtered, and the solvents were removed under reduced pressure. The crude product 

was purified by column chromatography in light petroleum ether : ethyl acetate (75:25 

gradient to 30:70) and was then recrystallized using a two-solvents mixture of 

dichloromethane/methanol to give the pure product as white crystals (201 mg, 44%). 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.88 (d, J = 7.5 Hz, 2H), 7.63 (d, J = 1.0 Hz, 2H), 

7.44 (dd, J = 7.5 and 1.0 Hz, 2H), 6.97 (s, 4H), 2.35 (s, 6H), 2.04 (s, 12H). 13C{1H} NMR 

(75 MHz, CDCl3): δ (ppm) = 144.0, 138.4, 137.7, 136.6, 135.7, 135.2, 130.1, 128.5, 123.1, 

121.6, 21.1, 20.8.  Anal. Calcd (for C30H28O2S): C, 79.61; H, 6.24; O, 7.07; S, 7.08%; 

Found: C, 79.01; H, 6.14; S, 6.98%. HR-MS Calcd for [C30H28O2S + Na]+: m/z = 475.1708; 

Found: m/z = 475.1707. 

3,7-Diphenylfluorene (PFP) 

A flask was charged with the 2,7-dibromo-9H-fluorene (1.22 g, 3.77 mmol), phenylboronic 

acid (1.38 g, 11.31 mmol), Starks’ catalyst (2 drops), toluene (50 mL), aqueous K2CO3 (25 

mL, 2 M) and the mixture was degassed with nitrogen. Then [Pd(PPh3)4] (35 mg, 3 mol%) 

was added and the reaction was heated to 110 °C for 2 days. After cooling to room 

temperature the layers were separated, and the aqueous phase was extracted with 

chloroform. The combined organic phases were filtered over a plug of SiO2 and the plug was 

thoroughly washed with chloroform. The combined organic phases were evaporated to 

dryness and the product recrystallized from toluene to give the product as white crystals in 

74% yield (888 mg). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.87 (d, J = 7.5 Hz, 2H), 7.80 

(d, J = 1.5 Hz, 2H), 7.67 (dd, J = 1.5 and 7.5 Hz, 4H), 7.64 (d, J = 7.5 Hz, 2H), 7.47 (t, J 7.5 

Hz, 4H) 7.36 (tt, J = 7.5 and 1.5 Hz, 2H) 4.03 (s, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ 

(ppm) = 144.2, 141.5, 140.6, 139.9, 128.8, 127.2, 127.1, 126.1, 123.8, 120.2, 37.2. Anal. 

Calcd for C25H18: C, 94.30; H, 5.70%; Found: C, 94.46; H, 5.72%. GC-MS Calcd for 

[C25H18]
+: m/z = 318; found: m/z = 318. 

3,7-Dimesitylfluorene (MFM) 

A flask was charged with the 2,7-dibromo-9H-fluorene (972 mg, 3.0 mmol), 2,4,6-

trimethylphenylboronic acid (1.48 g, 9 mmol), Starks’ catalyst (3 drops), toluene (150 mL), 

aqueous K2CO3 (75 mL, 2 M) and the mixture was degassed with nitrogen. Then [Pd(PPh3)4] 

(105 mg, 3 mol%) was added and the reaction was heated to 110 °C for 2 days. After 

cooling to room temperature, the layers were separated, and the aqueous phase was extracted 

with toluene. The combined organic phases were dried over MgSO4, filtered, and the 

solvents were removed under reduced pressure. The crude product was then recrystallized 

from acetonitrile to give the product as light brown crystals in 48% yield (653 mg). 1H NMR 
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(400 MHz, CDCl3): δ (ppm) = 7.85 (d, J = 7.5 Hz, 2H), 7.32 (s, 2H), 7.16 (d, J = 7.5 Hz, 

2H), 6.97 (s, 4H), 3.98 (s, 2H) 2.35 (s, 6H), 2.05 (s, 12H). 13C{1H} NMR (75 MHz, CDCl3): 

δ (ppm) = 143.6, 140.0, 139.6, 139.4, 136.5, 136.2, 128.1, 128.0, 125.9, 119.7, 37.1, 21.1, 

20.8.Anal. Calcd for C31H30: C, 92.49; H, 7.51%; Found: C, 91.88; H, 7.60%. HR-MS Calcd 

for [C31H30+H]+: m/z = 404.2426, 404.2460; found: m/z = 403.2422, 404.2457. 

Bis-dibenzo[b,d]thiophene sulfone (S2) 

3-Bromodibenzo[b,d]thiophene sulfone  (147 mg, 0.5 mmol), 3-dibenzo[b,d]thiophene 

sulfone boronic acid (pinacol) ester (179 mg, 0.5 mmol), toluene (10 mL), sodium carbonate 

solution (2 M, 5 mL) and Starks’ catalyst (1 drop) and was degassed via nitrogen bubbling 

for 30 minutes. [Pd(PPh3)4] (8 mg, 0.007 mmol, 1.4 mol%) was added and the mixture was 

degassed for further 10 minutes before refluxing at 110°C for 48 hours. The mixture was 

allowed to cool to room temperature before pouring into methanol (150 mL). The precipitate 

was collected by filtration and washed with methanol, water and chloroform to give bis-

dibenzo[b,d]thiophene sulfone as an off-white powder (198 mg, 0.46 mmol, 92%).1H NMR 

(400 MHz, C2D2Cl4, 373 K): δ(ppm) = 8.11 (s, 2H), 7.99 – 7.88 (unresolved m, 8H), 7.74 (t, 

J = 7.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 2H). 13C NMR in solution was not possible due to poor 

solubility. Solid state 13C {1H} NMR: δ(ppm) = 137.3 (C1, C3, C8), 134.0 (C11), 131.9 (C4), 

130.4 (C6, C7), 129.2 (C5), 125.0 (C2), 123.1 (C12), 120.3 (C10), 116.7 (C9). HR-MS Calcd for 

[C12H7O2S+H]+: m/z = 431.0412; found: m/z = 431.0415. Anal. Calcd for C12H7O2S: C, 

66.96; H, 3.28; O, 14.87; S, 14.89%; Found: C, 66.10; H, 3.54; S, 14.81%. 

 

Tris-dibenzo[b,d]thiophene sulfone (S3) 

3-Bromodibezo[b,d]thiophene sulfone  (147 mg, 0.5 mmol), 3,7-dibezo[b,d]thiophene 

sulfone diboronic acid bis(pinacol) ester (117 mg, 0.25 mmol), toluene (10 mL), sodium 

carbonate solution (2 M, 5 mL) and Starks’ catalyst (1 drop) and was degassed via nitrogen 

bubbling for 30 minutes.  [Pd(PPh3)4] (8 mg, 0.007 mmol, 1.4 mol%) was added and the 

mixture was degassed for further 10 minutes before refluxing at 110 °C for 48 hours. The 

mixture was allowed to cool to room temperature before pouring into methanol (150 mL). 

The precipitate was collected by filtration and washed with methanol and water. Purification 

by Soxhlet extraction using methanol, followed by chloroform gave tris-

dibenzo[b,d]thiophene sulfone as a green-yellow powder (143 mg, 0.22 mmol, 89%). NMR 

in solution was not possible due to poor solubility in chloroform, DMSO and 
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tetrachloroethane. Solid state 13C {1H} NMR: δ(ppm) = 140.1 (C5, C15), 139.8 (C8), 136.8 

(C1, C13), 133.3 (C11), 131.5 (C4, C7, C16), 130.3 (C5, C6, C17, C18), 124.5 (C2, C14), 122.3 (C12), 

120.5 (C10), 116.5 (C9). HR-MS Calcd for [C36H20O6S3+H]+: m/z = 645.0500; found: m/z = 

645.0509. Anal. Calcd for C36H20O6S3: C, 67.07; H, 3.13; O, 14.89; S, 14.92%; Found: C, 

65.81; H, 3.23; S, 14.58%.   

 

 

Homopolymer of dibenzo[b,d]thiophene sulfone by Suzuki coupling (P100.2, P100.7, 

P102.7) 

P10 was synthesized following a previously reported synthetic procedure:44 

3,7-dibromodibenzo[b,d]thiophene sulfone (187 mg, 0.5 mmol), 3,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)dibenzo[b,d]thiophene sulfone (234 mg, 0.5 mmol), N,N-

dimethylformamide (25 mL) and K2CO3 (aq., 2 M, 5 mL) were added to a flask and 

degassed by N2 bubbling for 30 minutes. Tetrakis(triphenylphosphine)palladium(0) (6, 23 or 

69 mg; corresponding to 0.5, 2 or 6 mol. %) was added and the mixtures were degassed for a 

further 10 minutes. The reactions were refluxed at 140 °C for 48 hours under a nitrogen 

atmosphere. After cooling to room temperature, the reaction mixtures were poured into 

water (400 mL) and stirred for 30 minutes. The yellow-green solids were collected by 

filtration and washed with water (100 mL) and methanol (100 mL). The polymers were 

purified by Soxhlet extraction in methanol and chloroform before drying the solids under 

vacuum. The polymers were ground before use to give free flowing yellow-green powders 

(207, 214 or 211 mg, 97-100 %). Anal. Calcd for C12H6O2S3: C, 67.29; H, 2.83; S, 14.94%; 

Found P100.2: C, 60.77; H, 3.02; S, 13.76%. Found P100.7: C, 58.16; H, 3.00; S, 13.16%. 

Found P102.7: C, 58.99; H, 3.03; S, 13.42%.  

Homopolymer of dibenzo[b,d]thiophene sulfone by Yamamoto coupling (P10Y) 

P10 was prepared via Yamamoto coupling following a previously reported protocol:44 A 

flame-dried Schlenk flask was charged with 3,7-

dibromodibenzo[b,d]thiophene sulfone (374 mg, 1.00 mmol), 2,2′-bipyridine (344 mg, 

2.20 mmol), and transferred into a nitrogen glove-box. Inside the glove-box the flask was 

charged with bis(cyclooctadiene)nickel(0) (660 mg, 2.40 mmol). Outside the glove-box 1,5-

cyclooctadiene (338 mg, 2.20 mmol) and N,N-dimethylformamide (anhydrous, 20 mL) were 

added and the resulting suspension was heated to 80 °C under nitrogen for 2 days. After 
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cooling to room temperature hydrochloric acid was added (conc., 20 mL) and the polymer 

was filtered off. The polymer was washed with water until neutral, and then methanol and 

tetrahydrofuran. Further purification of the polymer was carried out by Soxhlet extraction in 

chloroform before drying the solids under vacuum. The polymer was ground before use to 

give a free-flowing yellow powder (190 mg, 84 %). Anal. Calcd for C12H6O2S3: C, 67.29; H, 

2.83; S, 14.94%; Found: C, 62.05; H, 3.83; S, 12.25% 

2,8-Dibromodibenzothiophene  

A solution of dibenzothiophene (10.0 g, 54.2 mmol) in chloroform (30 mL), connected to a 

sodium sulfite/sodium hydroxide scrubber (2 eq of sodium hydroxide: 1 eq sodium sulfite), 

was cooled to 0°C and bromine (6.2 mL, 121 mmol) was added drop wise. The reaction was 

stirred overnight under nitrogen before filtering. The residue was washed with more of the 

scrubber solution (10 mL) and methanol (10 mL) to give the 2,8-dibromothiophene as a 

white powder (18.1 g, 52.9 mmol, 98%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.22 (s, 

2H), 7.70 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ 

(ppm) = 138.6 (quarternary), 136.2 (quarternary), 130.3, 124.7, 124.2, 118.6 (quarternary).  

2,8-Dihexyldibenzo[b,d]thiophene sulfone (S6) 

A flask was purged with nitrogen and charged with 2,8-dibromodibenzothiophene (10.0 g, 

29.3 mmol) and dry THF (200 mL) and the solution was cooled to -78°C using dry 

ice/acetone. Hexyl-lithium in hexane (28 mL, 2.3 M, 64.4 mmol) was added dropwise and 

the solution was stirred for 3h. 1-bromohexane (10 mL, 7.12 mmol) was added and the 

solution was allowed to warm to room temperature and stirred for 12 hours. Water (20 mL) 

was added and the mixture was stirred for 2h. The product was extracted with diethyl ether, 

washed with water and dried with magnesium sulphate. The solvent was removed under 

reduced pressure to give the product as a yellow oil.  

The oil was dissolved in acetic acid (50 mL, hydrogen peroxide (30% in water, 15 mL) was 

carefully added and the solution was heated with stirring at 140 °C for 2 hours. More 

hydrogen peroxide (10 mL) was added and the solution was heated for a further 16h. After 

cooling, water (150 mL) was added and the product was extracted with chloroform, washed 

with water and dried over magnesium sulphate to give a yellow oil. The crude product was 

recrystallized from ethanol in the freezer to yield a the product as a white solid (5.88 g, 15.3 

mmol, 52%) 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.68 (d, J = 7.9 Hz, 2H), 7.56 (d, J =  

0.9 Hz, 2H), 7.29 (dd, J =  7.9, 1.4 Hz, 2H), 2.77-2.60 (m, 4H), 1.72-1.59 (m, 4H), 1.45-1.24 

(m, 12H), 0.88 (dd, J =  8.9, 5.2 Hz, 6H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm) = 149.9, 

136.0, 132.3, 130.6, 122.2, 121.5, 36.5, 31.9, 31.4, 29.1, 22.8, 14.3. HR-MS Calcd for 



192 
 

[C24H32O2S+Na]+: m/z = 407.2015; found: m/z = 407.2019. Anal. Calcd for C24H32O2S : C, 

74.96; H, 8.39; O, 8.32; S, 8.34%; Found: C, 73.60; H, 7.97; S, 8.27%. 

 

2,8-Dihexyl-3,7-dibromodibenzo[b,d]thiophene sulfone and 2,8-Dihexyl-3-

bromodibenzo[b,d]thiophene sulfone 

2,8-Dihexyldibenzothiophene sulfone, (2.5 g, 6.5 mmol) and sulfuric acid (150 mL) were 

heated in a nitrogen purged flask to 70°C. Under dark conditions N-bromosuccinimide (2.6 

g, 14.6 mmol) was added in portions and the solution stirred for 24h. The mixture was 

carefully added to water with cooling and then extracted with chloroform, washed with 

water and dried with magnesium sulphate. The di- and monobrominated products was 

isolated by column chromatography eluting with n-hexane: DCM (1:1).  

2,8-Dihexyl-3,7-dibromodibenzo[b,d]thiophene sulfone (780 mg, 1.44 mmol, 57.5%) 1H 

NMR (400 MHz, CDCl3): δ (ppm) = 7.91 (s, 2H), 7.56 (s, 2H), 2.85-2.74 (m, 4H), 1.74-1.57 

(m, 4H), 1.47-1.26 (m, 12H), 0.89 (dd, J 9.5, 4.7 Hz, 6H). 13C{1H} NMR (75 MHz, CDCl3): 

δ (ppm) = 149.2, 136.8, 130.5, 126.8, 126.4, 122.8, 77.6, 77.2, 76.9, 37.1, 31.8, 29.9, 29.3, 

22.8, 14.3.  

2,8-Dihexyl-3-bromodibenzo[b,d]thiophene sulfone (372 mg, 0.80 mmol, 12.3%). 1H NMR 

(400 MHz, CDCl3): δ (ppm) = 7.92 (s, 1H), 7.67 (d, J 7.9 Hz, 1H), 7.60-7.52 (m, 2H), 7.31 

(dd, J 7.9, 1.4 Hz, 1H), 2.88-2.75 (m, 2H), 2.75-2.65 (m, 2H), 1.73-1.57 (m, 4H), 1.49-1.19 

(m, 12H), 0.98-0.76 (m, 6H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm) =  δ 150.27, 148.82, 

137.20, 135.54, 131.47, 131.26, 130.85, 126.63, 125.99, 122.90, 122.32, 121.54, 37.04, 

36.47, 31.83, 31.79, 31.40, 29.88, 29.28, 29.07, 22.78, 22.77, 14.28, 14.27.  

3-(2,8-Dihexyldibenzo[b,d]thiophene sulfone) boronic acid (pinacol) ester 

2,8-Dihexyl-3-bromodibenzo[b,d]thiophene sulfone (231 mg, 0.50 mmol),  diboronpinacol 

ester (152 mg, 0.6 mmol), potassium acetate (293 mg, 3.0 mmol) and [Pd(dppf)Cl2] (4.8 mg, 

6.5 µmols, 1.3 mol%) were added to a dry flask, dried under vaccum for 5 mins and then 

purged with N2. DMF (4 mL) was added via syringe and the solution was stirred under 

nitrogen at 90 °C overnight. The solution was added to water (20 mL) and the product 

extracted with ethyl acetate. The crude product was recrystallised from acetonitrile to give 

brown crystals of the product (166 mg, 0.33 mmol, 65%). 1H NMR (400 MHz, CDCl3): δ 

(ppm) = 8.25 (s, 1H), 7.71 (d, J 7.5 Hz, 1H), 7.83 (m, 4H), 7.60 (s, 1H), 7.55 (s, 1H), 7.32 

(d, J 7.5, 1H), 2.96-3.00 (m, 2H), 2.70-2.75 (m, 2H), 1.54 -1.71 (m, 4H), 1.49-1.19 (m, 

12H), 0.87-0.93 (m, 6H).  
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2',8’'-Dihexyl- tris-dibenzo[b,d]thiophene sulfone (SS6S) 

A flask was charged with 2,8-dihexyl-3,7-dibromodibenzo[b,d]thiophene sulfone (109 mg, 

0.2 mmol), 3-dibenzo[b,d]thiophene sulfone) boronic acid (pinacol) ester (137 mg, 0.4 

mmol), toluene (5 mL), sodium carbonate solution (2 M, 2.5 mL) and Starks’ catalyst (1 

drop) and was degassed via nitrogen bubbling for 30 minutes.  [Pd(PPh3)4] (6 mg, 0.006 

mmol, 1.5 mol%)  was added and the mixture was degassed for a further 10 minutes before 

refluxing at 110 °C for 48 hours. The mixture was allowed to cool before being poured into 

water (60 mL). The organic phase was extracted with chloroform (60 mL), washed with 

brine (20 mL) and dried with magnesium sulfate before removing the solvent under vacuum. 

The product was re-crystallised from DCM : methanol to give a white powder (150 mg, 0.19 

mmol, 93%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.84 (d, J = 7.8 Hz, 2H), 7.80 (d, J = 8 

Hz, 4H), 7.73 (s, 4 H), 7.63 (t, J = 8 Hz, 2H), 7.62 (s, 2H), 7.54 (t, J = 8 Hz, 2H), 7.51 (d, J = 

8 Hz, 2H), 2.64 (t, J = 8 Hz, 4H), 1.47 -1.54 (m, 4H), 1.12-1.22 (m, 12H), 0.76 (t, J = 8 Hz, 

6H).  13C{1H} NMR (75 MHz, CDCl3): δ (ppm) = 147.5, 142.3, 141.8, 138.3, 138.0, 136.1, 

134.6, 134.1, 131.3, 131.3, 131.1, 130.7, 123.5, 122.7, 122,6, 122.4, 121.8, 121.8, 33.6, 31.4, 

31.2, 29.0, 22.5, 14.0. Anal. Calcd for C48H44O6S3: C, 70.91; H, 5.45; O, 11.81; S, 11.83%; 

Found: C, 69.84; H, 5.01; S, 10.10%. 

 

2,2'',8,8''-Tetrahexyl- tris-dibenzo[b,d]thiophene sulfone (S6SS6) 

A flask was charged with 2,8-dihexyl-3- bromodibenzo[b,d]thiophene sulfone (256.5 mg, 

0.56 mmol), 3,7-dibezothiophene sulfone diboronic acid bis(pinacol) ester (130 mg, 0.28 

mmol), toluene (10 mL), sodium carbonate solution (2 M, 5 mL) and Starks’ catalyst (1 

drop) and was degassed via nitrogen bubbling for 30 minutes.  [Pd(PPh3)4] (8 mg, 0.007 

mmol, 1.4 mol%)  was added and the mixture was degassed for a further 10 minutes before 

refluxing at 110°C for 48h. The mixture was allowed to cool before being poured into water 

(60 mL). The organic phase was extracted with chloroform (60 mL), washed with brine (20 

mL) and dried with magnesium sulphate before removing the solvent under vacuum. The 

product was re-crystalised from DCM : methanol to give an off-white powder (250 mg, 0.25 

mmol, 91%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.96 (d, J 8.0 Hz, 2H), 7.82 (s, 2H), 

7.72-7.77 (m, 4H), 7.63-7.69 (m, 6H), 7.34 (d, J 8.0 Hz, 2H), 2.66-2.79 (m, 8H), 1.19-1.74 

(m, 24H), 0.82-0.93 (m, 12H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm) = 150.1, 147.3, 

142.7, 141.4, 138.5, 136.1, 135.7, 134.7, 131.9, 131.5, 130.8, 130.7, 123.3, 122.8, 122.5, 

122.2, 122.0, 121.6, 36.29, 33.61, 31.7, 31.4, 31.3, 31.2, 29.0, 28.9, 22.6, 22.5, 14.1, 14.0. 
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Anal. Calcd for C60H68O6S3: C, 73.43; H, 6.98; O, 9.78; S, 9.80%; Found: C, 72.33; H, 6.92; 

S, 9.04%. 

 

2,2',2'',8,8',8''-Hexahexyl- tris-dibenzo[b,d]thiophene sulfone (S6S6S6) 

A flask was charged with 2,8-dihexyl-3,7-dibromodibenzo[b,d]thiophene sulfone (54 mg, 

0.10 mmol), 3-(2,8-dihexyldibenzo[b,d]thiophene sulfone) boronic acid (pinacol) ester (100 

mg, 0.20 mmol), toluene (5 mL), sodium carbonate solution (2 M, 2.5 mL) and Starks’ 

catalyst (1 drop) and was degassed via nitrogen bubbling for 30 minutes.  [Pd(PPh3)4] (3 mg, 

0.003 mmol, 1.5 mol%) was added and the mixture was degassed for a further 10 minutes 

before refluxing at 110°C for 48h. The mixture was allowed to cool before being poured into 

water (60 mL). The organic phase was extracted with chloroform (60 mL), washed with 

brine (20 mL) and dried with magnesium sulfate before removing the solvent under vacuum. 

The product was re-crystalised from DCM : methanol to give a white powder (101 mg, 

0.088 mmol, 88%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.81 (s, 2H), 7.76 (s, 2H), 7.48 

(d, J 7.0 Hz, 2H), 7.66 (2, 2H), 7.59 (s, 2H), 7.55 (s, 2H), 7.36 (d, J 7.0 Hz, 2H), 2.76 (t, 4H), 

2.40-2.57 (m, 8H), 1.70 (t, 4H), 1.49-1.60 (m, 8H), 1.31-1.42 (m, 12H), 1.18-1.28 (m, 24H), 

0.89-0.93 (m, 6H), 0.80-0.85 (m, 12H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm)= 149.9, 

147.2, 142.8, 141.5, 138.9, 136.5, 136.1, 131.9, 131.5, 130.7, 130.5, 123.3, 123.2, 122.8, 

122.4, 122.1, , 121.8, 121.4, 36.2, 33.7, 33.6, 31.6, 31.4, 31.3, 31.1, 31.0, 29.0, 28.9, 28.8, 

22.4, 22.3, 22.34, 22.32, 13.9, 13.79, 13.77. HR-MS Calcd for [C72H92O6S3+Na]+: m/z = 

1171.5948; found: m/z = 1171.5937. Anal. Calcd for C72H92O6S3: C, 75.22; H, 8.07; O, 8.07; 

S, 8.37%; Found: C, 71.72; H, 7.64; S, 7.75%. 

 

Copolymer of 1,4-Benzenediboronic acid bis(pinacol)ester and 3,7-

Dibromodibenzo[b,d]thiophene sulfone (P7) 

3,7-Dibromodibenzo[b,d]thiophene sulfone (748 mg, 2.0 mmol) and 1,4-benzenediboronic 

acid bis(pinacol)ester (660 mg, 2.0 mmol) were loaded in a N2 purged flask. DMF (40 mL) 

and aqueous sodium carbonate (2 M, 8 mL) were added and the mixture was degassed by N2 

bubbling for 30 minutes. [Pd(PPh3)4] (34 mg, 0.015 mmol, 1.5 mol%) was added and 

degassing continued for 30 minutes before heating to 140 °C for 48 hours. The mixture was 

cooled to room temperature and poured into water. The precipitate was collected by 

filtration and washed with H2O and methanol. The polymers were purified by Soxhlet 

extraction in methanol and chloroform before drying the solids under vacuum. The polymer 

was ground before use to give free flowing light green powder (572 mg, 99%). Anal. Calcd 

for C18H10O2S: C, 74.46; H, 3.47; S, 11.04%; Found: C, 69.20; H, 3.73; S, 10.55%. 
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Copolymer of 1,4-Benzenediboronic acid bis(pinacol)ester and 2,8-dihexyl-3,7-

dibromodibenzo[b,d]thiophene sulfone (P76) 

3,7-Dibromo-2,8-dihexyldibenzo[b,d]thiophene sulfone (543 mg, 1.0 mmol) and 1,4-

benzenediboronic acid bis(pinacol)ester (330 mg, 1.0 mmol) were loaded in a N2 purged 

flask. DMF (20 mL) and aqueous sodium carbonate (2 M, 4 mL) were added and the 

mixture was degassed by N2 bubbling for 30 minutes. [Pd(PPh3)4] (17 mg, 0.015 mmol, 1.5 

mol%) was added and degassing continued for 30 minutes before heating to 140 °C for 48 

hours. The mixture was cooled to room temperature and poured into water. The precipitate 

was collected by filtration and washed with H2O and methanol. The polymers were purified 

by Soxhlet extraction in methanol and chloroform before drying the solids under vacuum. 

The polymer was ground before use to give free flowing green powder (398 mg, 87%). 

Anal. Calcd for C30H36O2S: C, 78.22; H, 7.88; S, 6.96%; Found: C, 63.50; H, 6.14; S, 4.82%.  

3.10.3 Definitions and Measurement of Optical Properties  

Molar extinction coefficients (εMolar) were calculated using Equation 1 below, with absorption 

(A) recorded at the maxima for each material in chloroform, at a range of different 

concentrations (c), in a cell of path length (l) 1 cm. Values were calculated from a 

concentration / absorption graph with at least 4 points and R2 values of over 0.99.   

                                              (Equation 1.) 

Average extinction coefficients (Average εMolar) were calculated by averaging of absorption 

values over the 275-400 nm range (values collected every 0.5 nm) for each concentration. 

Values were calculated from a concentration / average absorption graph with at least 4 

points and R2 values of over 0.99.    

Mass extinction coefficients (εMass) were calculated by dividing the molar extinction 

coefficients (εMolar) by the molar mass (mr) of each material, Equation 2, and represents the 

absorption of the oligomers per unit mass (m).  

                               (Equation 2.) 

Average mass extinction coefficients (Average εMass ) were calculated by dividing the average 

molar extinction coefficients (Average εMolar ) by the molar mass (mr) of each material.  

Photoluminescent quantum yields (Φ) were calculated using standard techniques,85 Equation 

3 using the quantum yield of a standard (Φs), the integrated fluorescence emission of the 

oligomers (Ix) and the standard (Is), the absorption of the oligomers (Ax) and the standard (As) 

at the excitation wavelength and the refractive index of the solvent used for the oligomers 
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(ηx) and the standard (ηs). The oligomers were measured in chloroform (ηx = 1.46),86 a 

quinine sulfate standard in H2SO4(aq) (0.5 M) was used (Φs = 0.546, ηs = 1.346),85 and values 

were calculated from the gradient of an absorption / emission graph with at least 4 points 

and R2 values over 0.99. The uncertainty in the absorption/emission slope was used to 

estimate percentage errors for the quantum yield value.  

  (Equation 3.) 

Absorption corrected activity (ACA) values, Equation 4, were calculated by dividing the 

hydrogen evolution rates (HER) of the oligomers in µmol h-1 g-1, by the average mass 

extinction coefficients in cm2 g-1.  

                                            (Equation 4.) 
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3.10.4 Single Crystal X-ray Diffraction 

 Table 4. Single crystal X-ray refinement details for MeF1, MeF2, and MeF3. 

 
 

MeF1 MeF2 MeF3[a] 

Crystallisation Conditions Received from supplier as 
crystalline sample 

DCM / n-hexane DCM / n-hexane 

Space Group I41/a P  P21/n 

Wavelength [Å] Mo-Kα Mo-Kα Mo-Kα 

Collection Temperature 100 K 100 K 298 K 

Formula C15H14 2(C30H26) 2(C45H38) 

Mr 194.26 773.01 1157.5 

Crystal Size (mm) 0.53 x 0.43 x 0.32 0.28 x 0.09 x 0.04 0.41 x 0.29 x 0.09 

Crystal System Tetragonal Triclinic Monoclinic 

a [Å] 21.5488(14) 8.3173(13) 19.5956(5) 

b [Å]  9.6055(17) 22.8016(4) 

c [Å] 9.6725(6) 13.200(2) 16.5804(4) 

α [°]  100.545(5)  

β [°]  92.275(4) 109.790(3) 

γ [°]  90.001(5)  

V [Å3] 4491.4(6) 1035.9(3) 6970.8(3) 

Z 16 1 4 

Dcalcd [g cm-3] 1.149 1.239 1.103 

μ [mm-1] 0.065 0.070 0.062 

F(000) 1664 412 2464 

2θ range [°] 3.78 – 61.98 4.31 – 46.61 4.77 – 52.74 

Reflections collected 25139 11415 145548 

Independent reflections, Rint 3576, 0.0572 2982, 0.1043 14055, 0.0544 

Obs. Data [I > 2σ] 2650 412 7267 

Data / 
restraints / 
parameters 

3576 / 0 / 138 2982 / 0 / 352 14055 / 1309 / 1077 

Final R1 values (I > 2σ(I)) 0.0478 0.0700 0.0955 

Final R1 values (all data) 0.0671 0.1297 0.1680 

Final wR(F2) values (all 

data) 

0.1338 0.2008 0.2548 

Goodness-of-fit on F2 1.049 1.033 1.572 

Largest difference peak and 
hole [e.A-3] 

0.153 / -0.247 0.183 / -0.225 0.693 / -0.244 

CCDC 1999752 1999748 1999755 

[a] In the crystal structure of MeF3, one of the fluorene trimers was disordered over two position (50:50 

occupancy split) and both parts were refined with constrained aromatic geometries (AFIX 66 in SHELX) and 

bond distance restraints (DFIX in SHELX).  In addition, due to disordered, the structure was refined with a rigid 

bond restraint (RIGU in SHELX).  
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Table 5. Single crystal X-ray refinement details for PSP, PFP, MSM, and MFM. 

 
 

PSP[a] PFP[b] MSM[c] MFM 

Crystallisation 
Conditions 

DCM / toluene toluene DCM / n-hexane acetonitrile 

Space Group P21/n P21/n Ia P  

Wavelength [Å] Mo-Kα Mo-Kα Mo-Kα Mo-Kα 

Collection 
Temperature 

293 K 150 K 150 K 100 K 

Formula C24H16O2S C25H18 2(C30H28O2S) 2(C31H30) 

Mr 368.43 318.39 905.16 805.10 

Crystal Size (mm) 0.14 x 0.05 x 0.03 0.45 x 0.11 x 0.04 0.10 x 0.08 x 0.02 0.27 x 0.04 x 0.04 

Crystal System Monoclinic Monoclinic Monoclinic Triclinic 

a [Å] 9.362(3) 7.9704(15) 15.642(5) 8.5024(8) 

b [Å] 9.511(2) 5.7466(10) 17.335(3) 11.1377(10) 

c [Å] 20.202(5) 36.314(7) 18.046(3) 26.180(2) 

α [°]    83.462(7) 

β [°] 99.403(11) 95.924(4) 98.641(5) 84.924(7) 

γ [°]    89.341(7) 

V [Å3] 1774.6(8) 1654.4(5) 4837.7(19) 2453.4(4) 

Z 4 4 4 2 

Dcalcd [g cm-3] 1.379 1.278 1.243 1.090 

μ [mm-1] 0.199 0.072 0.159 0.061 

F(000) 768 672 1920 864 

2θ range [°] 4.08 – 46.48 4.51 – 52.76 3.28 – 43.93 3.68 – 46.51 

Reflections collected    30026 

Independent 
reflections, Rint 

2755, 0.0789 3387, 0.0412 5280 7071, 0.1343 

Obs. Data [I > 2σ] 2012 2863 4007 3474 

Data / 
restraints / 
parameters 

2755 / 0 / 245 3387 / 0 / 227 5280 / 578 / 608 7071 / 3 / 571 

Final R1 values (I > 

2σ(I)) 

0.0814 0.0524 0.0883 0.0682 

Final R1 values (all 

data) 

0.1240 0.0636 0.1178 0.1666 

Final wR(F2) values 

(all data) 

0.1573 0.1309 0.2131 0.1792 

Goodness-of-fit on F2 1.208 1.065 1.046 0.994 

Largest difference 
peak and hole [e.A-3] 

0.298 / -0.391 0.219 / -0.206 0.753 / -0.409 0.194 / -0.203 

CCDC 1999749 1999747 1999756 1999753 

[a] X-ray data for PSP was refined as a 2-component twin (HKLF 5) with the BASF refined to 0.504(3), after 

scaling the X-ray data in TWINABS.  [b] X-ray data for PFP was refined as a 2-component twin (HKLF 5) with 

the BASF refined to 0.667(2), after scaling the X-ray data in TWINABS. [c] X-ray diffraction data for MSM was 

weakly diffracting and twinned. X-ray data was detwinned using the TwinRotMat function in Platon and refined 

as a 2-component twin (HKLF 5) with the BASF refined to 0.337(7). Due to disorder, a 0.95 Å resolution limit 

was applied during refinement and structure was refined with a rigid-bond restraint (RIGU in SHELX). 
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Table 6. Single crystal X-ray refinement details for S1, S2, and S3. 

 
 

S1 S2[a] S3 

Crystallisation Conditions Received from supplier as 
crystalline sample 

sublimation sublimation 

Space Group C2/c P  P  

Wavelength [Å] Mo-Kα Mo-Kα 0.6889  

Collection Temperature 298 K 298 K 298 K 

Formula C12H8O2S 2(C24H14O4S2) 2(C36H20O6S3) 

Mr 216.24 860.94 1289.40 

Crystal Size (mm) 0.12 x 0.06 x 0.04 0.09 x 0.06 x 0.01 0.09 x 0.03 x 0.006 

Crystal System Monoclinic Triclinic Triclinic 

a [Å] 10.1221(8) 7.3833(13) 7.6704(19) 

b [Å] 13.8377(11) 8.4946(16) 16.878(3) 

c [Å] 7.1345(5) 15.020(3) 23.693(5) 

α [°]  94.371(5) 71.258(16) 

β [°] 91.650(2) 93.590(6) 84.16(2) 

γ [°]  90.853(5) 78.786(18) 

V [Å3] 998.89(13) 937.3(3) 2846.6(11) 

Z 4 1 2 

Dcalcd [g cm-3] 1.438 1.525 1.504 

μ [mm-1] 0.296 0.316 0.283 

F(000) 448 444 1328 

2θ range [°] 4.99 – 58.30 4.81 – 52.80 2.50 – 51.69 

Reflections collected 6680  37013 

Independent reflections, Rint 1349, 0.0374 3813  11880, 0.1731 

Obs. Data [I > 2σ] 1139 2510 5372 

Data / 
restraints / 
parameters 

1349 / 0 / 69 3813 / 0 / 272 11880 / 0 / 811 

Final R1 values (I > 2σ(I)) 0.0454 0.0653 0.0854 

Final R1 values (all data) 0.0518 0.1041 0.1546 

Final wR(F2) values (all 

data) 

0.1401 0.1804 0.2427 

Goodness-of-fit on F2 1.088 1.057 0.945 

Largest difference peak and 
hole [e.A-3] 

0.316 / -0.332 0.306 / -0.413 0.596 / -0.354 

CCDC 1999750 1999751 1999754 

[a] X-ray data for S2 was detwinned using the TwinRotMat function in Platon and refined as a 2-component twin 

(HKLF 5) with the BASF refined to 0.198(3).  
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3.10.5 Analysis of S1 Breakdown Product 

 

1H NMR (400 MHz, CDCl3): δ(ppm) = 8.08 (Ha, dd, J = 7.5, 1.5 Hz, 1H), 7.55 (He, d, J = 7.5 

Hz, 2H), 7.45 (Hb, td, J = 7.5, 1.5 Hz, 1H,), 7.40 -7.30 (Hc, Hf, Hg, m, 4H), 7.23 (Hd dd, J = 

7.5, 1.5 Hz, 1H). 13C{1H} NMR (CDCl3):  δ(ppm) = 154.07 (C1), 139.94 (C6), 139.80 (C7), 

130.17 (C8), 130.05 (C5), 129.15 (C4), 127.84 (C3), 127.78 (C9), 127.04 (C10), 121.81 (C2). 

HR-MS Calcd for [C12H9O3S]-: m/z = 233.0278; found: m/z = 233.0274. 

 

Figure 59:  1H-COSY NMR spectrum of S1 breakdown product (400 MHz, CDCl3). 

 

 

 

. 
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Figure 60:  13C-NMR ATP spectrum of S1 breakdown product in CDCl3. X-axis displays 

chemical shift in ppm. 

 

 

. 

 

 

Figure 61:  HSQC NMR spectra of S1 breakdown product in CDCl3. 

 

 

. 

 



202 

 

3.10.6 Summary of Photocatalytic Testing 

Table 7:  Summary of HERs  

Material 
Pd[a] 

(wt. %) 

HER (μmol h-1 g-1) 
TEA/MeOH/Water[b

] 

λ > 295 nm filter[c] 

HER (μmol h-1  g-1) 
TEA/MeOH/Water[b] 

400 > λ > 275 nm 

filter[c] 

HER (μmol h-1  g-1) 
Na2S / Na2SO3 

(aq)[d] 

λ > 295 nm filter 

HER (μmol h-1  g-1) 

Na2S / Na2SO3 

(aq)[d] 

400 > λ > 275 nm 

filter[c] 

HER (μmol h-1  g-1) 
Homogeneous[e] 

400 > λ > 275 nm 

filter[c] 

PSP < 0.001[f]   24.1 ± 0.8 29.6 ± 0.4 14 ± 0.5 

MSM 0.002   5.5 ± 0.2 20.4 ± 0.7 44 ± 4[h] 

PFP 0.003   13.8 ± 0.8 8.7 ± 0.3 120 ± 13 

MFM 0.014   4.8 ± 0.4 10.0 ± 0.5 13 ± 1 

MeF1 < 0.001[f] 4.7 ± 0.2[g] 2.6 ± 0.3[g] 4.1 ± 0.3 6.5 ± 0.6 107 ± 8 

MeF2 0.011 12.9 ± 0.4 4.3 ± 0.3 3.4 ± 0.2 4.4 ± 0.2 93 ± 5 

MeF3 0.017 37 ± 1 28 ± 1 10.1 ± 0.3 6.6 ± 0.3 30 ± 1 

MeF1+ 0.02 % Pd 0.016 9.6 ± 0.5 4.9 ± 0.3 14.2 ± 0.3 28 ± 1 
HER (μmol h-1 g-1) 

TEA/MeOH/Water[b] 

λ > 420 nm filter[c] 

S1 < 0.001[f] 26 ± 3[g,h] 20.1 ± 0.4[g,h] 8.1 ± 0.8 25.4 ± 0.2 < 0.1 
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S2 0.22 414 ± 9 101 ± 1 81 ± 2 50 ± 1 26 ± 1 

S3 0.26 2073 ± 82 526 ± 9 286 ± 4 162 ± 6 1125 ± 9 

S1 + 0.4 % Pd 0.36   14.7 ± 0.5 33 ± 0.7 < 0.1 

S1+ 3 wt. % Pd -[j] 43 ± 3[g,h]     

S2[i] 0.008 306 ± 9     

S2 + 3 wt. % Pd 2.1 1369 ± 24     

S3 + 3 wt. % Pd 2.5 6550 ± 150     

S6 < 0.001[f]   5.1 ± 0.5 18 ± 0.4  

S6S6S6 0.43   10 ± 0.2 66 ± 0.7  

S6SS6 0.33   15 ± 0.4 62 ± 2  

SS6S 0.34   70 ± 4 87 ± 0.7  

P7 0.37 2926 ± 80 594 ± 12   1533 ± 100 

P76 0.21 619 ± 40 332 ± 12   121 ± 9 

P100.2 0.2     2825 ± 130 
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 [a] Measured by ICP-MS after microwave digestion with HNO3, present from[Pd(PPh3)4] used in synthesis via Suzuki-Miayura coupling or loaded by photodepostion using 

[Pd(NH4)2Cl4; [b] Photocatalyst (1 mg mL-1) suspended in TEA/MeOH/Water (1:1:1), rate calculated as linear regression fit over 5 hours; [c] See appendix for full filter 

characteristics. [d] Photocatalyst (1 mg mL-1) suspended in Na2S / Na2SO3 (aq) (0.2 M / 0.35 M, 25 mL), rate calculated as linear regression fit over 5 hours; [e] Photocatalyst 

(5 mg) dissolved in THF (22.5 mL), TEA (1.25 mL) and water (1.25 mL), rate calculated as linear regression fit over 5 hours; [f] Pd level below the baseline of the 

instrument; [g] Catalyst partially soluble in mixture used for photocatalysis experiment; [h] Rate determined as linear regression fit less than 5 hours due to non-linearity;  [i] 

Photocatalyst washed with sodium N,N-diethyldithiocarbamate. [j] Accurate Pd deposition could not be determined due to dissolution of the photocatalyst.  

 

 

 

 

 

 

P100.7 0.7     5332 ± 180 

P102.7 2.7     4906 ± 200 

P10Y < 0.001(0.4 Ni)     1897 ± 74 

P100.2 + 2 wt. % Pd 1.7     5718 ± 170 

P10Y + 2 wt. % Pd 1.9     4005 ± 180 
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Chapter 4: Hydrogen-bonded Organic 

Frameworks for Photocatalytic 

Hydrogen Production 
 

All materials in this chapter were synthesised by the author except for TPhP, which was 

prepared by Dr. Christopher Kane. Dr. Marc Little amorphised TBAP and performed single 

crystal X-ray diffraction analysis. Thermogravimetric analysis and carbon monoxide 

production experiments were performed by Dr. Reiner Sebastian Sprick and sorption 

analysis was performed by Dr. Marc Little, Rob Clowes, and Michael Brand. (TD)-DFT 

calculations were performed by Dr. Liam Wilbraham and Dr. Martijn Zwijnenburg. All 

other materials characterisation and testing were carried out by the author. 
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4.1. Introduction 

Porous hydrogen-bonded organic frameworks (HOFs) are a class of molecular crystals that 

are stabilised by hydrogen-bonding interaction between molecules, and which possess 

permanent porosity. It is the retention of porosity upon solvent removal that distinguishes 

porous molecular crystals (including HOFs) from other pore-containing molecular crystals. 

Inclusion crystals1–3 and molecular zeolitic structures4–8 have been studied since the 1950s 

and can efficiently contain and exchange guest molecules within their open frameworks, but 

these classes of materials are not typically self-supporting and the structures collapse upon 

guest removal. In contrast, in 2005 Sozzani et. al showed a framework of 

tris‐o‐phenylenedioxycyclotriphosphazene molecules (Figure 1) could retain open pores 

under complete removal of solvent. This material shows significant gas sorption with CO2 

uptake of over 1 mol mol-1, corresponding to more than two guest molecules per unit cell.9   

 

The term HOF was first coined in 2011 by He and co-workers.10 Their material, HOF-1, is a 

crystalline phase of the molecule shown in Figure 2A and was the first example of a 

hydrogen-bonded molecular crystal with proven permanent porosity, although in fact the 

structure was first reported by Wuest over a decade earlier,11 who also showed the phase was 

stable to desolvation. In HOF-1, (Figure 2B) a tetraphenylmethane core is substituted with 

four 2,4-diaminotriazine groups. Each of these groups forms two hydrogen bonds to a 

neighbouring molecule to give a body centred cubic network (Figure 2C). The rigid nature 

of the molecular tecton12 prevents the involvement of the further eight hydrogen bonding 

positions, as the molecules cannot interpenetrate. This is in contrast to more flexible 

analogues of this molecule13 (Figure 2D) where increased conformational freedom results in 

a less open framework with the fulfilment of all sixteen possible hydrogen bonding 

positions.   

A B C

 

Figure 1: Molecular structure of tris‐o‐phenylenedioxycyclotriphosphazene (A) and the porous 

crystal structure of tris‐o‐phenylenedioxycyclotriphosphazene (B and C).  Adapted, with 

permission from reference [9].  
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The diamino triazine groups in HOF-1 are a commonly used14–17 hydrogen-bonding 

‘synthon’12 in HOFs, and along with carboxylic acids18–22 and azole motifs,23,24 utilise strong 

O/N–H interactions to thermodynamically stabilise the formation of low-density phases.  

Hydrogen-bonding alone is often insufficient to maintain the large open pore structures in 

HOFs that can be stabilised by covalent or coordination bonding in COFs25,26 and MOFs27,28, 

respectively. Secondary intermolecular interactions, such as π-π stacking or van der Waals 

forces, are thus frequently crucial for stabilising the extended packing in HOFs and 

maintaining their porosity.29  

Carboxylic acid pairs form 1-dimensional hydrogen-bonding synthons and thus planar tecton 

cores such as pyrene30 and triphenylene31 exclusively give sheets where hydrogen bonding 

occurs in the same plane as the core. These then stack to give layered structures held 

together by π-π interactions. Carboxylic acid-bearing tectons with non-planar cores such as 

biphenylene20 and hexaazatriphenylene,32 or indeed sp3 centres33 show 3D networks held 

A B C

D

 

Figure 2: (A) Molecular structure of HOF-1. X-ray crystal structure of HOF-1 featuring (B) one-

dimensional channels along the c axis with a size of ∼8.2 Å (yellow spheres) and (C) three-

dimensional body-centered cubic network topology. Adapted with permission from reference [10]  

(D) Molecular structure of flexible 2,4-diaminotriazine analogue with an 2,4,8,10-

tetraoxaspiro[5,5]undecyl cores.  
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together by linear hydrogen bonds. Other hydrogen bonding groups form more complex 

synthons and so can give a diversity of structures. One example of this is the triptycene 

trisbenzimidazolone material in Figure 3, where a triptycene core and peripheral urea groups 

give a C3 symmetric molecule where the tecton has a ‘sideways’ rotational plane 

perpendicular to its π systems. Mastalerz et. al first found that this molecule could form a 

HOF structure where the rigid triptycene cores stack perpendicularly with almost no 

aromatic ring overlap.34 Instead, each molecule relies on a network of hydrogen bonds with 

molecules in adjacent stacks above and below its own plane. Cooper, Day and co-workers 

subsequently found three further polymorphs of the same molecule, one of which (T2-γ), is 

the lowest density molecular crystals to date with a BET surface area of 3425 m2g-1.35   

 

HOFs have primarily been studied for their gas sorption properties. There are now many 

examples of HOFs showing high CO2 uptake and selectivity versus N2
36–38 and as well as 

uptake of various hydrocarbons and chlorofluorocarbons.10,23 These are important properties 

for greenhouse gas capture technologies. There are also a growing number of materials with 

considerable H2 and methane uptake,34,35,39 which indicate HOFs could be used for fuel 

storage applications. HOFs have also been shown to have potential for various separations. 

They have been widely studied for simple hydrocarbon separation,10,14,20,40 but others have 

developed chiral HOFs15 or HOFs with very large pores41 to generate more niche selectivity 

for alcohol enantiomers and fullerene, respectively. Whilst the ‘weak’ H-bond or Van der 

A B

 

Figure 3: (A) Molecular structure of triptycene trisbenzimidazolone (T2) and related candidates 

for HOF porous crystal formation. (B) Predicted (red) and experimental (blue) structures of 

several polymorphs of T2. Adapted with permission from reference [35]. 
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Waals interactions between HOFs and guests give good reversibility and guest release 

properties, the lack of ‘strong’ binding sites, such as open metal centres in MOFs, somewhat 

limits the potential of HOFs for molecular recognition.   

HOFs are also becoming a material of interest for proton conduction membranes. The low-

density and high concentration of proton carriers inherent to HOFs mean they are obvious 

candidates for fuel cell technologies. HOFs containing neutral tectons, such as a diamino 

triazine bearing porphyrin,42 have been shown to have moderate proton conductivities but 

HOFs formed of charged guanidinium and sulfonate-bearing tectons43 and porous salts 

formed from various diamines and tetra acids44 appear to show more promise, with proton 

conductivities comparable to MOFS.  

The above applications take advantage of HOFs vesicular structure but a newer area for 

HOF studies is their use in optical applications. The highly conjugated rigid molecules 

commonly used as HOF tectons, often have highly favourable absorption and emission 

properties. In recent years there have been several examples of HOF structures exhibiting 

interesting emissive behaviour, distinct from that of their component molecules. Douhal and 

co-workers found that a HOF based on the widely studied ‘phenylene triangle’ core of 

5,6,11,12,17,18-hexadehydrotribenzo[a,e,i]cyclododecene had an allowed S0→S1 transition 

forbidden in the solution state of the molecule, as well an emission associated with charge 

transfer and a red-shifted emission thought to be due to species with proton transfer 

element.45 These three components are thought to show the significant effects i) tecton 

conformation, ii) π-stacking and iii) hydrogen bonding can have on the electronic states of 

molecules confined within HOF structures.  It has also been shown that the generation of 

crystalline HOF structures can be used to increase the fluorescence yields of HOF tectons 

compared to the solutions state,46 increase the efficiency and lifetime of phosphorescent 

materials47 and give highly anisotropic emissive behaviour.32,48 HOFs have also been shown 

to be suitable for fluorescence-quenching-based sensing of nitroaromatics,49 silver ions,50 

and acids.51   

One of the least explored properties of HOFs is their ability to act as semi-conductors. HOFs 

are highly ordered materials based on extended aromatic groups and often contain extensive 

π-stacking interactions. These are all beneficial properties for forming organic electronics 

with high charge carrier mobilities. The band structures of HOFs also mean they may be 

useful for photoredox applications but thus far the only examples involve a 1,3,6,8-

tetrakis(p-benzoic acid)pyrene (TBAP) HOF (discussed further below), which Liu and Cao 

showed to be capable of singlet oxygen generation for photodynamic therapy30  and which 

was later shown to be capable of photooxidation of a mustard gas simulant.52 
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The high crystallinity and often the hydrophilic groups inherent to HOFs are highly 

attractive properties for a photocatalyst but HOFs are not an obvious choice for water 

splitting as they were initially found to be unstable in hydrogen bonding solvents, such as 

water. There are, however, now several examples of more robust HOFs that utilise strong 

intermolecular interactions and allow retention of the framework under harsh conditions 

such as boiling water and strong acids and bases. Previously, the lack of an extended 

covalent network may also have been expected to prevent HOFs from acting as effective 

hydrogen production catalysts but in light of the results in Chapter 3 it cannot be assumed 

that longer chain lengths are necessarily required for good photocatalytic activity. The fact 

that HOFs are molecular materials with weaker non-covalent interactions than COFs also 

give them the highly desirable feature of being solution-processable. This allows for the 

formation of single crystalline materials, allowing for easy characterisation and a complete 

picture of material structure. It also bestows the potential for framework regeneration and 

the formation of nanostructured architectures.  

4.2 TBAP-α and Amorphous TBAP 

At room temperature and atmospheric pressure, pyrene forms a stable P21/a polymorph with 

herringbone style packing and limited π-π interactions between molecules.53 However, at 

pressures greater than 0.3 GPa, a high density phase has been observed.54 In the high 

pressure polymorph, extended columns of stacked pyrene units are stabilised by strong π-π 

interactions with significant overlap and small 3.85 Å distances between layers. This 

aromatic ring stacking 55–58motif is present in a number of recently reported COF crystal 

structures with high activity for photocatalytic hydrogen production from water. In 2018 

Lotsch and co-workers reported a pyrene based COF with a HER of 98 µmol h−1 g−1 with a 

TeOA scavenger, under AM 1.5 G.59 This was a similar activity to previously reported 

amorphous pyrene based networks60 but their material did show high photocurrents of 6 µA 

cm−2 and the authors attribute this high conductivity to through-layer interactions between 

the closely stacked, small offset layers. There is evidence of layered 2D sheet structures in 

less ordered organic photocatalysts, such as CTFs61 and carbon nitrides62 as well, and these 

are often targeted to give improved charge transfer properties. HOFs combine such 

structures with a much higher degree of accessible crystallinity making them ideal 

candidates for investigation. HOF structures of TBAP (Figure 4) combine π-stacking with 

good visible light absorption, porosity, hydrophilic groups, and a suitable band structure 

(discussed below) meaning it possesses many of the properties outlined in Chapter 1 as 

beneficial for photocatalysis.    
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4.2.1 Synthesis and Characterisation.  

TBAP was synthesised according to a literature method63 and crystallised in batches by 

vapour diffusion of CHCl3 into DMF solution (see experimental section 4.8.1 for details). 

After the formation of yellow crystals, the crystallisation solvent was exchanged with 

acetone over several days before drying under vacuum at 120 °C. Desolvation of the crystal 

pores was verified by the lack of solvent peak in the 1H NMR spectrum (Figure 5B) and by 

TGA. At 400 °C, the desolvated material had lost less than 2 wt.% (Figure 5A). This 

contrasts with the material isolated directly from chloroform/DMF which lost more than 20 

wt.% up to 400 °C.  

 

 

 

Figure 4: Chemical structure of TBAP 
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Figure 5: Thermogravimetric trace (A) and 1H NMR (400 MHz, DMSO-d6) spectra (B) of 

thermally activated TBAP-α. 
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The single crystal structure of the desolvated material, TBAP-α, is shown in Figure 6. The 

structure has C2/c symmetry, with 2-dimensional sheets of TBAP molecules held in an open 

framework structure by two hydrogen bonds from each of the four benzoic acid groups to 

four neighbouring molecules. These layers are stacked with a slight offset to form infinite 

columns of overlapping pyrene units, as shown in Figure 6A, with a distance of 3.93 Å 

between the TBAP layers. The rhombohedral voids of each layer also overlap to give open 

channels running perpendicular to the TBAP sheets. The structure is in good agreement with 

that obtained by Cao et al.30  

 

The PXRD spectra of three batches of TBAP-α are shown in Figure 7. These batches gave 

BET surface areas of 2001, 2270 and 2074 m2 g-1, respectively, consistent with the literature 

value.30  

 

A

B

C

 

Figure 6: Structure of TBAP-α as determined by single crystal XRD. Viewed down the 

crystallographic a (A), b (B) and c (C) axes. 
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Figure 7: Nitrogen sorption isotherm at 77 K (A) and PXRD spectra (B) of batches of TBAP-α. 
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An amorphous version of TBAP was prepared by rapid acidification of a solution of TBAP 

dissolved in KOH(aq) (see experimental for full details). This material was analysed by PXRD 

(Figure 8A), which showed complete loss of crystallinity, and nitrogen sorption (Figure 8B), 

which showed complete loss of porosity with a nominal BET surface area of just 4.9 m2 g-1.  

 

Aside from this, the amorphous material showed very similar properties to the crystalline 

samples; The particle sizes of the amorphous TBAP were found to be similar to those of the 

crystalline batches, by SLS (Figure 9A and B). Suspensions of the crystalline batches in 

water gave particle size distributions with Sauter mean diameters of 15.5, 11.0, and 9.3 µm, 

whilst the amorphous material had an intermediate Sauter mean diameter of 11.9 µm. 

Similarly, turbidity measurements of TBAP-α and amorphous TBAP suspended in water 

(Figure 9C), showed similar light transmission over time, indicating they have comparable 

dispersibilities.  
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Figure 8: Nitrogen sorption isotherm (A) and PXRD spectra (B) of amorphous TBAP. Inset in B 

shows expanded PXRD spectra of amorphous TBAP.  
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Interestingly, water sorption isotherms for both amorphous TBAP and TBAP-α showed 

limited (< 10 wt. %) water uptake at low (< 0.6) relative pressures (Figure 10A), suggesting 

the pores of TBAP-α may not be easily wetted.  TBAP-α does show up to 25 wt. % uptake 

at higher pressures, but this would be consistent with water condensing on the surface of the 

crystals. This is in contrast to other highly porous organic materials used as photocatalysts 

where water uptake can reach more than 50 wt.% at relative pressures of 0.6.55,64 One reason 

for this difference may be the hydrophobicity of the pore wall in TBAP-α. Although TBAP 

molecules contain four hydrophilic carboxylic acid groups, in the HOF the hydrogen-

bonding capability of these groups is fully saturated, limiting the interaction possible with 

solvent molecules. The pore walls themselves are primarily hydrophobic aromatic groups. 

This is different from a previously studied highly-wettable material, FS-COF, which has 

polar sulfone groups lining the pore walls.55  
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Figure 9: SLS spectra of TBAP materials in water (A) and ascorbic acid (0.1 M) (B). Light 

transmission measurements of materials dispersed in water over time (C), scans were recorded 

every 30 mins with scan 1 occurring at t = 0 mins. 
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The absorption profiles of the crystalline and amorphous materials were also similar. Figure 

10B shows the solid-state UV-Vis diffuse reflectance spectra of TBAP-α and amorphous 

TBAP which have absorption onsets of 507 and 497 nm, respectively. This indicates that the 

solid-state packing of TBAP units has a limited effect on the optical gap of the material. 

This is consistent with the band structures as predicted by DFT calculations (Figure 11). In 

previous chapters, DFT calculations have been performed on the lowest energy conformers 

of single molecules in the gas phase. To account for the differences in secondary structure 

between TBAP-α and amorphous TBAP, calculations were performed for both an isolated 

TBAP molecule optimised in the gas phase (Figure 11, I), an isolated TBAP molecule taken 

from a DFT optimised TBAP-α crystal structure (Figure 11, II), a TBAP molecule taken 

from a DFT optimised TBAP-α crystal structure with a neighbouring molecule above and 

below it (Figure 11,  III) and finally a TBAP molecule taken from a DFT optimised TBAP-

α crystal structure with four neighbouring molecules above and four below it (Figure 11, 

IV). These calculations suggest that the extended stacking structures observed in TBAP-α 

(approximated by case IV) do not significantly affect the substrates overpotentials for proton 

reduction and scavenger oxidation in comparison to the amorphous material (approximated 

by case I or II). These calculations also indicate that both materials should have sufficient 

thermodynamic driving force for proton reduction, as in all cases the substrate EA lies 

greater than 1.5 V above the proton reduction potential. As the benzoic acid groups in TBAP 

are susceptible to deprotonation at high pHs, an acidic sacrificial electron donor, ascorbic 

acid, was used for photocatalytic testing. Therefore, the proton reduction potentials shown in 

Figure 11 are at pH 2.6, the likely pH of a 0.1 M ascorbic acid solution.55 Whilst all cases 

described above have reasonable (> 0.5 V) driving force for the overall oxidation of ascorbic 

acid, the driving forces for the initial one-hole oxidation of ascorbic acid are significantly 
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Figure 10: Water uptake measurements (A) and UV-Vis absorption spectra (B) of the TBAP 

materials.  
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smaller (although all still represent a thermodynamically favourable reaction) indicating this 

may act as a kinetic barrier to hydrogen evolution.    

 

The excited state lifetimes of the two materials were studied by TCSPC (Figure 12). In water 

suspensions, the fluorescence lifetime spectra of amorphous TBAP and TBAP-α are almost 

identical and very similar to a solution of TBAP dissolved in DMSO  (Figure 12A). All 

spectra were best fitted by multicomponent exponential decay curves and TBAP-α and 

amorphous TBAP and had τAv values of 1.86 and 1.94 ns, whilst in DMSO solution TBAP 

had a τAv value of 1.80 ns. This indicates that exciton formation and decay, are not 

significantly affected by differences in solid state packing in these materials. Equally, 

neither material showed a large change in the fluorescence lifetime spectra upon addition of 

Pt by photodeposition with similar 1.79 and 1.88 ns. This suggests limited exciton 

quenching by Pt in these materials. When the suspension medium was changed from water 

to 0.1 M ascorbic acid, however, both materials show a significant decrease in fluorescence 

lifetime; τAv decreased to 0.58 ns TBAP-α in 0.1 M ascorbic acid, and to 0.85 ns for 

amorphous TBAP in 0.1 M ascorbic acid, with similar decreases to 0.69 and 0.80 ns for the 

platinised analogues. This indicates that ascorbic acid is an effective hole scavenger for both 

the crystalline and amorphous versions of this material and is independent of platinisation. 
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Figure 11: Comparison of the IP and EA values of TBAP based on an isolated TBAP molecule 

optimized in the gas-phase (I), an isolated TBAP molecule taken from the DFT optimized TBAP-

α crystal structure (II), a TBAP single molecule taken from the DFT optimized TBAP-α crystal 

structure surrounded by a molecule above and below it, as well as the phenyl groups of the 

laterally adjacent molecules (III), and the analogous tetramer case (IV). Solution potentials for the 

reduction of protons and oxidation of ascorbic acid at pH 2.6, the likely pH of a 0.1 M ascorbic 

acid solution. 
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Analysis of material collected post catalytic testing (section 4.2.2.3) rule out chemical or 

structural changes to TBAP-α as the source of these lifetime changes. 

 

4.2.2 Photocatalysis Experiments 

4.2.2.1 Co-catalyst loading 

The materials were first tested for hydrogen production in 0.1 M ascorbic acid as a 

sacrificial electron donor with 4 wt. % Pt as co-catalyst, loaded by photodeposition of 

H2PtCl6. Using a 420 nm filter (300 W Xe lamp) batches 1-3 of TBAP-α produced hydrogen 

at rates of 591, 837, and 829 µmol h-1 g-1 over 6 hours of irradiation, demonstrating 

reproducibility between batches (Figure 13C). In contrast, no hydrogen was detected from 

the amorphous sample over 6 hours. The catalysts were collected by filtration after 

photolysis and the platinum contents determined by ICP-MS. Analysis indicated that 

photodeposition of the Pt co-catalysts had occurred at low yields; The crystalline batches 

had Pt contents of 1.54, 1.01 and 1.12 wt.% respectively whilst the amorphous sample had 

1.27 wt.%. STEM imaging (Figure 14) showed the formation of 2 - 15 nm sized Pt 

nanoparticles, which were well dispersed across the TBAP particles and indeed covered a 

high proportion of the surface. It has been shown previously that overloading of Pt co-

catalysts can hinder hydrogen evolution, possibly by reducing light absorption or increasing 
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Figure 12: TCSPC fluorescence lifetime measurements of TBAP materials in suspension. Raw 

data (squares), fit (lines) and residuals (bottom). λex = 370 nm, λem = 509 nm. 
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recombination65,66 and it is noted that Batch 1, which had the lowest HER, had a 38 – 52 % 

higher Pt content than the other batches.   

As such, a sample of TBAP-α and an amorphous sample were then tested adding only 1 

wt.% Pt (Figure 13A and B). Again, deposition occurred in low yield with Pt contents for the 

amorphous and crystalline samples of 0.24 and 0.48 wt.% by ICP-MS. Under these 

conditions both materials were more active; the amorphous sample produced hydrogen 

evolution at a rate of 6 µmol h-1 g-1 whilst the HER of TBAP-α increased to 1293 

µmol h-1 g-1.  

With no Pt co-catalysts added, activity was dramatically reduced; the amorphous sample 

produced no measurable hydrogen whilst TBAP-α had a rate of just 59 µmol h-1 g-1. 

Although no Pt was added to these samples, TBAP was synthesised using Pd-catalysed 

Suzuki coupling so it is not sensible to suggest that TBAP-α is acting as a completely metal-

free catalyst; Pd levels were lower than could be detected by ICP-MS (10 ppm = 0.001 

wt.%) but even very low levels of Pd have been found to be sufficient to give limited 

photocatalytic activity for hydrogen production.67 Whilst the kinetics of this material are not 
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Figure 13: Hydrogen evolution of TBAP-α and amorphous TBAP (25 mg) loaded with 1 wt.% 

(A and B (where, (B) shows an expanded view of (A)), or 4 wt.% (C) Pt, from photodeposition of 

H2PtCl6, or with no Pt added (D), dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated 

with a 300 W Xe light source fitted with a λ > 420 nm cut off filter.   
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studied in detail in this work, the large variation in rate with Pt content suggests it is crucial 

to photocatalysis and may act as the active centre for proton reduction.  
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Figure 14: STEM images of TBAP-α collected post photocatalysis with no (A and B), 1 wt.% (C 

and D) or 4 wt.% (E and F) Pt loaded by photodeposition of H2PtCl6. Images were recorded in 

bright field (BF) mode (left) and High Angle Dark Field (HADF) mode (right).  
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Given the high BET surface area of TBAP-α and that photons can typically penetrate ca. 

100 nm into organic materials68 photodeposition of PtH2Cl6 could theoretically occur inside 

the 1.9 × 2.1 nm pores wide pores of TBAP-α. Indeed, it has been previously shown that 

using the same Pt photodeposition method, small 3 nm Pt particles form within the pores of 

a dibenzothiophene sulfone-based COF (FS-COF) and it is suggested that this is partially 

responsible for the materials very high proton reduction activity.55   However, as mentioned 

above, the pores of this material are both larger and more hydrophilic than TBAP-α and so 

the behaviour of the two materials may be different. A combination of SEM and STEM 
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Figure 15: STEM images of amorphous TBAP collected post photocatalysis with no (A and B), 1 

wt.% (C and D) or 4 wt.% (E and F) Pt loaded by photodeposition of H2PtCl6. Images were 

recorded in bright field (BF) mode (left) and High Angle Dark Field (HADF) mode (right).  
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imaging suggested Pt nanoparticles were located predominantly on the surface of TBAP-α 

crystals (Figure 16).  

To study this further, large pre-made Pt nanoparticles were loaded onto TBAP-α and the 

material tested for photocatalytic activity. These particles were synthesised by the reduction 

of PtH2Cl6 by NaBH4 to give particles with hydrodynamic diameters from 4 to 40 nm and a 

Zav of 13 nm by DLS (Figure 17A), too large to fit inside the 1.9 × 2.1 nm pores of TBAP-α. 

To load, TBAP-α was sonicated with the Pt nanoparticles in water for 30 minutes followed 

by evaporation of the water under vacuum. This gave a sample with a loading of 0.46 wt.% 

Pt by ICP-MS. Whilst, the sample with large pre-made nanoparticles produced hydrogen at a 

rate of 813 µmol h-1 g-1, 37% lower than the sample with Pt from photodeposition (Figure 

17C), this small drop in HER is not consistent with the orders of magnitude drop in active 

surface area that would result from moving from a system were pores are fully coated with 

Pt active sites to one where they are not. STEM imaging of the sample with pre-made Pt 

nanoparticles showed a less even distribution of Pt (Figure 18) and the “higher stress” 

preparation of this sample likely causes some delamination of the crystalline sample, which 

would both be expected to reduce the effectiveness of the photocatalyst. Taken together 
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Figure 16: TBAP-α with 1 wt. % Pt, STEM images in BF mode (A) and HADF mode (B) and 

SEM images at 1 KeV (C) and 30 KeV (D). 
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these results suggest proton reduction is primarily occurring at the surface of the crystals, 

rather than within the pores.  

An amorphous sample loaded with the same, large pre-made nanoparticles had a HER of 50 

µmol h-1 g-1, higher than the photodeposited sample (Figure 17D) but still significantly lower 

than the crystalline sample under the same conditions (813 µmol h-1 g-1). This could be a 

result of its slightly higher Pt content, which was measured to be 0.55 wt.% by ICP-MS 

(compared to 0.24 wt.% for the photodeposited sample).   
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Figure 17: DLS spectra of the ‘pre-made’ Pt nanoparticles (A). To scale cartoon of the minimum 

particle size and the pores of TBAP-α (B).  Hydrogen evolution of TBAP-α (C) and amorphous 

TBAP (D) (25 mg) loaded with ‘pre-made’ Pt nanoparticles or Pt from photodeposition of 

H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated with a 300 W Xe light 

source fitted with a λ > 420 nm cut off filter. 
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4.2.2.2 EQE and control reactions.  

The external quantum efficiency of TBAP-α (Batch 1, 1 wt.% Pt added, suspended in 

ascorbic acid (0.1M)) upon illumination at 420 nm was estimated to be 4.1%, dropping to 

1.2% at 470 nm and below detection levels at 595 nm, in line with the absorption profile of 

the material (Figure 19A). A sample of TBAP- α, loaded with Pt and stirred in the ascorbic 

acid scavenger solution, in the dark, produced no detectable hydrogen over 6 hours. These 

experiments indicate hydrogen is being produced in a light-driven process.  

When TBAP-α was suspended in a 0.1 M solution of ascorbic acid in D2O and illuminated 

(300 W Xe light source, λ > 420 nm filter) sustained D2 production was measured over a 

four-hour period (Figure 19B). This suggests hydrogen production is a catalytic process 

rather than the result of the degradation of TBAP molecules. A small amount of H2 was also 

produced, which is thought to be due to H-D exchange between D2O solvent and non-

deuterated ascorbic acid scavenger. 
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Figure 18: STEM images of TBAP-α (A and B) and amorphous TBAP (C and D) collected post 

photocatalysis with ‘pre-made’ Pt nanoparticles. Images were recorded in bright field (BF) mode 

(left) and high angle dark field (HADF) mode (right). 
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In addition, very low levels of CO were detected from suspensions of TBAP-α in normal 

(non-deuterated) water / ascorbic acid solutions without (Figure 20A) and with (Figure 20B) 

the addition of 1 wt.% Pt, upon illumination for 5 hours (AAA Solar simulator, 1 sun). 

Significant hydrogen evolution, on the other hand, was observed with the pristine and 

platinated samples producing 2.8 and 33.0 µmol of hydrogen respectively.  
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Figure 19: EQE values of TBAP-α measured at various wavelengths overlying the materials UV-

Vis absorption spectra (A). D2 and H2 production of TBAP-α (25 mg) dispersed in D2O (25 mL) 

with ascorbic acid (440 mg) illuminated with a 300 W Xe light source fitted with a λ > 420 nm 

cut off filter. Low levels of H2 production are consistent with hydrogen/deuterium exchange 

between the non-deuterated ascorbic acid scavenger and the D2O solvent.  
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4.2.2.3 Long term stability 

The stability of TBAP-α under photocatalytic conditions was also tested over 110 hours 

(0.1 M ascorbic acid, 1 wt.% Pt from photodepostion, λ > 420 nm) (Figure 21A).  TBAP 

was found to be chemically stable by NMR and solution state UV and PL (Figure 22). 

However, the secondary structure, the hydrogen-bonded framework, was not stable under 

these conditions. Samples collected after 6, 40, and 110 hours had decreasing crystallinity, 

shown through a reduction in the peak intensity by PXRD (Figure 21B). This reduction in 

crystallinity was accompanied by a gradual decrease in photocatalytic activity over time. 

HER dropped from 1293 µmol h-1 g-1 over hours 1-6, to 653 µmol h-1 g-1 after 20 hours, to 

369 µmol h-1 g-1 after 60 hours and 156 µmol h-1 g-1 after 110 hours and thus was tending to 

the behaviour of the amorphous sample in terms of activity and crystallinity. This, along 

with the very low activity of the amorphous sample discussed above, is a strong indication 

that the high activity of TBAP-α is a direct consequence of its secondary HOF structure.  

A

B

 

Figure 20: GC chromatograms photocatalysis experiments of TBAP-α.  The photocatalyst (5 mg) 

loaded without (A) and with (B) 1 wt.% Pt in ascorbic acid solution (0.1 M, 5 mL) was 

illuminated for 5 hours with a solar simulator (AAA solar simulator, 1 Sun). Each trace shows 

two repeat experiments. Inset shows spectrum expanded > 100 x to show very low amounts of CO 

produced.   
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Figure 21: Hydrogen evolution of TBAP-α over an extended photocatalysis experiment (A) and 

PXRD spectra of the material collected pre and post 6, 40 or 110 hours of photolysis (B).  

Photocatalysis conditions were TBAP- α (25 mg) with 1 wt.% Pt, from photodeposition of 

H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated with a 300 W Xe light 

source fitted with a λ > 420 nm cut off filter.  Red line in (A) shows the amount of hydrogen 

present in the chemical structure of the photocatalyst. 
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HOF structures are often unstable in water due to solvent molecules competing for hydrogen 

bonding interactions with the framework.16 Without these interactions the π-stacked columns 

of aromatic units are no longer energetically favourable, leading to delamination and 

collapse of the framework into a high-density amorphous phase. Whilst TBAP-α can sustain 

hydrogen production over similar timescales to many organic photocatalysts in the 

literature69–72 it was thought the process of amorphisation of TBAP-α crystals, and thus the 

drop in activity, may be slowed by using a dispersant solvent with a lower concentration of 

hydrogen bonding groups. TBAP-α was therefore also tested suspended in a solution of 

ascorbic acid (0.1 M) in an acetonitrile : water (9 : 1) mixture. With the addition of 1 wt.% 

Pt and using a 420 nm filter (300 W, Xe light source) TBAP-α produced hydrogen at a rate 
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Figure 22: UV-Vis (A), PL (B) and 1H NMR (400 MHz, DMSO-d6) (C) spectra of TBAP-α in 

DMSO solution collected pre and post 6, 40 or 110 hours of photolysis (ascorbic acid solution 

(0.1 M), 1 wt.% Pt co-catalyst, from photodeposition of H2PtCl6,  illuminated by a 300 W Xe light 

source fitted with a λ > 420 nm cut off filter). 
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of 358 µmol h-1 g-1 across the first 6 hours of testing. In contrast to the fully aqueous system, 

hydrogen evolution remained approximately linear over 118 hours (Figure 23A) with a HER 

of 347 µmol g-1 h-1 over the final 16 hours of the experiment, very close to the initial rate. 

PXRD analysis of the sample collected at 6, 62, and 118 hours (Figure 23B) showed a much 

slower decrease in peak intensity than in the aqueous system (Figure 21B) suggesting the 

non-hydrogen-bonding acetonitrile component was suppressing degradation of the ordered 

network.  
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Figure 23: (A) Hydrogen evolution of TBAP-α over extended photocatalysis experiments 

dispersed in either aqueous ascorbic acid or ascorbic acid dissolved in MeCN:H2O (9:1). (B).  

PXRD spectra of the material collected pre and post 6, 62 or 118 hours of photolysis under MeCN 

conditions. 
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The lower initial HER of TBAP-α in the acetonitrile : water dispersant compared to the 

aqueous system could be a consequence of the smaller driving force for scavenger oxidation 

expected in this system. The lower rate could also be a result of lower Pt content as 

photodeposition was found to occur much less efficiently in this system, with only 0.05 

wt.% measured for the sample collected post photolysis by ICP-MS.  

To circumvent the poor photodeposition yields found in the acetonitrile: water system a 

sample of TBAP-α was pre-loaded with Pt by photodeposition in fully aqueous ascorbic 

acid solution. Irradiation for 1 hour (λ > 295 nm, 300 W Xe light source, the sample was 

kept as cool as possible with a fan) resulted in a material with 0.15 wt.% Pt by ICP-MS. 

Although PXRD peak intensity did decrease somewhat over the photodeposition process 

(Figure 24) the material was still found to be highly crystalline and, when redispersed in the 

acetonitrile: water system, the sample produced hydrogen at a rate of 911 µmol g-1 h-1 much 

closer to the activity of the fully aqueous system.   

 

4.2.2.4 Influence of Driving Force and pH 

As discussed in section 4.2.1, TBAP is predicted to have a large driving force for proton 

reduction, but oxidation of ascorbic acid scavenger is thermodynamically less favourable 

and thus is perhaps rate limiting. Ideally, we could investigate this using a scavenger, such 

as TEA, that has a less positive oxidation potential, however TBAP dissolves under alkaline 

conditions and thus a buffered system of 5 vol.% TEA in water adjusted to pH 7 by the 
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Figure 24: PXRD spectra of TBAP-α pre and post photodeposition of 1 wt.% Pt, from H2PtCl6,  

by 1 hour of irradiation in fully aqueous ascorbic acid (0.1 M), illuminated by a 300 W Xe light 

source fitted with a λ > 295 nm cut off filter). 
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addition of (HCl, 1 M) was used as the photolysis dispersant. Under these conditions no 

measurable hydrogen was produced by TBAP-α over 6 hours of irradiation (1 wt.% Pt, λ > 

420 nm filter, 300 W Xe light source) which is consistent with previous studies that indicate 

triethylamine ceases to function as an effective electron donor at low pH.73 Instead the 

photocatalytic activity of TBAP-α and amorphous TBAP were investigated in suspensions 

of ascorbic acid (0.1 M), buffered to pH 7 by the addition of NaOH(aq) (1 M) (Figure 25). In 

this system the potentials of the substrate will remain constant but the decreased proton 

concentration from neutral pH will result in a shift of the proton reduction and scavenger 

oxidation potentials to more negative values. This leads to a decrease in driving force for 

proton reduction but an increase in driving force for scavenger oxidation.  

 

Under these conditions (1 wt.% Pt, λ > 420 nm filter, 300 W Xe light source) the HER of 

TBAP-α was 3108 µmol g-1 h-1 an increase of 240 % relative to equivalent measurements at 
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Figure 25: Hydrogen evolution of TBAP-α (A) and amorphous TBAP (B) at different pHs and 

PXRD spectra (C) of the samples collected before and after 6 hours of catalysis. Photolysis 

conditions were TBAP (25 mg) with 1 wt.% Pt, from photodeposition of H2PtCl6, dispersed in 

ascorbic acid solution (25 mL, 0.1 M) illuminated with a 300 W Xe light source fitted with a 

λ > 420 nm cut off filter. Samples at pH 7 were buffered by the addition of NaOH.   
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pH 2.6. This increase suggests that the small driving force for ascorbic acid oxidation at low 

pH is limiting hydrogen evolution rate, and that the larger driving force at higher pH 

outweighs the decrease in driving force for proton reduction. This is explained by the fact 

that even at higher pH the reduction overpotential remains large (> 1.5 V). Whilst HER of 

TBAP-α at pH 2.6 was approximately linear over 6 hours, it is apparent in the buffered 

sample (and a repeat also shown in Figure 25A with a rate of 2945 µmol g-1 h-1) that 

hydrogen evolution slows over 6 hours. This corresponded to a more rapid decrease in 

PXRD peak intensity than at pH 2.6 (Figure 25C) presumably due to loss of the ordered 

HOF structure occurring more rapidly at higher pH. This is thought to be due to a more 

significant population of deprotonated TBAP molecules at pH 7, further disrupting the 

hydrogen bond network.  

Amorphous TBAP also had an increase in rate under neutral conditions. HER increased to 

156 µmol g-1 h-1, an increase of 2200% relative to pH 2.6 (Figure 15B). The Pt contents of 

the amorphous and crystalline materials collected post aqueous buffered measurements were 

found to be very similar with Pt contents of 0.31 and 0.37 wt.% respectively. The relatively 

larger improvement of the amorphous material perhaps indicates that amorphous TBAP has 

a slightly raised IP relative to TBAP-α and thus, moving from pH 2.6 to pH 7 represents a 

larger relative increase in the driving force for scavenger oxidation for amorphous TBAP 

than for TBAP-α. Even with this larger improvement the activity of the amorphous sample 

remains 20 times lower than that of the crystalline, indicating the HOFs secondary structure 

is the dominant factor dictating activity.     

The increase in rate with pH was also found in the acetonitrile : water (9:1) dispersants. In 

this case, at pH 7 TBAP-α had a HER 792 µmol g-1 h-1, 2.2 times the pH 2.6 experiment 

with similar, very low Pt deposition (0.04 wt.%) (Figure 26A). Figure 26B shows the sample 

of TBAP-α with Pt pre-loaded by 1 hour of photodeposition in water, which was initially 

tested in unbuffered ascorbic acid in acetonitrile : water (as discussed above), but after 6 

hours, NaOH (aq) (625 μL, 4 M) was added to bring the dispersant to neutral pH. This, as 

with the low Pt samples, resulted in an increase in rate. HER over the first 6 hours at pH 2.6 

was 911 µmol g-1 h-1, whilst the HER across two hours following NaOH addition was 2305 

µmol g-1 h-1.  
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4.3 Phenyl and Pyridyl Analogues 

4.3.1 Synthesis and Characterisation 

To better analyse what features of the TBAP-α HOF contributed most to its high 

photocatalytic activity, the material was compared to a number of pyrene-based analogues. 

The first these replace the four benzoic acid groups in TBAP with phenyl and pyridyl groups 

to give 1,3,6,8-tetraphenylpyrene (TPhP) and 1,3,6,8-tetrapyridin-4-yl pyrene (TPyP), 

respectively (Figure 27). These materials were synthesised in one step by Suzuki coupling of 

1,3,6,8-tetrabromopyrene with phenyl boronic acid or 4-pyridyl boronic acid in DMF 

solution. After work up, the amorphous powders were crystallised by sublimation at 425 °C 

(TPhP) or 450 °C (TPyP) and pressures of 5 × 10−4 hPa. Figure 28 shows the structures of 

the crystalline materials TPhP-α and TPyP-α as determined by SCXRD. 
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Figure 26: Hydrogen evolution of TBAP-α (25 mg) at different pHs with 1 wt.% Pt, from 

photodeposition of H2PtCl6 in situ (A) or pre-loaded by 1 hour of irradiation in fully aqueous 

ascorbic acid (0.1 M), at λ > 295 nm (B).  The samples were dispersed in ascorbic acid dissolved 

in MeCN:H2O (9:1) (25 mL) illuminated with a 300 W Xe light source fitted with a λ > 420 nm 

cut off filter. Samples at pH 7 were buffered by the addition of NaOH.   

 

Figure 27: Chemical structures of TPhP and TPyP.    
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The π-stacked pyrene columns found in TBAP-α are stabilised by hydrogen-bonding 

interactions within the perpendicular 2D layers. Without such hydrogen bonding groups, 

TPhP-α does not contain extended π-stacking interactions or contain pores (Figure 28B and 

C), but forms a dense P212121 polymorph which has previously been observed from 

crystallisation of TPhP in CH2Cl2 / hexane.74  

In contrast, TPyP-α was found to crystallise in the monoclinic space group P21/n with 

extended columns of TPyP molecules stacked 3.95 Å apart (Figure 28E), very similar to the 

3.93 Å packing distance observed in TBAP-α. Whilst TPyP does not contain any 

conventional hydrogen-bonding groups,75 labile C–H···N bonding interactions have been 

found to have significant effect in many chemical and biological structures76 and have been 

shown to direct crystal packing in 4-pyridyl functionalised molecules before.77
 It is therefore 

thought that interactions between pyridyl lone pairs and hydrogen atoms on neighbouring 

TPyP molecules (Figure 28F) help to stabilise the observed crystal structure. In TPyP-α 

these C–H···N interactions have N···H distances as low as 2.58 Å, slightly longer than the 

1.5 - 2.2 Å observed for a ‘normal’ hydrogen bond75,78 (H-bond length in TBAP-α is 1.79 Å) 

but still sufficient to contribute to lattice stabilisation. One significant difference between 

TPyP-α and TBAP-α is that the former contains interdigitated stacks of TPyP molecules 

creating a non-porous structure with a negligible internal surface area.  

The particle sizes of TPhP-α and TPyP-α suspended in water were measured by SLS 

(Figure 29A). Whilst TPhP-α had large particles of several hundred micrometres, perhaps 

indicating the lack of polar groups does somewhat limit dispersibility, it also had a 

significant population of particles from 500 nm to 50 µm. This was reflected in the Sauter 

mean diameter (D[3,2]) of 9.17 µm, smaller than all TBAP-α batches. This was also the case 

when TPhP-α was measured as a suspension in ascorbic acid (0.1 M) where a Sauter mean 

diameter of 7.86 µm was measured compared to TBAP-α’s 10.13 μm. TPyP-α had by far 
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Figure 28: Structures of TPhP-α (A-C) and TPyP-α (D-F) as determined by single crystal XRD.  
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the smallest particles with material from 300 nm to 40 µm when suspended in water and a 

Sauter mean diameter of 2.63 µm. Turbidity measurements correlated well with particle 

sizes as measured by SLS with TPyP-α suspended in water showing low light transmission 

over several hours compared to TPhP-α and TBAP-α (Figure 29C). The turbidity and SLS 

measurements indicate dispersibility in these materials is not solely dictated by the presence, 

or lack, of hydrophilic groups. Instead, this may be dependent on the primary crystal sizes of 

the materials and thus on the differing methods used for crystallisation; sublimation or 

solution growth. In either case, it appears that both TPhP-α and TPyP-α have higher 

external surface areas in contact with water or scavenger than TBAP-α.   

The absorption profiles of TPhP-α and TPyP-α were blue-shifted with respect to TBAP-α 

(Figure 30) but both still show absorption well into the visible region with onsets of 453 and 

477 nm respectively.  
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Figure 29: SLS spectra of materials in water (A) and ascorbic acid (0.1 M) (B). Light 

transmission measurements of materials dispersed in water over time (C), scans were recorded 

every 30 mins with scan 1 occurring at t = 0 mins. 
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As in previous sections, the band structures of the TPhP and TPyP were predicted by TD-

DFT calculations using gas phase energy minimised structures (Figure 31). Like TBAP both 

materials had a high EA and were predicted to have large (> 1 V) driving force for proton 

reduction at pHs from 2.6 up to 11.5 (applicable for TEA scavenger, see next section). The 

IP of both materials lie below the potential for overall oxidation of ascorbic acid and for 

overall oxidation of TEA (to diethylamine and acetaldehyde) suggesting hydrogen 

production is thermodynamically favourable using both these scavengers.  
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Figure 31: Comparison of the IP and EA values of the materials based on isolated molecules 

optimized in the gas-phase. 
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Figure 30: UV-Vis diffuse reflectance spectra of the materials in the solid state. 
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In TPhP though, the overpotential for two-hole ascorbic acid oxidation is reduced to less 

than 0.5 V and the initial 1-hole oxidation potential is thermodynamically disfavoured and 

could thus provide a kinetic bottleneck to hydrogen production rates overall. TPyP is 

predicted to have the largest driving force for all of the various scavenger oxidation 

reactions as its IP lies 0.11 V below that of TBAP. 

TBAP, in both its amorphous and crystalline forms, showed a significant reduction of 

fluorescence lifetime upon introduction of ascorbic acid, suggesting efficient hole 

scavenging occurs. In contrast, TPhP-α shows minimal changes in fluorescence lifetime as 

measured by TCSPC on moving from a water suspension to a suspension of ascorbic acid 

(0.1 M). Average fluorescence lifetimes moved from 0.95 ns in water to 0.87 ns in ascorbic 

acid, with similar behaviour for a platinated TPhP-α sample, where τAv values of 0.90 and 

0.83 ns were measured. Equally TCSPC measurements in 5 vol% triethylamine suspensions 

showed very similar behaviour to those in water (Figure 32) with τAv values of 0.83 and 0.86 

ns for the pristine and platinated samples.  

TPyP-α also showed little change in fluorescence lifetime in water (τAv = 7.22 ns) compared 

to 5 vol.% TEA (τAv = 7.52 ns) and again behaviour seemed to be mostly unaffected by 

platinization (Figure 32A). These results could indicate that hole scavenging is not occurring 

efficiently in TPhP-α and TPyP-α but it was shown in Chapter 3 Section 3.8 that 

triethylamine does not appear to reduce fluorescence lifetimes as measured by TCSPC even 

in highly active materials, possibly because scavenging occurs on too fast a timescale to be 

measured. To examine this further the fluorescence intensities were also measured. Whereas 

the highly active materials discussed in Chapter 3 Section 3.8 showed a large reduction in 

fluorescence intensity upon addition of TEA, TPyP-α did not (Figure 33A).  This is strong 

evidence that hole scavenging does not occur efficiently in this system. This is in contrast to 

TPhP-α where an 80% reduction in the maximum peak intensity is observed upon addition 

of 5 vol. % TEA suggesting that, as in previous chapters, hole scavenging does occur but 

perhaps on a timescale that is too fast to observe by TCSPC. This also suggests that, 

although the initial 1-hole oxidation of TEA lies below the EA of TPhP, initial electron 

donation by TEA is possible in this system. This perhaps indicates the large driving force for 

overall TEA oxidation is sufficient to drive the disfavoured initial step for this particular 

scavenger.   Figure 33B shows the significant drop in emission peak intensity of TBAP-α 

suspended in water upon addition of ascorbic acid, which is further evidence that efficient 

hole scavenging occurs in this system as well.    
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Figure 32: TCSPC fluorescence lifetime measurements of the materials in suspension. Raw data 

(squares), fit (lines) and residuals (bottom). λex = 370 nm, emission was measured at each 

materials maxima. 
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4.3.2 Photocatalysis Experiments  

Photocatalysis measurements were first conducted in 0.1 M ascorbic acid with 1 wt.% Pt 

added by photodeposition (Figure 34). TPhP-α was the least active material under these 

conditions, with a HER of 2 μmol h-1g-1. TPyP-α partially dissolves under these conditions, 

presumably due to protonation of the basic pyridyl groups, but after an induction period 

produced hydrogen with a rate of 18 μmol h-1g-1. ICP-MS analysis of TPhP-α indicated 0.54 

wt.% Pt, similar to the levels measured for TBAP-α under equivalent conditions (0.48 

wt.%). Less than 50 wt.% TPyP-α could be collected by filtration of the photocatalysis 

mixture and therefore accurate Pt photodeposition levels could not be determined. These 

rates are just 0.2 and 1.4 % of the HER of TBAP-α under equivalent conditions.  

For TPyP-α it was thought that protonation and dissolution of the substrate may be partially 

responsible for the reduced activity and thus the materials were also tested in ascorbic acid 

buffered to pH 7 (as described in section 4.2.2). Under these conditions, TPyP-α and TPhP-

α were stable as crystalline solids and showed reasonable photodeposition yields of 0.60 and 

0.91 wt.% Pt. The HER of TPhP-α increased to 3 μmol h-1g-1, similar to the behaviour of the 

TBAP-α on moving from acidic to neutral conditions. Interestingly, TPyP-α produced no 

detectable hydrogen over 24 hours of irradiation under these conditions. This reduction in 

activity is surprising given the relatively higher driving force for ascorbic acid oxidation at 

pH 7. It should be noted that protonation of the substrate at low pH may alter the substrate 

electronics and that the presence of a significant amount of dissolved catalyst will alter 

interaction with both water and scavenger meaning the two systems should not be directly 

compared.  
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Figure 33: Emission spectra of the materials (3 mg) in aqueous suspension (3 mL) before and 

after the addition of TEA (150 µL) (A) or ascorbic acid (300 µL, 1 M) (B). Materials were excited 

at 380 nm.  
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As with TBAP-α, a buffered system of 5 vol. % TEA in water adjusted to pH 7 by the 

addition of HCl(aq) was not found to be an effective electron donor system for TPhP-α or 

TPyP-α (1 wt.% Pt added, 0.89 and 1.01 wt.% by ICP-MS), with neither material producing 

hydrogen under illumination. However, both TPhP-α and TPyP-α are insoluble in basic 

solutions and so could be tested in un-buffered 5. vol % TEA in water. Photodeposition 

yields were high under these conditions with 0.99 and 0.94 wt. % Pt measured for TPhP-α 

and TPyP-α respectively. The activity of both materials was higher than in the ascorbic acid 

systems with HERs of 6 and 40 μmol h-1g-1 (Figure 34B), consistent with the larger driving 

force for overall triethylamine oxidation than for ascorbic acid oxidation (Figure 31). 

TBAP-α tested under the same conditions fully dissolved and produced no hydrogen under 

irradiation, again suggesting the materials solid state packing is crucial to its high activity 

under heterogeneous conditions. 

The crystallinity of both TPhP-α and TPyP-α were mostly preserved during photocatalysis 

in the TEA systems (Figure 35, blue) and NMR analysis (Figure 36, blue) suggests that both 

materials are also chemically stable. TPhP-α and TPyP-α collected post catalysts in 

ascorbic acid, were also chemically stable by NMR (Figure 36, red). Whilst the pyridyl 

bearing material partially dissolves at low pH, Figure 36 (red) shows the PXRD spectra of 

TPhP-α and TPyP-α collected post catalysts in ascorbic acid buffered to pH 7. Under these 

conditions both materials show preservation of their α polymorphs. 
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Figure 34: Hydrogen evolution of TPhP-α and TPyP-α (25 mg) loaded with 1 wt.% Pt, from 

photodeposition of H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) (A) or TEA in 

water (5 vol.%, 25 mL) (B) illuminated with a 300 W Xe light source fitted with a λ > 420 nm cut 

off filter. 
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Figure 35: PXRD spectra of TPhP-α and TPyP-α pre and post photocatalysis in either buffered 

ascorbic acid solution (25 mL, 0.1 M) or TEA in water (5 vol.%, 25 mL).  
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4.4 Other Pyrene based HOF candidates  

4.4.1 Synthesis and Characterisation 

The above experiments indicate the high activity of TBAP-α is directly related to its crystal 

structure and its good interaction with the ascorbic acid sacrificial electron donor. It was 

thought that other pyrene-based materials containing similar hydrogen bonding groups, may 

B

A

 

Figure 36: 1H NMR (400 MHz) spectra of TPhP in DMSO-d6 (A) and TPyP in acetic acid-d4 

(B), recorded pre (black) and post photocatalysis in ascorbic acid solution (25 mL, 0.1 M) (red) or 

TEA in water (5 vol.%, 25 mL) (blue).  
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encourage the formation of analogous HOF structures and give similar affinity for the 

electron donor.  

In 2002 a large-scale study of several hundred crystal structures determined average 

H···OWater distances between H-bond donor groups and water of 1.99 Å for CONH (amide) 

donors compared to 1.63 Å for COOH (carboxylic acid) donors.78 This indicated that amide 

groups tend to be weaker hydrogen bond donors than carboxylic acids due to their less 

electronegative N atoms. Despite this, hydrogen bonding between amide groups has been 

shown to stabilise some of the most porous HOFs in the literature34,35 suggesting an amide 

analogue of TBAP, TPAP shown in Figure 37, may be a promising candidate for HOF 

formation. Amide groups also have significantly higher pKa’s than equivalent carboxylic 

acids. The more rapid loss in crystallinity of TBAP-α observed at high pH indicates that 

deprotonation of the substrate reduces the HOFs water stability. A TPAP based HOF, which 

contains less labile protons, may therefore show higher water stability. 

In addition to TPAP, a biphenyl bearing analogue of TBAP, 1 shown in Figure 37, was 

prepared. This molecule, with its longer linkers, has the potential to form structures with 

larger pores than TBAP-α, which could enable the, as yet unclear, relationship between 

porosity and activity to be further studied. A final naphthalene bearing analogue, 2 shown in 

Figure 37, was also thought to be a promising candidate for both HOF formation and 

photocatalytic activity. The naphthalene ‘arms’ of this molecule provide an intermediate 

linker length for comparison with TBAP and 1 but could also provide additional π-stacking 

interactions. Like pyrene, crystalline naphthalene does not readily form structures with 

extended columns of π-stacked molecules. However, naphthalene-based materials with 

hydrogen bonding groups, particularly naphthalene diimides, are some of the most widely 

utilised units in non-covalent supramolecular structures for organic electronic applications 

due to their propensity to form π-stacks in the solid state.79 Naphthalene is also predicted to 

have considerably stronger stabilisation energies for slip stacked structures than benzene80,81 

and may therefore provide increased interlayer interaction in 2 compared to TBAP.  Such 

interactions could be beneficial for i) HOF stability and ii) charge transport between layers.   
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TPAP, 1 and 2 were synthesised by Pd(0)-catalysed Suzuki coupling of 

1,3,6,8-tetrabromopyrene with (4-carbamoylphenyl)boronic acid, (4'-(methoxycarbonyl)-

[1,1'-biphenyl]-4-yl)boronic acid and 6-(methyl 2-naphthoate) boronic acid pinacol ester 

respectively. The last of these is not commercially available and so was synthesised by 

Miyaura borylation of methyl 6-bromo-2-naphthoate, see section 4.8 for full details. The two 

ester bearing molecules were deprotected and all three materials were then crystallised from 

DMF/chloroform or DMSO/chloroform. 

TPAP material obtained from DMF/chloroform (TPAP-α) had formed elongated 

yellow/green needles of several mm in length. However, closer inspection revealed these 

needles were highly disordered polycrystallites that were not suitable for analysis by single 

crystal XRD. Powder XRD spectra also showed low levels of order in the material with only 

broad, low intensity peaks present. It did appear that the 2θ values of these peaks roughly 

corresponded to those of TBAP-α (Figure 43) suggesting the material may contain some 

areas of short-range order with an analogous structure. Solvent exchange with acetone and 

drying under vacuum at 120 °C gave no significant change in the sample PXRD and 

nitrogen sorption measurements of this material indicated very low porosity compared to 

TBAP-α with a BET surface area of 51 m2 g-1 (Figure 41).   

 

Figure 37: Chemical structures of TBAP, TPAP, 1 and 2. 
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TPAP material obtained from DMSO/chloroform (TPAP-β) was comprised of smaller more 

plate-like yellow/green crystals that were suitable for SCXRD. The obtained structure is 

shown in Figure 38 and, whilst not analogous to TBAP-α, does show hydrogen bonding 

interaction between layers of TPAP molecules. Molecules are somewhat interdigitated 

however, resulting in smaller bimodal voids between TPAP units which, in the solvated 

structure, are occupied by DMSO and chloroform (Figure 38C). As in TBAP-α layers are 

packed to give extended columns of π-stacked pyrene units, however the offset of these 

layers in greater in TPAP-β resulting in larger 5.32 Å distance between pyrene units (Figure 

38B). Desolvation by acetone exchange and vacuum drying resulted in fragmentation of the 

TPAP-β crystals precluding the collection of a desolvated TPAP-β structure. PXRD 

analysis of the desolvated material indicated retention of crystallinity with sharp peaks at 2θ 

values of 6.8 and 13.7 which match the predicted powder pattern for the solvated structure. 

The BET surface area of this TBAP-β phase from nitrogen adsorption was measured to be 

604 m2g-1 indicating the material retains a porous framework structure throughout 

desolvation.  

 

Compound 1 crystallised from DMF/chloroform (1-α) was found to form an ordered solvate. 

The molecules of 1 in this structure showed minimal π-stacking and there was no evidence 

of hydrogen bonding interactions between molecules meaning desolvation does not lead to 

the formation of a HOF. Nitrogen adsorption of the material after solvent exchange with 

C

B

A

 

Figure 38: Structure of solvated TPAP-β as determined by single crystal XRD. Solvent 

molecules are removed in (A) and (B) for clarity. 
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acetone and drying at 120 °C under vacuum still showed significant gas uptake with a BET 

sorption isotherm of 668 m2g-1 (Figure 41). This suggests pores persist in the crystalline 

material isolated after thermally removing the solvent from the crystal structure. 

 

2 showed crystallisation behaviour similar to TBAP, forming elongate yellow crystals from 

DMF/CHCl3 (2-α) but these were not found to be of sufficient quality for SCXRD. PXRD 

analysis of the 2-α sample following acetone exchange and drying (Figure 45C) indicated 

the sample retained crystallinity upon removal of the solvent and this was further supported 

by the high BET surface area of 1,740 m2g-1 as measured by nitrogen sorption (Figure 41). 

The PXRD peaks of 2-α at 2θ values of 3.6, 5.1, 7.2, 8.2 and 10.9 match well with a crystal 

structure of this molecule recently reported recently by Ma et al, which was determined by 

Pawley refinement of the PXRD signal.52 The literature structure, shown in Figure 40, is 

analogous to that found for TBAP-α with 2-dimensional sheets of 2 molecules held in an 

open framework structure by two hydrogen bonds from each of the four benzoic acid groups 

to four neighbouring molecules. The layers are stacked to form extended columns of 

overlapping pyrene units, with a distance of 3.71 Å between the layers. The, in this case, 2.5  

by 3.0 nm voids within each layer overlap to give open channels running perpendicular to 

the 2 sheets.  

 

 

Figure 40: Literature structure of 2 which shows the same PXRD peaks as the 2-α sample. 

Reproduced with permission from reference [52] 

A B

 

Figure 39: Structure of solvated 1-α as determined by single crystal XRD. The desolvated 

crystals were too disordered for analysis.  
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The UV-Vis spectra of the materials were measured in the solid state and dissolved in 

DMSO (Figure 42A and B). Under solution conditions, all materials had absorption profiles 

with multiple peaks corresponding to excitation of the pyrene and linker (phenyl, biphenyl 

or napthyl) respectively. TPAP had a similar solution spectra to TBAP with slightly blue-

shifted maxima at 391 and 305 nm (compared to the maxima at 397 and 307 nm observed 

for TBAP) but the solid state absorption spectra of TPAP-β had an absorption onset of 520 

nm, redshifted 13 nm in comparison to TBAP-α. The emission spectra (Figure 42C and D) 

showed larger differences between the materials; TPAP-β in the solid state and dissolved in 

DMSO had emission maxima at 528 nm and 441 nm respectively, compared to 548 nm and 

450 nm observed for TBAP-α under the same conditions. 1 and 2 showed slightly more 

redshifted absorption in solution, consistent with the greater conjugation lengths possible 

through their extended linkers. The pyrene-based absorption maxima were at 404 and 408 

nm, with an additional biphenyl-based absorption at 320 nm and a broad naphthalene-based 

absorption at 313 nm for 1 and 2 respectively. The emission spectra of 1 and 2 were almost 

identical with maxima at 461 and 462 nm respectively. The solid-state absorption spectra of 

1-α and 2-α were also similar, with materials showing absorption onsets of 515 nm whilst 

the solid-state emission maxima were at 534 and 526 nm respectively. Overall, it appears 

that the materials’ different linkers do not have a strong effect on absorption or emission 

properties and that all materials should be able to interact with visible wavelengths.    
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Figure 41: Nitrogen sorption isotherms of the materials at 77 K. 
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4.4.2 Photocatalytic Testing  

Both TPAP-α (from DMF/CHCl3) and TPAP-β (from DMSO/CHCl3) were tested for 

photocatalysis using λ > 420 nm, 1 wt. % Pt co-catalyst and an ascorbic acid scavenger 

(0.1 M) (Figure 43 A). Despite its very low crystallinity and porosity, TPAP-α produced 

hydrogen at a moderate rate of 302 μmol h-1 g-1 over the first 6 hours and, as shown in Figure 

43B, continued to produce hydrogen with a slight drop in rate over 70 hours. ICP-MS 

analysis of the sample collected post photolysis verified Pt photodeposition with a content of 

0.53 wt.% As well as a gradual broadening and drop in intensity of the PXRD peaks TPAP-

α collected after 33 and 70 hours of photolysis showed the development of several extra 

peaks, indicating the formation of a second polymorph. This contrasts with TBAP-α and 

indicates the weaker hydrogen bonds of the amide result in a smaller kinetic barrier to 

transitions between polymorphs or a larger distribution of meta-stable polymorphs with 

similar energies.  
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Figure 42: UV-Vis spectra of the materials in the solid state (A) and in DMSO solution (B) and 

fluorescence spectra of the materials in the solid state (C) and in DMSO solution (D). 
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The TPAP-β sample, isolated from DMSO/CHCl3, showed twice the activity of the α-

sample, with a HER of 609 µmol h-1g-1 and similar retention of activity over 70 hours. The 

increased activity is primarily thought to be due this materials’ higher crystallinity compared 

to the α-sample. Two further batches of TPAP-β showed similar rates of 645 and 513 µmol 

h-1g-1 (Figure 43A) with Pt contents of 0.64 and 0.76 wt. % by ICP-MS compared to 0.57 

wt.% measured for the first batch.  Like the α-sample, a TPAP-β collected after just 6 hours 

of photolysis showed evidence of a secondary polymorph as well as an overall loss in 

crystallinity.    

It has been previously shown that amides and acid groups can form strong hydrogen bonds 

between molecules and form similar synthons to the dual acid-acid hydrogen bonds found in 

TBAP-α.82,83 However, attempts to generate a TBAP/TPAP co-crystal resulted in only 

disordered materials, with lower activity than either single component.  
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Figure 43: Hydrogen evolution of TPAP-α and TPAP-β (25 mg) loaded with 1 wt.% Pt, from 

photodeposition of H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated with a 

300 W Xe light source fitted with a λ > 420 nm cut off filter (A and B). PXRD spectra of TPAP-α 

and TPAP-β collected pre and post photolysis compared to TBAP-α (C).  
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1-α was significantly less active than either TPAP phase with a HER of just 43 µmol h-1g-1 

(Figure 44). The sample collected post six hours of photocatalysis had 1.03 wt.% Pt by ICP-

MS and showed a loss in PXRD peak intensity compared to the material pre-photocatalysis 

and no observable secondary peaks. This low activity suggests the absence of any extended 

columnar π-stacking observed in the solvated structure of 1-α limits the activity of the 

materialcompared to TBAP-α or either TPAP phase. It appears that porosity alone is not 

sufficient to impart high activity as 1-α has a relatively high, 668 m2 g-1, BET surface area 

but less than 1/7 of the activity of the almost non-porous TPAP-α phase, which had a BET 

surface area of 51 m2  g-1. It is possible, although unlikely, that the substitution of phenyl 

linkers with biphenyl significantly alters the substrate IP and EA of 1 in comparison to 

TBAP. DFT calculations would be required to determine whether this is a likely factor in 

the two materials differing activities.  

 

2-α, which has similar porosity and π-stacking to TBAP-α, also shows very similar activity 

for hydrogen evolution. Over the first 6 hours of photocatalysis 2-α produced hydrogen at a 

rate of 1151 µmol h-1g-1 and a second batch had a HER of 1286 µmol h-1 g-1 (Figure 45) with 

both samples measured to have low Pt deposition yields, with 0.21 and 0.24 wt. % Pt by 

ICP-MS.  2-α appeared to show a more rapid drop in PXRD peak intensity than TBAP-α 

under equivalent conditions and this was reflected in a more rapid drop off in activity over 

an extended run (Figure 45B). After 10 hours 2-α had a HER of just 317 µmol h-1g-1, 28% of 

its initial rate, whilst TBAP-α retained 75% activity over the same time frame. Like, TBAP-

α, the initial HER of 2-α tested at pH 7 was higher than under acidic conditions indicating a 

small overpotential for scavenger oxidation may limit activity in this material as well. 
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Figure 44: Hydrogen evolution of 1-α compared to the other materials (25 mg) loaded with 1 

wt. % Pt, from photodeposition of H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) 

illuminated with a 300 W Xe light source fitted with a λ > 420 nm cut off filter (A). PXRD 

spectra of 1-α collected pre and post photolysis (B).  
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However, the high (2052 µmol g-1 h-1) HE of the pH 7 sample over the first hour decreased 

very quickly, such that over a 6 hour test it had produced a similar amount of hydrogen to 

the acidic sample. This was consistent with a more rapid loss in crystallinity of the pH 7 

sample as measured by PXRD (Figure 45C). It is unclear why the 2-α framework appears to 

be less stable in water than TBAP-α but these experiments indicate the extended aromatic 

linkers do not provide the desired π-stacking stabilisation.  

 

4.5 Other HOF candidates 

This chapter has focused on pyrene based photocatalysts but a diverse range of different 

aromatic groups have been used to generate hydrogen-bonded organic frameworks.16,29 

Initial investigations into several pyrene-free materials were also conducted to explore the 

potential of alternative aromatic ‘core’ units for HOF formation and photocatalytic activity.  
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Figure 45: Hydrogen evolution of 2-α (25 mg) loaded with 1 wt.% Pt, from photodeposition of 

H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated with a 300 W Xe light 

source fitted with a λ > 420 nm cut off filter (A) and long term stability compared to TBAP-α (B). 

PXRD spectra of 2-α collected pre and post photolysis compared to TBAP-α (C).  
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A recent high-throughput study found that co-polymers of triphenylene with 

dibenzo[b,d]thiophene sulfone, 1,4-difluorophenylene or 3,7-benzo[b,d]dithiophene had 

very high activity with EQEs at 420 nm of up to 15.1%84 so it was thought to be an 

interesting central unit for investigation. Extended triphenylene molecules have been 

previously utilised in the formation of HOFs with small triangular pores of circa 8.5 Å,31 

however small C3 symmetric carboxylic acids, such as trimesic acid, have been found to 

form lower density honeycomb sheets with larger pore sizes85 and so the triphenylene 

analogue, 3, shown in Figure 46 was chosen for analysis.  

 

To date, there have been few examples of HOFs containing heterocycles which, aside from 

hydrogen bonding groups, have mostly been hydrocarbon based. This is in contrast to the 

organic materials usually studied for photoactive or electronic applications, where 

heteroatom incorporation is used to promote a variety of electronic and physical material 

properties.86–88  Thiophenes have been very widely studied for photoelectronic applications 

due to their strong donor properties and ability to form materials with high conductivity and 

red-shifted absorption spectra. More recently, the C3 symmetric  benzotrithiophene (BTT) 

unit has been used across a number of supercapcitor,89 photovoltaic,90 electrochemical91 and 

 

Figure 46: Chemical structures of 3, 4 and 5.  
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photocatalytic92 applications, which primarily attribute high material performance to the 

favourable conductivity properties provided by BTT units. Indeed, BTT based materials 

have been shown to form supramolecular,93 liquid crystalline94,95 and COF89 structures with 

highly overlapped, columnar π-stacks that are thought to be beneficial to charge transport. 

The carboxylic acid functionalised BTT molecule, 4, was therefore thought to be a 

promising candidate for HOF formation and photocatalytic activity.  

The perylene analogue of TBAP, 5, was also selected due to its large aromatic system. It 

was thought this would help to extend the materials absorption spectra further into the 

visible region, allowing a greater percentage of solar light to be utilised, and may provide 

stronger π-stacking interactions96 that could aid in HOF stability. Like naphthalene, 

bisimides of perylene have become ubiquitous as photoactive components and easily form π-

π stacking architectures97 but 5 provides an example of an ortho functionalised perylene 

substituted at the 2,5,8 and 11 positions, which are far less widely studied and may provide a 

more suitable symmetry for porous HOF formation. Perylene been previously utilised as a 

monomer in moderately active polymeric photocatalysts for hydrogen production98 but 

studies on molecular materials have primarily focused on perylene diimide derivatives which 

have been shown to be active hydrogen production photo(electro)catalysts in supramolecular 

‘nanobelt’ or nanoribbon structures99,100 and to act as an efficient photosensitizers when 

combined with carbon nitride.101 

4.5.1 Synthesis and Characterisation 

3 was synthesised via a modified literature route shown in Scheme 1.102 Full synthetic 

procedures can be found in the experimental section 4.8.2 . Briefly methlcyclohexanone was 

dehydrated with zirconium tetrachloride to form 2,6,10-trimethyl-dodecahydrotriphenylene, 

followed by aromatisation using palladium on carbon to give 2,6,10-trimethyltriphenylene. 

This material was fully oxidised to the tri-carboxylic acid using sodium dichromate.  

2,4,6-Trichlorobenzene-1,3,5-tricarbaldehyde was synthesised by Friedel crafts substitution 

of 1,3,5-trichlorobenzene with dichloromethane to yield 1,3,5-trichloro-2,4,6-

tris(dichloromethyl)benzene, followed by oxidation to the tri-aldehyde with fuming sulfuric 

acid.89 4 was then synthesised by the reaction of trichlorobenzene-1,3,5-tricarbaldehyde with 

ethylmercapto acetate,103 followed by ester deprotection with NaOH(aq).  

5, was synthesised in an analgous manner to the pyrene-based materials; 2,5,8,11-

perylenetetraboronic acid tetra pinacol ester was synthesised from perylene and 

bis(pinacolato)diboron using a (1,5-cyclooctadiene)(methoxy)iridium(I) dimer C-H 

activation catalyst.98 This was then coupled to ethyl 4-bromobenzoate via Pd catalysed 

Suzuki coupling in DMF, followed by ester deprotection to give 5.  
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Scheme 1: Synthesis of 3, 4 and 5.   
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Initial attempts to crystallise the materials were conducted in DMF or DMSO solutions by 

vapour diffusion of chloroform.  The samples of 3 and 5 isolated from DMSO/chloroform 

(4-α and 5-α) showed high crystallinity by PXRD (Figures 48B and D) although the crystal 

sizes were too small to analyse by SCXRD. In contrast, both samples of 4 were comprised of 

amorphous powder. A screen of further crystallising conditions for 3 with hydrogen bonding 

solvents (DMF, DMSO and NMP) coupled with precipitating co-solvents (chloroform, 

acetone and ethyl acetate) yielded primarily amorphous or semi-crystalline samples. The 

PXRD spectra of the sample isolated from DMSO/acetone, 4-α, is shown in Figure 48C. 

This was the most crystalline of the samples and so was used for photocatalytic testing.   

The UV-vis and PL emission spectra of 3, 4, and 5 dissolved in DMSO are shown in Figure 

47 and demonstrate the range of absorption properties that can be achieved through varying 

the aromatic core of HOF candidates. In solution, 3 and 4 only absorb in the UV region with 

maxima at 278 and 291 nm. 5 also showed an absorption peak in the UV region 

corresponding to the molecules’ benzoic acid linkers, as well as three absorption maxima at 

404, 428 and 456 nm typical of perylene bearing materials. When excited at these 

wavelengths, the emission spectra of 5 also showed peaks corresponding to the perylene 

core at 467, 494 and 530 nm. 4 had a blue-shifted emission spectrum in comparison, with a 

maximum at 416 nm whilst 3 emits at even shorter wavelengths with a maximum at 382 nm. 

The absorption properties of 3-α, 4-α and 5-α were also measured in the solid state. The 

diffuse reflectance spectra are shown in Figure 47A. 3-α has more redshifted absorption 

spectra than 3 in solution but the onset is still just outside of the visible region at 394 nm. 4-

α shows a more complex profile with the main onset at 439 nm and a shoulder onset further 

into the visible at 661 nm, this represents a significant difference from the solution spectra 

indicating solid state packing may be increasing conjugation length through intermolecular 

interaction. 5-α absorbs up to 800 nm but has a sharper onset at 645 nm. 3-α and 4-α retain 

their fluorescence in the solid state with emission maxima at 452 and 469 nm, but 5-α 

showed only baseline fluorescence when excited at a range of wavelengths from 300 to 500 

nm. “Aggregate-caused quenching” (ACQ) is common in organic chromophores104 as planar 

aromatic rings allow for the formation of π-stacking structures, which can facilitate 

intermolecular energy transfer and result in non-radiative decay of excited states. As such, it 

is common for perylene based materials to have lower photoluminescent quantum yields in 

the solid state than in solution97,105,106 but the absence of emissive behaviour is somewhat 

surprising. Whilst emissive behaviour is not known to be essential to photocatalytic activity, 

if the reduction in emissive behaviour is accompanied by a more rapid decay of excited 

states or leads to non-accessible trap states, this could limit activity. 
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4.5.2 Photocatalytic Testing  

Due to the more limited absorption profile of 3-α, the three materials were tested for 

photocatalytic activity using a λ > 295 nm filter (ascorbic acid (0.1 M) and 1 wt. % Pt co-

catalyst). As synthesised 3 produced no measurable hydrogen over 6 hours of irradiation but 

the crystalline sample 3-α showed sustained hydrogen production of 98 µmol h-1g-1 under the 

same conditions. Analysis of the 3-α material collected post photocatalysis however showed 

an almost complete loss in crystallinity suggesting any HOF structure that forms is not stable 

in water. As synthesised 4 showed moderate hydrogen activity with a HER of 571 

µmol h-1g-1, slightly lower than the crystallised 4-α sample which had a rate of 766 

µmol h-1g-1. Examining the PXRD patterns of the materials, the relatively high activity of 4 

is not surprising; Whilst the as synthesised 4, does have fewer and less well-defined 

diffraction peaks than 4-α, it has a strong peak at 2θ value of 26.8° which corresponds to 

spacings of  3.32 Å. This would be consistent with the presence of π-stacked BTT units94 

and is slightly smaller than the inter-layer distances observed in TBAP-α (3.93 Å) and thus 

may enhance charge transport in a similar manner.   
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Figure 47: UV-Vis spectra of the materials in the solid state (A) and in DMSO solution (B) and 

fluorescence spectra of the materials in the solid state (C) and in DMSO solution (D). 
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5 and 5-α showed the lowest activity with HER of 25 and 12 µmol h-1g-1, respectively. 5-α’s 

low activity may be due to immediate loss in crystallinity as the PXRD spectra of the 

material collected post photocatalysis showed a significant loss in peak intensity. It is also 

possible that the aforementioned ACQ prevents efficient generation or extraction of charge 

carriers. Equally, the reduced band gap of 5 could result in a loss of driving force for either 

proton reduction of scavenger oxidation, thermodynamically limiting hydrogen production. 

DFT calculations to predict the IP and EA of this material would be useful in checking this.  

Further studies into the crystal structures of these materials are required to confirm HOF 

formation but the lack of water stability of the 3-α and 5-α structures does not make them 

ideal candidates for further photocatalytic study. 4-α on the other hand retains a degree of 

crystallinity throughout catalysis. Optimising the crystallisation of this phase to give single 

crystals for XRD analysis would be a valuable course of action as it would give further 

insight into the structure of the material and potentially generate a more active, fully 

crystalline phase.  
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Figure 48: Hydrogen evolution of the materials (10 mg) loaded with 1 wt.% Pt, from 

photodeposition of H2PtCl6, dispersed in ascorbic acid solution (25 mL, 0.1 M) illuminated with a 

300 W Xe light source fitted with a λ > 295 nm cut off filter (A). PXRD spectra of 3-α (B), 4-α 

(C) and 5-α (D) collected pre and post photolysis.  
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4.6 Discussion  

TBAP-α and amorphous TBAP are chemically identical, the only differences between the 

samples being the secondary structures of the materials. This is one of the first examples to 

provide strong evidence of a cause-effect relationship between intermolecular packing and 

photocatalytic activity, both in terms of the differences between the amorphous and 

crystalline samples' initial behaviour as well as the gradual loss in activity of TBAP-α as it 

slowly converts to the amorphous phase. What, precisely, it is about the HOF structure that 

causes such different photocatalytic activity to the amorphous sample is difficult to 

deconvolute. UV-Vis measurements and DFT-calculations suggest the different structures 

do not significantly alter the orbital energies of the materials and thus each materials ability 

to absorb light and to provide overpotential to drive photocatalytic reaction. The similarity in 

the two materials PL emission and lifetime can be taken as evidence that exciton formation 

and (at least radiative) decay occurs similarly in both cases. Both materials also show 

significant PL quenching in the presence of ascorbic acid indicating efficient hole 

scavenging by the electron donor.   

Light scattering and transmission measurements indicate the particle sizes and dispersibility 

of the two materials in the photolysis medium are also broadly comparable and thus external 

surface area is unlikely to be the cause of their differing activities. On the other hand, the 

two materials do have dramatically different levels of porosity and so a large internal surface 

area could be available for reaction in TBAP-α, but not the amorphous sample. This 

hypothesis is not, however, supported by water uptake measurements, which indicate the 

pores of TBAP-α are not particularly wettable. S(T)EM imaging and experiments using 

larger, Pt nanoparticle co-catalysts also indicate catalysis occurs primarily at the surface of 

TBAP-α crystals and thus the HOFs porosity may not be crucial to its high photocatalytic 

activity.   

The final difference between the two materials, and what seems most likely to cause their 

differing photocatalytic activities, is crystallinity. As discussed in sections 3.1 and 4.1 it is 

frequently claimed that highly crystalline materials possess high photocatalytic activities 

because of their molecular packing, and that improved charge transport through more 

ordered structures is responsible for this. In the case of TBAP-α, it is thought that particular 

features of the crystal structure, namely the presence of extended columns of close packed, 

highly overlapped pyrene units, may result in increased charge transport properties. This 

would enable more efficient migration of wholly or partially separated charges, from the 

area of initial exciton formation to the surface of the crystal before decay. Assuming an 

unwetted pore and that Pt is the active site for proton reduction, this would increase the 
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proportion of photon-induced excitations that result in scavenger oxidation and/or transfer 

onto a Pt active site, and thus the overall efficiency of hydrogen production.  

Experiments using the alternative, acetonitrile-based, dispersant further corroborate the 

integral relationship between the crystal structure and photocatalytic activity as extended 

HOF stability correlated with extended longevity of hydrogen production.   

The large changes in catalytic activity observed at higher pHs are also interesting, as they 

show that the thermodynamic driving force can be an important factor in these systems. 

Particularly in the case of the amorphous sample, it appears that increasing the driving force 

for scavenger oxidation can substantially increase activity with a 20-fold increase in HER on 

moving from pH 2.6 to 7. Despite this, TBAP-α in the lower overpotential conditions (pH 

2.6, driving  force for 1 hole ascorbic acid oxidation predicted to be 0.23 V) still outperforms 

amorphous  TBAP at the higher overpotential conditions (pH 7, driving  force for 1 hole 

ascorbic acid oxidation predicted to be 0.51 V) by a factor of 8. This suggests that, whilst 

thermodynamics play a role in activity, the differing kinetics or charge transport of the two 

structures is the overriding factor dictating photocatalytic activity.  

Comparing TBAP-α with the phenyl and pyridyl analogues TPhP-α and TPyP-α gives 

further insight into the relationship between crystal structure and photocatalytic activity. 

TPhP-α does have slightly blueshifted light absorption onset and a smaller driving force for 

scavenger oxidation compared to TBAP-α but this seems inadequate to explain the 650-fold 

difference in their photocatalytic activity. It is possible the polar groups present in TBAP 

make TBAP-α more hydrophilic and this improved interaction with water aids with 

photocatalysis. However this is not represented in the external surface areas of the two 

samples as measured by SLS particle sizing, as TPhP-α has the smaller D[3,2] value. Light 

transmission measurements also indicated TPhP-α maintained high suspension opacity over 

several hours and was equally, if not more, dispersible than TBAP-α. These results are 

surprising when compared to polymer photocatalysts, where there is often a strong 

correlation between small particle size and hydrophilic groups.107–109 It is possible the 

distribution of particle sizes measured for suspensions of TBAP-α, TPhP-α  and the other 

HOF samples is determined predominately by the primary crystal size, resulting in 

substantially different behaviour to amorphous polymers. Whilst the TCSPC fluorescence 

lifetime of TPhP-α is largely unaffected by the addition of a hole scavenger, the magnitude 

of fluorescence emission is reduced significantly, suggesting quenching of the excited state 

by the sacrificial electron donor.  

It does not appear that the activity of TPhP-α should be hindered by any of the 

aforementioned properties severely enough to explain the disparity with TBAP-α and it 
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could thus be concluded that, although TPhP-α is a fully crystalline material, its ordered 

structure does not impart the same beneficial properties as that of TBAP-α. This is primarily 

attributed to the lack of extended π-stacking columns present in TPhP-α which is thought to 

benefit charge transfer. In contrast TPyP-α contains very similar π-stacked pyrene units, 

with comparable overlap and stacking distance between layers, to those found in TBAP-α. 

This, along with TPyP-α’s similar UV-Vis absorption, driving force, particle size and 

dispersibility properties, might be expected to give high activity, akin to TBAP-α. High 

activity was not observed, however, and the reasons for this are not entirely clear. The lack 

of porosity in TPyP-α could play a role but, as mentioned above, this is not supported by 

experimental measurement. The other significant difference between the two materials is the 

emission behaviour upon exposure to a sacrificial electron donor. TPyP-α does not show the 

same fluorescence quenching as TBAP-α indicating poor interaction with the hole scavenger 

and a higher proportion of exciton recombination. Inefficient hole quenching in TPyP-α 

could prevent efficient formation of catalytically active polarons from excitons.110 This 

would render any crystal-structure-dependant increase in charge-carrier mobility less 

relevant as the concentration of polarons present in the material is very low. 

The generally higher activity of the other pyrene-based HOFs (section 4.3) suggests 

carboxylic acid or amide groups, similar to those in TBAP-α, may help to give good 

interaction between the substrate and hole scavengers. The structures obtained from TPAP 

and 2 suggest it might be possible to form molecular crystals containing hydrogen-bond 

directed pyrene stacks from a range of different aromatic linkers and directing groups. 

Although the lack of HOF formation in 1 suggests highly extended units may result in low 

density phases becoming energetically disfavoured. A recent report certainly found a 

negative correlation between measured surface area and the thermal stability of HOFs, but it 

is not clear whether this is causal as the number, strength and orientation of hydrogen 

bonding groups, as well as overall structural symmetry will also play a role.29 Larger 

crystallisation screens and crystal structure prediction35,111 could be useful to investigate this 

further.  

The high activity of the π-stacking TPAP and 2-α samples in comparison to 1-α, which was 

not found to contain extended pyrene stacks, provides further evidence that these crystal 

structure motives are beneficial to photocatalytic activity. TPAP’s different polymorphs 

indicate the distance, and overlap, between these stacked layers may also significantly alter 

activity. TPAP-β, which has a large 5.32 Å gap between layers and an overlap of less than 

0.5,  displayed around half the rate of TBAP-α, whilst the poorly crystalline TPAP-α 

sample (which may have a more similar stacking structure to TBAP-α) had a surprisingly 

high activity given it’s low degree of order. There did not appear to be a strong correlation 
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between porosity and activity in these materials, again suggesting catalysis is occurring 

primarily at the crystal surface.  

The water stability of the HOFs varied significantly between materials. Surprisingly, the 

naphthalene-bearing 2-α appears to show more rapid HOF degradation in aqueous 

suspension (as measured by both PXRD and loss in catalytic activity) than TBAP-α despite 

similar π-stacking interactions in terms of interlayer distances and overlap. On the other 

hand, both TPAP samples showed somewhat better longevity of photocatalytic activity than 

TBAP-α. This was not reflected in the retention of PXRD peak intensity across the materials 

spectra but the TPAP-β sample did maintain a peak at 2θ = 24.2° which could correspond to 

interlayer distances of 3.67 Å. This could explain the materials longer-lived catalytic activity 

as it indicates stacking may be somewhat preserved over small domain sizes.  

3, 4 and 5 are examples of the breadth of different aromatic core units that can be used to 

form hydrogen-bonded organic frameworks, but the rapid loss in crystallinity of 3-α and 5-α 

under photocatalytic conditions also demonstrates the challenge water instability presents to 

this class of materials for solar fuels applications. The relatively high activity of the 

polycrystalline 4-α sample indicates order, even across very short length scales, can give 

significant hydrogen evolution rates and make 4 a good candidate for further study. The 

strong red-shift in the absorption behaviour of 4 on moving from solution to solid state also 

highlights the fact that molecular UV-only absorbers can form supramolecular structures that 

absorb well into the visible region and thus should not be ruled out as photocatalyst 

candidates.      

It seems likely that the low activity of 5-α is related to its lack of fluorescence behaviour in 

the solid state. This underlines the potential of ACQ to inhibit photocatalysis in HOF 

materials and the need to consider negative effects of π-stacking when designing new 

materials.            

4.7 Conclusions 

These initial investigations into HOFs indicate they are a promising new class of materials 

for hydrogen production photocatalysis. TBAP-α is a highly active proton reduction 

photocatalyst with a high EQE of 4.1% at 420 nm, higher than many polymeric materials,72  

and interestingly almost ten times higher than a crystalline pyrene-based COF with similar 

stacking.112 Whilst catalytic longevity needs to be improved, this first study shows HOFs can 

produce hydrogen over multi-day time periods, similar to many recently published organic 

photocatalysts.55,57,113,114 Along with the oligomers studied in chapter 3, these molecular 
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materials contradict the assumption that only polymers can give efficient and robust 

hydrogen production.  

This work is also useful in terms of understanding the properties and features that make a 

good photocatalyst. TBAP-α and amorphous TBAP represent a rare comparison of two 

materials that are chemically identical and that differ only in secondary structure. This 

allows the relationship between molecular packing and activity to be deconvoluted from that 

of molecular structure and activity. Comparison between these two and the analogous 

materials strongly suggests crystal structures with columnar π-stacks are beneficial to 

photocatalytic activity. This is likely due to increased charge carrier mobility but further 

conductivity measurements on these samples would be required to confirm this. Growing 

single crystalline films suitable for conductivity measurements by impedance 

spectroscopy115 could be challenging but the conductivity of particulate materials can also be 

determined using time-resolved microwave conductivity116–118 which may be a more viable 

method for HOF materials.  

There is a large diversity of aromatic units that have the potential to form photocatalytically 

active HOFs. Materials that are known to form supramolecular stacking structures with high 

conductivity would seem worthwhile candidates for photocatalytic testing.119 Pyrene is a 

strong absorber in the blue region, but there are a wealth of different donor-acceptor cores 

that have the potential to form HOFs with improved charge separation or with redshifted 

absorption spectra that could extend photocatalytic activity into the near-IR.  Aside from 

modifying the framework molecular structure, another route to improving light absorption 

could be dye-loading. The pores of TBAP-α do not seem to be particularly accessible to 

water, but the solvated TBAP-α structure indicates less polar solvents such as chloroform 

and acetone may be able to enter the pores. This would enable efficient loading of dyes120 as 

well as other beneficial components such as molecular or small particle oxygen evolution 

co-catalysts.121  

Of course, HOFs with fully wettable pores would be highly valuable in terms of increased 

catalytically active surface area. Developing materials with more polar linkers is therefore an 

obvious route for investigation. For example, an analogue of TBAP with dibenzothiophene 

sulfone linkers replacing phenyl, could give a HOF with a hydrophilic pore wall, a donor 

acceptor structure, and the benefits of close-packed dibenzothiophene sulfone units observed 

in S1-S3.  

The effect of pore wetting on HOF stability is not easily predicted. It could be argued that 

the inaccessibility of TBAP-α’s pores to water molecules may in fact be one of the reasons 

that the HOF structure remains relatively stable in water suspension. One of the few HOF 
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papers to measure water uptake, showed that a very water stable pyrazole-based HOF was 

also highly hydrophobic.23 If water were to saturate the pores of the material, it may 

accelerate crystallinity loss by competing with the substrate for hydrogen bonding 

interactions. Reducing the potential for TBAP-dispersant hydrogen bonding interactions by 

using the acetonitrile solvent system, certainly seemed to improve HOF stability. 

Whilst the introduction of organic components to the dispersant mix is interesting for 

examining the mechanism of HOF breakdown it does not represent a viable solution to the 

stability issues associated with HOFs. Moving away from ‘low energy’ salt or waste-water 

suspensions towards more complex organic dispersants is not a feasible direction of travel 

for renewable energy systems. Alternative strategies for HOF stabilisation would involve 

modification of the molecular structure. Maximising the strength of intermolecular 

interactions, whether that be hydrogen bonds or π-π stacking, is clearly crucial and thus 

using larger or less homogeneous aromatic units as well as stronger and more H-bonding 

groups might be beneficial. For example, one of the most stable HOFs to date relies on six 

strong hydrogen-bonding carboxylic acid groups per molecule and an aromatic core of 30 π 

electrons.122 Within this, it is important to retain a degree of solubility in organic solvents as 

controlled crystallisation is often crucial for HOF formation.   

Another approach could be to look at co-crystals and forming HOFs with more than one 

molecular component.37 Charge assisted hydrogen bonding may provide stronger framework 

interactions78 although the extreme of this is porous molecular salts that, whilst able to form 

crystalline layered structures,43,44,123 are unlikely to have the desired optical and conductivity 

properties for photocatalysis. Aside from H-bonding strength, π-π interactions are often 

stronger between heterogeneous aromatic units, with fully eclipsed packing common 

between electron rich and electron poor rings.23 In addition to improving stability, it has 

been suggested similar interactions are behind the overall watersplitting capability of ‘Van-

der Waals heterostructures’ where a donor/acceptor layered structure leads to improved 

charge separation.124  

As outlined in section 4.1, HOFs have been shown to be stable for numerous desolvated 

applications and ultimately it may be more feasible to use these materials for solar fuels 

photocatalysis that can be done in the gas phase. Photocatalytic hydrogen production from 

water is not generally conducted in the gas phase as HERs often decrease with temperature 

and the formation and conduction of adsorbed protons can be slow.125 HOFs may be better 

suited to photocatalytic CO2 reduction. Although CO2 reduction for solar fuels applications 

has primarily been investigated in solid-solution126,127 or fully dissolved systems128,129 

investigations into heterogeneous solid / gas systems130–133 are thought to be promising as 
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they sidestep the problem of poor CO2 water solubility. Several HOF materials have been 

shown to have very high CO2 uptakes and selectivity and so, if used for photocatalysis, 

solid-gas systems might be able to utilise the porosity of HOFs more effectively than in 

solution, as well as improving HOF stability. 

4.8 Experimental 

4.8.1 General Procedures 

CHNS microanalysis, nuclear magnetic resonance spectroscopy, thermogravimetric analysis, 

PXRD, inductively coupled plasma mass spectrometry, static light scattering, scanning 

(transmission) electron microscopy, time correlated single photon counting, hydrogen 

evolution experiments and external quantum efficiencies were performed as described in 

Chapters 2 and 3.  

Mass Spectrometry  

Mass spectrometry of 1, 2 and 5 was performed by matrix-assisted laser 

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) which was 

performed on a Bruker Autoflex Speed MALDI ToF Mass Spectrometer (λ = 355 nm laser) 

in linear (negative) mode, referencing against CsI cluster ions. All other high resolution 

mass spectrometry was performed at the National Mass Spectrometry Facility on an Xevo 

G2-S Atmospheric Solids Analysis Probe in positive ion detection mode (TBAP, TPyP, 

TPhP, and TPAP) or on an LTQ Orbitrap XL in negative ion detection mode (3).  

Powder X-ray Diffraction  

PXRD patterns were collected in transmission mode on samples held on thin Mylar film in 

aluminum well plates on a Panalytical Empyrean diffractometer, equipped with a high 

throughput screening (HTS) XYZ stage, X-ray focusing mirror, and PIXcel detector, using 

Cu-Kα (λ = 1.541 Å) radiation. Diffraction patterns were measured over 2q range in 0.013° 

steps, for 15-60 minutes. For indexing, samples were loaded into borosilicate glass 

capillaries and PXRD patterns were recorded in transmission mode on a Panalytical 

Empyrean diffractometer, equipped with a sample spinner to improve powder averaging.  

Single crystal X-ray Diffraction  

Single crystal X-ray data sets were measured on a Rigaku MicroMax-007 HF rotating anode 

diffractometer (Mo-Kα radiation, λ = 0.71073 Å, Kappa 4-circle goniometer, Rigaku 

Saturn724+ detector); at beamline 11.3.1, Advanced Light Source, Berkeley, USA, using 

silicon monochromated synchrotron radiation (λ = 0.7749 Å, PHOTON II CMOS detector); 

or at beamline I19, Diamond Light Source, Didcot, UK using silicon double crystal 

monochromated synchrotron radiation (λ = 0.6889 Å, Pilatus 2M detector). Rigaku frames 
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were converted to Bruker compatible frames using the programme ECLIPSE.134 Absorption 

corrections, using the multi-scan method, were performed with the program SADABS.135,136 

For synchrotron X-ray data, collected at Diamond Light Source (λ = 0.6889Å) data reduction 

and absorption corrections were performed with xia2. Structures were solved with 

SHELXD,137 SHELXT,138 or by direct methods using SHELXS, and refined by full-matrix 

least squares on |F|2 by SHELXL,139 interfaced through the programme OLEX2.140 Unless 

stated, all non-H atoms were refined anisotropically, and unless stated H-atoms were fixed in 

geometrically estimated positions and refined using the riding model.  

Sorption Analysis 

Surface areas were measured by nitrogen adsorption and desorption at 77.3 K. Powder 

samples were degassed offline at 110 °C for 15 hours under dynamic vacuum (10-5 bar) 

before analysis. Isotherms were measured using Micromeritics 2420 volumetric adsorption 

analyser. Surface areas were calculated in the relative pressure (P/P0) range from 0.07 to 

0.35 of the adsorption branch. Water vapor isotherms were determined at 293 K using an 

IGA gravimetric adsorption apparatus (Hiden Isochema) with an anti-condensation system 

carried out in an ultrahigh vacuum system equipped with a diaphragm and turbo pumps. 

UV-Visible Absorption Spectroscopy 

The UV-Visible absorption spectra of the materials as solutions in DMSO or acetic acid and 

the diffuse reflectance spectra of the materials in the solid state were recorded, at room 

temperature on a Cary 5000 UV-Vis spectrometer. 

Fluorescence Spectroscopy 

The fluorescence spectra of the materials were measured with a Shimadzu RF-5301PC 

fluorescence spectrometer at room temperature in the solid state and as solutions in DMSO 

or acetic acid. 

Carbon Monoxide Production Experiments 

Borosilicate crimp top vials (Agilent Technologies, 10 mL, 23 × 46 mm) were charged with 

5 mg of the photocatalyst and transferred to a Chemspeed Accelerator SWING platform for 

liquid transfer. Degassed aqueous ascorbic acid solution (0.1 mL) and degassed stock 

solution of H2PtCl6 were loaded into the system and the whole system was flushed with 

nitrogen for 4 hours. Liquids were automatically dispensed into the vials and the vials were 

capped under inert conditions by the system. The vials were then ultrasonicated for 10 

minutes before illumination with an Oriel Solar Simulator 94123A (1 Sun, classification IEC 

60904-9 2007 spectral match A, uniformity classification A, temporal stability A, 1600 W 

Xenon lamp, 12 × 12 in. output beam, Air ass 1.5G filter, 350-1000 nm) and continuous 

dispersion of the photocatalyst on a Stuart roller bar SRT9.. After photocatalysis, the 
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samples were measured on a Shimadzu GC-2010 plus equipped with a BID detector using a 

HS-20 headspace auto-sampler and sampling from the headspace of the vial. Helium was 

used as the carrier-gas and the gases were separated on a 5 Å Molseive capillary column. 

The gas amounts were calculated by referencing against standard gases with known 

concentrations of hydrogen and CO. Hydrogen and CO dissolved in the reaction mixture 

was not measured and the pressure increase generated by the evolved hydrogen and CO was 

neglected in the calculations. 

Deuterium Labelling Experiments 

Ascorbic acid (440 mg) was dissolved in D2O (25 mL). TBAP-α (25 mg) was dispersed in 

this solution by ultrasonication before degassing thoroughly by N2 bubbling for 30 minutes. 

The mixture was placed in a quartz vessel and sealed in a reactor under nitrogen. The sample 

was illuminated with a 300 W Newport Xe light source (Model: 6258, Ozone free) for the 

time specified at a fixed distance under atmospheric pressure. The Xe light source was 

cooled by water circulating through a metal jacket. Gas samples from the 1.3 mL headspace 

of the reactor were analysed at the time periods specified by a customized HPR-70 batch 

sampling system from Hiden Analytical using a HAL3F/301 triple filter Mass Spectrometer 

with a Faraday detector for analysis. 

Crystallisation Experiments 

HOF candidates were dissolved in DMF or DMSO (0.5 – 10 mg mL-1) by bath sonication at 

40 °C (1 hour). Any undissolved material was removed by passing solutions through 

hydrophilic Nylon syringe filters (0.2 µm pore size) into large vials. Added volumes were 

less than ¼  of the total vial volumes. Vials were capped with a septum that had been pierced 

using a needle and these vials were placed in a sealed chamber containing chloroform (or 

other precipitating solvent. Vapour diffusion of chloroform into the candidate solutions was 

carried out for 2-5 days until the vials were full of solvent. Most of the solvent was then 

removed via syringe, leaving the precipitate on the edges of the vial until the level of solvent 

was just above the precipitate. For solvent exchange, acetone was then injected into the 

solution and subsequently removed via syringe. This process was repeated twice more, and 

enough acetone was then added to fill the vial completely. This solvent was removed and 

then replenished every 12 hours for 2-5 days, which yielded the solvent exchanged 

materials. This was filtered off and allowed to dry under ambient conditions before 

evacuation at 110 °C for 12 hours. 

4.8.2 Synthesis 

All reagents were obtained from Sigma-Aldrich, TCI, or Fluorochem and used as received. 

Reactions were carried out under nitrogen atmosphere using standard Schlenk techniques.  
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1,3,6,8-Tetra(p-benzoic acid)pyrene (TBAP) 

TBAP was synthesized according to a modified literature route.63 1,3,6,8-Tetrabromopyrene 

(1.04 g, 2.0 mmol), (4-(methoxycarbonyl)phenyl)boronic acid (1.44 g, 8.0 mmol), K2CO3 

(2.5 g) and anhydrous N,N-dimethylformamide (50 mL) were added to a dry flask and the 

mixture was degassed by N2 bubbling for 30 minutes. Pd(PPh3)4 (45 mg) was added and the 

mixture was degassed for a further 10 minutes before heating to 110 °C for 16 hours. The 

mixture was allowed to cool to room temperature before pouring into water (500 mL) and 

stirring for 1 hour. The formed precipitate was collected by filtration and washed with water 

(100 mL) and methanol (100 mL) to give tetramethyl 4,4',4'',4'''-(pyrene-1,3,6,8-

tetrayl)tetrabenzoate (1.39 g, 1.88 mmol, 94%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.23 

(d, J = 8.5 Hz, 8H), 8.15 (s, 4H), 8.01 (s, 2H), 7.75 (d, J = 8.5 Hz, 8H), 3.99 (s, 12 H).  

Tetramethyl 4,4',4'',4'''-(pyrene-1,3,6,8-tetrayl)tetrabenzoate (500 mg, 0.68 mmol)  methanol 

(20 mL), THF (20 mL) and NaOH(aq) (4 M, 20 mL) were refluxed at 70 °C overnight. The 

mixture was filtered and the solids washed repeatedly with water until the filtrate was 

colourless. The combined filtrates were acidified by excess HCl (1 M). The formed yellow 

precipitate was collected by filtration, washed repeatedly with water and dried under vacuum 

to yield the product (450 mg, 0.66 mmol, 97%).1H NMR (400 MHz, DMSO-d6): δ(ppm) = 

8.20 (s, 4H), 8.15 (d, 8H, J 8.0 Hz), 8.07 (s, 2H), 7.84 (d, 8H, J 8.0 Hz). 13C{1H} NMR (75 

MHz, DMSO-d6): δ(ppm) = 167.7, 144.7, 136.8, 131.3, 130.5, 130.1, 128.1. 125.9, 125.7. 

Anal. Calcd for C44H26O8: C, 77.41; H, 3.84; Found: C, 76.06; H, 3.80. HR-MS Calcd for 

[C44H26O8 + H]+: m/z = 683.1706, 684.1740, 685.1771; found: m/z = 683.1716, 684.1752, 

685.1779. 

1,3,6,8-Tetraphenylpyrene (TPhP) 

TPhP was synthesised according to literature procedure.74 1H NMR (400 MHz, DMSO-d6): 

δ(ppm) = 8.18 (s, 4H), 7.99 (s, 2H), 7.72 (d, J 7.5 Hz, 8H), 7.62 (t, J 7.5 Hz, 8H), 7.54 (t, J 

7.5 Hz, 4H). 13C{1H} NMR (CDCl3): δ(ppm) = 141.21, 137.3, 130.6 (2C), 129.4, 128.3, 

128.2, 127.2, 126.0, 125.3. Anal. Calcd for C40H26: C, 94.83; H, 5.17; Found: C, 94.36; H, 

5.04. HR-MS Calcd for [C40H26 + H]+: m/z = 507.2113, 508.2147, 509.2180; found: m/z = 

507.2109, 508.2144, 509.2180. 

1,3,6,8-Tetra(pyridin-4-yl)pyrene (TPyP) 

1,3,6,8-Tetrabromopyrene (1.04 g, 2 mmol), 4-pyridinylboronic acid (983 mg, 8 mmol), 

DMF (200 mL) and K2CO3(aq) (50 mL, 2 M) were added to a flask and degassed by N2 

bubbling for 30 minutes. Pd(PPh3)4 (40 mg, 0.035 mmol) was added and the solution was 

degassed for a further 10 minutes before heating to 145 °C for 48 hours. After cooling, the 

mixture was poured into water (1 L) and stirred for 30 minutes. The precipitate was 
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collected by filtration and washed with, water (100 mL), methanol (100 mL) and 

dichloromethane (100 mL) before drying under vacuum. The product was obtained as a 

green solid (986 mg, 1.92 mmol, 96 %). 1H NMR (400 MHz, Acetic acid-d4): δ(ppm) = 9.08 

(d, J 6.0 Hz, 8H), 8.41 (s, 4H), 8.36 (s, 2H), 8.17 (d, J 6.0 Hz, 8H). The solubility of TPyP 

in acetic acid was too low to conduct 13C NMR. Anal. Calcd for C36H22N4: C, 84.68; H, 4.34; 

N, 10.97; Found: C, 84.37; H, 4.31; N, 10.73. . HR-MS Calcd for [C36H22N4 + H]+: m/z 

=511.1923, 512.1954, 513.1985; found: m/z = 511.1922, 512.1957, 513.1993. 

Synthesis of Pt Nanoparticles 

Pt nanoparticles were synthesized according to a modified literature procedure.141 H2PtCl6 

(0.9 mL, 8 wt. % solution) was added to water (36 mL). Water (464 mL) was heated to 

95 °C and the H2PtCl6 solution was added with stirring followed by 0.05 wt. % citric acid / 1 

wt. % trisodium citrate dihydrate aqueous solution (11 mL) followed by sodium borohydride 

(37 mg) in 0.05 wt.% citric acid / 1 wt. % trisodium citrate dihydrate aqueous solution (11 

mL). The solution was stirred at 100 °C for 10 minutes before cooling to room temperature. 

1,3,6,8-Tetra(p-benzamide)pyrene (TPAP) 

1,3,6,8-tetrabromopyrene (2.0 g, 3.9 mmol), (4-carbamoylphenyl)boronic acid (3.19 g, 19.3 

mmol), K2CO3 (5.0 g) and anhydrous N,N-dimethylformamide (100 mL) were added to a 

dry flask and the mixture was degassed by N2 bubbling for 30 minutes. Pd(PPh3)4 (90 mg) 

was added and the mixture was degassed for a further 10 minutes before heating to 110 °C 

for 16 hours. The mixture was allowed to cool to room temperature before pouring into 

water (1 L) and stirring for 1 hour. The formed precipitate was collected by filtration and 

washed with water (200 mL) and methanol (200 mL) and THF (200 mL). 1H NMR (400 

MHz, DMSO-d6): δ(ppm) = 8.20 (s, 4H), 8.14 (bs, 1H), 8.18 (d, J = 8.5 Hz, 8H), 8.06 (s, 

2H), 7.81 (d, J = 8.5 Hz, 8H), 7.48 (bs, 1H). 13C{1H}  NMR (DMSO-d6: δ(ppm) = 168.2, 

143.2, 136.9, 133.9, 130.9, 128.3, 128.1, 125.8, 125.7. Anal. Calcd for C44H30N4O4: C, 

77.86; H, 4.46; N, 8.25; Found: C, 74.59; H, 5.07; N, 6.92. HR-MS Calcd for [C44H30N4O4 + 

H]+: m/z = 679.2346, 680.2377, 681.2408; found: m/z = 679.2355, 680.2413, 681.2555. 

4',4''',4''''',4'''''''-(pyrene-1,3,6,8-tetrayl)tetrakis(([1,1'-biphenyl]-4-carboxylic 

acid))(1) 

1,3,6,8-tetrabromopyrene (1.04 g, 2.0 mmol), (4'-(methoxycarbonyl)-[1,1'-biphenyl]-4-

yl)boronic acid (2.05 g, 8.0 mmol), K2CO3 (2.5 g) and anhydrous N,N-dimethylformamide 

(50 mL) were added to a dry flask and the mixture was degassed by N2 bubbling for 30 

minutes. Pd(PPh3)4 (45 mg) was added and the mixture was degassed for a further 10 

minutes before heating to 110 °C for 16 hours. The mixture was allowed to cool to room 

temperature before pouring into water (500 mL) and stirring for 1 hour. The formed 
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precipitate was collected by filtration and washed with water (100 mL) and methanol (100 

mL) to give tetramethyl 4',4''',4''''',4'''''''-(pyrene-1,3,6,8-tetrayl)tetrakis([1,1'-biphenyl]-4-

carboxylate) (2.00 g, 1.92 mmol, 96%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.29 (s, 8H), 

8.17 (d, J = 8.5 Hz, 16H), 8.19 (s, 2H), 7.78-7.84 (m, 24 H). 

Tetramethyl-4',4''',4''''',4'''''''-(pyrene-1,3,6,8-tetrayl)tetrakis([1,1'-biphenyl]-4-carboxylate) 

(300 mg, 0.29 mmol), methanol (20 mL), THF (20 mL) and NaOH(aq) (4 M, 20 mL) were 

refluxed at 70 °C overnight. The mixture was filtered and the solids washed repeatedly with 

water until the filtrate was colourless. The combined filtrates were acidified by excess HCl 

(1 M). The formed yellow precipitate was collected by filtration, washed repeatedly with 

water and dried under vacuum to yield the product (274 mg, 0.28 mmol, 96%). 1H NMR 

(400 MHz, DMSO-d6): δ(ppm) = 8.26 (s, 4H), 8.06-8.09 (m, 10H), 7.90-7.97 (m, 16H), 7.82 

(d, J = 8.0 Hz, 8H). This material was too insoluble in DMSO-d6 to conduct 13C NMR. Anal. 

Calcd for C68H42O8: C, 82.74; H, 4.29; Found: C, 72.64; H, 4.31. MALDI-MS Calcd for 

[C68H42O8]
-: m/z = 986.29, 987.29; found: m/z = 986.39, 987.39. 

1,3,6,8-Tetra(2-napthoic acid)pyrene (2) 

methyl 6-bromo-2-naphthoate (4.5 g, 17.0 mmol), bispinacolatodiboron (4.7 g, 18.5 mmol), 

potassium acetate (5 g), and 1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

(400 mg) were placed under nitrogen and dry DMSO (30 mL) was added. The mixture was 

heated under nitrogen at 90 °C for 16 hours. After cooling the mixture was poured in water 

(100 mL), extracted with ethyl acetate, washed with dilute HCl (1 M) and brine, dried with 

magnesium sulfate and the solvent removed under vacuum. Hot hexane (300 mL) was added 

to the brown residue and the mixture was passed through a celite plug. Hexane was removed 

under reduced pressure to yield methyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-

naphthoate as an off white powder (3.3 g, 10.6 mmol, 62%). 1H NMR (400 MHz, CDCl3): 

δ(ppm) = 8.60 (s, 1H), 8.39 (s, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.89- 7.95 (m, 3H), 3.98 (s, 

3H), 1.19 (s, 12H).  

methyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-naphthoate (1.50 g, 4.81 mmol) 

1,3,6,8-tetrabromopyrene (518 mg, 1.0 mmol) trihydro-potassium phosphate (2.0 g) and 

toluene (50 mL) were added to a dry flask and degassed by nitrogen bubbling for 30 

minutes. Pd(PPh3)4 (50 mg) was added and the solution was degassed for a further 10 

minutes before heating to 110 °C for 16 hours. After cooling the mixture was poured into 

methanol (500 mL) and stirred for 30 minutes. The precipitate was collected by filtration and 

recrystallized from DCM : hexane to yield tetramethyl 6,6',6'',6'''-(pyrene-1,3,6,8-

tetrayl)tetrakis(2-naphthoate) (836 mg, 0.89 mmol, 89 %). 1H NMR (400 MHz, CDCl3): 
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δ(ppm) = 8.73 (s, 4H), 8.27 (s, 4H), 8.23 (s, 2H), 8.21 (s 4H), 8.14 (m, 8H), 7.98 (d, J = 8.5 

Hz, 4H), 7.92 (d, J = 8.5 Hz, 4H) 4.02 (s, 12H).  

tetramethyl 6,6',6'',6'''-(pyrene-1,3,6,8-tetrayl)tetrakis(2-naphthoate) (270 mg, 0.29 mmol), 

methanol (20 mL), THF (20 mL) and NaOH(aq) (4 M, 20 mL) were refluxed at 70 °C 

overnight. The mixture was filtered and the solids washed repeatedly with water until the 

filtrate was colourless. The combined filtrates were acidified by excess HCl (1 M). The 

formed yellow precipitate was collected by filtration, washed repeatedly with water and 

dried under vacuum to yield the product (230 mg, 0.26 mmol, 90%). 1H NMR (400 MHz, 

DMSO-d6): δ(ppm) = 8.72 (s, 4H), 8.36 (s, 4H), 8.31 (d, J = 8 Hz, 4H), 8.27 (s, 2H), 8.26 (s, 

4H), 8.10 (d, J = 8 Hz, 4H), 8.03 (d, J = 8 Hz, 4H), 7.96 (d, J = 8 Hz, 4H). 13C NMR (400 

MHz, DMSO-d6: δ(ppm) = 167.9, 140.3, 137.2, 135.5, 131.9, 130.9, 130.6, 130.0, 129.9, 

129.6, 129.0, 128.9, 128.2, 126.2, 126.0, 125.8. Anal. Calcd for C60H34O8: C, 81.62; H, 3.88; 

Found: C, 80.78; H, 3.84. MALDI-MS Calcd for[C60H34O8]
-: m/z = 882.23, 883.23; found: 

m/z = 882.20, 883.18. 

2,6,10-Trimethyltriphenylene 

2,6,10-Trimethyltriphenylene was synthesised according to a modified literature 

procedure.102 Methylcyclohexanone (40.0 g, 0.35 mol) and zirconium tetrachloride (4.0 g, 17 

mmol) were heated at 135° C overnight under a nitrogen. The mixture was allowed to cool 

to 70° C before hot chloroform (100 mL) was added. The mixture was stirred before 5 

minutes before the solids were filtered off. Ethanol (20 mL) was added to the hot filtrate and 

the solution was allowed to cool to room temperature and then in the fridge overnight. The 

formed white crystals were collected by filtration and dried under vacuum to give 2,6,10-

trimethyl-dodecahydrotriphenylene (12.5 g, 44.3 mmol, 38%). 1H NMR (400 MHz, CDCl3): 

δ(ppm) = 2.41-2.84 (m, 9H), 2.00-2.16 (m 3H), 1.67-1.95 (m, 6H), 1.23-1.41 (m, 3H), 1.06-

1.10 (m, 9H).    

2,6,10-trimethyl-dodecahydrotriphenylene (3.0 g, 10.1 mmol), Palladium on carbon (10 

wt.% Pd, 0.30 g) and triglyme (10 mL) were refluxed at 240° C (sand bath) overnight . After 

cooling to 70° C chloroform (50 mL) was added to re-dissolve the partially precipitated 

product. The mixture was filtered, and the chloroform removed from the filtrate under 

vacuum. Water (5 mL) was added and the white precipitate collected by filtration and dried. 

The product was recrystallized from DCM/hexane. (2.6 g, 9.6 mmol, 95%). 1H NMR (400 

MHz, CDCl3): δ(ppm) = 8.52 (d, J = 8.0 Hz, 3H), 8.40 (s, 3H), 7.44 (d, J = 8.0 Hz, 3H), 2.61 

(s, 9H). 13C NMR (CDCl3): δ(ppm) = 136.6 (quaternary), 13.0 (quarternary), 128.2, 127.1 

(quarternary), 123.2, 123.1, 21.9.  
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Triphenylene-2,6,10-tricarboxylic acid (3) 

2,6,10-Trimethyltriphenylene (1.20 g, 4.44 mmol) was suspended in water (56 mL) and 

added to a 125 mL Parr vessel. Sodium dichromate dihydrate (5.29 g, 17.8 mmol) was added 

in portions with stirring. The Parr vessel was sealed and heated with sitrring at 250 °C (sand 

bath) for 24 hours. After cooling to room temperature, the vessel contents were washed out 

with water, the green chromium salts were filtered off and the formed triphenylene-2,6,10-

tricarboxylic acid was precipitated by addition of excess HCl (12 M). The product was 

filtered off and washed with water repeatedly before drying under vaccum. The crude 

product was crystallised from DMSO/Chloroform to give a white powder (810 mg, 2.25 

mmol, 51%). 1H NMR (400 MHz, DMSO-d6: δ(ppm) = 9.35 (s, 3H), 8.98 (d, J = 10 Hz, 

3H), 8.31 (d, J = 10 Hz, 3H). 13C NMR (DMSO-d6: δ(ppm) = 167.2 (quarternary), 132.7, 

130.3, 128.9 (quarternary), 128.4, 125.6 (quarternary), 124.5 (quarternary). Anal. Calcd for 

C21H12O6: C, 70.00; H, 3.26; O, 26.64; Found: C, 68.31; H, 3.86. HR-MS Calcd for 

[C21H12O6 - H]-: m/z = 359.0561, 360.0595; found: m/z = 359.0562, 360.0596.  

2,4,6-trichlorobenzene-1,3,5-tricarbaldehyde 

2,4,6-trichlorobenzene-1,3,5-tricarbaldehyde was synthesised according to a modified 

literature procedure.89 1,3,5-trichlorobenzene (3.0 g , 16.6 mmol), AlCl3 (2.6 g , 19.6 mmol), 

and CHCl3 (60 ml) were added to a Parr vessel (125 ml), which was heated with stirring at 

125℃ (sand bath) for 72 h. During the heating period, the autoclave was cooled to room 

temperature twice at 6 h and 18 h after the reaction started and opened to release the 

pressure. After 72 h, the reaction was cooled to room temperature, CHCl3 (60 mL) was 

added, and the reaction mixture was poured into concentrated HCl/ice and stirred for 1 h. 

The organic layer was separated and washed with NaHCO3, brine, and dried over MgSO4. 

The solvent was removed under vacuum, the brown solid suspended in hexane and filtered 

through a silica plug before solvent removal to give 1,3,5-trichloro-2,4,6-

tris(dichloromethyl)benzene (5.0 g, 11.6 mmol, 70%). 1H NMR (400 MHz, CDCl3: δ(ppm) 

= 7.75 (s, 2H), 7.63 (s, 1H). Hindered roation around the CBenzene –CCHCl2
 bond causes two 

distinct proton environemnts in a 2: 1 ratio.103  

Fuming sulfuric acid (20% SO3) (18 mL) was added to 1,3,5-trichloro-2,4,6-

tris(dichloromethyl)benzene (2.5 g, 5.8 mmol) and stirred at 40℃ for 3 hours. The reaction 

mixture was poured onto ice (500 g) in a large (2 L) beaker and NaHCO3 (20g, 0.24 mmol) 

was slowly added. The formed precipitate was filtered off, washed with water, and purified 

silica gel column chromatography eluting with DCM : Hexane (60 : 40) to give the product 

as off white crystals. (600 mg, 2.26 mmol, 39%). 1H NMR (400 MHz, CDCl3: δ(ppm) = 

10.42 (s, 3H). 
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Benzo[1,2-b:3,4-b':5,6-b'']trithiophene-2,5,8-tricarboxylic acid (4) 

Benzo[1,2-b:3,4-b':5,6-b'']trithiophene-2,5,8-tricarboxylic acid was synthesised according to 

a modified literature procedure.103 Triethylamine (20 mL) was added to 2,4,6-

trichlorobenzene-1,3,5-tricarbaldehyde (500 mg, 1.88 mmol), under nitrogen and the 

mixture cooled to 0 °C. Ethylmercaptoacetate (900 mg, 7.50 mmol), was added dropwise 

before refluxing at 100 °C for 4 hours. After cooling to room temperature methanol (10 mL) 

was added and the light brown precipitate was collected by filtration, washed with methanol 

and dried to give benzo[1,2-b:3,4-b':5,6-b'']trithiophene-2,5,8-tricarboxylic acid triethyl ester 

(650 mg, 1.40 mmol, 76%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.32 (s, 3H), 4.47 (q, J = 

7.2 Hz, 6H), 1.47 (t, J = 7.2 Hz, 9H).  

benzo[1,2-b:3,4-b':5,6-b'']trithiophene-2,5,8-tricarboxylic acid triethyl ester (250 mg, 0.54 

mmol), NaOH (1 g), ethanol (25 mL) and water (25 mL) were refluxed at 90°C overnight. 

After cooling, more water (50 mL) was added and the mixture filtered to remove any 

unreacted ester. The filtrate was acidified by the addition of excess HCl (1 M), the 

precipitate was collected by vacuum filtration and washed with water (3 x 100 mL) before 

drying under vacuum to give the product as a pink powder (190 mg, 0.50 mmol, 93%). 1H 

NMR (400 MHz, DMSO-d6: δ(ppm) = 8.35 (s, 3H). 13C NMR (DMSO-d6: δ(ppm) = 163.5 

(quarternary), 137.5 (quarternary), 136.1 (quarternary), 130.8, 126.84 (quarternary). Anal. 

Calcd for C15H6O6S3: C, 47.61; H, 1.60; O, 25.37; S, 25.42. Found: C, 45.13; H, 2.25; S, 

23.76.  

2,5,8,11-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)perylene 

Was synthesised via a modified literature procedure.98 Perylene (1.26 g, 5.0 mmol), 

bispinacolato diboron (5.08 g, 20.0 mmol) 4,4'-dimethyl-2,2'-bipyridyl (27 mg, 0.1 mmol), 

and [Ir(OMe)COD]2 (33 mg, 0.05 mmol) were added to a dry flask and placed under 

nitrogen. Dry THF (40 mL) was added and the solution was heated at 80 °C for 16 hours. 

The reaction was cooled to room temperature and poured onto methanol (100 mL). The 

precipitate was collected by filtration and washed with methanol to give the product as a 

light yellow solid (3.30 g, 4.4 mmol, 87%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.63 (s, 

4H), 8.25 (s, 4H), 1.43 (s, 48H).  

2,5,8,11-Tetra(p-benzoic acid)perylene (5) 

2,5,8,11-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)perylene (1.51 g, 2.0 mmol), 

ethyl 4-bromobenzoate (1.83 g, 8.0 mmol), K2CO3 (2.5 g) and anhydrous N,N-

dimethylformamide (50 mL) were added to a dry flask and the mixture was degassed by N2 

bubbling for 30 minutes. Pd(PPh3)4 (45 mg) was added and the mixture was degassed for a 

further 10 minutes before heating to 110 °C for 16 hours. The mixture was allowed to cool 
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to room temperature before pouring into water (500 mL) and stirring for 1 hour. The formed 

precipitate was collected by filtration and washed with water (100 mL) and methanol (100 

mL) to give 2,5,8,11-Tetra(p-benzoic acid ethyl ester)perylene (1.10 g, 1.30 mmol, 65%). 1H 

NMR (400 MHz, CDCl3): δ(ppm) = 8.55 (s, 4H), 8.23 (d, J = 8.2 Hz, 8H), 8.05 (s, 4H), 7.88 

(d, J = 8.2 Hz, 8H).  

2,5,8,11-Tetra(p-benzoic acid ethyl ester)perylene (500 mg, 0.59 mmol), methanol (20 mL), 

THF (20 mL) and NaOH(aq) (4 M, 20 mL) were refluxed at 70 °C overnight. The mixture 

was filtered and the solids washed repeatedly with water until the filtrate was colourless. The 

combined filtrates were acidified by excess HCl (1 M). The red precipitate was collected by 

filtration, washed repeatedly with water and dried under vacuum to yield the product (360 

mg, 0.48 mmol, 83%). 1H NMR (400 MHz, DMSO-d6): δ(ppm) = 8.77 (s, 4H), 8.23 (s, 4H), 

8.06-8.12 (m, 16 H). This material was too insoluble in DMSO-d6 to conduct 13C NMR. 

Anal. Calcd for C48H28O4: C, 78.68; H, 3.85; O, 17.47; Found: C, 74.87; H, 3.81. MALDI-

MS Calcd for [C48H28O4]
-: m/z = 732.2, 733.2, 734.2; found: m/z = 732.3, 733.3, 734.3.  
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5.1 Conclusions and Future Work 

The overall aim of this project was to understand the effect of structural features of organic 

photocatalysts and their hydrogen production rates. Whilst a clear correlation between HER 

and external polymer surface was found for the materials in Chapter 1, ultimately emulsion 

derived materials may not be ideal candidates for studying the relationship between particle 

size and activity, or to determine the optimal size of polymer photocatalysts. This is because 

changes to particle size can only be achieved through altering polymer synthesis conditions, 

which in turn appear to affect chain length and other polymer properties, and this affects 

HER in a way that is difficult to deconvolute. Nanoprecipitation of organic solvent-soluble 

polymers may be better suited to further investigations into this area.  

In general, however, emulsion polymerisation was found to be an effective method for 

generating small particle analogues of otherwise unprocessable polymer photocatalysts. 

P10-e displays very high hydrogen evolution rates, with an EQE of 20.4% at 420 nm and 

substantially higher catalyst longevity than existing nanoparticle systems. This is 

significantly higher than the bulk sample and suggests emulsion polymerisation could be 

used to generate more active versions of other insoluble polymer photocatalysts. For 

example, a recent high throughput study1 identified several linear copolymers, shown in 

Figure 1, with higher activity than bulk P10 and it would therefore be interesting to 

synthesise versions of these materials by emulsion polymerisation.  

 

Previously, the shorter chain lengths that appear to be accessible through emulsion 

polymerisation might have been regarded as a serious issue with this method. However, the 

oligomeric and monomeric photocatalysts studied in Chapters 3 and 4 indicate that long 

polymer chain lengths are not necessarily required for high hydrogen production rates so 

long as the material band gap is sufficiently narrowed to allow visible light absorption.   

 

Figure 1: Linear polymer photocatalysts with high activity as hydrogen producing photocatalysts.   
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This is perhaps the most significant discovery of Chapter 3; oligomeric materials, with as 

few as three repeat units can act as highly efficient heterogeneous catalysts for hydrogen 

production and display EQEs higher than many polymeric materials. Increasing activity with 

chain length was observed for the S family of oligomers but this was found to be in large 

part due to the redshifted absorption onset of the longer oligomers and smaller differences in 

activity were found when using UV wavelengths. Time-resolved spectroscopy indicated 

charge separation and polaron formation occurred similarly in S3 to P10, and that 

photocatalytic activity in both materials was limited by transfer of polarons from the 

oligomer to Pd active sites for proton reduction. However, polaron yield was lower in the 

shorter chain length materials indicating the lower HERs of the S1–3 could be due to less 

efficient separation of charges. The relationship between chain length and photocatalytic 

activity was less clear in the MeF oligomers with the monomer showing the highest activity 

under some conditions. This was particularly interesting given the significantly more 

blueshifted absorption of MeF1, it certainly does not appear that increasing chain length 

always gives an inherent advantage to photocatalytic activity.  

Testing of the materials substituted with alkyl and mesityl groups indicated that twisting of 

the oligomer backbone can negatively influence hydrogen production rates highlighting the 

significance of effective conjugation length, as opposed to the number of repeat units in a 

molecular structure. The difference in activity between planar and twisted materials was 

found to be smaller under UV irradiation, indicating that the blueshifted absorption onset of 

the latter is the primary reason for their poorer activity under visible wavelengths. 

Substitution with bulky groups clearly causes changes to molecular conformation and 

conjugation length but also affects molecular packing. The crystal structures of the more 

active unsubstituted oligomers were found to contain more π-stacking interactions, and it is 

possible this also plays a role in activity differences, perhaps resulting in more efficient 

energy transfer. Similarly, closely packed, highly overlapping aromatic units were also 

thought to be essential in the high photocatalytic activity of materials studied in Chapter 4. 

Comparison of TBAP-α and its amorphous analogue provided convincing evidence that the 

packing of molecular units has a strong effect on photocatalytic activity and can give orders 

of magnitude variation in HER. Further work is needed to clarify the cause of the variation, 

but this work suggests that the difference in porosity between the HOF and the amorphous 

sample may not be a significant factor. Instead the high activity of TBAP-α is attributed to 

improved exciton or charge carrier mobility through extended columnar pyrene stacks. This 

was supported by the relatively high proton reduction activity of TPAP, 2-α and 4-α all of 

which also showed evidence of π-stacking interactions.   
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As well as providing insight into structure-activity relationships, Chapter 4 also introduces a 

new class of organic photocatalysts for hydrogen production; TBAP-α is believed to be the 

first HOF proven to be capable of light-driven proton reduction. The high EQE and 

competitive catalytic lifetime of this HOF warrants further investigation into this class of 

materials. Initial attempts to form HOF photocatalysts with increased structural diversity 

(sections 4.4 and 4.5) indicate that predicting the formation of new, stable HOFs is not 

straightforward. Crystal structure prediction could aid with the discovery of new structures, 

but a valuable area of investigation may also be to screen the now significant number of 

HOF structures reported in literature2 for photocatalytic activity. Given the apparent 

importance of π stacking motifs in the pyrene HOFs, of particular interest are literature 

HOFs with planar aromatic units which show eclipsed layered stacking or at least significant 

overlap. For example, carboxyphenyl-substituted hexaazatrinaphthylene derivative 

(CPHATN, Figure 2a) forms a hexagonal network of hydrogen bonded sheets which stack 

with small 2.89 to 3.13 Å distances between layers with some overlap between the 

substituted trinapthylene cores (CPHATN-1a Figure 2b and c).3 This HOF is also reported to 

be stable in water as well as acid, making it a good candidate for photocatalytic proton 

reduction. The band structure of CPHATN and other potential molecules could be predicted 

using TD-DFT to rule out candidates with EA and IP potentials inconsistent with hydrogen 

production and scavenger (or water) oxidation.  

 

Carboxylic acids and other hydrogen bonding groups increase photocatalyst wettability, 

impart good solubility in polar solvents and are frequently cited as crucial in stabilising low-

density structures,2 but many non-HOFs also show extended columnar π-stacking.4 

Furthermore, the most active molecular material studied in this work, S3, has a close packed 

structure indicating this approach need not be confined to porous organic crystals. Screening 

b)

c)

a)

 

Figure 2: a) Molecular structure of CPHATN and (b and c) crystal structure of CPHATN-1a 

HOF. Adapted with permission from reference [3], Copyright (2019) American Chemical Society.  
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crystal structure databases for suitable packing motifs in combination with band structure 

prediction could be used to identify known structures that are good candidates for 

photocatalytic testing. For example, N-heteropentacenes, such as those shown in Figure 3, 

are known to form extended slipped stacked structures with similar interlayer distances to 

TBAP-α.5 These have already been shown to have high charge carrier mobility and 

absorption onsets well into the visible and energy levels consistent with driving proton 

reduction and thus may be suitable materials for study.  

 

Overall, the results in Chapters 3 and 4 indicate the search for new organic photocatalysts 

for hydrogen production should be expanded to include oligomers and molecular crystals, 

opening up a potentially large and new area of study. Further suggestions for study of 

emulsion polymerisation-derived, oligomeric and HOF photocatalysts are also included in 

sections 2.3, 3.9 and 4.7 respectively but considerations for future work in the context of 

overall water splitting are discussed below.  

Time resolved spectroscopic measurements in Chapter 3 suggest that hydrogen production in 

dibenzothiophene sulfone-based materials is limited by diffusion of polarons to Pd active 

sites for proton reduction. Whilst overcoming this post-charge-separation kinetic bottleneck 

would likely give higher HERs, this work also highlights a potential flaw in using sacrificial 

donor systems as model systems for overall water splitting. The most active family of 

materials studied here, S1-3 and P10, are found to have hydrogen evolution rates that appear 

to be independent of exciton lifetime. This means that extensive work on these and other 

b)

c)

d)
a)

1

2

3

4

 

Figure 3: a) Molecular structure, (b) UV-vis absorption in CH 2Cl2 , c) HOMO and LUMO 

energy levels and (d) crystal structures of N-heteropentacenes. Adapted with permission from 

reference [5].  
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related materials may be optimising organic semi-conductors for a fast hole scavenging 

regime that is not representative of the kinetically slow process of water oxidation.6  

The TPyP material investigated in Chapter 4 also highlights the importance of interaction 

between SED and the semiconductor substrate. In this particular system, it appears that 

hydrogen production is limited by inefficient quenching of excitons by the ascorbic acid 

electron hole scavenger. This could pose an issue for studies under sacrificial conditions as 

similar photocatalysts tested for hydrogen production using SEDs may be omitted as 

potential ‘hits’ for hybrid or Z-scheme OWS systems when in fact their low activity is due to 

poor interaction with one particular hole scavenger – a component that must ultimately be 

removed. Future studies under sacrificial conditions should aim to test each photocatalyst 

with a number of different SEDs, (preferably organic and inorganic with a range of 

oxidation potentials, surface charges and molecular sizes) in order to minimise this 

possibility. Candidates could be ‘judged’ on the basis of activity across a number of SEDs 

rather than focusing on a particularly high rate with just one SED. This may improve the 

likelihood that, with optimisation and suitable cocatalysts, a material’s ability to oxidise 

scavengers can be translated into the ability to oxidise water. The results of Chapters 3 and 4 

suggest that quenching of photocatalyst fluorescence intensity in suspension by the addition 

of SEDs may be useful as a quick screening test for successful scavenger oxidation and 

could reduce the need for time- and resource-consuming photocatalytic hydrogen production 

tests.  

These are valid concerns when pursuing single component organic semiconductors where 

charge separation of photogenerated excitons is unlikely to occur spontaneously. In these 

cases, the short singlet exciton lifetimes of organic semi-conductors may hinder OWS. A 

more promising approach is to move towards multicomponent systems that enable the 

separation of charges.7 One way this could be achieved is through redox shuttles which, in a 

similar way to SEDs/SEAs, quench excitons and facilitate the formation of charge separated 

polarons. Unlike sacrificial scavengers, these can be cycled between HEP and OEP 

components and are thus not consumed by the system. Initial experiments with the HEPs 

covered in this work would be to see if photocatalytic hydrogen production occurs in the 

presence of FeII or I-. These oxidise to FeIII and IO3
- respectively and have been shown to acts 

as reversible redox shuttles in inorganic Z-scheme systems.8 If hydrogen production does 

occur with these or other redox shuttles then screening experiments that couple the HEPs 

with known OEPs, such as WO3, should be conducted. Such studies have already started on 

the dibenzothiophene sulfone homopolymer P10, which was recently shown to be capable of 

hydrogen production in the presence of an FeII SED and could form an overall water splitting 

Z-scheme when coupled with BiVO4 and the FeII / FeIII redox couple.9 It would be worth 
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investigating whether the trimer, S3, could replace P10 in this system. S3 has a lower IP 

than P10 and thus would provide a slightly larger driving force for FeII oxidation which 

could improve the rate of OWS. Similar experiments should also be conducted on the active 

HOF materials in Chapter 4. The IP of TBAP-α lies above the water oxidation potential but 

should be sufficient to drive FeII oxidation and thus it is feasible that it could be incorporated 

into an analogous Z-scheme.   

An alternative approach would be to attempt heterojunction-based charge separation. Here, 

the processability of the materials studied in this work would be particularly beneficial. 

Heterojunctions rely on physical contact between two materials whose offset band/orbital 

structures mean that exciton separation into charged species is thermodynamically 

favourable at the contact between a donor and an acceptor. The large surface area of P10-e 

could be ideally suited to forming such a heterostructure. The P10-e coated silica 

microparticles in Chapter 2 appeared to work favourably as a hydrogen evolution 

photocatalyst; the same method could be used to generate particles of BiVO4 OEP coated in 

P10-e. The nanoscale dimensions of the emulsion-derived material would minimise the 

diffusion length required for excitons in P10-e to reach the interface with the OEP 

increasing the likelihood of charge separation before recombination. The silica particles in 

Chapter 2 were coated by sonication of the two components in water followed by filtration. 

The simple fabrication process and the large number of inorganic OEPs that could be 

incorporated into such a hybrid, mean this would be suited to high throughput screening 

approach. Emulsion-derived materials could also be used in three component systems 

utilising HEP particles and OEP particles adhered to a conducting electron mediator sheet. 

Sheet systems using similarly sized particles to P10-e have been shown to form some of the 

most active OWS Z-schemes in literature.10  

As well as particle size, charge separation across heterojunction interfaces is also thought to 

be dependent on crystalline order. The ability to grow single crystals of the oligomeric and 

HOF photocatalysts in Chapter 3 and 4 opens up the possibility of generating single crystal 

heterojunctions. These consist of single crystals of two distinct organic molecules grown 

from a crystal surface or intermixed by lamination.11 Layering organic crystals containing 

‘acceptor’ units such as dibenzothiophene sulfone with ‘donor’ crystals such as 

oligothiophenes could form such a heterojunction and encourage charge separation as well 

as introducing a light absorber with a more red-shifted onset. Whilst thin single crystals of 

organic conjugated molecules are known to adhere to a variety of surfaces,12 stronger 

electrostatic interactions may be required to adhere crystals together in aqueous suspension. 

In this case, materials with similar unit cells may provide stronger epitaxial interaction 

between crystals; modification of an existing structure with electron donating or accepting 
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groups could provide the desired offset band structures whilst retaining similar packing. For 

instance, an analogue of TBAP with fluorinated phenyl linkers (Figure 4a) might be 

expected to have a lowered LUMO energy whilst an analogue with a methoxy substituted 

pyrene core (Figure 4b) might be expected to have a raised HOMO energy. Both molecules 

could pack to form HOFs with similar structures to TBAP-α and could be used as the 

acceptor and donor phases respectively of a single crystal heterojunction. Band structure 

calculations and CSP would be useful to determine the feasibility of specific molecules and 

their combinations.    
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Figure 4: Potential acceptor (a) and donor (b) structures for a crystalline heterojunction 

photocatalyst.  
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6. Appendix 

6.1 Additional NMR spectra 

 

 

 

 

 

Figure 1: NMR spectra of 3,7-dibromodibenzo[b,d]thiophene sulfone in CDCl3.  Inset shows 

expanded spectra of the aromatic region. 

 

 

Figure 2: NMR spectra of 3,7-dibenzo[b,d]thiophene sulfone diboronic acid bis(pinacol) ester in 

CDCl3.  Inset shows expanded spectra of the aromatic region. 
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Figure 3: NMR spectra of 3-bromodibenzo[b,d]thiophene sulfone in CDCl3. Inset shows expanded 

spectra of the aromatic region.  

 

Figure 4: NMR spectra of 3-dibenzo[b,d]thiophene sulfone boronic acid pinacol ester in CDCl3. 

Inset shows expanded spectra of the aromatic region.  
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Figure 5: NMR spectra of 2,8-dihexyldibenzo[b,d]thiophene sulfone in CDCl3. Pre (black) and 

post (red) photocatalysis. Inset shows expanded spectra of the aromatic region.  

 

Figure 6: NMR spectra of 2,8-dihexyl-3,7-dibromodibenzo[b,d]thiophene sulfone in CDCl3. Inset 

shows expanded spectra of the aromatic region. 
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Figure 7: NMR spectra of SS6S in CDCl3. Pre (black) and post (red) photocatalysis. Inset shows 

expanded spectra of the aromatic region. 

 

Figure 8: NMR spectra of S6S6 S6 in CDCl3. Pre (black) and post (red) photocatalysis. Inset shows 

expanded spectra of the aromatic region. 
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Figure 9: NMR spectra of S6S6 S6 in CDCl3. Pre (black) and post (red) photocatalysis. Inset shows 

expanded spectra of the aromatic region. 
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Figure 10: NMR spectra of TPAP (A), 1 (B) and 2 (C) pre (black) and post (red) photocatalysis. 

Inset shows expanded spectra of the aromatic region. 
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Figure 11: NMR spectra of 3 (A), 4 (B) and 5 (C) pre (black) and post (red) photocatalysis. Inset 

shows expanded spectra of the aromatic region. 
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6.2 Additional UV-Vis Spectra 

 

 

 

Figure 12: Normalised UV-Vis spectra of P10-e (0.01 mg mL-1) suspended in water (black) or 

TEA/MeOH/Water (red).  
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Figure 13: Spectra of ME-CMP and batches of ME-CMP-e. Normalised absorption (solid lines) 

and normalised emission (λex = 325 nm, dashed lines), Bulk measured in the solid state emulsion 

derived particles measured in water suspension (0.006 mg mL-1)  
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Figure 14: Spectra of S-CMP1 and batches of S-CMP1-e. Normalised absorption (solid lines) and 

normalised emission (λex = 325 nm, dashed lines), Bulk measured in the solid state emulsion derived 

particles measured in water suspension (0.007 mg mL-1)  
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Figure 15: Spectra of P10 and batches of P10-e. Normalised absorption (solid lines) and 

normalised emission (λex = 325 nm, dashed lines), Bulk measured in the solid state emulsion derived 

particles measured in water suspension (0.01 mg mL-1)  
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6.3 Light Source and Filter Characteristics 

 

 

 

 

Figure 16: Output of the Xe light source used in this work. 

 

 

Figure 17: Output of the 420 nm LED used in this work. 

 

 

Figure 18: Transmission characteristics of the filters used in this work. 
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6.4 Additional Photocatalysis Measurements 

 

 

 

Figure 19: Control measurements of photocatalysts suspended in TEA/MeOH/Water and stirred in 

the dark.  

 

0 1 2 3 4 5 6

-50

0

50

100

150

200

250

300

350
Dark Controls

 No polymer

 P10-e

 S-CMP1-e

 ME-CMP-e

H
y
d
ro

g
e
n
 E

v
o
lv

e
d
 (
m

m
o
l)

Time (h)

 

Figure 20: Hydrogen evolution of batches of  ME-CMP-e (0.06 mg mL-1) in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1) illuminated using λ > 295 nm. 
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Figure 21: Hydrogen evolution of batches of  S-CMP1-e (0.07 mg mL-1) in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1) illuminated using λ > 295 nm. 
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Figure 22: Hydrogen evolution of batches of  P10-e (0.1 mg mL-1) in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1) illuminated using λ > 420 nm. 
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Figure 23: Extended hydrogen evolution ME-CMP-e (0.06 mg mL-1) in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1) illuminated using λ > 295 nm. 

 

0 10 20 30 40

0

10000

20000

30000

40000

50000

60000

 ME-CMP-e

H
y
d

ro
g
e

n
 E

v
o

lv
e
d

 (
m

m
o
l 
g

-1
)

Time (h)

H2 content of catalyst

 

Figure 24: Extended hydrogen evolution S-CMP1-e (0.07 mg mL-1) in 25 mL 

aqueous/methanol/triethylamine (1:1:1) (aqueous phase containing water: toluene (9:1), SDS 

surfactant 10 mg mL-1 and Na2CO3 3.5 mg mL-1) illuminated using λ > 295 nm. 
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