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Abstract 
 

Linear Co-polymer Photocatalysts: From Fundamental Design to Organic/Inorganic Hybrids 
 

Ian David Coates 
 
Hydrogen gas will likely play an important role in the decarbonisation of hard-to-abate sectors and 
the overall global race to net zero. Organic photocatalysts offer a route to cheap and sustainable 
production of green hydrogen by using solar energy to split water. Indeed, significant advances in 
using semiconducting conjugated polymers to produce hydrogen from water under sacrificial 
conditions have been made in recent years. However, examples of polymeric photocatalysts capable 
of achieving overall water splitting have been limited. Since the chemical space constructed from 
simple organic building blocks is almost infinite, there is enormous potential for further enhancements 
via the rational design of polymer structures. It is well known that small structural changes can enable 
the fine-tuning of physical, chemical, and optoelectronic properties of organic semiconductors. This 
thesis focuses on understanding the structure-activity relationships of linear organic co-polymer 
photocatalysts, designing new polymers based on these understandings, and then using these 
polymers to design hybrid organic/inorganic photocatalysts for overall water splitting. 
 

First, an in-depth analysis of the structure-activity relationships of linear co-polymers is performed 
using data from previously published high-throughput experimental results. This leads to new insights 
into the detrimental effects of residual palladium, low synthesis yields, short fluorescence lifetimes, 
and small predicted oscillator strengths. Structural features, physical properties, and photocatalytic 
activities are correlated with computationally predicted properties, which are used to identify 78 new 
promising organic photocatalysts. Improved predictions for the optical bandgaps of these materials 
are also made based on newly devised methodology. A particular focus is placed on understanding 
the varied results obtained for structurally similar polymers upon adding a platinum co-catalyst. 
 

A series of co-polymers based on dibenzothiophene sulfone (DBTS) and fluorinated phenylene (PhFx) 
monomers are synthesised via a microwave-assisted high-throughput reaction. These studies 
demonstrate that fine-tuning the reaction conditions and co-catalyst content can dramatically 
enhance photocatalytic activity. The resulting polymers consistently outperformed all 99 co-polymers 
reported in the previous high-throughput study. Some polymers outperformed the Pt-loaded DBTS-
DBTS homopolymer under optimal conditions for the first time. Statistical ternary co-polymers 
combining the DBTS-PhFx co-polymers with the electron-accepting benzodithiophene (BDT) moiety 
are also reported. This work is reinforced with DFT calculations and demonstrates that fluorination 
can be used to fine-tune electronic structure and influence molecular packing. 
 

Finally, organic/inorganic hybrid photocatalysts are prepared via in-situ polymerisation. This includes 
the first known attempts to form a direct heterojunction interface between a conjugated polymer and 
flux-mediated Al:SrTiO3. Attempts to form a polymer/BiVO4 hybrid S-scheme photocatalyst were also 
made. These initial experiments show promising signs as proof of concept and indicate that further 
experiments should be conducted.  
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Chapter 1:Introduction & Literature Review 
 

1.1 Overview 
The body of research presented in this thesis focuses on photocatalytic water splitting. Photocatalysts 

are semiconductor materials that absorb light and use the photon's energy to drive photochemical 

reactions. Photocatalysts are not consumed by the photochemical reactions they participate in; they 

are regenerated as part of a catalytic cycle. In the context of photocatalytic overall water splitting, 

photocatalysts absorb photons and use that energy to split water into its constituent elemental 

components: hydrogen and oxygen.1 Resultingly, two molecules of water are converted into one 

molecule of oxygen and two molecules of hydrogen. This reaction is presented in equation ( 1 ). As 

indicated by the positive change in Gibbs free energy, this reaction is endothermic and does not occur 

spontaneously.  

 

Just as the water-splitting reaction is endothermic, the reverse reaction is exothermic, and when 

hydrogen and oxygen are combined to form water, energy is released. The resulting energy can be 

harnessed by controlling when, where, and how this reaction occurs. In this context, hydrogen gas can 

be combined with ambient oxygen in the atmosphere and used as a clean fuel that produces water as 

the only byproduct.  

 

Compared with the combustion of oil and gas, which currently dominate the global energy supply, 

hydrogen does not produce nitrous oxides, volatile organic compounds, carbon monoxide, carbon 

dioxide, or other byproducts that may result from incomplete combustion. Therefore, not only can 

hydrogen be used to tackle the energy sector's carbon footprint by decreasing the amount of CO2 

released, but it can also contribute to cleaner air quality and consequently improve public health.2  

 

Importantly, since photocatalytic water splitting is powered by light, solar energy can be harnessed 

directly to drive this process. As such, it is possible to use renewable energy to produce clean hydrogen 

fuel and ultimately replace hydrocarbons. Hydrogen produced by photocatalysis is, therefore, 

considered a solar fuel.  

 

Solar fuels are not novel concepts. After all, photosynthesis relies on a photocatalytic process to 

convert carbon dioxide and water into complex carbohydrates and oxygen. However, with the ever-

worsening climate crisis and recent technological advancements, research in this field is accelerating 

  2𝐻2𝑂 → 2𝐻2 + 𝑂2 Δ𝐺0 = 237.13 𝑘𝐽 𝑚𝑜𝑙−1 ( 1 ) 
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at a tremendous pace. At the research scale, photocatalysts and photoelectrocatalysts are being 

developed to produce other value-added products such as ammonia, methanol, and hydrogen 

peroxide.3 They are also used for CO2 reduction, wastewater purification, and other environmental 

remediation processes. 4–6 

 

However, significant challenges must be overcome before such solar-powered systems become 

scalable and commercially viable. These challenges include efficiency, stability, reliability, cost, 

scalability, sustainability, and safety.  

 

1.2 Green Hydrogen: Promise and Challenges 
 

Although hydrogen has incredible potential as a green replacement for fossil fuels, significant 

challenges currently prevent its widespread adoption. In many cases where hydrogen could 

theoretically be applied, it competes with alternative approaches to decarbonisation. This section 

discusses which sectors could adopt hydrogen technology and identifies those in which this adoption 

is most likely. The remaining challenges inhibiting that adoption are also discussed. 

      

1.2.1 Applications  

1.2.1.1 Substitution of Natural Gas 

In its simplest form, hydrogen gas can be added to natural gas supply lines. This gas mixture can be 

used to provide hot water, heat homes, and power gas-fired cooking appliances. By supplementing 

natural gas in this way, the residential energy sector can slowly be weaned off its dependence on this 

fossil fuel. This approach has been highlighted within the UK's hydrogen strategy.7 The government 

will be progressing with trials of this approach on the scale of a whole village of 1,000 – 2,000 homes 

by 2025.8  

 

At low concentrations, this approach could have an immediate impact on the carbon footprint of the 

residential energy sector. Hydrogen could be mixed into existing gas pipelines and utilised by existing 

household appliances. However, at higher concentrations, household boilers and cooking appliances 

would need to be modified or replaced entirely to ensure compatibility and safety. Furthermore, the 

national gas supply infrastructure would need to be replaced. Hydrogen is a light gas that leaks easily 

and forms explosive mixtures with oxygen at high concentrations. 9 
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Although the oil and gas industry is enthusiastic regarding this approach, the investment required to 

completely eradicate the use of natural gas is arguably unreasonable, and it has been argued that 

blending small volumes of hydrogen with methane may prolong the use of the latter. Furthermore, 

this approach would consume vast quantities of hydrogen, and it is unlikely such volumes could be 

produced cost-effectively using renewable energy.  

 

Electrification provides an alternative route for heating households via renewable energy. This 

approach can be achieved by using renewable electricity to power heat pumps and may be a more 

cost-efficient approach to the decarbonisation of residential heating.  

  

1.2.1.2 Fuel Cell Electric Vehicles 

The second most widely-touted application for green hydrogen is that of fuel-cell electric vehicles. 

Hydrogen fuel cells operate by recombining hydrogen and oxygen via an electrochemical process that 

generates electricity. For this to be widely adopted, however, significant infrastructure investment is 

required to ensure hydrogen fuelling stations are easily accessible. Without such public investment, 

the private sector is equally unlikely to invest heavily in advancing fuel cell technology.  

 

Whilst such investment is being made in countries such as South Korea, China, the US, and Japan,10  

European nations are primarily focussing on electric vehicles (EVs) using lithium-ion battery 

technology and the associated changes in infrastructure required. Whilst EVs can also operate via 

renewable energy, questions remain regarding the environmental and humanitarian impact of an 

often unregulated, exploitative, and potentially unsustainable supply chain that is susceptible to 

disruption by geopolitical factors.11 

 

Whilst hydrogen-powered cars and vans are unlikely to become mainstream in Europe. There remains 

considerable interest in using the same technology to power trains, buses, and HGVs. The heavy 

nature of these vehicles makes the large batteries required less economically viable. As such, hydrogen 

may play an important role in decarbonising these subsectors of the transport market.12  

 

1.2.1.3 Precursor to Synthetic Fuels      

As for heavy land-based vehicles, the aviation and long-distance shipping sectors are incompatible 

with electrification. Powerful batteries are large, expensive, heavy, and require frequent recharging 

that can often be slow. However, hydrogen-powered jumbo jets, container ships, and passenger 
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ferries would also require very large and very heavy canisters of compressed gas. As such, hydrogen 

fuel cells are also widely considered incompatible with the decarbonisation of these sectors.  

 

Here, the envisaged route to decarbonisation involves the use of synthetic E-fuels.13 E-fuels are 

typically hydrocarbon fuels like petrol and diesel that are considered carbon-neutral based on how 

they are synthesised. Instead of extracting and refining fossil fuels to isolate these chemicals, E-fuels 

are synthesised from CO2 extracted from the atmosphere via carbon capture technology and green 

hydrogen produced from water using renewable energy.  

 

Although theoretically carbon neutral, the environmental impact of this technology remains net 

negative. For example, this does not consider the increased environmental cost of burning fuels at 

high altitudes or the immediate impact on air and water quality. To ensure complete carbon neutrality, 

the energy input required to synthesise these fuels must also originate from renewable sources. 

Nevertheless, E-fuels are shaping up to play an incredibly important role in reaching net zero as both 

governments and the private sector are investing in this technology. 

 

A similar technology being considered for long-distance shipping is to power them using green 

ammonia-powered combustion engines or green methanol-powered fuel cells. The power densities 

of these fuels are significantly higher than gaseous hydrogen and hence remove the necessity for giant 

heavy gas cylinders. As with E-fuels, green ammonia and green methanol can be synthesised from 

green hydrogen. An additional benefit to using ammonia as a fuel is that it does not release 

greenhouse gasses when combusted.  

 

Aside from the increased cost of E-fuels compared with fossil fuels, another challenge is that they rely 

on global adoption such that ships and jets can re-fuel at all global ports and airports. Ammonia 

combustion engines and methanol fuel cells also require further technological innovation to become 

economically viable.  

 

1.2.1.4 Steel Manufacturing 

Arguably, the most significant area in which green hydrogen can facilitate decarbonisation is in the 

steel manufacturing industry. Steel manufacturing currently consumes approximately 8% of the global 

energy supply and is responsible for approximately 7% of global energy sector CO2 emissions.14,15 
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The most common steel manufacturing process involves heating coal in the presence of iron oxide. 

This results in the simultaneous reduction of iron oxide into metallic iron and the incorporation of 

carbon. Coal is environmentally unsustainable as an energy source for this process since it does not 

burn cleanly and produces excess amounts of carbon dioxide.16 

 

An alternative process that shows significant promise is one in which the direct reduction of iron oxide 

is achieved using green hydrogen.14 By using hydrogen to produce iron and an electric arc furnace to 

heat the process using renewable energy, it is theoretically possible to reduce the carbon emissions 

from this process by 90%. While this technology already exists and has been implemented in several 

pilot plants, it is expensive to implement. The method is also not compatible with existing 

infrastructure. As such, conversion of existing production sites would require significant public and 

private sector investment.  

   

1.2.1.5 Chemical Industry 

Currently, the vast majority of hydrogen is either produced from the steam-methane reformation 

reaction or from coal. The major byproduct of these processes is CO2. An IEA report from 2018 

estimates that 6% of annual natural gas and 2% of annual coal supply is used to produce hydrogen.2 

Demand for hydrogen is also expected to continue to increase over the coming decades, even for 

existing demands not covered by the above-mentioned future uses for green hydrogen. As such, 

significant reductions in CO2 emissions can be attained by replacing this so-called 'grey' hydrogen with 

green hydrogen produced from renewable energy sources.  

 

The current global production level of hydrogen is 120 MtH2/yr. This is equivalent to approximately 

3% of the global energy demand.2 Most of this supply is used in industrial processes such as oil refining 

and ammonia production. A significant portion is also used as part of an unrefined mixture of other 

gasses to produce methanol and in some direct reduction processes in iron manufacturing. 

     

It is worth noting that, whilst E-fuels and other fine chemicals can be synthesised using green hydrogen 

and CO2 extracted from the atmosphere, it may be cheaper and equally beneficial to use CO2 that is 

produced and captured during the industrial manufacturing process of cement. Cement production is 

currently responsible for approximately 7% of global CO2 emissions.17 Most of this arises as a direct 

byproduct resulting from the thermal decomposition of calcium carbonate, CaCO3. Clearly, cement 

manufacturing is inherently difficult to decarbonise and will be heavily reliant on the development of 

carbon capture technologies.  
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1.2.2  Green Hydrogen Production  

 Clearly, there is a wide range of potential applications for green hydrogen. However, for these 

processes to become a reality, the cost of green hydrogen must become competitive with that of grey 

hydrogen. For green hydrogen to be widely adopted, several factors are required: technological 

advancements, governmental initiatives, changes to domestic policy regarding taxation and subsidies, 

and increased international collaboration on energy policy and trade.  

 

Currently, most green hydrogen is produced by electrolysis using excess renewable electricity. 

However, electrolysis only accounts for 4% of global hydrogen production, and it is estimated that 

only 33% of that is produced using electricity from renewable energy sources.2 This is because energy 

from green hydrogen is approximately 2-3 times more expensive than that from oil and gas.  

 

Whilst the price of hydrogen from electrolysis is expected to decrease over the next few decades, it 

will remain challenging to compete with the steam-methane reforming reaction coupled with carbon 

capture and storage solutions.18 This is because the cost and efficiency of renewable electricity 

generation must first be considered in addition to the cost of the electrolyser unit. Both alkaline 

electrolysers and proton exchange membrane electrolysers require complex structures and operating 

conditions that add to their costs. Alkaline electrolysis, the most established technology, is also not 

well suited to the unreliable variational supply of electricity that is associated with renewable energy 

sources such as wind and solar. 

 

By contrast, photocatalysts and photoelectrocatalysts can harness solar energy directly and use it to 

drive the water-splitting reaction. In the case of photocatalysts, no complicated device structure is 

required beyond suspending the particulate material in water and a gas separation membrane to 

separate the resulting gaseous mixture of hydrogen and oxygen. A technical analysis from 2013 

predicted that overall water-splitting photocatalysts could produce hydrogen at a cost of $1.60 kg-1.19 

The US Department of Energy at that time had identified a target cost of green hydrogen at $2.0-$4.0 

kg-1. This cost analysis assumed an overall solar-to-hydrogen energy conversion efficiency (STH) of 10% 

for a single-particle photocatalyst. 

 

1.2.3 The Potential of Solar Energy 

Solar energy is considered the most promising of the various renewable energy resources. According 

to an analysis carried out by the US Department of Energy, the global energy consumption rate is 
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predicted to reach 43 TW by the year 2100.20 Meanwhile, the technical potential of harvestable solar 

energy using solar cells to convert solar energy into chemical energy via electrical energy is determined 

to be 7,500 TW. Similarly, the potential for direct conversion of solar to chemical energy, assuming a 

10% solar-to-hydrogen efficiency, is 2,500 TW. These values eclipse the expected future energy 

demand and would only require a small percentage of land use to be dedicated to solar energy. The 

report also draws a comparison with other renewable resources and highlights that solar energy has 

considerably more potential than wind, tide, hydropower or geothermal energy.  

 

1.3 Photocatalytic Hydrogen Production 
 

1.3.1 Photocatalytic Cycle 

To a simple approximation, two possible photocatalytic cycles for overall water splitting are presented 

in Figure 1. In the first case, the photocatalyst, P, absorbs a photon, generating an excited state, P*. 

P* is a stronger reducing agent than P since its highest-energy electron has more energy. This electron 

is then used to reduce hydrogen ions to form molecular hydrogen. This is known as the hydrogen 

evolution reaction, HER. In the first cycle, the HER generates a positively charged photocatalyst, P+. 

This photocatalyst subsequently oxidises water to form molecular oxygen in the oxygen evolution 

reaction, OER, and reforms the ground state photocatalyst. These two half-reactions can take place in 

the opposite order, as demonstrated by Figure 1b. A negatively charged photocatalyst intermediate, 

P-, is formed in this case.   

  

Figure 1: Photocatalytic cycle for overall water splitting with a positively (left) and negatively charged (right) 
photocatalyst intermediate.  

 

Importantly, the overall water-splitting reaction is split into two independent electrochemical half-

reactions: the reduction of protons and the oxidation of water. The standard reduction potentials for 
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these two processes are presented in equations ( 2 ) and ( 3 ). The standard reduction potentials 

assume standard conditions, including a temperature of 273 K, pressure of 1 bar, concentration of 

1 mol dm-3, and pH=0. Standard reduction potentials are reported relative to the reduction potential 

of H+ at standard conditions. Therefore, the standard cell potential for the overall water-splitting 

reaction (equation ( 4 )) is also +1.23 V.  

 

 2𝐻+ + 2𝑒− → 𝐻2 𝐸𝐻+/𝐻2

0 = 0 𝑉 ( 2 ) 

 4𝐻+ + 𝑂2 + 4𝑒− → 2𝐻2𝑂 𝐸𝑂2/𝐻2𝑂
0 = +1.23 𝑉 ( 3 ) 

  2𝐻2𝑂 → 2𝐻2 + 𝑂2 Δ𝐸𝐶𝑒𝑙𝑙
0 = 1.23 𝑉 ( 4 ) 

 

It should be noted that the HER and OER are two-electron and four-electron processes. This is one 

reason the catalytic cycles in Figure 1 are oversimplified since photocatalysts must absorb four 

photons and transfer all of the photogenerated charges to split two molecules of water. As such, 

several intermediary mechanistic steps involving additional photon absorptions, charge transfers, and 

adsorbed reaction intermediates are not presented in these cycles.  

 

 

 

1.3.2 Atoms, Molecules, and Semiconductors 

Electrons in a ground-state atom fill up atomic orbitals according to Hund's rule and the Pauli exclusion 

principle. The energies of these atomic orbitals are discrete and quantised and can be determined 

with quantum mechanics by solving the Schrodinger equation for a hydrogen atom. Negatively-

charged electrons are stabilised by electrostatic interactions with the positively charged nucleus. 

Orbital energies are, therefore, reported as negative values relative to the energy of a free electron in 

a vacuum. The ground state is the lowest-energy electron configuration of an atom in which all of the 

lowest-energy orbitals are doubly occupied. Optical transitions occur when an atom absorbs a photon, 

and an electron is excited from an occupied low-energy orbital into an unoccupied orbital with more 

energy. The atom is transformed from its ground state into an excited state. 

 

When atoms come together to form a molecule, the highest-energy valence electrons in each atom 

are redistributed and shared. Atomic orbitals overlap to form molecular orbitals. This is associated 

with a net decrease in the overall ground-state energy. Quantum mechanics reveals the formation of 

bonding orbitals and anti-bonding orbitals. As with atomic spectroscopy, when molecules absorb a 

photon, an electron in a ground-state molecular orbital will be promoted into a higher-energy 
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unoccupied orbital to transform the molecule into an excited state. Molecular orbitals are also discrete 

and quantised. The total number of molecular orbitals formed equals the number of constituent 

atomic orbitals. An example of how two hydrogen atoms come together to form bonding and anti-

bonding orbitals in an H2 molecule is presented in Figure 2.  

 

Figure 2: Energy level diagram of a hydrogen molecule. The two 1s of the two hydrogen atoms come together to form 
two molecular orbitals. A σ-bonding orbital and a σ* anti-bonding orbital. The two electrons occupy the bonding orbital 
to result in a net lowering of the molecular energy relative to the non-bonded hydrogen atoms. Figure reproduced from 
reference 21. 

 

From a simplified electronic structure perspective, solid-state materials can be considered as 

molecules containing billions of atoms. This results in the formation of billions of 'molecular' orbitals 

spanning a distribution of energies. In these materials, energy levels lie so close in energy to one 

another that they form a continuous distribution of electronic states called bands. The density of 

states provides information regarding how these states are distributed with respect to their energy.  

 

Metals contain partially filled bands. Electrons can be excited into empty states by thermal 

fluctuations or by external electric fields. This accounts for most of their physical properties, such as 

high electrical and thermal conductivity. An example of how a linear chain of N hydrogen atoms comes 

together to form a half-filled metallic band is shown in Figure 3.  
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Figure 3: A 1D chain of N hydrogen atoms bond together to form N molecular orbitals with a wide quasi-continuous 
distribution of energies. This is known as an energy band. Since each hydrogen atom contributes one electron and each 
molecular orbital can contain two paired electrons, the ground state of this system contains N/2 occupied levels, and 
N/2 unoccupied levels. This theoretical system therefore has a half-filled electronic band resulting in metallic properties. 
Figure reproduced from reference 21   

 

By contrast, semiconductors and insulators contain two electronic bands. A fully occupied band called 

the valence band (VB), and an empty band, located at a higher energy, called the conduction band 

(CB). The two electronic bands are separated by the bandgap, in which there are no energetic states 

that can be occupied by an electron. This is represented in Figure 4. 

 

Whether a material is a semiconductor or an insulator depends on the size of the bandgap. In narrow 

bandgap semiconductors at room temperature, some electrons have enough thermal energy to be 

excited from the valence band into the conduction band. This results in two partially-filled bands. As 

in the case of a metal, partially-filled electronic bands result in a material that is electrically conductive. 

Electrons are conducted through the conduction band, whereas the vacancy left behind in the valence 

band can be considered as a positively-charged quantum mechanical quasiparticle called a hole.  

 
 

Figure 4: Schematic diagram to explain the steps involved 
in photocatalytic water splitting. Absorption, excitation, 
charge separation, charge migration, charge transfer, and 
redox half-reactions. 

Figure 5: Fermi-Dirac distribution to determine the 
population of an energetic state relative to its distance 
from the Fermi level. Figure reproduced from reference 21   

 

In wide bandgap semiconductors, the energy difference between the valence band maximum, VBM, 

and the conduction band minimum, CBM, is too wide for an electron to be thermally excited across 

the bandgap. However, the bandgap in these materials is small enough such that absorption of a 
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photon will promote an electron from the VB into the CB to generate an electron-hole pair. Insulators 

have even wider bandgaps.  

 

The Fermi energy, EF, marks the energy at which 50% of the states are occupied and 50% are 

unoccupied. In a metal, this point lies in the middle of a band, whereas in an intrinsic semiconductor, 

it lies in the middle of the bandgap. More generally, the temperature-dependent Fermi-Dirac equation 

provides the probability that a quantum state with energy Eα would be occupied at a given 

temperature.  

𝑓(𝐸𝛼) =
1

1 + 𝑒
𝐸𝛼−𝐸𝐹

𝑘𝑇

 ( 5 ) 

 

The Fermi energy, EF, is defined as the energy at which a state would be exactly half occupied. The 

Boltzmann constant, k, is the amount of kinetic energy an electron gains per degree increase in 

temperature. This equation is represented in Figure 5.  

 

When a semiconductor is doped with impurities or defects, additional energy levels may form inside 

the forbidden zone of the bandgap. These defect levels can be fully occupied, partially occupied, or 

completely unoccupied. Depending on the energy of these defect levels and their occupancy, the 

Fermi level will shift away from the middle of the bandgap accordingly. It is, therefore, possible to 

increase the number of electrons in the CB or holes in the VB at thermal equilibrium by doping a 

semiconductor to introduce the desired defect levels. This is the origin of p- and n-doping in silicon.   

  

1.3.3 Photocatalysis 

Thermodynamically, for a photocatalyst to be capable of driving the OWS reaction, its band edge 

potentials must straddle the redox potentials of the two half-reactions involved in overall water 

splitting. This is represented in Figure 6a.  
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Figure 6: a) Energy level band diagram to show that the CBM and VBM potentials must straddle the HER and OER half-
cell potentials to be able to drive overall water splitting. b) Schematic diagram to explain the steps involved in 
photocatalytic water splitting. Absorption, excitation, charge separation, charge migration, charge transfer, and redox 
half-reactions. 

 

Figure 6b summarises the overall photocatalysis process using a particle of Al-doped SrTiO3 loaded 

with a RhCrOx co-catalyst as an example. Firstly, a photon with energy greater than the bandgap is 

absorbed, resulting in the photoexcitation of an electron from the VB into the CB. The photogenerated 

charges will be coulombically attracted to one another. Together, this electron-hole pair can be 

considered together as a quantum mechanical quasiparticle known as an exciton. 

 

Depending on the structural and electronic properties of the semiconductor, this exciton pair will 

either dissociate into free charges and subsequently migrate through the bulk material or remain 

bound and migrate through the material together before charge separation occurs at the surface. 

Once at the surface, electrons and holes will participate in the water-splitting half-reactions. This is 

often mediated by an intermediary step in which charges are first extracted from the photocatalysts 

and injected into a co-catalyst, from which they subsequently participate in the half-reactions. 

 

The efficiency of a photocatalyst is dependent on many factors. However, the most important is 

recombination, in which electrons and holes recombine, and the energy provided by an absorbed 

photon is lost. This is typically associated with the fluorescence of a photon or energy transfer from 

the semiconductor into the environment. The rate at which these recombination events occur 

determines the lifetime of an excited state. The longer photogenerated charges survive, the greater 

the chances of migrating to the surface and subsequently participating in a reaction.    

 

Co-catalysts are incredibly useful because they can enhance the rate of charge separation at the 

surface and facilitate charge extraction. Once a photogenerated charge has been removed from the 

semiconductor, the probability of photogenerated charge recombination is minimised. Co-catalysts 

are also designed to have optimal electronic structures and overpotentials specific to the desired half-
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reactions. They also have optimal binding energies with reagents and intermediates. As such, they 

catalyse the reactions taking part on their surfaces, resulting in enhanced rates of reaction. 

 

The apparent quantum yield, AQY, presents the percentage of incident photons of a certain energy 

which produce photoexcited charges that subsequently participate in the desired redox reaction. This 

is given by equation ( 6 ), where n is the number of electrons involved in the photocatalytic reaction, 

R is the molecular production rate, and I is the rate of incident photons.  

𝐴𝑄𝑌(ℎ𝜈) =
𝑛𝑅

𝐼
  ( 6 ) 

 

Whilst the AQY is incredibly useful in determining the probability of converting a photon's energy into 

chemical energy, it is specific to the wavelength tested. For a photocatalyst to attain a solar-to-

hydrogen efficiency, STH, greater than 10%, high AQYs must be maintained over all absorbable 

wavelengths. The wavelengths that can be absorbed primarily depend on the optical bandgap of the 

semiconductor. The equation to determine the STH is given in equation ( 7 ). r(H2) is the rate of 

hydrogen evolution, ΔG is the change in Gibbs free energy for the overall water splitting reaction, PSun 

is the energy flux of sunlight, and S is the area of irradiation.  

 

Clearly, a wide bandgap semiconductor that can only absorb high-energy photons in the UV portion 

of the solar spectrum (λ < 400 nm) will have a limited maximum STH efficiency, even if it exhibits an 

AQY of 100%. This is exemplified in Figures 7 and 8, which present the spectral output of the sun at 

the earth's surface (AM 1.5 G irradiation) and the maximum theoretical STH efficiencies that can be 

achieved by an overall water-splitting photocatalyst depending on the AQY and maximum wavelength 

of light accessible, as calculated by Hisatomi et al.1   

𝑆𝑇𝐻 =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦

𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑙𝑖𝑔ℎ𝑡
=

𝑟𝐻2
 × Δ𝐺

𝑃𝑆𝑢𝑛 × 𝑆
 ( 7 ) 
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After converting the wavelengths into optical bandgaps, Figure 8 demonstrates that a 10% STH 

efficiency rating could either be achieved by a photocatalyst with a 2.4 eV bandgap in which the AQY 

is 100% for all wavelengths shorter than 520 nm. Meanwhile, if a semiconductor has an optical 

bandgap of 2.05 eV, then an STH efficiency of 10% could be obtained if it exhibits an AQY of 60% for 

all accessible wavelengths ( λ < 605 nm). Wide bandgap semiconductors that only absorb UV radiation 

are limited to a theoretical maximum of just 1.7% STH. 

 

It should also be noted, however, that there is a fundamental limit on the maximum efficiency that 

can be achieved by a single bandgap semiconductor photocatalyst. Following a similar logic as that 

devised by Shockley and Quessier to determine the thermodynamic limit of efficiency in 

photovoltaics,23 Ross et al. determined that the maximum theoretical efficiency for a single absorber 

is approximately 29%.24 Pinaud et al. took this one step further to determine what they deemed to be 

"reasonably achievable" STH values after considering the requirement of kinetic overpotentials and 

energy losses from material defects.19 They concluded that optimum STH efficiencies of 11.2% can be 

obtained from a semiconductor with a bandgap of 2.26 eV, which equates to a semiconductor that 

absorbs all wavelengths shorter than 550 nm. Their analysis has been reproduced in Figure 9.  

 

 
 

Figure 7: Average solar irradiance reaching the earth's 
surface. Obtained from ASTM open-source data.22  

Figure 8: Relationship between AQY and STH ratios with 
respect to the range of wavelengths that a photocatalyst 
is capable of harvesting. Figure reproduced from 
reference 1 
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Figure 9: Reasonably achievable STH efficiencies with respect to bandgap energy. Reproduced from reference 19. 

 

As Pinaud's analysis goes on to discuss, photocatalysis has the potential to produce hydrogen cheaply 

enough that green hydrogen can compete directly with hydrogen produced from fossil fuels, assuming 

a device lifetime of 10 years. Indeed, from an engineering perspective, overall water splitting panels 

showing good stability have successfully been constructed and tested on a 100 m2 scale.25 However, 

current state-of-the-art systems are still only achieving STH efficiencies under 2%. As such, more work 

is required at the research and discovery phase to design and test new materials.   

 

1.4 Inorganic Photocatalysts 
 

1.4.1 Oxide Photocatalyst 

The first reports of photon induced overall water splitting was observed by Fujishima and Honda in 

1972.26 In their seminal work, hydrogen and oxygen was observed from a TiO2 photoanode irradiated 

with UV light. Since then, a huge proportion of the subsequent literature has focussed on TiO2. The 

main challenge regarding this material is that its conduction band is formed from oxygen 2p orbitals 

that are very low in energy and results in a large overpotential for the OER but only a small 

overpotential for the HER. As such, it has a wide bandgap which limits its overall STH efficiency. 

 

Many approaches have focussed on ways in which TiO2 can be modified to enable the absorption of 

longer wavelengths of light.27 This has included loading with gold nanoparticles that can inject charges 

into the CB via the surface plasmon effect.28 These nanoparticles may also introduce an electric field 

at the interface that facilitates charge separation. Dye-sensitisation is a common method in which a 

dye molecule, adsorbed to the oxide surface, absorbs visible wavelengths of light and transfers the 

photoexcited electron to the TiO2 particles. Meanwhile, doping is also a common practice for 

enhancing the optoelectronic properties of TiO2. Doping is also considered band gap engineering since 
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new energy levels are introduced into the bandgap to modify the oxide's inherent electronic structure. 

Doping may involve the introduction of metal cations, non-metal anions, or even intrinsic doping, such 

as the introduction of oxygen vacancies. 29,30 

 

In addition to TiO2, many other oxide photocatalysts have also demonstrated photocatalytic activity. 

However, all such materials suffer from low energy valence bands that limit their applicability. For 

example, BiVO4 and WO3 have narrower bandgaps than TiO2, which enable these materials to absorb 

visible wavelengths of light. However, narrow band gaps combined with a deep valence band result in 

an unsuitable conduction band potential for driving the hydrogen evolution reaction. Nevertheless, 

these oxides can be used as oxygen evolution photocatalysts in multi-component systems, as 

discussed later. Another wide bandgap oxide photocatalyst that has been widely investigated for its 

photocatalytic applications is strontium titanate, SrTiO3. This photocatalyst will also be discussed in 

more detail later.  

 

1.4.2 (Oxy)Nitride and (Oxy)Sulfide Photocatalysts 

Since the primary issue associated with oxide photocatalysts is their deep valence band energies, 

many other non-oxide materials have also been investigated. Of particular interest are nitrides such 

as Ta3N5
31 and sulfides such as CdS.32 These materials are predicted to exhibit suitable band edges for 

overall water splitting and narrow bandgaps that allow for extensive visible light absorption; both are 

highly susceptible to photodegradation.33 These photocatalysts also currently exhibit extremely low 

quantum yields. It is, therefore, challenging to envisage these materials maintaining high efficiency 

over a ten-year lifespan, as required for commercial applications. Nonetheless, their stability can be 

improved by applying protective coatings, using efficient co-catalysts that rapidly extract 

photogenerated charges, controlling particle size, and controlling particle morphology. 32,34 

 

A similar approach is to combine the narrower bandgaps introduced by the nitrogen and sulfur atoms 

with the increased stability of the oxides by investigating oxynitrides and oxysulfides. These are 

particularly promising photocatalyst materials for which OWS has recently been observed when 

irradiated by light with wavelengths up to 600 nm.35,36  A good review of recent progress in these 

materials has recently been published by the leading academic in the field, Prof Kazunari Domen.37 

However, the AQYs over the absorbable wavelengths are low, and STH efficiencies still fall 

substantially short of the minimum target of 5%. 
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1.4.3 Al-doped SrTiO3 

As mentioned above, SrTiO3 is another wide bandgap oxide semiconductor that is capable of driving 

the overall water splitting reaction. The bandgap of SrTIO3 is 3.2 eV, which means it can only absorb 

UV-light. However, the most significant recent advances in our understanding of the fundamentals of 

photocatalytic water splitting stem from studies of this material. Indeed, in 2020, Domen et al. 

reported an AQY at 365 nm of over 90%.38 Cheap, scalable water-splitting panels have been 

constructed using this material39 and subsequently scaled up to a pilot study over 100 m2.25 This 

photocatalyst has also proven its stability and efficiency when tested over 1000 hrs of constant 

illumination.40  

 

The breakthroughs regarding this material have been steady over the course of the last 15 years. 

Initially, it was discovered in 2009 that aliovalent doping resulted in improvements in photocatalytic 

activity by an order of magnitude.29 It was hypothesised that triply-charged cation dopants result in 

the reduction of Ti3+ defects. These defects introduce energy levels below the CB, acting as electron 

traps and charge recombination centres.41,42 

 

The AQY was substantially improved by preparing SrTiO3 via a flux-synthesis method. This resulted in 

highly crystalline facetted particles with extended photoexcited charge lifetimes.43,44 This study also 

serendipitously incorporated Al3+ dopants into the particles due to the alumina crucibles and an AQY 

of 30%. In 2018, Al2O3 nanoparticles were added to the flux mixture, which resulted in enhanced 

Al3+ content and nanosized crystals. Combined, these features resulted in an AQY of 56%.39  Fine tuning 

of the flux process enabled the selective exposure of anisotropic crystallographic facets on the 

nanocrystals.38  

 

Meanwhile, additional developments were being made regarding the role of co-catalysts. Firstly, duel-

loading of Rh and Cr in the form of a RhCrOx co-catalyst was shown to enhance water-splitting activities 

on a photocatalyst made of a solid solution of GaN and ZnO.45 Co-loading flux-synthesised Al-doped 

SrTiO3 with this co-catalyst and an additional MoOx co-catalyst enhanced the AQY to 69%.46 This AQY 

was increased to over 90% only after changing the co-catalyst loading method. Sequential 

photodeposition of Rh followed by Cr2O3 resulted in a core-shell structured hydrogen evolution co-

catalyst in which the chromium oxide layer prevents oxygen diffusion to the Rh site, and inhibits the 

competitive oxygen reduction back-reaction.47 Further photodeposition of an additional CoOOH 

oxygen evolution co-catalyst enhanced the rate of overall water splitting further. An AQY of 96% was 

observed.38 TEM images revealed that the hydrogen evolution and oxygen evolution co-catalysts were 
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selectively deposited on different crystallographic facets. Computational studies revealed that this 

arises from different surface energies and work functions in different crystallographic directions that 

generate an internal electric field within the particles. This electric field leads to rapid charge 

separation.  

 

These discoveries indicate the importance of crystallinity, particle size, morphology, defect structure, 

and co-catalyst selection. Many of these factors are currently driving the research amongst other 

inorganic photocatalysts. For a relatively comprehensive review of  the current state of inorganic 

semiconductor photocatalysts, see the review article published by Wang and Domen in 2019.48 

 

1.5 Organic Photocatalysts 
 

In direct contrast to inorganic photocatalysts are their organic counterparts. Whilst some organic 

molecular photocatalysts exist,49 the vast majority of reports in the literature focus on polymeric 

semiconductors.50,51 Whereas inorganic semiconductors are typically highly crystalline with long 

photogenerated charge lifetimes and long photogenerated charge diffusion lengths, inorganic 

semiconductors are highly disordered with typically semicrystalline or amorphous structures.  

 

Excitons are very weakly bound in inorganic semiconductors due to the high dielectric constants and 

coherent delocalisation of photogenerated charges throughout the spatial confines of a single crystal. 

Meanwhile, excitons in organic semiconductors are tightly bound due to their localisation on a single 

polymer chain. An additional exciton binding energy of 0.1 – 1 eV must typically be overcome to 

achieve charge separation. Resultingly, observed exciton lifetimes are on the timescale of 

nanoseconds, and exciton diffusion lengths are 5-10 nm. As such, achieving high AQYs is incredibly 

difficult.52–55   

 

Nonetheless, these boundaries and limitations are constantly being pushed and surprising 

advancements have been made. For example, covalent organic frameworks can introduce larger 

domains of crystallinity,56 nanostructures can enable long-range exciton transport,57 and polymer 

structures can be modified to decrease binding energies and promote charge separation.58–61 Once 

charge separation and, importantly, charge extraction has occurred, evidence suggests that the 

remaining photogenerated charges can survive for orders of magnitude longer than the excitons.62–64  

 

Organic semiconductor photocatalysts suffer from many of the same limitations as other devices 

constructed using organic semiconductors, such as organic photovoltaics (OPV) and organic light 
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emitting devices (OLEDs), and in flexible wearable electronics. However, these applications have 

already been commercialised, and the cost efficiencies of these materials are ever-improving. 

 

OPVs are the closest technology to photocatalysts since they also function by harvesting 

photogenerated charges. Indeed, these devices overcome the problems associated with short exciton 

diffusion lengths by building bulk heterojunction (BHJ) photoactive layers in which polymeric 

absorbers form a biphasic immiscible mixture with a second organic component into which 

photoelectrons are rapidly extracted. Phase separation within the bulk of the absorber layer in these 

devices is on the scale of the exciton diffusion lengths. As such, single-junction OPV-based solar cells 

have recently achieved over 19% efficiency, making them even more competitive with the more 

expensive silicon-based solar cells.65 Similar bulk heterojunction photocatalysts have also recently 

been reported to achieve high-efficiency hydrogen evolution rates.66–71 

 

Overall, organic semiconductors are not limited by deep valence bands. There are also an infinite 

number of polymer structures that can be made from common organic building blocks. This allows for 

fine-tuning of the optoelectronic and physical properties to ensure optimal band gaps and band edge 

potentials for the desired application. They can also be synthesised at scale relatively cheaply.   

 

Despite showing significant promise and ever-increasing efficiencies for driving the hydrogen 

evolution reaction, there are very few reports of organic materials that are capable of driving the 

oxygen evolution reaction and even fewer capable of achieving overall water splitting.72 When testing 

for activity with respect to hydrogen evolution, holes in the VB are consumed by sacrificial reagents 

rather than by the oxygen evolution reaction.  

 

1.5.1 Organic Semiconductors 

Inorganic crystalline semiconductors form electronic band structures as a result of the periodic 

distribution of atoms according to the crystal structure. Their derivations are beyond the scope of this 

thesis, but there are several excellent textbook resources that can be consulted for more 

information.73,74 

 

The electronic structure that gives rise to the semiconducting properties of conjugated polymers is far 

less obvious. Two opposing theoretical approaches are typically considered when considering organic 

semiconductors. The first is that of band theory. This builds on the basis that a single linear polymer 

chain is a one-dimensional semiconductor. Each conjugated atom along the backbone contributes one 
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delocalised p-orbital electron. Bands form from the constructive interference that arises from the 

periodic spacing of carbon atoms in each repeat unit over the length of the entire polymer chain. This 

model is comprehensively discussed in the 2018 book by Luís Alcácer.21 Organic semiconductors 

formed from molecular crystals can also be explained in this way. 

 

The second theoretical approach to consider the electronic structure of conjugated polymers is to 

consider them as large organic molecules. In this approximation, polymers have a highest occupied 

molecular orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO) rather than a valence 

band and conduction band.75  

 

In reality, however, the true electronic structure of conjugated organic polymers lies somewhere 

between the two extremes. It is also extremely structure and phase-dependent. The approach used 

by Prof William Barford in his textbook titled "Electronic and Optical Properties of Conjugated 

Polymers" neatly combines both theoretical approaches and develops a practical understanding that 

correlates with experimental results.76 This is the approach which will be used to describe the 

photophysical and photochemical processes of the conjugated polymers discussed in this thesis. 

 

1.5.1.1 Absorbing Chromophores and Local Excitons 

The band structure model of organic polymers describes the electronic wavefunctions distributed over 

the entire polymer chain. In reality, disorder along the polymer backbone will create breaks in 

conjugation. However, optical absorption events are also not localised to a single repeat unit or 

chemically distinct monomeric unit.  

 

Upon absorption, an exciton is formed. This exciton can be considered as a quantum mechanical 

quasiparticle with its own wavefunction. This exciton will be delocalised over several adjacent 

polymeric repeat units. According to Anderson's rule, the energetic and spatial extent of this 

wavefunction is determined by the degree of disorder.77  

 

As for all quantum particles, the energy of the resulting exciton is quantised and defined by an 

associated quantum number. Importantly, the ground state of an exciton can be described by a 

wavefunction without any nodes. The exciton can be conceptualised as a particle in a box. At the edges 

of the box, the square of the wavefunction is zero. In the context of a polymer chain, the start and end 

point for this box is determined by structural disorder such as bond rotations or defects that prevent 

extended delocalisation over the entire chain.  
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Every π-bond along the backbone of a conjugated polymer can interact with a photon and lead to 

photoexcitation. Therefore, each monomeric unit will be located within the spatial confines of one 

ground state exciton. Hence, the entire polymer chain can be separated into distinct, non-overlapping 

ground-state excitons. Malyshev and Malyshev first predicted this.78,79 These exciton states are now 

typically called Local Exciton Ground States (LEGSs).80  

 

The spatial extent of each LEGS defines an absorbing chromophore. Therefore, the energy of each 

exciton ground state will vary according to the number of repeat units contained within it, the local 

polymer backbone geometry, and the local environment around that segment. When considering all 

chromophores across all polymer chains within a given sample, it quickly becomes apparent that there 

is a wide distribution of possible energetic states.   

 

It should be noted that LEGS represent exciton ground states. It is also possible for a chromophore to 

absorb a photon of higher energy to generate a Local Excited Exciton State (LEES). Each LEES is 

confined to a chromophore defined by its underlying LEGS. As for a particle in a box, the LEES 

wavefunction will have an increased number of nodes relative to the ground state. It is also possible 

for a conjugated polymer to absorb a high-energy photon and generate a so-called Quasiextended 

Exciton State (QEES). QEES are node-containing excitons that are delocalised over several adjacent 

chromophores. In the condensed phase, it is also possible that these excitons are delocalised over 

several adjacent polymer chains, particularly inside the crystalline domains of semicrystalline 

polymers.  

 

Following the absorption of a photon and the generation of an exciton, several processes occur over 

several timescales, from femtoseconds to nanoseconds. These involve exciton wavefunction 

decoherence, energy relaxation from a LEES or QEES to a LEGS, and further localisation of the exciton 

onto a smaller section of the polymer chain as it relaxes on its potential energy surface to form a 

vibrationally relaxed state. Whereas LEGSs make up all the potential absorption chromophores, 

vibrationally relaxed states, VRSs, correspond to the emissive chromophores. For an excellent 

summary and further reading on this topic, please see Barford et al.81  

 

1.5.1.2 Exciton Diffusion 

Given the different electronic structures of organic and inorganic semiconductors, it becomes clear 

that the mechanism by which excitons and free charges migrate through the two materials also differ. 



 

 

Ian Coates, 200840765  23 

Whereas the conduction band of an inorganic semiconductor is delocalised over a single crystal, an 

exciton in a conjugated polymer is localised onto a single portion of a specific polymer chain.  

 

Excitons migrate through the conjugated polymer via one of two energy transfer mechanisms: Dexter 

Energy Transfer, and Förster Resonance Energy Transfer (FRET). Both of these mechanisms make use 

of the fact that there is a large energetic distribution of exciton states available as the exciton is 

transferred from one chromophore (a donor) to another (an acceptor). These mechanisms are best 

understood by considering a molecular orbital approach.  

 

 

 

Figure 10: Representative examples of Dexter (Top) and Forster (Bottom) energy transfer mechanisms. Photoexcitation 
of a chromophore is associated with the excitation of an electron from the HOMO to the LUMO.  

 

These two mechanisms are represented in Figure 10. The Dexter mechanism involves the direct 

transfer of the higher-energy electron from the excited donor chromophore into the LUMO of an 

accepting chromophore. This is accompanied by the transfer of a HOMO electron on the accepting 

chromophore into the HOMO of the donor. The net effect of this exchange is the donating 

chromophore in its ground state, D, and the acceptor in its excited state, A*. As with photocatalytic 

processes, the two electron transfer processes can occur sequentially. As such, the charge transfer 

steps may occur via either a [D+ - A-] or [D- - A+] transition state. For this energy exchange process to 

occur, the donating and accepting chromophores must have overlapping orbitals. As such, the rate of 

energy transfer decays exponentially with distance.  

 

By contrast, FRET occurs through space and does not rely on orbital overlap. As such this process is 

long range and the rate of energy transfer decay as a function of 1/R6. This process enables exciton 

diffusion through a polymer photocatalyst particle on the nanometre scale. In the FRET process, the 
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excited donating chromophore, D*, relaxes back down to the ground state. However, instead of 

releasing a photon, as in the case of fluorescence, the energy is transferred to a nearby accepting 

chromophore. For this process to occur, the ground state exciton of the donating chromophore must 

have more energy than that of the accepting chromophore.  

 

Applied to the theory of local exciton ground states, this means that the excited chromophore will 

relax to its LEGS, and subsequently into its emissive VRS. For FRET energy transfer to occur, the energy 

of the donating VRS must be larger than that of the accepting LEGS. Consequently, the energy from 

the absorbed photon is transferred from the absorbing chromophore to the lowest energy emissive 

LEGSs that lie in the low energy tail end of the total distribution. This occurs via a process involving 

several sequential charge transfer events into increasingly lower-energy exciton states. 

 

As the exciton migrates between chromophores and lowers in energy, there become fewer and fewer 

LEGSs with lower energy into which further energy transfer can occur. At this point, FRET must occur 

over longer distances. Resultingly the exciton hopping distance increases, but the rate of energy 

transfer decreases. In this regime, the rate constant for FRET begins to compete with that of 

fluorescence. This results in fluorescence spectral diffusion in which the fluorescence photon energy 

is shifted to lower energies (and longer wavelengths) over the course of its lifetime.  

 

It should be noted that the probability, and hence rate, of FRET occurring does not only depend on 

the distance between chromophores. It also relies on the coupling between the transition dipole 

moments associated with the relaxation and excitation transitions on the emissive and absorbing 

chromophores, respectively. For a discussion of exciton diffusion from the perspective of molecular 

orbitals, please see reference 82 For a more comprehensive discussion in terms of exciton ground 

states, please see references 80,81,83–86. 

    

 

1.5.2 Polymer Photocatalysts 

 

The first conjugated polymer reported to produce hydrogen photocatalytically was poly(p-phenylene) 

(PPP), first synthesised in 1985.87 The polymer has an optical bandgap of  3 eV and, as such, is only 

active under UV irradiation. This polymer also exhibited limited stability and a relatively short lifetime. 

These experiments were conducted in the presence of sacrificial electron donors and exhibited an 
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AQY of only 0.03% at 365 nm. Early studies also investigated the role of noble metal co-catalysts and 

a range of sacrificial reagents.88,89  

 

Despite a growing interest in organic semiconductors for photovoltaic devices, electronic devices, and 

superconducting applications, which led to the Nobel Prize being awarded in 2000, little progress was 

made with respect to polymeric photocatalysts for water-splitting applications. In 2009, however, a 

breakthrough was made after overall water splitting was observed on graphitic carbon nitride, g-C3N4, 

and further enhanced upon loading with a Pt co-catalyst.90 This discovery resulted in a significant shift 

in research focus as the library of materials expanded from a domain mainly dominated by inorganic 

materials, particularly TiO2.91 

 

Since 2009, g-C3N4 has remained a primary focus for much of the subsequent research into organic 

photocatalysts.92–96 This is primarily due to its abundance, stability, moderate bandgap (2.7 eV), and 

favourable band potentials. However, the bulk material is an inefficient photocatalyst that suffers 

from high recombination rates of photocarriers, poor electrical conductivity, low surface area, and 

lack of active sites.   

 

Building upon the discovery of photocatalytic activity in g-C3N4, other active polymeric organic 

materials were rapidly realised. The most widely studied family of organic semiconductors are linear 

conjugated polymers (LPs). However, many other families also exist, including covalent triazine 

frameworks (CTFs),97–104 covalent organic frameworks (COFs),105–115 and conjugated microporous 

polymers (CMPs)116–133. Whilst each has its merits, such as increased surface area, porosity, 

crystallinity, and multidimensional band structures, discussion and investigations in this thesis focus 

on linear conjugated polymers, since these materials arguably offer the most information regarding 

structure/activity relationships.  

 

Organic photocatalysts for hydrogen evolution is an incredibly active field of research. An analysis of 

Web of Science search results for the field is presented in Figure 11. Clearly, there has been a rapid 

increase in publications over the last decade, and there are currently over 2000 new publications 

relating or organic photocatalysts for hydrogen evolution being published in the 2022 calendar year. 

A total of 14,086 publications were identified by the search. Over 8,000 of these have been published 

since the start of this PhD project. 
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Figure 11: Web of Science Search Analysis for Papers containing the terms "polymer" or "organic", "hydrogen" or "H2", 
and "Photocat*". In total, 14,086 publications were found. Search performed on 29/06/2023. Results for 2023 
publications have been omitted from the chart.  

 

1.5.2.1 Linear Polymers  

In terms of linear conjugated polymers, one of the earliest breakthroughs was made in 2016 when 

Sprick et al. investigated a series of linear co-polymers in which the para-phenylene unit was co-

polymerised with several planarised macrocyclic monomer units.134  This led to the discovery of the 

linear conjugated co-polymer P7, which contains a phenylene moiety and a dibenzo[b,d]thiophene 

sulphone (DBTS) co-monomer. Compared with the UV-active poly(p-phenylene) polymer, P1, each p-

phenylene co-polymer containing planarised co-monomers exhibited increased photocatalytic 

activities under sacrificial conditions. However, P7 exhibited an increase in activity over 10 times. This 

is the first reported work using the DBTS monomer unit in organic photocatalysts, which has since 

become a staple of some of the most active organic photocatalysts to date. 135 
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Subsequent work investigated the DBTS homopolymer, P10, which exhibited improved photocatalytic 

hydrogen evolution rates compared to the phenylene-DBTS co-polymer.64 Transient absorption 

spectroscopy (TAS) identified a long-lived polaron state on the order of milliseconds for both P7 and 

P10.64,136 This was ascribed to a negatively charged electron polaron resulting from reductive 

quenching of holes by the sacrificial reagent, TEA. The long lifetime of the polaronic state highlights 

that once charges have been separated, polarons are more likely to survive long enough to diffuse to 

participate in the hydrogen evolution reaction. 

 

Molecular modelling was used to highlight the interaction of various polymers with the H2O, MeOH, 

and TEA solvent mixture and calculate the relative proportions in the closest contact with the polymer 

backbone.64 It was found that a greater proportion of water came into close contact with the backbone 

in polymers containing the DBTS monomer thanks to the polar sulfone groups. The IP, EA, IP* and EA* 

of each polymer in each solvent were also calculated via DFT and highlighted that proton reduction is 

only thermodynamically favourable when situated in water. However, this does raise an important 

question about the use of TEA as a sacrificial electron donor when testing for hydrogen-evolving 

polymers since the energy levels are considerably influenced by its presence in the solvent mixture. 

Furthermore, TEA is strongly basic, which will affect water redox potentials and may complicate 

commercial adoption.  

 

 

 

 

 

 

Figure 12: Linear polymers investigated in reference 134. 



 

 

Ian Coates, 200840765  28 

Linear polymers P11 – P17 constituted a family of 1,4-phenylene/2,5-thiophene co-polymers with 

various mole fractions.137 The bandgap inversely correlated with the thiophene fraction as a range of 

visible light-sensitive polymers were prepared. Though greater thiophene fractions increased the 

range of visible absorbable wavelengths, they also reduced the IP such that greater thiophene 

fractional weighted polymers had unsuitable orbital energies to react with the TEA SED. As such, the 

optimal fraction was discovered to be that containing 33 mol% thiophene. Interestingly, the HER 

seems to also depend on the sequence of phenylene/thiophene units, whereby a 50/50 molar ratio 

polymer P13 with alternating units exhibited a slightly improved HER compared to the 50/50 molar 

ratio P14, with a diphenyl-thiophene structured backbone. This discrepancy is likely related to the 

optimised conformational structure of the backbone and the extent to which charge is delocalised in 

a single given chain.  

 

Computational high throughput studies have also investigated the impact of statistical co-

polymerisation between two linear co-polymers.138 Here, thiophene, pyridine and phenylene co-

polymers were considered in terms of fractional distribution, degree of separation and range of 

conformations. This work confirms earlier reports that the band gap of the overall polymer can be 

finely tuned with relative proportions of monomers, whereby the IP and EA values vary between the 

limits of the two co-monomers. The degree of segregation between A and B monomers along the 

backbone and the conformation of that backbone only has a minimal impact on the IP and EA values. 

However, this work highlights that there are currently no high-through electronic calculations capable 

of investigating charge transport properties along the polymer backbone, which is likely to impact the 

exciton's natural lifetime.   

 

The introduction of nitrogen into the linear polymer backbone was also investigated by Cooper et al.139 

co-polymers combining p-phenylene and pyridine monomers resulted in improved HER compared to 

poly(p-phenylene) homopolymers. The best-performing polymer was a co-polymer containing phenyl 

and pyrazine monomers, exhibiting a HER of 24 μmol h-1 under visible light irradiation. The co-polymer 

containing phenyl and pyridine monomeric units and the homopolymer poly(p-pyridine) both also 

performed substantially better than the poly(p-phenylene) homopolymer. Polymers in which one 6-

membered ring was linked via the meta position did not show any signs of hydrogen evolution despite 

their IP and EA energies being theoretically aligned to allow for proton reduction and oxidation of the 

SED. This might have been due to limited delocalisation via electron resonance in the meta-position. 

A linear polymer based on triphenylamine was also investigated and found to demonstrate very 

limited to no activity. As for the meta-linked polymers, π-electron delocalisation may not have been 
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favoured along the backbone due to no backbone-conjugated resonance structures. The torsion angle 

between phenyl groups would also make it difficult to overlap between π-orbitals for efficient 

delocalisation, stabilising the exciton and minimising the exciton binding energy.  

 

Benzothiadiazole-containing conjugated linear polymers (CLP) and conjugated microporous polymers 

(CMP) were investigated by Wang et al.140, who found that the activity of the linear polymer was more 

significant than any cross-linked derivative. Meanwhile, Cooper's group also identified a similar 

pattern within pyrene-linked CMPs, which performed only marginally better than the linear 

derivatives of the same design.141 For both linear polymers, reasonable porosity was still observed, 

despite the absence of cross-linking. This is in line with other linear porous CMPs previously 

investigated.142 Xiang and Chen synthesised derivatives of these linear polymers via Sonogashira–

Hagihara cross-coupling reaction, which incorporated triple-bonded ethynyl separators into the 

polymer backbone.143 This resulted in red-shifted absorption and photoluminescence spectra 

attributed to an extended π conjugated system. This narrowing of the bandgap led to improved HER 

for all investigated polymers. Upon photodepositing 3 wt% Pt on the P7 derivative with ethynyl linkers 

(P7-E), this polymer exhibited an AQY of 7.2% at 420 nm.  

 

Following this research, B-BT-E was modified further via the incorporation of fluorine and methoxy 

functional groups on the BT unit to aid charge separation and exciton stabilisation.144 Interestingly, 

the addition of one fluorine group was considerably more beneficial than the addition of two. Still, the 

co-functionalisation of one fluorine group and one methoxy group provided the largest increase in 

HER. Polymer B-FOBT-1,4-E exhibited an AQY of 5.7% compared to the 0.85% reported for the non-

functionalised B-BT-1,4-E linear polymer. As with the earlier research, linear derivatives consistently 

performed better than the 1,3,5 tri-linked phenyl monomer.  

 

One of the main advantages of linear polymers over other organic variants is the option to generate 

soluble polymers. This has been particularly beneficial in organic photovoltaic devices where solution 

processing of the photosensitising organics significantly benefits competing technologies and allows 

for easily scalable processing methods such as spin coating and dye slot printing. An initial paper based 

on poly(p-phenylene)-carbazole co-polymers look at the effects of introducing aliphatic side chains on 

the carbazole nitrogen to introduce solubility in organic solvents.145 This work found that, below a 

particular molecular weight threshold, both branched and linear hydrocarbon side chains result in 

soluble polymers capable of photocatalytic proton reduction under visible light in the presence of TEA 

with the branched polymer performing better of the two. As with most linear polymers, this hydrogen 
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evolution rate improved significantly under full-spectrum irradiation. However, the soluble polymers 

were found to evolve hydrogen at a slower rate compared to their insoluble derivatives of higher 

molecular weight.  

  

Soluble linear co-polymers containing dibenzothiophene[b,d]sulfone and side chain-modified 

polyfluorene have also been investigated.146 Alongside a range of linear and branched aliphatic side 

chains, Woods et al. also introduced polyethylene glycol (PEG) side chains, significantly improving the 

polymer's interaction with water and surface wettability. This improved contact with water is claimed 

to be responsible for the improved photocatalytic activity of this particular polymer, FS-TEG, which 

had a HER of 72.5 μmol h-1. Transient absorption measurements highlighted that reductive quenching 

occurs rapidly in the presence of TEA, leaving long-lived polaronic states available to reduce protons 

on the millisecond timescale. Benzodithiophene-benzothiadiazole co-polymers were also 

functionalised with oligoethylene glycol side chains by Cao et al. This was also found to improve 

wettability, dispersion in water, and the interaction with Pt co-catalysts.147 

 

Given the short exciton diffusion lengths in polymer photocatalysts and the requirement of a surface 

or interface to facilitate charge separation, a novel approach to produce polymer nanodots (pdots) 

was devised utilising the fact that polymers can be made to be soluble in organic solvents.148  Tian et 

al. used a poly(fluorene-benzothiadiazole) PFBT polymer whereby the fluorene moiety was modified 

with octane side chains. This polymer was combined with a PEG-chain modified polystyrene polymer, 

which contracts to nanosized dots and forms a micelle-like structured pdot with a narrow size 

distribution between 20 and 100nm. These pdots can easily be dispersed in water. Further 

optimisation of this polymer led to very significant weight normalised HER of over 50 mmol h-1 g-1.149 

However, it should be noted that increased rates were only observed when decreased photocatalyst 

masses were used for the reaction, and so this is not consistent with increased STH rates. There is also 

limited evidence for sustained activity over the lifetime of these pdots. Pdots incorporating 

cycloplatinated units into the backbone have also been investigated, with rates reaching 

12.7 mmol h-1 g-1.150 

 

Another route to forming water-dispersible nanoparticles from soluble linear conjugated co-polymers 

is to introduce ionic side chains onto the fluorene units and hence make redundant the need for PS-

PEG-COOH polymer for dispersability.151 
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Recently, mini-emulsion polymerisation has been used to synthesise nanoscale powder distributions 

of otherwise insoluble polymers such as the previously highly photoactive P10.152 Reagents were 

contained in nano-emulsion particles stabilised by surfactants so that polymerisation, and hence 

particle sizes, were contained on the microscale. P10 synthesised via this emulsion method displayed 

an HER of over 60 mmol h-1 g-1 and an AQE of 20.4% at 420 nm. Unlike previous pdot photocatalysts, 

these polymers are not diluted by PS-PEG-COOH polymer chains, are more stable under irradiation for 

longer timescales, and their activity scales with concentration.  

 

Recently, McCullough et al. have demonstrated the use of this mini-emulsion method to synthesise 

nanoparticles of an OPV-like bulk heterojunction. 67 In this material, a polymer photocatalyst sensitiser 

is blended with a molecular electron acceptor, and the two organic materials phase-separate on the 

nanoscale. This allows exciton charge separation within a few nanometres of the excitation event and 

significantly reduces the recombination rate. Record hydrogen evolution rates over 

60 mmol hr-1 g-1 were obtained. Furthermore, AQY values of 6.2% were observed at 700 nm excitation. 

Simultaneously, Cooper's group also investigated the fabrication of nanohybrid bulk heterojunction 

polymer nanoparticles. 153 Using a slightly different synthetic approach, 237 different molecular donor-

acceptor pairs were explored using a high throughput experiment. This also resulted in photocatalysts 

capable of achieving HER values over 50 mmol h-1 g-1.  

 

It is worth mentioning that Suzuki cross-coupling reactions, by which the vast majority of these 

polymers are synthesised, leave residual traces of Pd incorporated into the polymer after synthesis. 

In most cases, this residual palladium acts as a natural co-catalyst.62,154,155 However, in the case of P10, 

charge transfer to palladium, as measured by transient absorption spectroscopy, is determined to be 

surprisingly slow compared to other polymers.63 P10 also exhibits significant increases in activity when 

loaded with photodeposited platinum as a co-catalyst, indicating a co-catalyst-dependent charge 

transfer rate.156   

 

Pd concentrations vary in every batch according to the synthesis conditions, and residual Pd cannot 

be separated from insoluble polymers. Comparing polymer activities based on their structures alone 

is, therefore, challenging. Furthermore, comparing values between different research groups is also 

challenging. Research teams use different setups, testing conditions, and reporting methods. As such, 

many calls have been made for standardised testing protocols and a certification system to be 

implemented.157  
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The light source, intensity, and filter system must be reported for comparable results. Furthermore, 

the irradiation surface area, polymer concentration, and reaction mixture path length should also be 

reported. Experiments should also be conducted on dispersions containing polymer concentrations in 

the saturation regime. This would result in slower mass-normalised hydrogen evolution rates since 

adding more polymer would increase the mass but not the absolute amount of hydrogen produced. 

However, area-normalised rates are inherently more comparable. This would be particularly beneficial 

since future photocatalysis systems will be best judged according to their ability to convert the solar 

irradiation per unit surface area, as is the standard for solar panels.  

 

1.5.2.2 Oxygen Evolution and Overall Water Splitting 

As discussed in section 1.4, inorganic oxide photocatalysts are well-suited to drive the four-electron 

oxygen evolution reaction due to deep valance bands and photogenerated holes with large oxidation 

overpotentials.158 This also results in more inorganic materials capable of driving the overall water-

splitting reaction. Although organic photocatalysts have made significant advances in their hydrogen 

evolution rates using sacrificial reagents, reports of oxygen evolution and overall water-splitting 

remain extremely rare. 72,159 

 

Nonetheless, recent progress in this regard has been made. For example, Bai et al. achieved overall 

water splitting on P10 by loading it with an iridium oxide co-catalyst.160 This result followed earlier 

work in which water oxidation was achieved by loading with a cobalt-based co-catalyst.161 More 

recently, a conjugated microporous polymer containing 1,3,5-triazine and benzodithiophene has 

demonstrated very low activity for overall water splitting.162 

 

Similarly, molecular photocatalysts based on perylene diimide (PDI) have shown promise as oxygen 

evolution photocatalysts. One particular paper has reported a seemingly remarkable oxygen evolution 

rate of 27 mmol hr-1 g-1.163 However, the scalability of such mass-normalised values should be viewed 

with caution. In this case, reactions were performed by dispersing just 1 mg of material in 100 ml of 

water, so evolution rates on absolute or area-normalised terms are much lower. Nonetheless, PDI 

polymers and photodeposited FeOOH co-catalysts have since been used in other organic overall 

water-splitting systems.164  

 

Possibly the most remarkable result, however, was published by Ye et al. A first publication 

demonstrated that it is possible to incorporate small amounts of a 5 mol% of a peryleno[1,12-

bcd]thiophene sulfone unit into the P10 structure to narrow the bandgap and enhance the 
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photocatalytic hydrogen evolution activity.165 This polymer has since demonstrated stoichiometric 

overall water splitting after loading it with a FeOOH co-catalyst.166 

 

1.6 Z-scheme and S-scheme Photocatalysts 
 

A commonly investigated alternative approach to developing single particulate photocatalysts capable 

of driving the overall water splitting is to couple two photocatalyst materials together that can drive 

the HER and OER reactions independently. For these systems to work, a pathway must be available 

through which unused photoelectrons from the oxygen-evolving photocatalyst, OEP, can be combined 

with the unused holes from the hydrogen evolution photocatalyst, HEP. This type of system is called 

a Z-scheme photocatalyst and is outlined in Figure 13.167 

 

 

Compared to single-type photocatalysts for OWS, Z-schemes benefit from fewer restrictions to the 

electronic band edges of each component, as no single component has to straddle both the HER and 

OER half potentials. As a result, there is far more flexibility when selecting the two components, 

enabling the use of semiconductors with narrower bandgaps. In turn, a greater proportion of the solar 

spectrum can be harnessed. However, compared to a single semiconductor system, the main 

downside to these systems is that two photons must be absorbed for each electron-hole pair that 

reacts with water, amounting to a halving of efficiency.   

 

Several approaches have been used to ensure electron-hole transport between the two components. 

The simplest involves using a solution-based reversible redox mediator such as IO3
-/I-. 168–171 However, 

 

 

 

Figure 13: Z-scheme photocatalyst for overall water splitting 
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the redox mediator can absorb light or extract charges from the wrong photocatalyst and compete 

with the water-splitting half-reactions. A second approach requires the use of a solid-state conductive 

mediator, such as gold or reduced graphene oxide.172–177 However, embedding two particulate 

photocatalysts onto a single continuous conductive matrix is challenging and not always easily 

reproduced.  

 

A third approach is to create a direct heterojunction interface between the OEP and HEP components. 

This approach removes the requirement for any third electron mediator component. However, these 

systems require a good direct interface between the two components and optimal alignment of the 

energy bands and Fermi levels. In the cases where this is achieved, charge separation and extraction 

across the interface can be enhanced by internal electric fields that arise from band bending and Fermi 

level alignment. Photocatalysts belonging to this subset of Z-scheme heterojunctions are sometimes 

called S-scheme heterojunctions. 178–181 

 

 

1.7 Conclusions  
 

Research into particulate photocatalysts has rapidly accelerated over recent years. Novel designs and 

innovative approaches are constantly being developed. Advances in inorganic photocatalysts have 

resulted in materials with AQYs approaching 100%. However, overall water splitting efficiencies from 

these materials still suffer due to the wide bandgaps and deep valance bands that limit the hydrogen 

evolution reaction. Developments in organic photocatalysts have demonstrated remarkably high 

hydrogen evolution rates under visible light when paired with sacrificial reagents. The optical bandgap 

and band edge potentials can also be finely tuned by design. However, these materials lack the 

overpotentials and active sites to efficiently drive the four-electron oxygen evolution reaction. It is, 

therefore, logical that hybrid organic/inorganic photocatalyst systems for overall water splitting 

should be considered for their complementary characteristics. 

 

1.8 Aims, Objectives, and Thesis Outline 
 

The primary focus of this work is to develop an understanding of the structure-activity relationships 

of linear organic polymer photocatalysts and subsequently design and synthesise new ones. It is hoped 

that these polymers not only function as efficient standalone hydrogen evolution photocatalysts but 

can also be paired with various oxide photocatalysts to generate hybrid organic/inorganic 

photocatalyst systems.  
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The work presented in Chapter 2 builds upon previous research conducted in the group. In 2019, Bai 

et al. published research in which a library of 6,354 theoretical linear co-polymers was investigated 

computationally using a high-throughput virtual screening method.156  High-throughput microwave 

synthesis was subsequently used to attempt the synthesis of 127 these co-polymers containing the 

DBTS monomer unit. Ninety-nine polymer photocatalysts were successfully synthesised, tested for 

their photocatalytic activity, and characterised. Most of these were previously unreported in the 

literature.  

 

The supplementary information of their publication provides the largest available library of polymer 

photocatalysts synthesised and tested under identical conditions. Resultingly, these results can be 

directly compared with one another. The original analysis presented in the original publication was 

limited in scope and methodology. The results were analysed globally using a machine learning 

algorithm and only focussed on the HER rates without a platinum co-catalyst. Her rates after the 

photodeposition of Pt were also recorded, but this data set was not analysed or dicussed in the original 

publication. 

 

Chapter 2 presents a more detailed analysis of these results. There is a particular focus on structure-

activity relationships and the change in photocatalytic activity associated with loading the polymers 

with a platinum co-catalyst. Screening parameters are also applied to the 705 DBTS co-polymers 

investigated as part of the wider computational study of the same publication. This analysis is used to 

identify target co-polymer photocatalysts for future investigations.  

 

Chapter 3 investigates the effects of incorporating fluorinated phenylene monomers into the 

backbone of linear conjugated polymer photocatalysts. Seventeen linear conjugated polymers are first 

investigated by density functional theory (DFT) calculations and subsequently synthesised using a 

microwave-assisted synthesis method. Discussions focus on the impact of fluorination, synthesis 

conditions, and co-catalysts on the resulting photocatalytic activities. This work also introduces the 

possibility of designing ternary co-polymers for greater control over physical and optoelectronic 

properties. 

 

Work presented in Chapter 4 attempts to prepare organic/inorganic hybrid photocatalysts by 

combining polymers from Chapter 3 with high-performance inorganic oxides from the literature via 

in-situ polymerisation. Two hybrid systems are targeted: a Type-II heterojunction based on 
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polymer/Al-SrTiO3 photocatalysts for polymer-sensitised hydrogen evolution and an S-scheme 

polymer/BiVO4 hybrid for overall water splitting. Theoretical polymer designs that could be used to 

enhance the performances of future hybrid photocatalysts are also considered by DFT calculations. 
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Chapter 2:  Literature Analysis and Polymer Design  
2.1 Introduction 
 

In 2019, a collaboration between Professors Cooper and Zwijnenburg demonstrated how high 

throughput computational screening and high throughput experiments can be combined to identify 

new polymers capable of water splitting.182 In this pioneering paper, 6,354 different copolymers were 

screened computationally. A library of 127 different linear copolymers, based on the DBTS monomer, 

was subsequently synthesised via a high-throughput microwave synthesis method. The resulting 

polymers, of which 99 were obtained in yields over 30%, were characterised and tested for sacrificial 

photocatalytic hydrogen production from water.  

This work contains the largest data set of structurally similar polymeric photocatalysts synthesised 

and characterised under identical conditions to date. This publication identified several key 

relationships between photocatalytic activity and computationally predicted optoelectronic 

properties. However, further detailed analyses may gain additional information from this data.   

This chapter commences with an analysis of the published findings. Subsequently, it explores how this 

large dataset can be further analysed to advance the scientific community’s understanding of linear 

organic polymeric photocatalysts containing the DBTS moiety.  Special consideration is given to the 

limitation of the methodology used, and polymers for which the synthesis conditions may have had a 

detrimental impact on the resulting photocatalytic activities are highlighted.  

Novel structure-activity relationships are identified and related to properties that may be predicted 

computationally. The computational methods used to predict optoelectronic properties are also 

improved upon. This improved methodology is used to identify a brand new set of co-polymers as 

promising candidates for photocatalytic water splitting. A specific focus is placed on polymers that 

exhibited a significant enhancement in activity following the photodeposition of platinum, as this data 

was recorded in the initial study but not reported on.  
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2.2 Summary of Original Findings 
 

The computational screening part of this study considered the 6,345 co-polymers that arise through 

the combination of nine dibronic acid monomers with 705 possible dibromide monomers. The 

electron affinity, ionisation potential, optical bandgap, and oscillator strength were predicted 

computationally for each combination. Given its prominence in many water-slitting polymeric 

photocatalysts, one of the nine diboronic acid moieties considered was dibenzo[b,d]thiophene sulfone 

(DBTS). This building block was selected as the basis of the subsequent high-throughput experiment.   

 

DBTS-(B(pin))2 was reacted with 127 different aromatic dibromide moieties to form DBTS-based linear 

co-polymers via a microwave-assisted Suzuki coupling reaction. Ninety-nine of these reactions 

resulted in solid products, assumed to be the target co-polymers, with yields over 30%. The reaction 

scheme is presented in  Figure 14. The aromatic dibromide reactants studied are shown in Figure 15.  

 

Figure 14: Microwave-assisted Suzuki-Miyaura Polycondensation reaction conditions used to synthesise the library of 
polymers discussed in this chapter.  

 

Figure 15: List of 127 dibromide monomers that were co-polymerised alongside dibenzo[b,d]thiophene sulfone via a high 
throughput synthesis approach. Figure reproduced from reference 182.   
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The sacrificial photocatalytic performance of each sample was tested using a 1:1:1 mixture containing 

equal volumes of TEA, MeOH, and water. Each sample was tested with and without 1 wt.% of 

photodeposited Pt as a co-catalyst. Additional photocatalytic hydrogen evolution measurements were 

performed using aprotic aqueous Na2S as the sacrificial reagent. Residual Pd content was determined 

via ICP-OES. Each sample was physically characterised via FTIR, UV-Vis diffuse reflectance 

spectroscopy, PXRD,  TCSPC fluorescence lifetime, transmissivity, and gas sorption analysis.  

 

The resulting data was analysed using a machine-learning (ML) algorithm to determine any correlation 

between the computationally predicted properties, physical properties, and the resulting 

photocatalytic activity. The ML algorithm was trained on four variables: predicted EA, predicted IP, 

optical gap, and dispersibility in a 1:1:1 sacrificial reagent solution. Considering these four variables, a 

multivariate analysis revealed that 68% of the variation in observed photocatalytic activity could be 

accounted for. The dependencies of the photocatalytic activity on these four properties are presented 

in Figure 16. Incorporating additional datasets led to no statistically significant improvement in this 

correlation.  

 

The paper resulted in the discovery of many new active photocatalysts, including 19 other polymers 

that exceeded the photocatalytic activity of the DBTS-DBTS homopolymer (P10) in the absence of a Pt 

co-catalyst. However, the most active polymer following the photodeposition of a Pt co-catalyst was 

  

Figure 16: Observed relationships between predicted properties and observed hydrogen evolution rates. Reproduced from 
reference 182  
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P10. P10 increased significantly from 3.4 mmol hr-1 g-1 to 16.7 mmol hr-1 g-1
 when 1 wt.% of Pt was 

loaded onto its surface.   

 

In addition to preparing the library of linear DBTS-based copolymers, the researchers selected six of 

the most efficient DBTS-based co-polymers and attempted to synthesise 48 additional co-polymers by 

using these six dibromides and reacting them with the eight alternative boronic acid precursors. The 

selected diboronic acids and dibromides are presented in Figures 17 and 18. Thirty-seven of these 

additional co-polymers were successfully synthesised using the same reaction conditions as the initial 

high throughput study. 

 

Figure 17: Diboronic acids used to synthesise 48 additional co-polymers using the eight alternative diboronic esters  

 

Figure 18: Group of diboronic acids used to synthesise 48 additional co-polymers using the eight alternative diboronic 
esters highlighted in Figure 17. 

 

The trends of the resulting photocatalytic activities mirrored those observed in the DBTS 

copolymerisation study. The most influential factors included predicted electron affinities (EA), 

ionisation potentials (IP), and measured optical bandgaps. Interestingly, despite not being highlighted 

in the initial publication, polymer P8-92 produced hydrogen at a rate of 9.8 mmol hr-1 g-1 in the absence 

of additional platinum. Although this co-polymer does not contain the DBTS monomer, this hydrogen 

evolution reaction (HER) rate exceeds all of the 99 DBTS-based co-polymers investigated in the initial 

high throughput study when tested under the same conditions.  
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Unsurprisingly, large-magnitude IP and EA values correspond to the most-active photocatalysts since 

these properties lay the foundational thermodynamic requirements for photocatalytic redox 

reactions. The more negative the EA, the stronger the thermodynamic driving force for proton 

reduction, and a more positive IP corresponds to a thermodynamic overpotential driving force for TEA 

oxidation. Likewise, the wider the optical bandgap, the larger these overpotentials are likely to be.  

 

Although these correlations are not unexpected, it is worth noting that the EA, IP, and Eg values were 

calculated using a computationally cheap extended tight-binding method that allowed properties of a 

very large compositional space to be calculated over a relatively short period.183,184 These correlations, 

therefore, imply that this computational model can correctly identify which polymers will have larger 

bandgaps and stronger photoredox potentials relative to one another in minutes rather than requiring 

several tens of minutes per polymer.  

 

Overall, this paper has demonstrated that cheap, scalable computational tools based on tight-binding 

models can be used in the place of energy- and time-intensive DFT calculations to rapidly screen 

thousands of potential polymers and identify those which possess suitable bandgaps and band edge 

potentials to drive the photocatalytic water splitting reactions. It has also shown how high-throughput 

computational screening can be combined with automated systems to run high-throughput synthesis 

and characterisation experiments. In particular, it has demonstrated how an automated microwave 

synthesis approach, in which reactions take an hour each and can be sequenced to run automatically,  

can replace traditional reaction methods that require reaction times of 2+ days per sample and are 

limited to only running a very small number samples at a time. Finally, their work resulted in the most 

extensive library of directly comparable polymer photocatalysts in the literature. 

 

The ML model approach to analysing the resulting library identified relationships between the HER 

rates and the IP, EA, bandgap, and transmittance data. The authors claim these properties account for 

68% of the variation observed within the resulting HER activities. However, understanding and 

explaining the remaining 32% requires scientists to manually study the results to draw further 

conclusions.  

 

This database includes the HER rates for all of the polymer samples when 1 wt.% of metallic platinum 

has been photodeposited onto their surfaces as a co-catalyst. Most samples exhibited a slight increase 

in activity following photodeposition, some experienced a significant increase, and the activity 

decreased for others. Beyond attributing this variation to the presence of residual palladium, the 
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published work does not attempt to investigate which materials reacted positively to the presence of 

Pt or why.  

 

Consequently, this database of results provides an ideal opportunity to further advance our 

understanding of polymeric photocatalysts for hydrogen evolution as a result of further analysis. As 

such, this chapter provides additional, previously unreported insights into the data gathered as part 

of the published research, with a particular focus on the underlying structure-activity relationships.  

 

2.3 Analysis of Methods 
 

Unlike in the field of photovoltaics,157 standardised testing methods have yet to be fully established 

for water-splitting photocatalysts. As such, comparisons between different research groups remain 

challenging. Different photocatalysis testing setups use different light sources, photocatalyst 

concentrations, temperatures, pressures, pHs, additives, dispersal methods, sacrificial reagents, co-

solvents, irradiation times and other discrepancies. These polymers have all been tested for their 

photocatalytic activity under identical conditions. Resultingly, their activities are directly comparable 

with one another. 

 

However, the high-throughput nature of this work also generates an issue whereby the hierarchy of 

photocatalytic activities of the resulting polymers only applies to the precise conditions under which 

the polymers were synthesised and tested. Here, the HT synthesis and H2 evolution testing conditions 

are analysed critically to identify potential issues regarding the reliability of the results.  

 

 

2.3.1 High Throughput Synthesis 

The polymer photocatalysts were synthesised using a microwave-assisted polymerisation method that 

reduced the reaction time from two days, using the conventional solvothermal method, to under two 

hours. Following the optimisation of synthesis conditions when preparing poly(p-phenylene), the final 

synthesis conditions are presented in Figure 19. The blue phenyl ring dibromide is used to represent 

all of the 127 different aromatic dibromides tested in this experiment. 
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Figure 19: Microwave-assisted Suzuki-Miyaura Polycondensation reaction conditions used to synthesise the library of 
polymers discussed in this chapter.  

 

2.3.1.1 Yield 

 

For each sample synthesised, a yield is reported. This section examines the relationship between this 

yield and the photocatalytic activity. However, a discussion of what the reported yield means and its 

limitations must first be considered.  

 

Importantly, the insoluble precipitate resulting from the Suzuki coupling reaction is assumed to be the 

pure polymeric product. Each product was isolated by washing with deionised water and methanol 

before drying in a vacuum oven. As such, the resulting product is fairly crude, having undergone 

limited purification steps. Typically, 50% of the mass of the starting reagents’ masses belong to the 

boronate and bromide leaving groups. As such, incomplete purification may leave behind large masses 

of byproducts. Despite the potential for low purity products, the mass of the isolated product is used 

for the subsequent yield calculations. As such, the masses of impurities are included in the mass used 

for yield calculations.  

 

Functional groups at the polymer chain ends further complicate the yield calculation. The theoretical 

mass of the product is calculated with the assumption that the masses of the chain ends are negligible 

relative to the combined mass of the repeating units within each polymer chain. However, since the 

polymeric products are insoluble, there is no reliable way to determine the degree of polymerisation. 

In fact, short chains are highly probable since the products are highly insoluble and are likely to crash 

out of the reaction mixture before they grow too large.  

 

Chains are likely to be terminated by boronic esters and bromine functional groups, which have large 

molecular weights. These groups likely contribute a significant proportion of the mass of the final 

product. As such, the yield calculation, which is only based on the molecular mass of the repeat unit, 

will be artificially inflated. As such any yield values were often greater than 100% and should be 

considered as approximations. The theoretical impact that brominated oligomers may have on the 

yield calculation of an example co-polymer (DBTS-Ph) are summarised in Figure 20 and Table 1.  
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Figure 20: Molecular weight of a polymeric repeat unit used in theoretical yield calculations and the molecular weights 
of leaving gropus that typically cap the polymeric chain ends.  

 

Table 1: Impact of brominated chain ends on the yield calculations when end groups are neglected and the degree of 
polymerisation is very low (oligomeric products).  

N repeat units 
Polymer chian MW  

(Brominated chain ends) 
Weight % Br 

Theoretical maximum yield % 

1       453.05  35% 154% 
2       746.30  21% 127% 
3    1,039.55  15% 118% 
5    1,626.05  10% 111% 

10    3,092.30  5% 105% 
100 29,325.00 0.5% 100.5% 

 

Under these reaction conditions, 99 of the 127 polymers were successfully synthesised with 

approximate yields above 30%. The synthesis yield distribution is presented in Figure 21. Many 

polymers (21) were obtained with yields above the theoretical maximum due to unreacted boronate 

and dibromide functional groups at the polymer chain ends, which were not accounted for in 

theoretical yield calculations.  
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Figure 21: Histogram depicting the distribution of 
synthesis yields obtained for the 99 synthesised DBTS-
based polymers. Many samples were obtained with yields 
over 100%. The extent to which these samples weighed 
more than the theoretical maximum is not reported in the 
original publication. Here, all such samples have arbitrarily 
been assigned a yield of 105%.  

Figure 22: Photocatalytic hydrogen evolution rates vs 
approximate synthetic yield. Data points represent 
photocatalytic activity before platinum deposition. Error 
bars represent the change in photocatalytic activity after 
the photodeposition of 1 wt.% Pt. 

 

Figure 23: Average hydrogen evolution rates for all samples before and after the photodeposition of 1 wt.% Pt. Each data 
point represents the average HER obtained for all samples produced within a window of ±5% yield. The grey histogram 
(secondary axis) represents the number of samples included in the calculation for each data point.  

   

Figure 22 contains the data for photocatalytic activity for 5 mg of the polymers dispersed in 5 ml of a 

1:1:1 mixture of H2O/MeOH/TEA, in which MeOH acts as a dispersing agent, and TEA is the sacrificial 

electron donor. The error bars represent how the photocatalytic activity of each polymer changed 

after the photodeposition of 1 wt.% Pt as a co-catalyst. Figure 23 represent the average activity for all 

samples within each 10%  yield distribution. The blue and red datapoints represent the linear best fit 

for data averaged with and without the Pt co-catalyst, respectively. Samples obtained with 

approximate yields greater than 100% have been ascribed a value of 105% since the exact measured 

values were not provided. 
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These charts demonstrate that the photocatalytic hydrogen evolution rates were, on average, higher 

for polymers obtained with higher yields. This trend remains true after Pt photodeposition, where the 

average increase in activity appears to be largely independent of the yield. Polymers obtained at lower 

yields may possess a greater concentration of impurities and byproducts trapped in the polymer 

matrix. These could act as traps or recombination centres for excitons, decreasing the polymers’ 

apparent quantum yields. Byproducts and unreacted precursors may also be susceptible to 

photoreduction by the polymer photocatalysts and limit the availability of electrons for hydrogen 

evolution.  

 

Low yields are not necessarily indicative of low purity and vice versa. Instead, the Suzuki coupling may 

be more likely to fail for some structurally related dihalides than others. For example, the oxidative 

addition step in which the halide bonds to the Pd catalyst, the rate of reaction is enhanced by using 

an electron-deficient aromatic dihalide. As such, electron-withdrawing substituents on the aromatic 

dihalide (acting either by either mesomeric or inductive pathways) may increase the likelihood of 

achieving a high yield. These electronic effects, will also have a significant impact on the optoelectronic 

properties of the resulting polymers and hence also, their photocatalytic activities. As such, lower 

activities from polymers may result from related structural effects rather than because of impurities. 

 

To determine whether the samples produced with low yields perform poorly because of inappropriate 

synthesis conditions or because of their inherent structure would require further investigations. 

However, low yields may also indicate the traces of undesirable byproducts, higher concentrations of 

residual palladium, and lower degrees of polymerisation compared samples produced with higher 

yields.  

 

2.3.1.2 Residual Palladium  

 

One impurity that may be particularly impactful is residual palladium. A common reason why the 

Suzuki reaction fails is due to the decomposition of the palladium catalyst and the formation of 

metallic palladium nanoparticles, commonly called palladium black. Residual palladium may be 

beneficial since it is known to act as a co-catalyst for photocatalytic hydrogen evolution in these 

materials. However, excess Pd immobilised inside the bulk polymer matrix may also act as an electron 

trap that cannot drive the HER due to the absence of a Pd/H2O interface.   
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There is no clear correlation between the synthesis yield and the relative concentration of residual 

palladium, as shown in Figure 24. Polymers obtained at low yields did not always contain high levels 

of Pd, and likewise, polymers obtained at high yields did not always contain low levels of palladium. 

This may be because residual Pd is also present in its ligated catalytic form, either trapped in the bulk 

polymer matrix or bonded to the polymer’s chain ends. Ultimately, the exact source of Pd in the 

photocatalysts may not be relevant as residual traces of Pd(II)(dppf)Cl2 would likely be reduced to 

Pd(0) via photocatalysis.  

 

  

Figure 24: Plot of synthesis yield vs residual palladium 
concentration. The scattered data indicates that any 
correlation between these two properties is very low.   

Figure 25: Weight averaged plot of the yield vs residual 
palladium content. Pd contents have been averaged out 
for every 10% yield to account for the asymmetric 
distriubtion of sample yields (grey bars, secondary axis). 
The small R2 value and negative gradient indicates a 
possible weak negative correlation.  

 

However, some interesting trends appear when we compare the residual palladium content with the 

photocatalytic activity. Figure 26 plots the photocatalytic hydrogen evolution rates all 99 co-polymers 

relative to their residual palladium content. The data points represent the activity before Pt 

photodeposition, whereas the error bars represent the change in activity afterwards. Whilst a visual 

inspection of these data appear to suggest that low palladium content correlates with high hydrogen 

evolution rates, this is a little misleading as it does not account for the natural distribution of the 

sample population. In reality, over two thirds of all samples were found to have residual palladium 

concentrations lower than 0.4 wt.%, as demonstrated by Figure 27. Therefore, statistically, the most 

active samples are likely to be naturally located in this region. 
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Figure 26: HER rate vs residual palladium concentration. 
Points represent activity before platinum deposition, error 
bars represent activity after. 

Figure 27: Residual palladium content distribution. Each 
bar represents the number of samples within an envelope 
of 0.1 wt.% of Pd.   

 

 

To navigate this, Figure 32 plots the average HER rate for all samples within each discrete window of 

0.1 wt.% Pd.  Figure 32a presents these data for samples before Pt photodeposition, whereas Figure 

32b presents the same data after the photodeposition of 1 wt.% Pt. In both cases, these weighted 

averages demonstrate no clear correlation between residual palladium content and the photocatalytic 

performance.  

  

Figure 28: Weighted average HER rates for all polymer samples a) without Pt (red) and b) with 1.wt % Pt (blue) relative 
to their residual palladium content. A low R2 of below 0.1 indicates there is no linear correlation between the two when 
considering all samples. Grey histogram indicates the distribution of samples with different Pd content. 

 

However, since the most active photocatalysts are of particular interest, it is important to find trends 

amongst these samples, specifically. Figure 29 contains the equivalent data to Figure 28 with the 

exception that these graphs only consider the 56 most active samples. The subset of samples contains 

the combined population of the 50 most active polymers before Pt photodeposition and the 50 most 
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active photocatalysts afterwards. Before adding Pt, there was no clear correlation between the 

residual Pd content and the photocatalytic activity.  

  

Figure 29: Weighted average HER rates for the top 56 polymer photocatalyst samples a) without Pt (red) and b) with 
1.wt % Pt (blue) co-catalyst relative to their residual palladium content. Grey histogram indicates the distribution of the 
top 56 samples with different Pd content. The R2 value for Pt-loaded samples indicates that a negative linear correlation 
between these two only exists after loading with a Pt co-catalyst. 

 

Although several highly-active photocatalysts have low Pd content, others with higher Pd content also 

produce significant amounts of hydrogen under sacrificial conditions. In these polymers,   palladium 

likely acts as an intrinsic co-catalyst and some polymers may benefit from its presence at higher 

concentrations. Whilst attempting to fit this data with a linear equation results in a negative gradient, 

the quality of the fit is very poor. An R2 value of less than 0.1 implies that there is no clear and obvious 

correlation between the two. 

 

However, after the photodeposition of 1 wt.% Pt, significant increases in activity are observed for 

many samples containing small amounts of Pd. In contrast, several samples with high residual Pd 

concentrations decreased in activity. A negative correlation between the residual Pd content and their 

there photocatalytic activity after loading with Pt is, therefore, established. This is confirmed by the 

far stronger linear fit of the data, as represented by an R2 value of greater than 0.5.  

 

These results suggest that high Pd concentrations may enhance the photocatalytic activity of the 

polymers in the absence of other co-catalysts but are detrimental to further enhancement by 

additional co-catalysts. However, this rule has several exceptions, as with all these generalised trends. 

The rate at which electrons are transferred to either palladium or platinum will depend heavily on the 

polymer structure, as will be explored in more detail in section 2.6.  

 



 

 

Ian Coates, 200840765  14 

Ultimately, the reaction conditions will have significant impacts on the properties of the resulting 

photocatalysts. Yields, purity, Pd content, degree of polymerisation, degree of crystallinity and other 

physical characteristics could be tuned for optimal photocatalytic activity by fine-tuning the synthesis 

conditions for each polymer. Variables include the total reaction volume, aqueous-to-organic phase 

ratios, base selection, base concentration, organic solvents, palladium catalyst, catalyst concentration, 

reaction temperature, reaction time, microwave power, and others. Even when different reaction 

conditions produce the same polymers with a 100% yield, significant variation in photocatalytic 

activity is likely.  

 

Understandably, finding one set of reaction conditions that produce an optimised polymer 

photocatalyst for all 127 dihalide monomers would have been impossible. However, the reaction 

conditions were only optimised to achieve the maximum yield of poly(p-phenylene). Not only did this 

not provide any information regarding how effective the reaction mixture would be for DBTS-based 

polycondensation reactions, but it also did not optimise the reaction conditions with respect to their 

impact on the resulting photocatalytic activity. As such, many of the polymers reported here may be 

capable of achieving photocatalytic hydrogen evolution activities that are substantially higher than 

recorded, had a slightly different generic recipe been used for all synthesis reactions. 

 

2.3.2 High Throughput Photocatalysis  

 

Hydrogen evolution experiments were run using a high-throughput setup. Briefly, 5 mg of each 

polymer was loaded into GC headspace vials, which were subsequently charged with 5 mL of degassed 

scavenger solutions. Where relevant, H2PtCl6 (8 wt.% Aq. solution) was added as a Pt precursor for 

photodeposition, and the vials were capped under inert conditions. Vials were ultrasonicated before 

being irradiated for one hour under AM1.5G solar simulated light from a wide surface area (12 x 12 

inches) AAA-rated solar simulator. The resulting gas headspace was sampled and tested for H2 and O2 

via gas chromatography and quantified by GC-peak area calibration curves. For a complete description 

of these methods, please see the supplementary material of the original publication. 

 

While effective as a high-throughput photocatalysis setup that provides comparative results, some 

questions remain regarding how accurate this system is when used to test highly active polymers. 

Questions remain regarding how the HER rate is affected by the corresponding increase in pressure 

that accompanies the hydrogen evolution inside a closed environment over an hour. It is possible that, 

at a high partial pressure of H2, the HER rate is significantly reduced or the back reaction rate increases. 
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Likewise, gas is more likely to escape the headspace at high pressures at a rate at equilibrium with 

that of hydrogen evolution. 

 

Furthermore, H2 evolution studies of polymers conducted over several hours have frequently 

demonstrated that H2 evolution rates can be inconsistent and sluggish over the first hour. This may be 

due to the preferential reduction of impurities or co-catalyst precursors instead of H+ ions. As such, 

some questions remain regarding whether the observed H2 evolution rates are accurate or 

comparable to others in the literature, particularly when loaded with the Pt co-catalyst.  

 

It is also worth noting that the trends of photocatalytic activity discussed primarily concern the 

experiments involving TEA as the hole scavenger and which use MeOH as a dispersant. Though these 

conditions give rise to some of the most active photocatalysts in the literature (particularly those 

containing the DBTS subunit), this approach also risks overlooking polymers that would perform better 

with alternative sacrificial reagents and dispersants.  

 

Figure 30a plots the measured optical bandgap for each co-polymer against their respective IP and EA 

potentials. The area of each data point represents the associated HER rate when using TEA as the 

sacrificial reagent. For TEA to act as an effective hole scavenger, the polymer’s IP must be more 

positive than the TEA to TEA●+ reaction potential. This reaction potential is marked as a dotted grey 

line.  

 

  

Figure 30: xTB-IPEA predicted IP and EA values for each DBTS copolymer plotted against the measured optical bandgap. 
The area of each data point represents the HER rate of the polymer without a Pt co-catalyst. a) Sacrificial Reagent 
conditions using 1:1:1 v/v mixture of H2O/MeOH/TEA. 5 mg polymer dispersed in 5 ml. 1 hr irradiation. b)  Sacrificial 
Reagent conditions using 0.026 M aqueous solution of Na2S. 5 mg polymer dispersed in 5 ml. 1 hr irradiation. The red 
box highlights the copolymer polymers with small oxidation potentials that perform better with an alternative sacrificial 
reagent. Grey dotted lines indicate the proton reduction potential (-0.8 V vs SHE pH=14) the TEA/TEAR+ charge transfer 
oxidation potential  (+0.7 V vs SHE), and the sulfide ion oxidation potential (+0.14 V vs SHE). 
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All samples in this experiment were also tested for their activity when using Na2S as the sacrificial 

reagent. Figure 30b contains the same information as Figure 30a, except the data point areas 

represent the photocatalytic activity when using this alternative hole scavenger. Interestingly, when 

tested under these conditions, four of the five most active polymers have IPs below +0.7 V vs SHE. This 

is only possible because the oxidation potential of the sulfide ion is only +0.14 V vs SHE and 

demonstrates that using TEA as a scavenger may lead to highly active hydrogen evolution 

photocatalysts with narrow bandgaps being overlooked or screened out.   

Amongst this group of polymers are some of the narrowest bandgap materials synthesised and, as 

such, are promising candidates to maximise the utilisation of visible light irradiation. The best-

performing co-polymer in Na2S solution contained thiophene (P1-99). Another group has since 

synthesised this copolymer.185 In their report, DMF is used as a cosolvent to aid dispersion and ascorbic 

acid is used as the sacrificial reagent. Rates as high as 147 mmol hr-1 g-1 were reported, representing 

one of the highest activities for any single-phase linear organic polymer photocatalyst to date. 

However, concentrations of the photocatalyst were reduced to 0.1 mg ml-1, which is ten times more 

dilute than the concentrations in the high-throughput study currently being discussed. Such 

methodology would inevitably lead to artificially enhanced mass-normalised hydrogen evolution 

rates. The irradiation area was not reported. By contrast, using the high throughput setup, the same 

polymer achieved rates of 0.6 and 2.1 mmol hr-1 g-1 using Na2S and MeOH/TEA systems. 

 

All samples were significantly less active in an Na2S solution compared to the mixture of MeOH/TEA. 

Such reduced activity is expected since the interaction of the DBTS subunit with the latter is directly 

responsible for the rapid charge transfer and charge separation processes that lead to high activities. 

MeOH content improved the surface wettability, and TEA oxidation is predicted to occur on the ps-

timescale.135  

 

 

As with the use of TEA, higher performances of photocatalysts using Na2S also correlate with high-

magnitude electron affinities and high synthetic yields. These are presented in Figures 31 and 32. 

Palladium concentration also appears to impact the HER positively, as shown in Figure 33. The Na2S 

system was not investigated with an additional photodeposited Pt co-catalyst. Since each polymer has 

a different amount of Pd, direct comparison of different structure/activity relationships according to 

the comonomer is challenging. Transmittivity experiments were only completed in the 1:1:1 solution 

mixture. As such, their dispersibility in the absence of methanol as a co-solvent has not been measured 

for the Na2S system. 
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The ideal conditions to produce the maximum amount of hydrogen will vary for each polymer. As such, 

this paper can only provide a rough guide for which polymers will most likely be successful, and it is 

not a guarantee. This point is reinforced by the 2020 nature study in which an autonomous robot 

optimised the sacrificial reagent conditions for the DBTS-DBTS homopolymer over the course of 

several hundred iterative experiments.186 This study demonstrated that factors such as the solution’s 

ionic strength and pH, the sacrificial reagent, and the surfactant content could all impact the resulting 

photocatalytic activity. Furthermore, the HT paper also only loaded with 1 wt.% Pt when loading a co-

catalyst. In reality, an optimal co-catalyst loading could vary for each polymer and is likely higher for 

some and lower for others. The choice of co-catalyst could also have a significant impact.  

 

2.3.3 Predicted vs Optical Bandgap 

The authors used an extended tight-binding model to enable a high-throughput approach to screen 

the optoelectronic properties of over 6,000 polymers via computational means. Values obtained using 

the xTB code187 were then adjusted to match those that would have been obtained from more 

comprehensive DFT models using a previously developed linear calibration function trained on 40 

linear polymers.188 The properties were averaged over 500 different randomly-generated 

conformations for each polymer. In this section, the accuracy and validity of this method are discussed 

critically. A brief overview of the fundamentals underpinning the methodology is provided to aid later 

discussion. 

   

Figure 31: Photocatalytic HER rates 
for 99 DBTS co-polymers dispersed in 
an Na2S solution with respect to 
predicted electron affinity potential 
vs SHE 

Figure 32:  Photocatalytic HER rates 
for 99 DBTS co-polymers dispersed in 
an Na2S solution with respect to the 
synthesis yield. 

Figure 33: Photocatalytic HER rates 
for 99 DBTS co-polymers dispersed in 
an Na2S solution with respect to 
residual palladium concentration. 
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2.3.3.1 Fundamentals 

To estimate the reduction and oxidation potentials of a polymer’s frontier molecular orbitals, 

ionisation potentials (IP) and electron affinities (EA) are calculated for each polymer. Ionisation 

energies tell us how deep the highest occupied molecular orbital (HOMO) lies relative to the vacuum 

level. Likewise, the electron affinity determines the position of the Lowest Unoccupied Molecular 

Orbital (LUMO) relative to the vacuum level. The difference in magnitude between these energies can 

be considered an approximation of the HOMO-LUMO bandgap for the polymer in its ground state, as 

illustrated in Figure 34. This bandgap is known as the fundamental bandgap, EFund. 

 

The IP and EA are determined by first calculating the energies of the neutral polymer (P), the positively 

charged polymer (P+), and the negatively charged polymer (P-). The calculations are performed by 

quantum mechanical ab initio189 or semi-empirical187 methods based on the constituent atoms, their 

relative positions, and the overlap of their atomic orbitals. The redox potentials for the HOMO and 

LUMO are then calculated from the IP and EA energies by converting them into electronvolts and 

dividing by the elemental charge of an electron. The relative energies of these species are presented 

in Figure 35. The optical bandgap, EOpt, is given by the difference in energy between the ground state 

of the polymer and its first excited state, P*, and describes the minimum photon energy required to 

drive this transition via absorption.  

 

  

Figure 34: Diagram relating how the ionisation potential (IP) and 
electron affinity (EA) relate to the HOMO and LUMO orbital 
energies in the ground state. The two scales highlight how the 
absolute potential scale relates to the potential scale relative to 
the Standard Hydrogen Electrode (SHE).      

Figure 35: Energy level diagram highlighting 
relative energies of the neutral ground state 
polymer, the positively charged polymer, the 
negatively charged polymer, and the polymer’s 
first photoexcited state. Energy differences 
between the different states and the neutral 
ground state polymer are given by the arrows. 
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However, it is important to note that the two values that describe the bandgap, EOpt and EFund, are not 

equal, as highlighted in Figure 36. This is because the energy of P* is stabilised relative to the 

theoretical level predicted from the IP and EA values due to the exciton binding energy, EB. The exciton 

binding energy arises from the electrostatic interaction between the photogenerated electron and 

hole pair. As such, the reduction and oxidation potentials of the exciton are slightly smaller than those 

predicted by the EA and IP values alone, as presented in Figure 37. However, the oxidation and 

reduction potentials of the charged polarons, P+ and P-, are expected to remain unchanged, as the 

exciton binding energy must be overcome to achieve charge separation. These potentials are also 

provided in Figure 34. The exciton binding energy is typically predicted to be smaller in polymers with 

Donor-Acceptor type structures that maximise the electron and hole spatial separation along the 

polymer backbone. Excitons in materials with high dielectric constants, such as traditional crystalline 

inorganic semiconductors, experience negligible exciton binding energies because the e--h+ 

interactions are strongly screened.  

 

Generally, excited state calculations are not performed using simple DFT calculations on the ground 

state molecules. Instead, computationally intensive time-dependent DFT (TD-DFT) is used to 

determine the response of the underlying wavefunctions to an external potential (such as an 

electromagnetic field) over time. As such, this allows for calculations regarding the energy of orbitals 

in the excited state and the interaction of material with light. 

 

  

Figure 36: Energy level diagram to highlight that the 
fundamental gap, EFund, should always be larger than the 
optical bandgap, EOpt. These two energies differ by the 
Exciton Binding Energy, EB. 

Figure 37: Orbital energy level diagram to highlight the 
origin of the exciton binding energy. Photoexcitation 
generates an electron-hole pair that interact via their 
electrostatic attraction. Less energy is therefore required 
to form an exciton than two non-interacting oppositely 
charged ground state polarons.  
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In the high throughput work published by Bai et al. the optical bandgaps are predicted using an 

extended tight binding calculation model (sTDA-xTB).184,190 These results are adjusted to reproduce 

the values expected from TD-DFT calculations via a linear calibration function. The DFT-calculated 

values for Eg were corrected to match values predicted using the CAM-B3LYP hybrid functionals in 

combination with the 6-31G(d,p) basis set.188 The CAM-B3LYP functionals were selected since they are 

range-separated and, unlike traditional B3LYP, do not erroneously predict extended delocalisation. 

B3LYP calculations typically lead to underestimates of the bandgap and do not accurately predict the 

relationship between optical properties and oligomer length.191 
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2.3.3.2 Accuracy of Predicted Optical Bandgap 

 

Since the xTB bandgaps were corrected to match those predicted by CAM-B3LYP, they are, as 

expected, over-overestimated.191 Figure 38 contains a scatter plot of the predicted bandgaps and the 

corresponding experimentally observed optical bandgap, as determined by diffuse reflectance 

spectroscopy. The black dashed line represents where the points would lie in the case of a perfect 

prediction, and each dotted line represents an overestimation of an additional 0.25 eV. The average 

deviation from the measured value is +0.65 eV.  

 

 

Figure 38: Optical Bandgaps predicted by sTDA-xTB calculations vs the measured optical bandgaps determined by 
UV/Vis diffuse reflectance spectroscopy (DRS). Points on the dashed black line indicate an accurate prediction in which 
the xTB values and experimental values match. Each parallel dotted grey line represents an overestimation of the 
optical bandgap by 0.25 eV. Experimental outliers are labelled with the dibromide monomer number to which they 
correspond.   

  

Figure 39: Relationship between the overestimation of the 
predicted optical bandgap with respect to the predicted 
value. Polymers predicted to have wider bandgaps are 
overestimated by more than those predicted to have 
narrower bandgaps. 

Figure 40: Relationship between the overestimation of 
the predicted optical bandgap with respect to the 
experimentally determined value.  
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The extreme outliers in Figure 38 can be classified according to two sets: those with measured 

bandgaps significantly larger than expected (orange data labels) and those with measured bandgaps 

significantly smaller than expected (red data labels). According to the paper’s SI, the wide bandgaps 

of polymers P1-104 and P1-42 result from noisy absorption spectra with very irregular shapes. The 

wide bandgap of P1-58 is determined to have arisen from an incomplete polymerisation reaction that 

led to short-chain oligomers with a wider bandgap.  The narrow bandgaps of P1-125 and P1-36 are 

attributed to poorly-defined absorption spectra that do not produce linear regions in the Tauc plot 

analysis.  

 

A Tauc plot analysis assumes that the shape of the absorption spectrum close to the bandgap follows 

that of a traditional amorphous semiconductor.192 Typically, this involves weak absorption from sub-

bandgap states in what is known as the Urbach Tail, followed by a steep rise in absorption above the 

bandgap. However, the absorption spectra of organic photocatalysts are complicated by the presence 

of distinct chromophores along the polymer chain, which results in an absorption spectrum with 

additional features. Furthermore, any contamination of samples with light-absorbing species, such as 

unreacted reagents or products from side reactions, will also appear in the absorption spectrum. Such 

features are known to distort the measurement of the bandgap by traditional means.193 

 

Further analysis of the UV-Vis DRS data presented in the initial paper’s SI reveals that many samples 

exhibit non-standard absorption spectra. For example, the absorption spectra of samples P1-28, 

P1-91, and P1-95 are dominated by sub-bandgap absorption in the tail. As such, no steep increase 

above the bandgap is visible, and an accurate extrapolation of the linear regions in a Tauc plot would 

be challenging. Additionally, the absorption spectrum of P1-88 contains distinct absorption bands 

around 500 and 700 nm that are inconsistent with a typical semiconductor's absorption profile. These 

erroneous bandgap measurements have been easily identified because the miscalculations resulted 

in outlying data points. However, poor experimental data may have also resulted in erroneous 

bandgap values for other samples.  

 

Generally, these calculations overestimated the measured value by 0.25 eV - 1 eV. As shown in Figure 

39, polymers predicted to have a larger bandgap were likely to be overestimated by a greater 

magnitude than those predicted to have a smaller bandgap. Resultingly, it is possible to generate an 

additional linear calibration function to modify the predicted bandgaps to match the experimental 

values more closely. After omitting the most significant outliers, the final calibration function was 
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obtained using the Excel Solver add-in to using a least-squares method. This function is presented in 

equation (8). 

 

 𝐸𝑁𝑒𝑤 = 𝐸𝐶𝑎𝑙𝑐 − (0.41𝐸𝐶𝑎𝑙𝑐 − 0.65) (8) 

 

The graphs corresponding to Figures 38-40 are reproduced following the calibration correction in 

Figures 41 - 43. Following this calibration, 71% (64/90) of the measured bandgaps are within ±0.15 eV 

of their predicted value. This increases to 79% within an error margin of ±0.25 eV. Most of the data 

points outside this window likely belong to poor-quality absorption spectra. 

 

To test this hypothesis, a qualitative screening of these spectra (as presented in Figures S-4 to S-17 in 

the SI of the original publication) has been performed to identify those without an obvious linear 

region from which an absorption onset can be extrapolated. These data points have been highlighted 

in orange in Figure 43.    

 

It should be noted that this analysis is highly subjective and that bandgaps are best determined from 

Tauc plots rather than a direct interpretation. However, a more comprehensive analysis is impossible 

without a copy of the original data files or the Tauc plots from which bandgaps were determined. 

Despite this, a clear trend becomes apparent in which all of the polymers with predicted bandgaps 

greater than their measured values by 0.27 eV or more belong to this sub-set of polymers.  

 

 

 

Figure 41: Correlation between the measured optical bandgap, EOpt, and the predicted optical bandgap after applying a 
linear correction term, ENew. Points on the dashed black line indicate an accurate prediction in which the xTB values and 
experimental values match. Each parallel dotted grey line represents a deviation from the measured optical bandgap by 
±0.25 eV. Blue dots highlight experimental outliers shown to be unreliable in the original publication.182  
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Four polymers exhibited substantially wider bandgaps than predicted despite seemingly high-quality 

spectra. These samples are labelled with their monomer number in Figure 43, and their co-monomer 

structures are presented in Table 2 alongside some of the most closely related co-polymers. As 

discussed above, P1-58 was shown to have been synthesised as a short oligomer. It is, therefore, 

possible that the remaining three polymers have also been unsuccessfully synthesised.  

 

This is particularly likely for P1-30 since the optical bandgap becomes substantially larger after adding 

a second amine substituent to the para-linked phenyl ring, despite the measured and calculated data 

for P1-3, P1-114, and P1-29 suggesting that bandgaps should be narrower after adding amine groups 

These copolymers are represented in Table 2. The same explanation is possible for P1-21 and P1-22, 

in which the anthracene-copolymers exhibit wider bandgaps than the Phenylene (P1-3) and 

naphthalene (P1-13) co-polymers, despite the prediction that larger polycyclic units would lead to 

narrower bandgaps.  This prediction, supported by ENew and EFund calculations, is reasonable. Increased 

delocalisation typically leads to the absorption of longer wavelengths of light. However, whilst short-

chain oligomers can explain the wider-than-expected bandgaps, it is also possible that delocalisation 

in the polymer backbones of these polymers is reduced due to a lack of co-planarity resulting from 

steric effects.  

 

  

Figure 42: Difference between the predicted optical 
bandgap after applying a linear correction term, ENew, and 
the experimentally-determined optical bandgaps, EOpt, 
relative to ENew.  

Figure 43: Difference between the newly predicted optical 
bandgap after applying a linear correction term, ENew, and 
the experimentally determined optical bandgap, EOpt. 
Orange data points highlight samples with poor quality or 
atypical DRS spectra. Data labels highlight the remaining 
outliers discussed in the text.  
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Table 2: Table of outliers for P1-21, P1-22, and P1-30, whose measured optical bandgaps are notably wider than those 
predicted by ENew, despite regular DRS spectra. Data pertaining to P1-3, P1-13, P1-29, and P1-114 are provided as 
references to structurally-similar co-polymers.  

 

While the calibration function to convert ECalc to ENew appears to work well for this family of DBTS-

based co-polymers, verifying that the relationship also holds for structurally dissimilar co-polymers is 

essential. Therefore, the veracity of equation (8) was tested by application to the remaining polymers 

synthesised from alternative boronic acid pinacol esters (see Figures 15 and 18). The resulting 

correlations between predicted and measured optical bandgaps before and after calibration are 

presented in Figures 44 and 45, respectively.  

 

This data set contains 43 polymers that were successfully synthesised, six of which were synthesised 

from the DBTS diboronic ester and were part of the initial training set. Eight of the remaining polymers 

(PX-93) also contain the DBTS monomer unit from the dibromide source, and hence equivalent 

polymers were also contained in the initial training set. However, differences in optical gaps for these 

polymers depending on the synthesis route are possible. The remaining 29 are new polymers that did 

not form part of the calibration data. The measured bandgaps of all 43 polymers lie within ±0.25 eV 

of the predicted value after calibration. Neglecting the P1 repeat set of polymers, the predictions 

deviated by an average magnitude of 0.12 eV, corresponding to an average deviation of -0.05 eV when 

No Structure EOpt
[a] ENew

[b] EFund
[c]   No Structure EOpt

[a]
 ENew

[b]
 EFund

[c] 

3 

 

2.45 2.59 3.02   3 

 

2.45 2.59 3.02 

13 

 

2.43 2.53 2.91   114 

 

2.33 2.47 2.70 

21 

 

2.52 2.12 2.47   29 

 

2.3 2.50 2.69 

22 

 

2.51 2.18 2.40   30 

 

2.96 2.54 2.41 

[a] Optical bandgap measured from UV-VIS DRS measurements. 
[b] Optical Bandgap calculated by sTDA-xTB and corrected following the calibration equation outlined in the main text. 
[c] Fundamental bandgap obtained from IP and EA potentials calculated by the IPEA-xTB code. 
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also accounting for the sign. This presents a remarkable level of accuracy that can be obtained for a 

highly diverse dataset considering the level of theory of the underlying calculations and the speed at 

which different structures can be screened.  

 

It is worth noting, however, that the sTDA-xTB approach is still limited and should only be used to 

predict general trends in the bandgap. Clustering of different monomer units on either side of the 

dotted trendline can be observed in Figure 45. This trendline represents an ideal case in which the 

calculated bandgaps equal those measured experimentally. The calculation consistently under-

evaluated the bandgaps of polymers synthesised from the P2, P3, P5, and P8 boronic esters, whereas 

polymers made from P4 were over-evaluated. However, this appears to be a fault of the initial 

computation rather than an issue with the calibration. It should be noted that the co-monomers were 

all selected from an initial set of P1-based polymers with very similar band gaps. Despite being trained 

on a data set containing 90 P1-based polymers, all six containing the DBTS unit here are clustered and 

over-evaluated. The fact that the other polymers are clustered according to their boronic ester unit is 

unsurprising. 

 

 

 

  

Figure 44:  Predicted (ECalc) vs measured optical bandgaps 
(EOpt) for the co-polymers synthesised from a range of 
diboronic acid precursors. The dotted grey line represents 
an accurate prediction in which the xTB values and 
experimental values match. Data points are colour-
coordinated to match the relevant diboronic acid 
precursor, as shown in the top image.  

Figure 45: Predicted (ENew) vs measured (EOpt) optical 
bandgaps for the linear co-polymers synthesised from 
alternative diboronic acid precursors after applying the 
linear correction term to the predicted values. The dotted 
grey line represents an accurate prediction in which the 
xTB values and experimental values match. Data points 
are colour-coordinated to match the relevant diboronic 
acid precursor, as shown in the top image. 



 

 

Ian Coates, 200840765  27 

As mentioned above, each cluster contains a PX-93 co-polymer synthesised with the DBTS-Br2 

monomer reagent. These polymers are structurally equivalent to some P1-X polymers synthesised 

from the DBTS-(Bpin)2 monomer reagent. These results present an opportunity to investigate if the 

synthesis conditions can influence the resulting optical bandgap and photocatalytic activity. 

 

Figure 47 demonstrates that, regardless of the synthesis route, all of the equivalent co-polymers 

containing the DBTS monomer maintain the same bandgap. However, the selection of dibromide and 

boronic ester precursors can significantly impact the resulting photocatalytic activities, as shown in 

Figure 48. Whilst P8-93 exhibited significantly higher rates of H2 production compared to the identical 

polymer P1-62, other polymers (P3-93, P6-93, and P9-93) performed significantly worse.  

 

These results suggest significant differences in the physical properties of the polymers prepared via 

opposite synthetic routes.  In general, the synthetic yields were higher when using the (DBTS-Bpin)2 

precursor. The only exception is the pyrene-based polymer, P5-93, which was successfully synthesised 

with a 91% yield. In contrast, the synthesis of the equivalent polymer using the DBTS boronic ester, 

P1-25, failed.  
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Figure 49 contains a scatter plot of yield vs transmissivity data for the PX-93 polymers using the 

boronic esters P2 to P9. The horizontal error bars denote the change in yields compared with 

equivalent P1-X co-polymers. Likewise, the vertical error bars show the equivalent change in 

transmissivity. These data strongly reinforce the observations made earlier in this chapter that low 

yields and poor dispersibility (high transmissivity) correlate with reduced photocatalytic activities.  

 

 

Figure 46: DBTS and eight alternative diboronic acid precursors used for copolymer syntheses.  

  

Figure 47: Measured optical bandgaps for the DBTS-
containing co-polymers, when synthesised via the DBTS 
diboronic acid vs when synthesised from the DBTS 
dibromide. Data points are colour-coordinated to match 
the relevant diboronic acid precursor, as shown above. 

Figure 48:  Hydrogen evolution reaction rates for the 
DBTS-containing co-polymers when synthesised via the 
DBTS diboronic acid vs when synthesised from the DBTS 
dibromide. Data points are colour-coordinated to match 
the relevant diboronic acid precursor, as shown above. 

 

Figure 49: Polymer transmissivity and synthetic yield values of DBTS-based co-polymers when synthesised from the 
DBTS dibromide. Error bars indicate the relative values for the equivalent co-polymers when synthesised from the DBTS 
diboronic ester. Data points are colour-coordinated to match the relevant diboronic acid precursor, as shown in the top 
image. 
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These results also highlight that dispersibility is not an inherent property of the polymer structure but 

also depends on the synthetic route. The exact reason is unclear, but it possibly originates from 

increased concentrations of hydrophobic byproducts associated with decreased yields. The polymer 

chain length, particle size, morphology, and crystallinity can also impact dispersibility.   

 

2.3.3.3 Reliability of IP, EA and Fundamental Gap 

Unlike ECalc, which could be modified using experimentally derived values to produce ENew, the 

calculated redox potentials of the charged polarons, P+ and P-, corresponding to IP and EA, 

respectively, have no corresponding experimental data.  

 

However, the fundamental bandgap EFund, defined as the difference in energy between the Ionisation 

potential and the electron affinity, should be the same as, or greater than, the optical bandgap. The 

difference between EFund and EOpt, corresponding to the exciton binding energy, should also typically 

be approximately a few tenths of an electronvolt for organic semiconducting materials. 

 

A plot of the measured optical bandgap against the predicted fundamental gap is presented in Figure 

50. The black dashed line represents where the points would lie if these two values were identical, 

and the dotted grey lines represent ±0.25 eV compared to this value. The orange data points represent 

some polymer samples with poor-quality absorption spectra that may have led to erroneous optical 

bandgap readings and, in the case of P1-58 and P1-30, samples that appear to have been synthesised 

as oligomers with wider bandgaps.  

 

Concerning the first measure of reliability, the fundamental gap is not consistently wider than the 

optical gap for all samples. The fundamental gaps of the narrowest bandgap polymers appear smaller 

than their experimentally-derived optical gaps. This result cannot be theoretically explained by the 

exciton binding energy alone and indicates EA and IP values that require additional calibration terms 

similar to that applied to the calculated optical gaps.  

 

The plot of differences between EFund and EOpt versus the fundamental gap in Figure 51 reinforces this 

hypothesis. The linear correlation with a large R2 value confirms that the narrowest fundamental 

bandgaps are underestimated, whilst the widest fundamental gaps are overestimated.  As such, this 

difference, which would typically represent a measure of the exciton binding energy for accurate 

values of IP and EA, is unreliable.  
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Compared with the measured and calculated optical gaps, the overestimation at one end of the 

spectrum and underestimation at the other result in a very broad distribution of fundamental gaps, 

as shown by the cumulative frequency curves in Figure 52. However, it is worth noting that the 

fundamental gaps are closer to the true optical gaps than the initial results from the sTDA-xTB 

calculations of the latter (ECalc). 

 

 

As discussed above, accurate calibration equations to modify the predicted values cannot be 

determined without experimental values for the IP and EA. While values for these properties can be 

determined by photoelectron spectroscopy methods or approximated by electrochemical 

measurements, both are time-consuming and cannot easily be scaled up for high-throughput 

experiments.   

  

Figure 50:  Predicted fundamental bandgaps calculated 
from IP and EA energies from xTB-IPEA calculations vs the 
measured optical bandgaps determined by UV/Vis diffuse 
reflectance spectroscopy (DRS). Points on the dashed black 
line indicate samples for which the predicted fundamental 
gap matches the experimentally-determined optical 
bandgap. The parallel dotted grey lines represent a 
deviation of the two values by ±0.25 eV. Experimental 
outliers ignored when determining the calibration 
equation are highlighted in orange.   

Figure 51: Differences between the calculated 
fundamental gap and the measured optical bandgap 
relative to the calculated fundamental gap. Outliers 
highlighted in Figure 50 have been omitted from this 
analysis.  
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By performing TD-DFT calculations, it is possible to calculate the IP and EA for the polymer in its excited 

state. These values are typically referred to as IP* and EA*, and the energy difference between them 

is assumed to be equivalent to the optical bandgap, as shown schematically in Figure 53. Many reports 

in the literature show these calculations being performed on polymeric photocatalysts.194 Typically, 

for DBTS-containing linear polymers, the predicted exciton binding energy is on the order of 0.1 – 0.5 

eV.58,60,195   

 

Since the polymers investigated in this study are structurally similar, they likely exhibit similar exciton 

binding energies to one another. It may, therefore, be possible to accurately predict the optical 

bandgaps of these polymers from the xTB-calculated IP and EA energies without requiring the 

additional TDA-xTB calculation. This was investigated by developing individual linear correction 

 

Figure 52: Cumulative distributions of the measured optical bandgap, EOpt, sTDA-xTB predicted optical bandgaps, ECalc, 
and the xTB-IPEA determined fundamental gaps for the synthesised and tested polymers, EFund.  

 

Figure 53: Energy level diagram to highlight the difference between the ionisation potentials and electron affinities of 
the polymer in its ground state vs those in the excited state. Ground state calculations enable the determination of the 
fundamental gap, whereas excited state calculations can be used to calculate the optical bandgap.   



 

 

Ian Coates, 200840765  32 

functions for the IP and EA values such that the difference between the EFund and EOpt is minimised by 

a least squares method. As such, the exciton binding energy is neglected, and it is assumed that IP=EA* 

and EA=IP*.  

 

As shown in Figure 51, the broad distribution of IP and EA values results in underestimating the 

fundamental gap of small bandgap polymers and overestimating that of wide bandgap polymers. 

Figures 54 and 55 demonstrate that this error predominantly originates from an erroneous evaluation 

of the EA.  

 

 

After applying a correction function to the calculated EA values, the difference between the gap from 

IP/EA values and the experimentally determined optical gap is significantly decreased from ±0.75 eV 

to ±0.50 eV. Plots of the new errors relative to the optical measured gap vs IP and EA are presented 

in Figures 56 and 57. The correction of the EA term reveals that a similar linear trend exists amongst 

the calculated IP values. Deep levels result in over-estimated gaps, and shallow levels result in 

underestimated ones.  

 

 

  

Figure 54:  Differences between the calculated 
fundamental gap and the measured optical bandgap 
relative to the calculated ionisation potentials. Outliers 
highlighted in Figure 50 have been omitted from this 
analysis. 

Figure 55: Differences between the calculated 
fundamental gap and the measured optical bandgap 
relative to the calculated electron affinities. Outliers 
highlighted in Figure 50 have been omitted from this 
analysis. 
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Applying a linear correction function to both the IP and EA values (optimised using a least-squares 

fitting method) results in an optical bandgap estimation, here referred to as EIPEA, in which the optical 

bandgaps of all polymers can be accurately predicted to within ±0.25 eV, as demonstrated by Figure 

58. It should be noted that EIPEA can no longer be considered the fundamental bandgap and that the 

modified IP and EA potentials are more representative of EA* and IP* than those of the ground-state 

polymer. The linear dependence of the differences on the IP/EA gap has also been resolved (Figure 

59).  

 

  

Figure 56: Differences between the modified 
fundamental gap and the measured optical bandgap 
relative to the calculated ionisation potentials. The 
modified fundamental gap is calculated after applying a 
linear correction term to the electron affinity values.  
Outliers highlighted in Figure 50 have been omitted from 
this analysis. 

Figure 57: Differences between the modified 
fundamental gap and the measured optical bandgap 
relative to the calculated electron affinities. The modified 
fundamental gap is calculated after applying a linear 
correction term to the electron affinity values. Outliers 
highlighted in Figure 50 have been omitted from this 
analysis. 
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Compared with the bandgap prediction obtained by calibrating the sTDA-xTB results, calibration of 

the IP and EA values also produces highly accurate predictions of the optical bandgaps, despite not 

accounting for the exciton binding energy. In fact, several of the outliers unaccounted for by the 

former (Figure 41) now lie inside the ±0.25 eV limit, implying that this secondary method is more 

accurate.  

 

These calibration terms also dramatically improve the predicted optical bandgaps of the validation set 

of polymers based on the alternative P2 to P9 diboronic acid monomers (Figure 60). However, after 

removing the polymers that contain the DBTS monomer unit, the remaining optical bandgaps are 

underestimated by approximately 0.125 eV (Figure 61). This is a result of the fact that all 90 polymers 

in the initial training set are based on the DBTS-based co-polymers.  

 

  

Figure 58: Predicted optical bandgaps (EIPEA) determined 
from estimated IP* and EA*  vs the measured optical 
bandgaps. Excited state potentials were approximated by 
applying linear calibration functions to the calculated 
ground state IP and EA values. Points on the dashed black 
line indicate samples for which the predicted 
fundamental gap matches the experimentally-determined 
optical bandgap. The parallel dotted grey lines represent 
a deviation of the two values by ±0.25 eV.  

Figure 59: Differences between the predicted optical 
bandgaps (EIPEA) and the measured optical bandgaps 
relative to EIPEA. Excited state potentials were 
approximated by applying linear calibration functions to 
the calculated ground state IP and EA values. 
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When compared with other co-polymers, those containing the DBTS unit (blue data points Figure 62) 

are consistently predicted to have shallower EA potentials than the equivalent co-polymers based on 

P2-P9 (orange data points Figure 62). This results in a slight shift in the EA correction equation for all 

DBTS polymers compared to non-DBTS polymers, as seen in Figure 63.  

 

  

Figure 60: Predicted (EIPEA) vs measured (EOpt) optical 
bandgaps for the linear co-polymers synthesised from 
alternative diboronic acid precursors after applying the 
linear correction terms to the calculated IP and EA values. 
The dashed black line represents an accurate prediction in 
which the predicted values and experimental values 
match. Data points are colour-coordinated to match the 
relevant diboronic acid precursor, as shown in the text.  

Figure 61: Predicted (EIPEA) vs measured (EOpt) optical 
bandgaps for the linear co-polymers synthesised from 
alternative diboronic acid precursors after applying the 
linear correction terms to the calculated IP and EA values. 
Relative to Figure 60, all copolymers containing the DBTS 
moiety have been omitted.  

  

Figure 62: xTB-IPEA predicted EA values for linear co-
polymers synthesised from alternative diboronic acid 
precursors vs the fundamental gap. Data points relating 
to co-polymers containing the DBTS moiety have been 
coloured in blue.  

Figure 63: Difference between the fundamental bandgap 
and the measured optical bandgap relative to the xTB-
IPEA predicted EA values. Data points relating to co-
polymers containing the DBTS moiety have been coloured 
in blue. Parallel trendlines imply that the EA correction 
equation for non-DBTS differs from that of DBTS-
containing co-polymers by a constant.  
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The difference between the predicted values for DBTS-based co-polymers and those that do not 

contain the DBTS unit can be explained by considering the local environment surrounding the 

chromophore. The IPEA-xTB screening approach calculates the IP and EA energies for oligomers 

containing an equivalent of 12 phenylene rings.188 However, the local environment around the 

oligomer unit will influence the energies of the P, P+, and P- units considered in the calculations. A high 

dielectric environment such as water, which is strongly polar and has a high dielectric constant of 

ε=80.1, stabilises charges and excitons and minimises exciton binding energy. Meanwhile, a non-polar 

environment, such as benzene with a dielectric constant of ε=2, produces the opposite effect.  

 

Since IP and EA potentials must be considered at the polymer-water interface, these values were 

calculated (and calibrated to match DFT calculations) according to a high-dielectric environment. 

However, this approach is simplified compared to the actual situation in which polymer chains are in 

contact with water at the surface but are only in contact with other polymer chains in the bulk. This is 

particularly problematic if IP and EA values are used to predict the optical bandgap since most 

absorption events occur in the polymer bulk. 

 

Since the DBTS unit contains strongly polar sulfone groups, polymers containing this unit are likely to 

experience a higher dielectric environment than those without it, particularly compared to those with 

non-polar monomer units. This would explain why, amongst the P1-P9 data, the PX-93 polymers 

consistently exhibited smaller bandgaps than the others and why these polymers require more 

significant correction terms than the others relative to the other polymers with equivalent EA 

potentials. However, the constant shift in the optical gap of these polymers appears to be small and 

predictable. This implies that future High-Throughput Virtual Screening approaches may be able to 

introduce an additional correction term based on the polymer polarity or its predicted dielectric 

constant in the bulk.   

 

In Prof. Zwijnenburg’s seminal paper, which first outlined this high-throughput screening approach,188 

IPEA-xTB calculations were more closely correlated to the B3LYP calculations in high-dielectric 

environments than those in low-dielectric environments, despite using the generalised Born surface 

area solvation model for water and benzene in these calculations for the xTB calculations. DFT 

calculations predicted wider fundamental gaps for high dielectric environments and narrower 

fundamental gaps for low dielectric environments, with the fundamental gap shifting by 

approximately 1 eV between the two scenarios. Meanwhile, the change in fundamental gaps across 

different environments when using the IPEA-xTB code was significantly smaller on the order of 0.2 eV.  
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Without a correction term that can be applied according to the polymer’s polarity, it is important to 

derive a global-fit calibration equation that is not biased by only considering the DBTS co-polymers 

that can be used in future bandgap predictions where the dielectric constant in the bulk material is 

not known. Repeating the calibration process for the P1-P9 set of co-polymers containing both DBTS 

and non-DBTS co-polymers results in an exceptional fit for this data set, as shown in Figure 64. 

Amongst this set of samples, the optical bandgap is predicted with a mean absolute deviation of just 

±0.06 eV. As expected, the non-DBTS polymers deviate by an average of -0.03 eV, and the DBTS 

polymers deviate in the opposite detection by an average of +0.06 eV. The quality of this fit 

demonstrates a clear improvement in predictive power compared to the calibration of the ECalc results, 

despite not accounting for the exciton binding energies (beyond any potential linear dependence on 

the predicted IP and EA values) or the local dielectric environment in the polymer bulk.  

 

Applying these global-fit calibration equations to the calculated IP and EA potentials of the complete 

set of P1-X polymers results in a quality of fit represented in Figure 65. As expected, there is a minor 

bias towards over-estimating these polymers’ optical gaps as they all contain the DBTS unit. The mean 

absolute deviation is 0.11 eV, and only five of the predicted bandgaps deviate by more than +0.25 eV. 

This approach also results in a more accurate prediction of the optical gaps for the widest-gap 

materials, which were all underestimated when corrections factors were only based on the DBTS co-

polymer dataset.  
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A summary of the different correction functions discussed in this section is presented in Table 3 below. 

It should be noted that there are an infinite number of combinations for the ‘+c’ constants in the IP 

and EA calibration equations. These equations optimise the difference between the two values and 

do not consider the absolute position of the potentials relative to the SHE.   

 

Since the calibration function is linear with a gradient of less than 1, the positions of the IP and EA 

potentials for each polymer relative to one another remain unchanged compared to those predicted 

by the xTB calculations. In reality, due to the different exciton binding energies of different polymers, 

this hierarchy would be expected to change slightly if EA* and IP* had been calculated directly using 

TD-DFT models. 

 

 

 

 

 

 

 

  

Figure 64: : Predicted (EIPEA) vs measured (EOpt) optical 
bandgaps for the linear co-polymers synthesised from 
alternative diboronic acid precursors after applying the 
modified linear correction terms to the calculated IP and 
EA values. The modified calibration equations are derived 
from a broader set of co-polymer structures, including 
both DBTS and non-DBTS co-polymers. The dashed black 
line represents an accurate prediction in which the 
predicted values and experimental values match. Data 
points are colour-coordinated to match the relevant 
diboronic acid precursor, as shown in the text. The dotted 
grey lines represent error margins of ±0.25 eV. 

Figure 65:  Predicted (EIPEA) vs measured (EOpt) optical 
bandgaps for the DBTS-based linear co-polymers 
synthesised from DBTS-B(pin)2. EIPEA values were 
determined after applying modified linear correction 
terms to the calculated IP and EA values. The modified 
calibration equations are derived from a broader set of 
co-polymer structures, including both DBTS and non-DBTS 
co-polymers. The dashed black line represents an 
accurate prediction in which the predicted values and 
experimental values match. The dotted grey lines 
represent error margins of ±0.25 eV.  
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Table 3: Summary of constants used for the various calibration equations discussed in this chapter. a) Constants derived by 
only considering DBTS-co-polymers. b) constants derived from a broader but smaller set of co-polymer structures, 
including both DBTS and non-DBTS co-polymers.  

 m C  

𝐸𝑂𝑝𝑡 ≈ 𝐸𝑁𝑒𝑤 = 𝐸𝐶𝑎𝑙𝑐 − (𝑚𝐸𝐶𝑎𝑙𝑐 + 𝑐) 𝑚 = 0.41 𝑐 = −0.65 ( 9 ) 

    

𝐸𝑂𝑝𝑡 = 𝐸𝐴∗ − 𝐼𝑃∗    

 
 
 

   

𝐸𝐴∗ ≈ 𝐼𝑃𝑁𝑒𝑤 = 𝐼𝑃 − (𝑚1(𝐼𝑃) + 𝑐1) 
𝑚1 = 0.51a 𝑐1 = −0.47a 

( 10 ) 
𝑚1 = 0.57b 𝑐1 = −0.69b 

    

𝐼𝑃∗ ≈ 𝐸𝐴𝑁𝑒𝑤 = 𝐸𝐴 + (𝑚2(𝐸𝐴) + 𝑐2) 
𝑚2 = −0.67a 𝑐2 = −0.89a 

( 11 ) 
𝑚2 = −0.60b 𝑐2 = −0.69b 

    

 

 

2.4 General Trends 
 

So far, by analysing the supplementary data from this paper, it has been highlighted that a reduced 

reaction yield can be associated with poor photocatalytic performance, that swapping the dibromide 

and diboronic ester functional groups for a given pair of monomers can impact both the yield, 

dispersibility and photocatalytic activities despite unchanged optoelectronic properties, and that the 

presence of residual palladium at high concentrations may significantly inhibit potential gains in 

photocatalytic activity associated with the photodeposition of a platinum co-catalyst. None of these 

associations were addressed in the initial study and, to the best of this author’s knowledge, have not 

been explicitly identified in the literature before. This section discusses the trends amongst the 

additional data gathered in this publication, focusing on the fluorescence lifetime data and the 

predicted oscillator strengths.  

 

2.4.1 Fluorescence Lifetime 

 

One key optoelectronic property that was tested for all P1-X polymers as part of this experiment was  

the fluorescence lifetime. In theory, a slower fluorescence decay implies a longer lifetime of the 

photogenerated excitons. Longer lifetimes should lead to higher apparent quantum yields as the 

exciton has a higher probability of diffusing to a reaction site rather than recombine (radiatively) 

within the bulk of the polymer particles. Hence, the extended lifetime allows the rate of radiative 

decay to compete with the rate of redox reactions, and hence improves the AQY. 
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2.4.1.1 Background 

For a perfect fluorescent material, every absorbed photon would result in a corresponding emitted 

photon. The ratio of emitted photons to those absorbed is considered the photoluminescence 

quantum yield (PLQY). In such systems where the PLQY = 1, assuming only one emissive state, it should 

be possible to fit a single exponential function to the time-resolved fluorescence decay. However, real 

systems are considerably more complicated since the excited state can also relax back to the ground 

state via several different pathways. 

 

An electron in an excited state can also decay via non-radiative pathways in which the energy is 

released to the environment as phonons (vibrations) instead of photons. The singlet exciton state can 

also transfer into a triplet excited state manifold via intersystem crossing (ISC). Importantly, in the 

context of conjugated polymers, energy can also be transferred from one chromophore to another, 

either by Forster resonance energy transfer (FRET), or by the Dexter (superexchange) energy transfer 

mechanism. Likewise, energy transfer via coupling to the environment may also occur. This could 

include energy transfer to solvents, impurities, and co-catalysts. The energy in the excited state could 

also be consumed in photoredox reactions that result in charge separation/extraction and the 

formation of ground-state polarons. 

 

Since there is no single exponential decay pathway, a three-component multi-exponential fix it used 

to approximate the overall decay, as represented by equation (12). However, instead of reporting 

three  fluorescence lifetimes  for the three components, (τi), a single weighted average lifetime value 

is presented instead, <τ>. The lifetime reported is the intensity average, as calculated by equations 

(13) and (14). Typical values for fluorescence lifetimes of linear polymeric semiconductors are on the 

order of 0.1 – 10 ns.  

𝐼(𝑡) = 𝐴 + 𝐵1𝑒
−

𝑡
τ1 + 𝐵2𝑒

−
𝑡

τ2 + 𝐵3𝑒
−

𝑡
τ3 (12) 

𝑓𝑖 =
𝐵𝑖𝜏𝑖

∑𝐵𝑖𝜏𝑖
 (13) 

< 𝜏 >𝑖𝑛𝑡= ∑𝑓𝑖𝜏𝑖 (14) 

2.4.1.2 Photocatalytic Activity vs Lifetime 

In their attempts to correlate measured properties with the observed photocatalytic activities via 

machine learning, the initial publication did not identify any association between the fluorescence 
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lifetime and the photocatalytic activities. However, this process was only performed using the data 

for the DBTS co-polymers without adding a platinum co-catalyst. 

 

Figure 66 plots the photocatalytic activity of the polymers without Pt against the measured 

fluorescence lifetime. The error bars represent the change in photocatalytic activity after the 

photodeposition of 1 wt.% Pt. Remarkably, of the 99 polymers, 46 have a weighted fluorescence 

lifetime of less than 1 ns. Of these polymers, none produced hydrogen at a rate above 4 mmol hr-1 g-1 

before Pt addition or above 6 mmol hr-1 g-1 afterwards. The remaining set of 53 polymers contains all 

of the top ten and 22 of the top 25 photocatalysts after Pt photodeposition. Furthermore, a direct 

correlation shows that longer lifetimes result in faster photocatalytic rates.  

 

The distribution of polymer sample populations with different fluorescence lifetimes are presented 

on the secondary axis of Figure 67. The average photocatalytic performance of samples within each 

0.5 ns envelope are presented as the red and blue data points to represent before and after Pt 

photodeposition, respectively. A clear linear trend with a strong positive correlation can be observed 

in both cases. On average, samples with 1 wt.% Pt photodeposited on the surface produced 

2.15 mmol hr-1 g-1 more hydrogen for every additional ns of fluorescence. This highlights the 

importance of producing high-purity polymers with low defect densities that may lead to accelerated 

recombination rates of photogenerated charges. Understanding which chemical design elements lead 

to longer fluorescence lifetimes is also essential.  

  

Figure 66: HER rates for the 99 DBTS-copolymers plotted 
against their fluorescence lifetimes. Error bars represent 
the change in HER rates after the photodeposition of 
1 wt.% Pt as a cocatalyst.  

Figure 67: Average H2
 
 evolution rates for all samples with 

similar fluorescence lifetimes (±0.25 ns).  Data is plotted 
seperately for photocatalytic activities with and without 
photodeposited platinum. The number of samples 
averaged for each data point is displayed as a histogram 
read from the scondary axis.  

R² = 0.81

R² = 0.81

0

5

10

15

20

25

30

35

40

45

 -

 2,000

 4,000

 6,000

 8,000

 10,000

 12,000

 14,000

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

N
u

m
b

er
 o

f 
Sa

m
p

le
s

A
ve

ra
ge

 H
₂ 

Ev
o

lu
ti

o
n

 R
at

e
(μ

m
o

l h
r¯

¹ g
¯¹

)

Fluorescence Lifetime / ns

Distribution No Pt Avg Pt Avg



 

 

Ian Coates, 200840765  42 

2.4.1.3 Lifetime vs Residual Palladium Content 

In general, some of the most significant improvements in photocatalytic activity after adding platinum 

can be observed in samples with the longest lifetimes. Four samples with lifetimes longer than 3 ns 

see increased significant performance after Pt photodeposition. However, four other samples exhibit 

minor decreases in performance. Interestingly, the most active photocatalysts before Pt 

photodeposition are the same samples that exhibited increased activity afterwards. To understand if 

these observations are linked with those made regarding residual palladium in section 2.3.1.2, the 

fluorescence lifetime is plotted against palladium content in Figure 69.  

The area of the data points represents the change in hydrogen evolution rates after adding the 

platinum co-catalyst. It is observed that the samples exhibiting longer lifetimes are typically the same 

ones that are lower in residual palladium. This suggests that charge transfer to residual palladium 

quenches the fluorescence via charge extraction in agreement with transient absorption 

measurements in the literature.62 

 

The only data points that break this trend are the two samples that are situated in the upper right 

quadrant of the chart. However, these samples, with long lifetimes and high palladium content, exhibit 

decreased photocatalytic performances after loading with platinum. The third sample with a long 

lifetime and decreased activity also contains more palladium than the other samples with lifetimes 

longer than 3 ns. The Pd content was not measured for the remaining sample in this region.  

 

These results are interesting since residual palladium does not appear to quench the fluorescence 

lifetime for these samples. Some potential hypotheses for this phenomenon include the slow transfer 

of charges to palladium, the back transfer of electrons from residual palladium into the polymer 

 

Figure 68: Relationship between the weight-averaged fluorescence lifetimes and the residual palladium concentration. 
Data point areas correspond to the change  in HER rates following the photodeposition of 1 wt.% Pt. Red data points 
show a decrease in activity, whereas blue data points indicate increases in photocatalytic activity.  
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excited state, or direct radiative recombination of a Pd-based electron and a positively charged 

polaron P+. Since adding platinum does not improve the HER rate, unlike most other samples, this 

implies that Pd clusters retain their charge-trapping properties and function as radiative 

recombination sites. Alternatively, charge transfer to Pt is as inefficient for these particular polymer 

structures as the transfer to residual palladium.  

 

Overall, these results demonstrate that the fluorescence lifetime does have a significant impact on 

photocatalytic activity. The lifetime is linked to residual palladium content, and the most significant 

improvements upon Pt photodeposition are observed when an exciton has both a long lifetime and 

low palladium content. These results suggest the potential for interesting transient absorption 

experiments in which exciton and polaron lifetimes are monitored as a function of residual Pd and 

photodeposited Pt.  

 

 

2.4.2 Oscillator Strength 

 

The oscillator strength, f, can be considered the ratio between a quantum mechanical transition rate 

and the classical absorption rate of a single electron oscillator with the same frequency. For symmetry 

allowed electronic transitions, large values of f≈1 can be observed. Large values of f indicate that these 

transitions take place rapidly with a high probability.  

The oscillator strength is closely related to the transition dipole moment associated with a transition, 

μfi. f is proportional to μfi
2 multiplied by the energy of the transition represented as a wavenumber. 

Briefly, μfi represents the degree of similarity between the wavefunction corresponding the final 

energetic state and that of the initial energetic state when perturbed by an external electromagnetic 

force (i.e. a photon). The oscillator strength can also be linked to the molar absorption coefficient, ε, 

and the rate of fluorescence, 𝑘𝑒
0. Resultingly, it can be calculated for each transition from absorption 

and emission spectra. 

 

 𝑓 ∝ �̄�|𝝁𝑓𝑖|2 (15) 

 𝑓 ∝ 𝜀𝑚𝑎𝑥∆�̄�𝑓𝑤ℎ𝑚 (16) 

 𝑓 ∝
𝑘𝑒

0

�̄�2
 (17) 
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Importantly, when considering large, conjugated molecules such as these polymers, the absorption 

spectrum cannot be defined by distinct features corresponding to a single electron transitions 

between specific well-defined quantised energy levels. Instead, absorption bands correspond to 

transitions from one continuum of states (the valence band) into another (the conduction band). 

Therefore, the f value reported in these calculations do not represent a single electron transition but 

sum together the oscillator strengths for many different transitions originating form quasi-degenerate 

orbitals located at the band edges. Resultingly, oscillator strengths much greater than one are 

observed.  

 

Estimated oscillator strengths for each polymer were calculated as part of the sTDA-xTB calculations 

of the optical gaps. The optical gap is defined by the lowest energy electronic transition that has a 

non-zero oscillator strength. A high oscillator strength depends on substantial ground and excited 

state orbital mixing when perturbed by electromagnetic radiation. The oscillating dipole moment 

induced by this interaction is proportional to the transition dipole moment, which determines the 

degree of mixing.  

 

The magnitude of the induced oscillating dipole depends on the strength of the incident electric field 

and the polarisation of light relative to the transition dipole moment. It is also dependent on the 

molecule’s polarisability. π-conjugated electrons along a conjugated polymer backbone can be 

considered delocalised. As such, valence electrons in conjugated polymers are strongly polarisable, 

resulting in very strong absorption and emission spectra. 

 

In the context of photocatalysis, large oscillator strengths are preferable for a couple of reasons. 

Firstly, a large absorption coefficient implies that less material is required to absorb all incident light 

fully. It also means that most light is absorbed near the particle surface. Therefore, excitons do not 

have to diffuse as far, and the probability of bulk recombination is minimised. 

 

The transition dipole moment is also an essential parameter concerning the Forster Resonance Energy 

Transfer by which excitons diffuse through the polymer particles. In this process, instead of emitting 

a photon upon deexcitation, the oscillating dipole from the donor chromophore induces an oscillating 

dipole (and hence an excitation event) in the acceptor chromophore via a long-range dipole-dipole 

interaction. This results in energy transfer from Donor to Acceptor. As such, the rate of energy transfer 

depends on the transition dipole moment of the relaxation transition in the donating chromophore 
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and the transition dipole moment of the excitation transition of the acceptor chromophore. As such, 

increased diffusion lengths may be observed in polymers predicted to have large oscillator strengths. 

  

 

Figure 69 plots the H2 evolution rate vs the predicted oscillator strengths for each polymer. As with 

previous charts, data points represent the activity before Pt photodeposition and error bars represent 

the activity after photodeposition. As expected, improved oscillator strengths are accompanied by 

improved HERs.  

 

It is important to note the relationship between the rate constant for emissive relaxation, ke, and the 

oscillator strength as outlined in equation (17). To a first approximation, this appears to highlight two 

conflicting mechanisms regarding fast HERs: large oscillator strengths and shorter excited state 

 

Figure 69:  HER rates for the 99 DBTS-copolymers plotted against their calculated oscillator strengths, f. Error bars 
represent the change in HER rates after the photodeposition of 1 wt.% Pt as a cocatalyst. 

  

Figure 70:  Average hydrogen evolution rate (No Pt) per 
1.5 a.u. oscilator strength.  Grey histogram presents the 
distribution of predicted oscilator strengths for all 
synthesised samples.  

Figure 71:   Average hydrogen evolution rate (1 wt.% Pt) 
per 1.5 a.u. oscilator strength.  Grey histogram presents 
the distribution of predicted oscilator strengths for all 
synthesised samples. 
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lifetimes. However, this does not consider the fact that the electronic states associated with the 

absorption and emission events are not necessarily the same.  

 

The oscillator strength associated with a transition from S0 to Sn may be very large, implying a 

significant molar absorption coefficient. However, Sn will rapidly relax into the S1 excited state via 

internal conversion. The oscillator strength associated with the S1→S0 transition may be significantly 

smaller, thus resulting in a high absorption coefficient and a long lifetime. However, as discussed 

above, absorbing chromophores in conjugated polymers are rarely the same as the emitting 

chromophores. An S1 excited state of an absorbing chromophore will transfer its energy to 

neighbouring chromophores before a photon is emitted. In this case, the rate of radiative emission 

will depend on the transition dipole moments associated with the emitting chromophore.      

 

Equally, a short fluorescence lifetime does not necessarily mean a significant emissive decay rate 

constant and a large oscillator strength. The change in the excited state population results from the 

combination of radiative and non-radiative relaxation processes. Photoluminescence quantum yield 

measurements are required to provide more information regarding the relative rates of these 

processes.  

 

Finally, the absorption and emission rates depend significantly on the vibronic coupling of vibrational 

and electronic energy levels. In particular, the vibrational wavefunctions of the initial and final states 

must exhibit an appreciable overlap integral (Frank-Condon factor) to allow a transition to take place. 

Since absorption takes place from the vibrationally-relaxed ground state, and emission takes place 

from the vibrationally-relaxed excited state, the FC factors associated with the 𝑆0
𝜈=0 → 𝑆1

𝜈′=𝑛 

transition may differ from those for the 𝑆1
𝜈′=0 → 𝑆0

𝜈=𝑛 transition, despite relating to the same 

electronic energy levels. The vibrationally-relaxed geometries of the ground and excited states are 

likely to be similar for rigid co-planar structures and differ in polymers with increased degrees of 

rotational and vibrational degrees of freedom. The relationships between specific structures and 

photocatalytic performance will be discussed in more detail later. 
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2.5 Role of Pt co-catalyst 
 

So far, we have identified specific associations between photocatalytic activities and measured 

properties that are more prominent after the photodeposition of a Pt co-catalyst. These appear to be 

particularly apparent regarding the residual Pd content, excited state lifetime, and oscillator strength. 

In this section, consideration is given to why some polymers experience significant improvements in 

activity following Pt addition and others do not. Likewise, explanations for why some polymers are 

sensitive to residual Pd content are considered.  

 

First, some possible catalytic pathways must be considered, as shown in Figure 72. Along the first 

pathway, the reductive pathway, rapid oxidation of the sacrificial electron donor produces a 

negatively charged polaron (the reduced polymer). The negative charge is then transferred to the 

metallic co-catalyst, where the HER occurs. The second pathway, the oxidative pathway, considers the 

reverse situation in which an electron is initially injected into the co-catalyst, and the resulting 

positively-charged polaron is reduced by the sacrificial electron donor.  

 

Figure 72: Possible reaction pathways to regenerate the polymeric photocatalysts following excitation. Pathway i) 
represents a reductive pathway in which the excited polymer is reduced by the sacrificial electron donor, TEA before 
transferring an electron to a metallic co-catalyst. Pathway ii) involves initial oxidation of the excited polymer by 
transferring an electron to a co-catalyst followed by reduction by a sacrificial electron donor. The excited polymer may 
also relax back to its ground state via various radiative or non-radiative pathways. Each electronic process is associated 
with a rate constant. The overall rate of reaction will be determined by these constants, and the relative concentrations 
of the species involved. Which step is rate determining will depend on the selection of the polymer, co-catalyst, and 
sacrificial reagent.  
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It must be stated that this reaction schematic is dramatically simplified since not all possible side 

reactions can be considered. For example, P*, P+, and P- may undergo photodegradation, react with 

one another, react with neutral polymer molecules, or react with impurities. We also assume that the 

HER takes place on the co-catalyst surface. However, structure-dependent reaction mechanisms 

involving the polymer itself may also be possible.    

    

The rate constant kd represents the various deactivation pathways from the excited state back to the 

initial ground state, including fluorescence, phosphorescence, and internal conversion. The rate 

constant k*r represents the rate of reduction of the excited polymer. kr is the rate constant for the 

reduction of the positive polaron. These rates depend on the EA* and IP potentials relative to the 

oxidation potential of TEA. EA* and IP differ by half of the exciton binding energy. The rate constants 

for charge transfer from the negative polaron and exciton to the Pd/Pt co-catalysts are represented 

by kPd/Pt and k*Pd/Pt, respectively. These rates will depend on EA and IP* potentials and their relative 

positions to the Pd and Pt work functions.  

 

Following the mechanistic investigations conducted by Sachs et al., the homopolymer DBTS-DBTS (P1-

93,  also known as P10) has been demonstrated to follow the first pathway. However, the negatively-

charged polaron is long-lived due to the slow transfer of electrons to residual palladium clusters. 62,63 

The population of this negatively charged polaron has also been demonstrated to scale with the 

number of DBTS units in the backbone.135  The long-lived negatively-charged polaron is also present 

in the DBTS-Ph (P7) polymer.196  

 

However, none of these studies have also considered the impact of adding a Pt co-catalyst. Sachs et 

al. concluded that despite the slow transfer of electrons to residual Pd, palladium remains essential 

for improved HER rates.63 They go on to claim that future polymeric catalysts require long-lived stable 

polarons and rapid charge transfer to palladium. However, this HT study, in which the activity of P10 

increases from 3.4 mmol hr-1 g-1 to 16.7 mmol hr-1 g-1 following Pt addition, implies that charge transfer 

to platinum is considerably faster than to palladium.  

 

In reference to Figure 72, P1-93 likely progresses through the reductive quenching pathway (i.e. k*r ≫ 

k*Pd). The rate-determining step controlling the HER is, therefore, the charge transfer to residual 

palladium (k*r>kPd). It is apparent that kPt>kPd, and this process is likely responsible for the improved 

activity after loading with Pt.  
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Compared with palladium, platinum has a larger work function (φPt=5.64 V, φPd=5.12 V).197 This means 

there is a greater thermodynamic driving force for electron extraction into Pt than there is into Pd. Pt 

also has a lower binding energy for protons and hydrogen, enabling rapid adsorption and desorption 

processes. As such, Pt is considered the optimal co-catalyst for hydrogen evolution and typically 

results in faster HER rates than Pd.  

 

When acting as an electron sink, it is preferable to form a Schottky barrier at the co-

catalyst/semiconductor interface.198 This enables the injection of photoelectrons into the metal but 

introduces a barrier to prevent their back-transfer and enhances charge separation. The size of this 

junction depends on the bandgap and the alignment of the semiconductor’s Fermi Energy, EF, relative 

to the metal’s work function. Assuming that the polymer photocatalysts are intrinsic semiconductors, 

their Fermi levels would lie in the middle of the bandgap. We can approximate this potential as the 

mid-point between the IP and EA.  

 

 

2.5.1 IP, EA and Pt Loading 

Relating IP, EA, and EF to Figure 72, we can predict certain trends regarding how the activity might 

change following the photodeposition of Pt relative to these parameters. Firstly, the more negative 

the EA potential, the greater the driving force for charge extraction into residual palladium clusters. 

As such, the HER rate increases with this metric. This trend was observed and discussed in the original 

publication and is shown in Figure 73a.  

 

Likewise, charge transfer to platinum is also expected to follow this trend for the same reasons. This 

is also observed for the polymers after loading with Pt, as shown in Figure 73c. In general, the biggest 

increases in activity are also observed for polymers with the most negative EA potentials, as shown in 

Figure 73b. This pattern is consistent with the notion that the charge transfer of electrons into Pd, 

described by kPd, defines the rate-determining step in the HER. 

 

A more interesting shift is observed when comparing the photocatalytic activities before and after Pt 

photodeposition relative to the  IP potential. For the as-prepared photocatalysts in which residual Pd 

is the only co-catalyst, Figure 73d demonstrates the photocatalytic activity peaks at 0.9 V vs SHE. At 

potentials more negative than this, there is a limited driving force for TEA oxidation, particularly 

considering the exciton binding energy. In this situation, the rate-determining step may be defined by 

the rate constant k*r, rather than kPd. In cases where the IP is considerably more negative, the reaction 
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may progress via the photooxidation pathway (i.e. k*Pd>k*r), in which charge extraction into Pd 

precedes TEA oxidation via the P+ polaron.  

 

 

   

   

   

Figure 73: Hydrogen evolution rates for the 99 DBTS co-polymers before (left) and after (right) photodeposition of 1 wt.% 
Pt. Central graphs represent the change in photocatalytic activity observed for each polymer associated with 
photodepositing the 1 wt.% Pt co-catalyst. Top, middle, and bottom rows plot these values relative to the EA, IP, and Fermi 
potential, respectively. The Fermi Potential is approximated as the mid-point between the xTB-IPEA calculated  IP and EA 
values. Dashed vertical lines represent the maxima before the addition of platinum.  

a b c 
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The resulting photocatalytic activity also decreases for IP potentials more positive than 0.9 V vs SHE. 

It can be argued that this trend provides evidence that the HER rate is limited by kPd. If the rate was 

limited by k*r, a more-positive IP potential should result in an increased HER. Those with deeper (more 

positive) IP potentials are also expected to have either deeper EA potentials or wider bandgaps. The 

latter would result in a smaller proportion of the incident light being harnessed. It is also possible that 

rapid TEA oxidation in these polymers results in the rapid accumulation of negative charges in the 

polymer backbone that inhibits further absorption events. Such charge accumulation may also 

promote the rate of back-transfer of electrons into TEA∙+ to reform TEA.64 

 

In contrast with the EA-related graphs, the optimal IP potential for polymers loaded with 

photodeposited Pt is shifted to more positive voltages relative to the SHE, as shown in Figures 73e and 

73f. This observation can be rationalised by considering that kPt>kPd. If charge transfer to platinum 

becomes competitive with the rate of reductive quenching, k*r, then the rate-determining step for the 

reaction could be either step. In the case where reductive quenching is limiting, a more positive IP 

potential would generate a stronger thermodynamic driving force for TEA oxidation. Rapid charge 

extraction would also limit the negative charge accumulation in the form of excess P- polarons and 

mitigate any accompanying competing charge-transfer reactions.  

 

It is also worth considering the relative HER rates with respect to the polymer’s Fermi level, which lies 

at the midpoint between the IP and EA potentials, assuming they are intrinsic, undoped 

semiconductors. The respective charts are plotted in Figures 73g - 73i.  In the case of a Pd co-catalyst, 

the most photoactive polymers have the most negative Fermi levels relative to the SHE. Such polymers 

would provide the largest thermodynamic driving force for electron extraction and form the most 

significant Schottky barriers that prevent the back transfer of electrons from Pd into the polymer 

matrix.  

 

Conversely, after Pt photodeposition, the optimal Fermi Level is shifted to more positive potentials vs 

the SHE, and the most active photocatalysts span a wider range of Fermi Level potentials. This agrees 

with the theory that the thermodynamic driving force is more substantial, and the Schottky barrier is 

taller at the semiconductor-Pt junction than the semiconductor-Pd junction due to its more 

considerable work function. 

 

There is a substantial cluster of data points in Figure 73h close to the baseline at -0.5 V vs SHE. This 

implies that the samples with the most negative Fermi levels do not exhibit significant increases in 
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photocatalytic activities following Pt deposition. In such samples, it is possible that kPd≈kPt or even that 

kPd>kPt. Since Pd is known to be a less-effective cocatalyst and some clusters will be immobilised inside 

the bulk of the polymer particles, the photocatalytic activities of these polymers could be increased 

by improving synthesis conditions to limit residual Pd content.  

 

The equivalent charts corresponding to the calculated fundamental and measured optical gaps are 

presented in Figures 74a to 74f. The vertical dashed lines (EF=2.85 eV and Eg=2.53 eV) correspond to 

the peak activities in the Pd-catalysed distribution of samples (Figures 74a and 74d). Interestingly, the 

optimal gaps before and after Pt addition remain unchanged, as demonstrated by the alignment 

between the peak activity and the dashed line in Figures 74c and 74f. However, samples with wider 

fundamental gaps still exhibit larger increases in activity on average, as demonstrated by the 

substantial number of data points on the right-hand side of the dashed line in Figure 74b, indicating a 

change in the HER rate of greater than 1,000 μmol hr-1 g-1
 following Pt photodeposition.  

   

   

Figure 74:  Hydrogen evolution rates for the 99 DBTS co-polymers before (left) and after (right) photodeposition of 1 wt.% 
Pt. Central graphs represent the change in photocatalytic activity observed for each polymer associated with 
photodepositing the 1 wt.% Pt co-catalyst. Top and bottom rows plot these values relative to the fundamental gap and 
measured bandgap, respectively. Dashed vertical lines represent the maxima before the addition of platinum. 

a b c 

d e f 
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These results suggest that wider bandgap materials will most likely have favourable EA and IP 

potentials. However, wider bandgaps may also correspond to decreased activities because they can 

absorb a smaller portion of the solar spectrum. Thus, this highlights the importance of fine-tuning the 

optical properties of photocatalysts, which is considerably easier for organic semiconductors than 

inorganic ones.   

 

In summary, the relative rates of hydrogen evolution before and after Pt photodeposition is a 

complicated phenomenon. However, it is possible to establish some parameters that can be 

incorporated into any future high-throughput computational screening experiments when searching 

for new linear copolymers. Such screening experiments should aim to predict the most active 

polymers when paired with Pt rather than Pd since the charge transfer to Pt appears to be considerably 

faster for most linear copolymers.  

 

2.5.2 High Throughput Screening Parameters 

Ensuring that the predicted EA potential lies as negatively as possible is important. Therefore, a 

suitable screening parameter would be to identify polymers for which the EA value lies between -2.2 

and -1.5 V vs SHE. The criteria for an ideal IP potential is more complicated since this oxidation 

potential determines the rate of oxidation of the sacrificial reagent, SR, the selection of which is an 

important variable. For these reaction conditions, which utilise TEA as the SR, the most active 

photocatalysts were predicted to possess IP values between +0.9 and +1.4 V vs SHE. Given the 

oxidation potential of TEA to form TEA●+ (ETEA=+0.7 V vs SHE), this suggests that screening hypothetical 

polymers according to their IP potential should prioritise samples which provide at least 0.2 – 0.7 V of 

overpotential relative to the SR to be used. 

 

By taking the extremes of each range, the resulting fundamental gaps of the screened polymers should 

lie between 2.4 < EFund < 3.6 eV when screening for suitable polymers that function well with TEA. 

Likewise, the Fermi level will be predicted to lie between -0.05 > EFermi > -0.65 V vs SHE. If presented 

with a lot of samples, these values could be narrowed further by only considering fundamental gaps 

wider than 2.8 eV and prioritising the remaining samples with the most negative Fermi energies. 

However, these parameters must also be adjusted for alternative sacrificial reagents accordingly.  
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The remaining polymers could undergo an additional screening step in which only polymers with 

oscillator strengths greater than 6 (f>6) since this value can also be predicted computationally and is 

an important factor amongst the most active polymers. 

 

The modified calibration curve relating IP/EA potentials and the optical bandgap also allows us to 

predict the optical bandgap to within ±0.15 eV of their experimental values and rank them relative to 

the optimal experimental value of 2.56 eV. 

 

Of the 99 synthesised polymers, 21 meet these criteria based on theoretical calculations. Their 

photocatalytic activities before and after Pt addition are presented in Figure 75. Nine of the top ten 

polymer photocatalysts after Pt photodeposition fall into this subspace of predicted properties. This 

subset of 21 polymers also contains 16 of the top 25, 18 of the top 50 photocatalysts, and only three 

samples from the 50 least active photocatalysts. 

 

  

Figure 75:  Hydrogen evolution rates for the 21 
synthesised polymers that meet the screening criteria 
outlined in the text. Rates before Pt deposition are 
plotted against rates after Pt photodeposition.  

Figure 76: Hydrogen evolution rates (with 1 wt. Pt) for the 
21 synthesised polymers that meet the screening criteria 
outlined in the text. HER rates are plotted against the 
calculated fundamental gap. 
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Although samples within these screening parameters are more likely to be highly active photocatalysts 

under specific testing conditions, these calculations cannot predict which will be the most active. 

Alone, they also cannot identify which polymers will exhibit the largest increases in activity after Pt 

photodeposition.  

 

With the possible exception of the fundamental gap (Figure 76), in which wider fundamental gaps 

appear to correlate with lower activities, any dependence of the activity on the other parameterized 

properties is no longer apparent, as seen in Figures 77a-c. However, correlations between the 

photocatalytic activity, the yield, and the residual palladium remain relatively strong (Figures 78a-b).  

 

The correlation between the fluorescence lifetime and the photocatalytic activity of this subset of 

polymers is less clear (Figure 78c). However, it should be noted that only two polymers within this 

refined subset have fluorescence lifetimes shorter than 1 ns. This is in direct contrast to the unfiltered 

sample library in which nearly 50% of all samples exhibited fluorescence lifetimes of 1 ns or shorter. 

As such, there is a clear implication that IP, EA, and the oscillator strength directly impact the excited 

state lifetimes.  

   

Figure 77:  Hydrogen evolution rates (with 1 wt. Pt co-catalyst) for the 21 synthesised polymers that meet the screening 
criteria outlined in the text. HER rates are plotted against the predicted IP (a), EA (b), and oscillator strength (c) values. 
These results show that there is no clear correlation between these computationally-determined values and the 
photocatalytic activities after applying general screening criteria.  

a b c 
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Of these factors, the fundamental gap (i.e. the difference between the IP and EA potentials) likely has 

the most significant impact. The inverse energy gap law states that non-radiative decay from the 

excited state will be faster when the energy difference between the ground and excited states is small. 

This process takes place via internal conversion in which ground and excited state wavefunctions mix 

due to perturbations from molecular vibrations. This results in a horizontal energy transfer from the 

excited state into a vibrationally-hot ground state. The wider the energy gap, the poorer the 

vibrational wavefunction overlap will be, so the internal conversion rate slows down considerably. 

 

When comparing the fluorescence lifetime of all polymers with the predicted fundamental gaps, we 

can see that this relationship holds true, as shown in Figure 79a. Importantly, this also holds true for 

the measured optical gap, as shown in Figure 79b. This has important implications regarding the design 

of future linear organic photocatalysts as there is a clear trade-off between the optical bandgap, which 

should be as narrow as possible to maximise the portion of harvestable solar irradiation, but also 

needs to be wide enough such that the excited state lifetime is long enough to ensure that exciton 

migration and charge extraction processes can compete on with the non-radiative decay pathways.  

  

   

Figure 78: Hydrogen evolution rates (with 1 wt. Pt co-catalyst) for the 21 synthesised polymers that meet the screening 
criteria outlined in the text. HER rates are plotted against the synthesis yield (a), residual palladium content (b), and the 
weighted fluorescence lifetime (c). These results show that experimental factors may be most influential in determining 
the photocatalytic activities of the screened polymers. 

a b c 
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Figure 80a reaffirms that the residual Pd content does not depend on the synthesis yield. However, 

Figure 80c, in which the width of the bubbles represents the HER rates after the addition of Pt,  

demonstrates how efficient photocatalytic activity independently depends on both the high yield and 

low Pd content. Meanwhile, Figure 80b shows that the residual Pd content and the excited state 

lifetime are strongly correlated. Longer lifetimes appear to be considerably more likely when there 

are lower levels of Pd. Figure 80d highlights those samples exhibiting long fluorescence lifetimes and 

low Pd concentrations exhibit the fastest HER rates when using Pt as a co-catalyst. Of the eight samples 

that demonstrate lifetimes between 2 and 2.5 ns, the four most active possess lower levels of 

palladium. It is also worth noting that several of the 21 selected polymers disperse poorly in the 

water/methanol/triethylamine solution (Figure 81), which will also detrimentally affect the resulting 

photocatalytic activity. 

  

Figure 79: Direct correlational relationship between the fluorescence lifetimes and the polymer’s calculated 
fundamental gap (a), and measured optical gap (b).  

a b 
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Figure 80: Left) Relationship between residual palladium content and synthesis yield for the 21 identified polymers 
after screening. Right)  Relationship between residual palladium content and the fluorescence lifetime for the same 
samples. Data point widths in the charts c) and d) represent the hydrogen evolution activities after the 
photodeposition of 1 wt.% Pt.  

 

Figure 81: Hydrogen evolution rates (1 wt.% Pt) vs transmissivity data for the 21 DBTS co-polymers identified after 
screening all 99 synthesised polymers according to their computationally-determined properties.  

a b 

c d 
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Although the 21 polymers identified produce hydrogen at a range of rates from 480 μmol hr-1 g-1 to 

16,720 μmol hr-1 g-1, restricting the subspace of computationally-screened polymers according to the 

desired EA, IP, and EFund can effectively highlight polymers with a high likelihood of achieving fast 

photocatalytic hydrogen evolution under sacrificial conditions after loading with a Pt co-catalyst.  

 

Furthermore, these data strongly indicate that modifying the synthesis conditions could lead to 

improved photocatalytic activities amongst the underperforming samples as a result of better 

synthetic yields and decreased residual palladium concentrations.  

 

However, despite this, it remains challenging to predict which polymers will be the best photocatalysts 

specifically. Amongst the very top photocatalysts, their activities cannot be distinguished or ranked 

according to these computational and experimental data alone. In reality, further information 

regarding the structure-activity relationships is required.  

 

Unfortunately, the crystallographic data was only assessed qualitatively, and the gas sorption data 

were not tabulated. Computational calculations were also performed to determine the solvation 

energies in the original study, but these results were not tabulated either. However, particle size, 

particle porosity, crystallinity, and wettability are likely to be important factors in determining the 

photocatalytic activity of these polymers.  

 

2.6 Structure/Activity Relationships 
 

Until now, the discussion has focussed on identifying global trends from the recorded data with 

respect to this library of photocatalysts.  In addition to those identified in the original publication (IP, 

EA, Eg, and %T), several other trends have been identified in this chapter (yield, residual palladium 

content, fluorescence lifetime, and oscillator strength).   

 

Whilst these parameters can be used to identify polymers that are likely to perform well, such metrics 

cannot guarantee an efficient photocatalyst. Nor can they reliably predict the resulting hierarchy of 

the polymers that do meet all of the criteria.  

 

The top 12 performing polymers before Pt addition are presented in Table 4. Whilst most of these 

polymers meet the majority of criteria outlined in the previous sections, there are notable exceptions.  

These values have been highlighted in the table in bold.  For example, P1-32, the most active polymer 

before Pt photodeposition, exhibits a relatively short fluorescence lifetime and the smallest bandgap 
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of the set. As exemplified by larger transmittance values, P1-72 and P1-47 are less dispersible than an 

ideal system would be but retain their activities. P1-61 and P1-71 were also synthesised in yields below 

70%, and P1-74 only has an oscillator strength of 2.95, well below the cut-off value used for screening 

in the previous section. Four of the top 12 polymers also had very high residual palladium content. 

However, only one of these polymers, P1-74, exhibited an enhanced activity following Pt deposition.  
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Table 4: Top 12 DBTS-X co-polymers for photocatalytic hydrogen evolution before Pt photodeposition. Values in bold 
represent outliers typically associated with lower photocatalytic activities. 

 Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ  
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

1 P1-32 

 

9,772 9,422 2.31 85 2.68 1.08 0.258 0.89 -1.92 9.36 

2 P1-14 

 

8,742 8,228 2.56 >100 3.63 1.88 0.672 0.99 -1.87 8.11 

3 P1-92 

 

8,462 9,422 2.55 >100 5.1 2.23 0.147 1.02 -1.86 6.36 

4 P1-89 

 

8,390 12,869 2.46 >100 3.88 2.1 0.142 0.92 -1.90 9.81 

5 P1-60 

 

7,649 11,320 2.65 91 9.85 4.03 0.177 1.23 -1.81 7.11 

6 P1-72 

 

6,232 3,348 2.40 #N/A 35.62 1.44 0.569 #N/A #N/A #N/A 

7 P1-74 

 

6,038 8,341 2.45 77 8.33 1.6 0.522 1.13 -2.06 2.95 

8 P1-23 

 

5,631 10,155 2.52 >100 5.12 3.05 0.138 1.04 -1.85 9.83 

9 P1-90 

 

5,288 5,089 2.45 96 2.8 2.36 0.247 0.85 -2.00 9.06 

10 P1-61 

 

5,248 8,195 2.69 69 5.94 3.66 0.207 1.35 -1.77 6.95 

11 P1-21 

 

4,954 4,020 2.52 67 7.86 1.3 0.664 0.71 -1.76 2.43 

12 P1-47 

 

4,462 7,076 2.75 >100 13.52 2.13 0.376 1.40 -1.52 6.16 
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Table 5: Top 12 DBTS-X co-polymers for photocatalytic hydrogen evolution after Pt photodeposition (1 wt.%). Values in 
bold represent outliers typically associated with lower photocatalytic activities. 

 Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

1 P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.311 1.16 -1.71 9.64 

2 P1-89 

 

8,390 12,869 2.46 105 3.88 2.1 0.142 0.92 -1.90 9.81 

3 P1-60 

 

7,649 11,320 2.65 91 9.85 4.03 0.177 1.23 -1.81 7.11 

4 P1-27 

 

1,053 10,721 2.56 99 3.46 2.3 0.171 1.30 -1.78 6.19 

5 P1-23 

 

5,631 10,155 2.52 105 5.12 3.05 0.138 1.04 -1.85 9.83 

6 P1-32 

 

9,772 9,422 2.31 85 2.68 1.08 0.258 0.89 -1.92 9.36 

7 P1-92 

 

8,462 9,422 2.55 105 5.1 2.23 0.147 1.02 -1.86 6.36 

8 P1-74 

 

6,038 8,341 2.45 77 8.33 1.6 0.522 1.13 -2.06 2.95 

9 P1-14 

 

8,742 8,228 2.56 105 3.63 1.88 0.672 0.99 -1.87 8.11 

10 P1-61 

 

5,248 8,195 2.69 69 5.94 3.66 0.207 1.35 -1.77 6.95 

11 P1-7 

 

652 7,671 2.69 36 52.04 2.43 0.214 1.25 -2.00 6.58 

12 P1-47 

 

4,462 7,076 2.75 105 13.52 2.13 0.376 1.40 -1.52 6.16 
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Table 5 presents the top 12 DBTS-X co-polymers following the photodeposition of 1 wt.% Pt. Whilst 

this set contains 9 of the most active polymers from Table 4, the order has changed dramatically. The 

remaining polymers ranked 1st, 4th, and 11th in Table 5 result from significant increases in the HER and 

are only ranked 20th, 46th, and 56th before Pt photodeposition. Generally, the magnitude of change in 

HER following Pt photodeposition does not appear to depend on the initial HER. This is exemplified in 

Figure 82. 

 

As was the case before co-catalyst addition, most of the characteristics of polymers in Table 5 align 

with the general trends identified in the previous sections of this chapter, with most of the same 

notable exceptions. P1-7 (Rank 11th with Pt) is the only new exception, synthesised at a very low yield 

and exhibiting a high transmissivity value, indicating that it does not disperse well in the reaction 

medium.  

 

Despite a general agreement with the overall trends, such as an oscillator strength greater than 6, 

lifetimes greater than 1 ns, yields above 70%, and suitable IP, EA and transmittance values etc., it is 

impossible to identify which polymers will be the most efficient from these properties alone.  

 

Clearly, a study of the structure-property relationships is required to better understand which 

polymers performed best relative to one another beyond these global trends. Initial inspection of 

these two tables already provides some indication of how structure and activity are related. For 

example, several of these monomers can be considered fused macrocycles in which the delocalisation 

runs parallel to the backbone of the polymer chain. Para-linked phenylene chains also feature heavily 

and appear to be particularly effective when containing electron-withdrawing functional groups. 

However, the presence of polymers such as P1-72, P1-74, and P1-47 indicates that designing polymers 

on these principles alone may result in the omission of other highly-effective polymer structures.  It is 

also worth noting that the fused macrocycle monomers may contain electron-withdrawing or 

electron-donating groups. This section will break down the 99 synthesised polymers into various 

subsets according to the structures and attempt to rationalise the observed trends accordingly. 
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Figure 82: Distribution of photocatalytic activities of all polymers before photodeposition of Pt. Error bars represent the 
change in HER rates after the photodeposition of Pt. Samples are ordered according to their initial HER rate. 

  

2.6.1 Structure and Oscillator Strength 

The first thing to establish is which structural features give rise to large oscillator strengths. The most 

active photocatalysts have large oscillator strengths greater than six. However, most samples have 

oscillator strengths lower than this. Therefore we must consider which structural elements should be 

incorporated into the polymer design to increase the likelihood of large oscillator strength. 

 

 

2.6.1.1 Number of conjugated bonds 

Consider polymers P1-3, P1-16, and P1-19, as presented in Table 6. Clearly, the oscillator strength 

increases as the number of conjugated π-bonds along the direction of the backbone increases. This is 

because the upper limit of the oscillator strength is equal to the total number of delocalised electrons 

at the band edge. Although a molecular orbital can only contain two electrons according to Pauli’s 

exclusion principle and Hund’s rule, conjugated semiconductors contain many degenerate energy 

levels close to the band edge.   
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Table 6: Table to highlight association between number of p-phenyl rings and oscillator strength.  

 Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

1 P1-3 

 

1,948 3,815 2.45 Quant 3.51 1.55 0.42 1.12 -1.89 7.14 

2 P1-16 

 

2,295 3,764 2.59 Quant 4.74 2.2 0.32 1.04 -1.92 9.99 

3 P1-19 

 

4,155 3,703 2.62 Quant 5.63 2.69 0.18 1.00 -1.93 12.16 

 

However, these samples demonstrate that the oscillator strength alone cannot determine the HER 

after Pt photodeposition, as all three samples exhibit very similar HER rates between 3.70 and 

3.82 mmol hr-1 g-1 under these conditions.  

 

This trend is in direct contrast with the photocatalytic HER rates when the only co-catalyst is residual 

palladium. In this case, the HER rate is significantly dependent on the residual Pd concentration, as 

shown in Figure 83a.  As observed on the global scale, the excited state lifetime is also inversely 

proportional to the residual palladium content, such that P1-19 benefits from both low Pd content 

and long excited state lifetimes (Figure 83b). The fluorescence lifetimes also track inversely with the 

measured optical bandgap.   

 

  

Figure 83: a) Association between photocatalytic activity co-polymers highlighted in Table 6 (No Pt), and the residual 
palladium concentration. b) Relationship between residual palladium concentration and fluorescence lifetime for the 
same three samples.   

a b 
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One surprising trend here is that, despite the lower Pd content and longer excited state lifetime, P1-

19 decreases in activity upon Pt addition, whereas the other two samples increase in activity. This may 

arise because the Pt loading concentration has not been optimised. It is well known that the presence 

of too much co-catalyst can inhibit photocatalytic activity by covering active sites, shielding light 

absorption, decreasing the surface area, and in some cases, increasing the charge recombination 

rate.199 

 

2.6.1.2 Perpendicular Conjugation 

Table 7: Computationally and experimentally derived values relating to the DBTS-Anthracene co-polymers relative to the 
DBTS-DBTS homopolymer. 

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.31 1.16 -1.71 9.64 

P1-21 

 

4,954 4,020 2.52 67 7.86 1.3 0.66 0.71 -1.76 2.43 

P1-22 

 

4,413 3,703 2.51 96 9.45 2.5 0.27 0.69 -1.71 4.56 

 

Table 7 contains the data for the anthracene-based co-polymers P1-21 and P1-22 and the DBTS 

homopolymer P1-93.  Despite the extended π-conjugated system on the anthracene units, these 

polymers are predicted to have considerably lower oscillator strengths than the equivalent phenylene 

co-polymers P1-3 and P1-16. This is because the additional π-electrons do not contribute to 

delocalisation along the direction of the polymer backbone and would predominantly interact with an 

orthogonal polarisation of light. Furthermore, the less-positive IP values for these molecules relative 

to P1-93 indicate that the HOMO is predominantly located on the anthracene unit, and the EA values 

remain unchanged and are probably located on the DBTS unit. As such, the HOMO-LUMO orbital 

mixing during the interaction with light will be minimal, resulting in a smaller transition dipole moment 

and smaller oscillator strength.  

 

It is worth noting that the measured optical bandgaps of the DBTS-anthracene co-polymers are similar 

to those for all the other co-polymers discussed in this section, despite the considerably narrower 
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fundamental gap (EFund = q(IP – EA)). This reinforces the idea that the HOMO-LUMO transition does 

not occur with any appreciable probability. It also indicates that the lowest energy transition likely 

involves deeper molecular orbitals that lie lower in energy than the HOMO. 

 

Given the structural similarities between P1-21/P1-3 and P1-22/P1-16, the orbitals involved in the 

optical transitions are likely very similar. This would explain the similar optical band gaps. The lack of 

overlap between the HOMO and LUMO orbitals also indicate a spatial separation of photogenerated 

electron and holes. It would also explain why achieving longer excited state lifetimes is possible 

despite a small fundamental gap.    

 

2.6.1.3 Fused macrocycles  

As indicated above, larger oscillator strengths do not always lead to enhanced photocatalytic rates 

after Pt deposition. To understand why so many samples with large oscillator strengths are effective 

photocatalysts, we must also consider fused macrocycles in which torsional rotation of phenylene 

groups along the direction of the polymer backbone is not possible.  

 

Table 8: Computationally and experimentally derived values relating to the DBTS co-polymers containing two p-phenylene 
units along the polymer backbone. 

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-16 

 

2,295 3,764 2.59 Quant 4.74 2.2 0.32 1.04 -1.92 9.99 

P1-89 

 

8,390 12,869 2.46 Quant 3.88 2.1 0.14 0.92 -1.90 9.81 

P1-23 

 

5,631 10,155 2.52 Quant 5.12 3.05 0.14 1.04 -1.85 9.83 

 

Table 8 compares three DBTS co-polymers in which the second monomer contains a biphenyl unit 

along the direction of the backbone. All three were synthesised with over 100% yield and are predicted 

to have very similar oscillator strengths. However, the para-linked phenyl rings in P1-89 and P1-23  are 

co-planar, i.e., they have a dihedral angle of 0o
 due to their fused ring structures. In both cases, the 
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HER rate is considerably higher than the biphenyl co-polymer P1-16. Both samples also exhibit 

significant increases in activity following the addition of a Pt co-catalyst.  

 

In general, co-planar backbones in linear conjugated polymers have been associated with decreased 

exciton binding energies, which lead to increased exciton dissociation yields and increased charge 

carrier mobility.60,134,200,201 In general, the improvements can be attributed to enhanced spatial 

delocalisation along the polymer backbone, which is broken by rotation around the dihedral bond.  

 

Given that co-planar monomers must contain multiple rings along the direction of the backbone by 

definition, it is important to reconsider the role of the oscillator strength with respect to the high HER 

rates. Figure 84 plots the HER rate against the oscillator strength for monomers that contain two or 

more aromatic rings along the polymer backbone and separates them according to whether they are 

co-planar or if torsional angles can be introduced via non-coplanar dihedral bonds. Clearly, large 

coplanar rings are essential to obtain active photocatalysts with large oscillator strengths. However, 

this graph also highlights that a coplanar structure does not guarantee large oscillator strengths and 

those with large oscillator strengths are not guaranteed to be active. 

 

Table 9 summarises the measured and predicted properties of several co-planar monomers. P1-96, 

P1-44, and P1-88 each have very small oscillator strengths despite coplanar biphenyl structures. In all 

three cases, this can be attributed to the more positive EA potentials, which indicate that the LUMO 

is located on the variable monomer unit. This is related to the presence of easily-reducible electron-

withdrawing functional groups that are directly conjugated with the polymer backbone. As for the 

anthracene-containing polymers, this likely results in localised electron density perpendicular to the 

 

Figure 84: Impact of co-planarity on the photocatalytic hydrogen evolution activities in co-polymers containing two or 
more para-linked phenylene units along the direction of the polymer backbone. HER rates are plotted against their 
predicted oscillator strengths.  
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direction of the backbone and poor overlap between HOMO and LUMO orbitals and hence small 

oscillator strengths. Their narrow bandgaps and small EA potentials result in very short lifetimes and 

a weak driving force for charge separation at the polymer/co-catalyst interface.  

 

Table 9: Coplanar monomers 

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. 
%) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.31 1.16 -1.71 9.64 

P1-89 

 

8,390 12,869 2.46 Quant 3.88 2.1 0.14 0.92 -1.90 9.81 

P1-23 

 

5,631 10,155 2.52 Quant 5.12 3.05 0.14 1.04 -1.85 9.83 

P1-90 

 

5,288 5,089 2.45 96 2.8 2.36 0.25 0.85 -2.00 9.06 

P1-32 

 

9,772 9,422 2.31 85 2.68 1.08 0.26 0.89 -1.92 9.36 

P1-92 

 

8,462 9,422 2.55 Quant 5.1 2.23 0.15 1.02 -1.86 6.36 

P1-96 

 

1,854 1,869 2.14 90 15.55 0.74 0.29 1.16 -1.21 0.72 

P1-44 

 

0 1 1.85 94 3.21 0.69 0.33 1.33 -0.42 1.15 

P1-88 

 

0 81 1.95 63 19.83 0.69 0.27 1.15 -0.70 0.67 

 

P1-90, P1-32, and P1-92 contain electron-rich 5-membered heterocyclic groups that act as electron 

donors. When paired with the DBTS unit, push-pull dynamics are engaged in the resulting D-A polymer 

structure. This process is summarised in Figure 85a, using P1-92 as an example. These resonance 
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structures also demonstrate that these D-A polymers can stabilise both positive and negative charges, 

indicating that stable polarons of either charge can be formed. Furthermore, resonance forms also 

indicate that conjugation and delocalisation along the backbone remain intact for both polaronic 

species, as shown in Figure 85b.  

 

 

Interestingly, the photocatalytic activities of these D-A copolymers are not significantly improved by 

adding platinum compared to their activities from residual palladium. In contrast, the HER rates of P1-

89 and P1-23, which do not contain electron-donating heteroatoms, significantly improve upon Pt 

addition.  

 

Here three possible explanations for this discrepancy are described: i) kPt≈kPd, i.e. the rate of charge 

transfer from the D-A polymers to platinum is insufficient to compete with that to palladium; ii) The 

D-A polymers are more sensitive to Pt concentration and lower loadings are required to obtain optimal 

improvements in photocatalytic activity; iii) If k*r<kPd, the HER rate is limited by TEA oxidation rather 

than by the charge transfer to co-catalyst. The shallower oxidation potentials (less positive IP) of D-A 

polymers suggest that photogenerated holes are concentrated on the donor monomers. The lower 

oxidation potential combined with the different reactive sites compared to P1-93 could result in 

slower oxidation of TEA. Furthermore, kPd is more likely to be relatively fast in these systems since the 

upward shift in the IP value also results in a negative shift of the Fermi potential, resulting in faster 

charge separation, as shown in Figure 73g.  

 

 

 

Figure 85: Resonance structures P1-92, a D-A polymer, demonstrating the ability of 5-membered heterocycles to act as 
electron donators capable of stabilising a positive charge. Figure b) shows that the delocalisation of electrons along the 
polymer backbone is maintained in polaronic and zwitterionic forms.  

a 

b 
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Table 10 compares some other hydrocarbon monomers with large oscillator strengths. In P1-14, the 

conjugation pathway along the polymer backbone travels along the naphthalene axis, whereas in P1-

13, the axis of the naphthalene is perpendicular to the backbone, resulting in a smaller f and lower 

activity. This sample also did not disperse well in the reaction solution. P1-14 contains a significant 

amount of residual palladium, which may explain why its activity did not improve upon adding Pt.  

 

P1-24 has a surprisingly small oscillator strength, given that it contains four conjugated phenylene 

rings. However, pyrene is a highly symmetric chromophore known for its weak symmetry-forbidden 

optical transitions that result from small transition dipole moments.202 Furthermore, the lateral 

displacement of the two bromine groups indicates that the conjugation pathway of electrons along 

the polymer backbone, which is ideally linear and aligned with the polarisation of the incident light, 

may be hindered by the change in direction and also hinders the induction of a large oscillating dipole. 

These factors may account for the relatively poor photocatalytic performance despite its large 

oscillator strength and co-planar structure. 

 

Table 10: Comparison of experimentally- and computationally-determined values relating to DBTS co-polymers 
containing macrocyclic hydrocarbon co-monomers.   

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. 
%) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-89 

 

8,390 12,869 2.46 Quant 3.88 2.1 0.14 0.92 -1.90 9.81 

P1-23 

 

5,631 10,155 2.52 Quant 5.12 3.05 0.14 1.04 -1.85 9.83 

P1-13 

 

613 764 2.43 92 42.3 0.85 0.41 1.01 -1.91 5.21 

P1-14 

 

8,742 8,228 2.56 Quant 3.63 1.88 0.67 0.99 -1.87 8.11 

P1-24 

 

1,986 2,484 2.38 75 7.5 1.6 0.19 0.71 -1.71 7.22 
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2.6.1.4 Oscillator Strength as an Indicator of Conjugation 

As discussed above, the oscillator strength depends on the number of conjugated π-bonds delocalised 

along the polymer backbone. It is considerably larger when both the HOMO and LUMO orbitals 

involved in a transition are parallel to the backbone. However, the oscillator strength, as a metric for 

the prediction of photocatalytic activity, does not account for the structural disorder that torsional 

angles around freely-rotating dihedral bonds may introduce.   

 

A break in conjugation can explain the remaining group of coplanar monomers with smaller oscillator 

strengths. These polymers are presented in Table 11.  In the cases of P1-91, P1-94, and P1-95, the 

polymer backbone will have a bent structure, preventing the formation of extended molecular orbitals 

delocalised over several monomers.60 This would limit the magnitude of any oscillating dipole induced 

by incident electromagnetic radiation, resulting in smaller transition dipole moments.  

 

 

Table 11:  Comparison of experimentally- and computationally-determined values relating to DBTS co-polymers containing 
macrocyclic co-monomers without complete delocalisation of charges along the backbone. P1-93 provided as a point of 
comparison.   

Polymer Monomer 

HER 
No Pt 

(μmol hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs SHE) 

EA 
(V vs SHE) 

f 

P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.31 1.16 -1.71 9.64 

P1-94 

 

1,836 3,932 2.71 95 0.49 2.58 0.30 1.32 -1.85 3.49 

P1-91 

 

84 1,130 2.17 75 57.35 1.41 0.17 0.66 -2.08 0.53 

P1-95 

 

350 127 2.13 95 76.76 1 0.38 0.65 -2.06 5.29 

 

The break in conjugation can also be rationalised qualitatively by considering the resonance structures 

of some of these monomers, as shown in Figure 86. Here, we see that conjugation through the 

monomer along the backbone of the neutral monomer is possible for P1-93, but not for P1-94.  
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P1-94 still retains a reasonable level of photocatalytic activity due to the favourable IP and EA 

potentials. The additional sulfone functional group should also enhance the interaction with the 

solvent mixture and provide additional reactive sites for TEA oxidation. The predicted IP values for 

P1-91 and P1-95 indicate that these polymers provide no obvious thermodynamic driving force to 

initiate the TEA oxidation reaction (ETEA/TEAR = 0.7 V vs SHE). This may explain why their photocatalytic 

activities are an order of magnitude smaller than P1-94.  

 

   

 

2.6.1.5 Special case: Benzophenone 

Polymer Monomer 

HER 
No Pt 

(μmol hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs SHE) 

EA 
(V vs SHE) 

f 

P1-47 

 

4,462 7,076 2.75 Quant 13.52 2.13 0.38 1.40 -1.52 6.16 

 

P1-47, containing the benzophenone unit, is a particularly interesting case. It does not have a fused 

macrocyclic structure. Instead, it is bent, and there is no one-step delocalisation pathway along the 

polymer backbone. The redox potentials also indicate a deep HOMO and a shallow LUMO that are 

typically not conducive to highly active photocatalysts.  Despite these features, P1-47 is the 12th best 

photocatalyst both before and after Pt photodeposition. It also exhibits a large increase in activity 

following Pt deposition whilst containing relatively high levels of residual palladium. As such, this 

polymer is an outlier in many regards and would not necessarily have been identified from the 

database according to the criteria outlined in this chapter so far.  

 

Benzophenone is a well-studied chromophore and is often used as a photocatalyst in organic synthesis 

reactions due to the efficient and rapid formation of a long-lived triplet state. The rate of ISC is fast 

because the transition from the (n,π*)1 into the (π,π*)3 state involves a change in orbital angular 

 

Figure 86: Example of how resonance structures can be used to show when conjugation is partially broken along the 
polymer backbone in the neutral state according to the linkage positions. Poor backbone delocalisation is connected 
with smaller oscillator strengths and poorer photocatalytic activities.  
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momentum as well as a shift in the electron spin such that total momentum is conserved. Molecular 

benzophenone has already demonstrated its propensity for rapid charge transfer to TEA in several 

solvents.203 This charge transfer was followed by a hydrogen abstraction reaction to form a ketyl 

radical. However, Graetzel et al. identified that the ketyl intermediate is readily oxidised back to the 

initial ketone by transferring an electron to particles of metallic platinum, where hydrogen evolution 

takes place.204  

 

In Graetzel’s paper, the electron transfer rate from the ketyl radical to platinum was only limited by 

diffusion. Similar reaction mechanisms underpin most of the molecular photocatalysts used for 

hydrogen evolution today.205 However, this reaction pathway, in which the rapid formation of triplet 

states prolongs excited state lifetimes, is not typically considered when designing conjugated polymer 

photocatalysts. This result indicates that such polymer designs might be worth considering in the 

future.  

 

Compared with molecular photocatalysts, the polymeric derivatives should have narrower bandgaps 

and smaller exciton binding energies. It is also possible to improve the wettability by pairing them with 

suitable co-monomers such as DBTS. Radical intermediates are also stabilised by delocalisation over 

the extended π-conjugated system.  

 

2.6.2 Phenylene Co-monomers 

So far, the discussion of structure/activity relationships has focussed on co-monomers containing 

multiple aromatic rings since these are associated with the largest oscillator strengths and most of the 

highest photocatalytic hydrogen evolution rates. This section will focus on the individual phenylene 

rings and their substituents.  

 

2.6.2.1 Para- vs Meta-linked Phenylene Units 

For the co-planar monomers, bent structures prevented the formation of extended regions of 

delocalisation. The position of the monomer linkages also weakened the conjugation along the 

backbone since no resonance forms could be delocalised across multiple polymer repeat units. These 

factors led to smaller oscillator strengths and poorer photocatalytic activities.  

 

An equivalent parallel can be drawn when considering para-linked and meta-linked phenylene 

monomers. As shown in Figure 87, p-phenylene generates a linear structure in which electrons are 
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completely delocalised along the polymer backbone, whereas the meta-linkage limits delocalisation 

through the m-phenylene monomer.  

 

The data relating to a subset of related meta- and para-linked phenylene co-polymers are presented 

in Table 12. In the case of these two copolymers containing the unsubstituted phenylene units, P1-2 

and P1-3, the oscillator strength of the m-Ph copolymer is substantially lower than that containing the 

p-phenylene unit. Despite this, the two sets of photocatalytic activities remain similar. However, P1-2 

has a wider band gap,  resulting in a more negative EA and a longer fluorescence lifetime, typically 

relating to improved activity, but still has a lower photocatalytic activity after loading with a Pt co-

catalyst.  

 

The exact relationship between residual palladium, structure, and photocatalytic activity remains 

unclear. However, both P1-2 and P1-3 contain high levels of palladium, which may also explain why 

they perform similarly.  

 

The introduction of alkyl groups on the para-phenylene ring widens the bandgap, increases the 

fluorescence lifetime, and increases the photocatalytic activity when loaded with Pt. The optical and 

fundamental bandgaps of P1-6 and P1-7 are comparable to the meta-linked P1-2 and P1-5. This 

suggests that p-linked phenylene co-polymers can achieve higher photocatalytic activity relative to 

their m-linked equivalents.   

 

Figure 87: Example of how resonance structures can be used to show when conjugation is partially broken along the 
polymer backbone in the neutral state according to the linkage positions. Applied to a co-polymers containing meta-
linked phenylene units. Poor backbone delocalisation relates to smaller oscillator strengths and poorer photocatalytic 
activities. 
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Table 12: Comparison of DBTS co-polymers containing structurally similar m-linked phenylene units vs p-linked phenylene 
units.  

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-2 

 

2,254 3,166 2.7 84 9.11 2.59 0.35 1.24 -2.01 3.96 

P1-5 

 

3,363 3,350 2.71 Quant 10.05 2.53 0.39 1.27 -2.00 3.64 

P1-3 

 

1,948 3,815 2.45 Quant 3.51 1.55 0.42 1.12 -1.89 7.14 

P1-6 

 

2,658 6,463 2.63 76 28.67 2.4 0.41 1.18 -1.95 6.83 

P1-7 

 

652 7,671 2.69 36 52.04 2.43 0.21 1.25 -2.00 6.58 

 

Figure 88a plots the HER rates of the Pt-loaded co-polymers containing m- and p-phenylene 

monomers against the oscillator strength. As expected, on average, polymers containing p-phenylene 

units have larger oscillator strengths and higher photocatalytic activities. However, as in the case of 

the co-planar monomers, the oscillator strength still depends on the nature of the functional groups 

on the phenylene ring.   

 

 

2.6.2.2 P-phenylene Co-monomers 

The remainder of this section will focus on the polymers containing various p-phenylene monomer 

units. This subset of copolymers is the largest, containing structurally related polymers whose 

properties can be compared and contrasted directly.  

 

Figure 88: HER photocatalytic activities ( 1 wt. % Pt) for DBTS co-polymers containing m-linked and p-pinked phenylene 
units and their associated oscillator strengths. 
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This subset contains 21 polymers that can be categorised according to the nature of their functional 

groups, i.e. whether they are electron-donating or electron-withdrawing and whether they act via 

mesomeric or inductive pathways. Example structures of each are given in Figure 89. Electron-

withdrawing groups (EWG) can stabilise a negative charge that is delocalised along the polymer 

backbone, whereas electron-donating groups (EDG) stabilise positive charges. Mesomeric groups 

enable the complete delocalisation of electrons onto the functional groups via extended pi-conjugated 

systems, whereas inductive functional groups do not.    

 

 

Inductive/Withdrawing Inductive/Donating Mesomeric/Withdrawing Mesomeric/Donating 

    

    
5 Polymers 3 Polymers 6 Polymers 6 Polymers 

Figure 89: Examples of phenylene-based electron-donating and electron-withdrawing substituents. Top row reprints the 
neutral monomers and the bottom row demonstrates how these functional groups stabilise resonance structures and 
delocalised charges along the polymer backbone.  

  

In terms of the electronic structure, these structural changes have predictable effects on the ground 

state. For example, EDGs destabilise the frontier orbitals (i.e. shifting their IP and EA potentials to 

more negative values), making oxidation more energetically favourable and reduction favourable. 

EWGs stabilise the frontier orbitals (i.e. making their energies more negative), increasing the 

probability of reduction and decreasing the probability of oxidation. These changes can be seen in 

variations of the IP and EA energies. 

 

In terms of conjugated linear copolymers, the impact of changing the functional groups on one 

monomer on the overall HOMO and LUMO energies is less evident, as electron density is delocalised 

over both monomers in the repeat unit. The HOMO and LUMO are often spatially separated and 

concentrated on whichever unit has more donating or withdrawing character, respectively.  
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Figures 90a and 90b present the HER rates for each P1-X copolymer containing a derivative of a 

p-phenylene monomer unit relative to the IP and EA potentials. These rates represent those before Pt 

photodeposition. The polymers have been categorised according to the nature of the functional group 

on the phenylene unit.  

 

Relative to P1-3, which contains the unsubstituted phenylene monomer, the IP is shifted to more 

positive potentials for polymers containing EWGs. When the polymer contains mesomeric EDGs, the 

IP is shifted to more positive values. However, with inductive EDGs, the IP only shifts marginally to 

more positive values relative to P1-3. Although this latter shift is in the opposite direction than 

expected, it is consistent with the wider bandgap observed for these alkyl-containing polymers (Figure 

90c). This wider bandgap may arise from geometric constraints. The optimal conformation of the 

polymers containing bulky methyl and ethyl groups may result in larger torsional angles and reduced 

delocalisation along the backbone. The EA potential is shifted towards more positive values for 

polymers containing EWGs and more negative values for polymers containing EDGs.  
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Figure 90: Photocatalytic hydrogen evolution rates (No Pt) of DBTS co-polymers containing p-phenylene comonomers. 
Polymers are categorised according to their electron donating (orange) and electron withdrawing (blue) characteristics, 
and according to whether that contribution is predominantly mesomeric (hollow) or inductive (filled). The 
unsubstituted para-phenylene copolymer (P1-3) is represented by a hollow black data point. The impact of functional 
groups on the IP, EA and optical bandgap are presented in graphs a, b , and c, respectively.    

 

Inductive functional groups correspond to polymers with larger oscillator strengths (Figure 91). Since 

these functional groups do not contain conjugated π-electrons, the transition dipole moment will 

likely be oriented parallel to the polymer backbone and lead to larger oscillator strengths. Meanwhile, 

π-conjugated mesomeric substituents on the phenyl ring are more likely to result in spatially separated 

frontier orbitals and a transition dipole moment oriented perpendicularly to the polymer backbone, 

leading to smaller oscillator strengths.  

 

Phenyl rings containing inductive electron-withdrawing groups perform the best when relying on the 

residual palladium as a co-catalyst. This can be attributed to the large oscillator strengths and the 

ability to stabilise the negatively-charged polaron that forms following the charge transfer to TEA and 

before the charge transfer to palladium.   

 

a b 

c 
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Figure 91: Photocatalytic hydrogen evolution rates of DBTS co-polymers containing p-phenylene comonomers before 
(left) and after (right) photodeposition of 1 wt.% Pt. HER rates are plotted against the predicted oscillator strengths.  

 

After photodepositing Pt, the largest increases in photocatalytic activity are also observed amongst 

the polymers with the largest oscillator strengths. However, not all polymers increase their activity 

evenly. The most important factors determining which samples exhibit the biggest increases in activity 

with Pt appear to be the initial rate with Pd and the concentration of Pd. Figure 92a shows the change 

in activity relative to the residual palladium concentration. The biggest increases in photocatalytic 

activity arise in samples containing low concentrations of Pd. The activity of samples containing high 

Pd concentrations decreased after the photodeposition of Pt.  

 

a b 



 

 

Ian Coates, 200840765  81 

 

  

Figure 92: Photocatalytic hydrogen evolution rates of DBTS co-polymers containing p-phenylene comonomers before 
(b) and after (c) photodeposition of 1 wt.% Pt. HER rates are plotted against the residual palladium concentrations. 
Figure (a) plots the change in photocatalytic activity upon photodeposition of 1 wt.% Pt for each co-polymer. 

 

Figures 92b and 92c demonstrate the relationship between photocatalytic activity before and after Pt 

photodeposition with respect to the residual Pd concentration. Whilst the I/W phenylene units 

demonstrate the highest photocatalytic activities when residual Pd acts as the only cocatalyst, the 

polymers' photocatalytic activities after Pt deposition appear to be limited by the residual Pd content, 

and the top performing polymers belong to both inductive groups and one mesomeric electron 

withdrawing polymer.  

 

a 

b c 
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Figure 93: Photocatalytic hydrogen evolution rates of DBTS co-polymers containing p-phenylene comonomers before 
(a) and after (b) photodeposition of 1 wt.% Pt. HER rates are plotted against the synthesis yield.  

 

Before Pt addition, the synthesis yield may have limited the photocatalytic activities of polymers 

containing inductive substituents on the phenyl ring (Figure 93a). However, this dependence on the 

yield appears to be relaxed upon adding Pt (Figure 93b). This would occur if charge transfer to residual 

Pd is slow and the photocatalyst reacts with impurities instead of water in the absence of Pt. Rapid 

transfer of electrons to Pt may preferentially drive the hydrogen evolution reaction after its 

photodeposition. After considering the low yield and low Pd content of P1-7, its slow Pd-catalysed HER 

rate and fast Pt-catalysed HER rate can be rationalised (see Table 12 for details).  

 

Another important factor to consider when building an understanding of these structure-activity 

relationships is that of the fluorescence lifetime. As shown in Figure 94a, the samples exhibiting the 

longest lifetime also exhibited the highest photocatalytic activity. After the addition of Pt (as indicated 

by error bars), this trend becomes less clear, with the residual palladium concentrations defining the 

final photocatalytic activity. I/W polymers already achieve relatively fast HER rates with Pd, likely 

driven by longer excited state lifetimes and efficient transfer to Pd. As such, the I/D and M/W polymers 

with poor Pd-catalysed activities and shorter lifetimes benefit the most from Pt addition.   

 

a b 
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Figure 94: a) Photocatalytic hydrogen evolution rates of DBTS co-polymers containing p-phenylene comonomers before 
photodeposition of 1 wt.% Pt. HER rates are plotted against the fluorescence lifetime. Error bars represent the change 
in activity after photodeposition. Figure (b) plots the relationship between the optical bandgap and the fluorescence 
lifetime for the same polymers.  

 

Generally, the longer lifetimes also correspond to the wider optical bandgaps (Figure 94b). However, 

there are some apparent exceptions to this rule. The lifetime is also related to the residual palladium 

concentration. As discussed earlier in section 2.4.1, high palladium concentrations typically result in 

shorter fluorescence lifetimes. However, of the 99 synthesised polymers, there are two exceptions to 

this rule: P1-64 and P1-37. Figure 95a presents the relationship between the fluorescence lifetime and 

residual palladium concentration for the p-phenylene copolymers. Figure 95b presents the same plot, 

but the data point areas correspond to the change in photocatalytic activity upon photodeposition of 

Pt. 

 

 

  

Figure 95: Relationship between fluorescence lifetime and residual palladium concentration. Data points in graph (a) 
are categorised according to the nature of the phenylene substituent. Data point areas in graph (b) represent the 
change in photocatalytic activity upon photodeposition of 1 wt. % Pt.  

a b 

a b 
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P1-60, P1-61, P1-62, and P1-66 all have similar optical bandgaps. However, their fluorescence lifetimes 

differ dramatically. The relative concentrations of residual palladium can likely explain this variation. 

However, P1-64 is structurally very similar. The optical bandgap dominates its fluorescence lifetime, 

which is unaffected by the polymer’s high residual palladium content.  Despite this, the photocatalytic 

activity of P1-64 appears to be significantly inhibited by the residual Pd. 

 

To understand these trends, we must consider all properties together alongside the specific 

structures. Table 13 contains the tabulated data for the p-phenylene co-polymers containing inductive 

electron-withdrawing substituents. P1-3 and P1-93 are also presented for reference.  

 

Table 13: Comparison of DBTS co-polymers containing inductive electron-withdrawing p-phenylene co-monomer. P1-93 is 
presented for comparison of values with the DBTS-DBTS homopolymer.  

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-3 

 

1,948 3,815 2.45 Quant 3.51 1.55 0.42 1.12 -1.89 7.14 

P1-60 

 

7,649 11,320 2.65 91 9.85 4.03 0.18 1.23 -1.81 7.11 

P1-61 

 

5,248 8,195 2.69 69 5.94 3.66 0.21 1.35 -1.77 6.95 

P1-62 

 

3,501 2,862 2.7 92 12.08 0.74 0.72 1.33 -1.72 7.04 

P1-64 

 

3,534 3,274 2.81 73 9.6 3.39 0.68 1.54 -1.58 7.13 

P1-66 

 

3,581 5,162 2.72 Quant 63.72 2.52 0.49 1.38 -1.88 6.35 

P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.31 1.16 -1.71 9.64 

 

As shown in Figure 96a, the improved photocatalytic activity of P1-60 and P1-61, relative to the other 

inductive withdrawing phenylene groups, correspond with their low residual palladium content. These 

polymers also exhibit the most significant increases in photocatalytic activity after Pt addition. 

Meanwhile, P1-62 and P1-64 are poor Pd-catalysed photocatalysts, and their activities decrease with 

Pt addition. These trends can be associated with their high residual Pd content.   
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These polymers' weighted average fluorescence lifetimes range from 4 to 0.7 ns. Except for P1-64, 

these can also be inversely correlated with the residual Pd content, as shown in Figure 96b. The 

fluorescence lifetime of P1-64 matches that which would be expected based on the optical bandgap 

alone (as shown by the trendline of Figure 94b). The optical bandgap also explains why P1-3 and P1-

66 exhibit different lifetimes despite similar palladium concentrations.  

 

One possible explanation for the unusually-long fluorescence lifetime of P1-64 arises from 

consideration of the polymer’s redox potentials. Although only by a small degree, P1-64 has the 

lowest-energy LUMO and the deepest Fermi level, assuming undoped intrinsic semiconductor 

characteristics.  This results in a small space-charge region at the semiconductor-metal interface and 

minimises the energy barrier for the transfer of electrons from reduced Pd back into the polymer.  

  

Figure 96: a) HER rates for DBTS co-polymers containing p-phenylene co-monomers substituted with fluorinated 
functional groups that are inductively electron-withdrawing. P1-93 (the DBTS-DBTS homopolymer) and P1-3 (DBTS-Ph 
co-polymer containing an unsubstituted phenylene unit) are presented for comparison. HER rates are presented before 
and after photodeposition of 1 wt.% Pt. Residual palladium concentrations are plotted on the secondary axis. b) 
relationship between residual palladium concentration and fluorescence lifetimes for these samples.   
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Figure 97: IP and EA values for several co-polymers containing fluorinated p-phenylene moieties.  P1-93 and P1-3 are 
also presented for reference. Fermi potentials for each polymer are presented as dashed black lines. IP* and EA* 
potentials are estimated from the EA values, IP values, and the measured optical bandgap.  

 

Despite the extended excited state lifetime of P1-64 compared with P1-62, there is no clear advantage 

to the photocatalytic HER rate before or after Pt deposition. This implies that the exact causal 

relationship between Pd concentration and photocatalytic activity is complicated and cannot be 

explained by the impact of Pd on the excited state lifetime alone. It is important to note that 

fluorescence lifetimes only provide limited information. Photoluminescence quantum yields could 

provide important information regarding the proportion of absorption events that lead to non-

radiative decay. This could provide important information if palladium assists intersystem crossing via 

the (internal or external) heavy atom effect.  

 

These systems should be considered in more detail to understand the exact relationship between 

fluorinated phenylene rings and photocatalytic activity. For example, further optimisation of the 

synthesis procedure could produce polymers with higher synthetic yields, lower palladium levels, and 

improved dispersibility. Identifying optimal platinum loading concentrations may also lead to 

enhanced photocatalytic activities since these polymers appear to be particularly sensitive to co-

catalyst loading concentrations. 

 

Although P1-60 performed the best in this thigh throughput experiment, it also exhibited the longest 

fluorescence lifetime, the lowest residual palladium concentration, and was obtained with a 91% yield. 

P1-61, meanwhile, was obtained with a 69% yield. This difference alone may explain why it performed 

worse despite containing a similarly low Pd concentration and exhibiting an equally long excited state 

lifetime.  
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Table 14: Comparison of DBTS co-polymers containing electron-withdrawing mesomeric functionalised p-phenylene 
comonomers. 

Polymer Monomer 

HER 

No Pt 

(μmol 
hr-1  
g-1) 

HER 
Pt 

(μmol 

hr-1  
g-1) 

Eg 

(eV) 

Yield 

(%) 

T 

(%) 

τ 

(ns) 

Pd 

(wt. %) 

IP 

(V vs 
SHE) 

EA 

(V vs 
SHE) 

f 

P1-3 

 

1,948 3,815 2.45 Quant 3.51 1.55 0.42 1.12 -1.89 7.14 

P1-27 

 

1,053 10,721 2.56 99 3.46 2.3 0.17 1.30 -1.78 6.19 

P1-33 

 

1,772 2,579 2.67 92 1.13 0.68 0.31 1.35 -1.64 5.03 

P1-37 

 

2,710 2,161 2.41 56 15.92 3.82 0.77 1.45 -1.73 5.51 

P1-39 

 

2,191 4,245 2.56 57 10.97 2.81 0.24 1.77 -1.48 2.29 

 

Of the mesomeric electron-withdrawing phenylene polymers, the only polymer that competes with 

the inductive photocatalysts is P1-27. This polymer was synthesised with 99% yield and only contained 

0.17 wt.% residual Pd. In the case of inductive fluorinated phenylene monomers, this would result in 

a high HER rate when using Pd as the only co-catalyst. However, the photocatalytic activity of P1-27 is 

relatively low, producing only 1.1 mmol hr-1 g-1 under these conditions. However, the HER rate 

increases significantly to 10.7 mmol hr-1 g-1 following the addition of Pt.  

 

The only other polymer to exhibit such a significant jump in performance upon the addition of Pt is 

P1-93, the DBTS homopolymer. For these polymers, charge transfer to palladium appears slow and 

ineffective, whereas charge transfer to Pt is efficient. Overall, the promising performance of these 

polymers may be attributed to the fact that they are not negatively impacted by palladium 

contamination like the fluorinated derivatives are.  
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Importantly, the cyano group is known to be an effective ligand for Pt and Pd and will likely contain a 

localised negative charge in negatively charged polaron. This could lead to selective photodeposition 

of Pt atoms at the cyano functions groups, in which the nitrogen atom acts as an anchor to connect 

the polymer to the metal cocatalyst and facilitate rapid charge transfer. Although further 

investigations are necessary to confirm this hypothesis, initial studies involving cyano functional 

groups have shown them to be very promising as polar electron acceptor groups in effective D-A 

polymers.206 In this study, the enhancements were ascribed to enhanced hydrophilicity, exciton charge 

separation along the backbone, and charge transfer to platinum.  

 

The mesomeric electron-withdrawing delocalisation in P1-33, P1-37, and P1-39 arises from carbonyl 

bonds that are conjugated with the polymer backbone. As discussed in the case of the benzophenone 

monomer, carbonyls can complicate the resulting photochemistry due to the potential for intersystem 

crossing between (n,π*) and (π,π*) singlet and triplet states. Furthermore, the excited states of these 

functional groups are often also highly reactive, leading to photooxidation or photoreduction of the 

functional group itself.  

 

P1-33 contains an aldehyde group which may be oxidised to the carboxylic acid or reduced to the 

alcohol. This reactivity may explain why its excited state lifetime is very short, despite medium levels 

of palladium and a relatively wide bandgap. Since fluorescence lifetime measurements were 

performed as dispersions in water under ambient conditions, oxygen may be involved in these 

reactions. Molecular oxygen is also known to effectively quench the triplet state.  

 

P1-37 is the other outlier in which high palladium concentrations do not lead to short fluorescence 

lifetimes. However, this can be rationalised in the same way as P1-64. Figure 98 plots the IP and EA 

potentials for these mesomeric electron-withdrawing p-phenylene co-polymers and compares them 

with P1-93. Whilst the EA potential of P1-37 is almost exactly the same as in P1-93, its bandgap is 

substantially smaller than the fundamental gap. Shifting the IP and EA positions according to this 

difference presents an estimation of the IP* and EA* potentials. Here, the IP* of P1-37 lies below that 

of P1-93. The Fermi level of P1-37 is also below that of P1-93. Similar to the P1-64 case, this provides 

an avenue for the back transfer of electrons from residual palladium back into the polymer’s LUMO, 

preventing quenching and extending the fluorescence lifetime.  This charge transfer process with Pd 

may also explain why the excited state lifetime of P1-37 is so long despite its narrow bandgap.  
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P1-39 has a very similar electronic structure to P1-37. However, since it contains significantly less Pd, 

it is unknown whether its lifetime would remain unchanged at higher Pd concentrations. As in the 

cases of P1-62 and P1-64, the change in photocatalytic activity upon loading with Pt primarily depends 

on the residual Pd content. The photocatalytic activity of P1-39 (low Pd) increases, whereas that of 

P1-37 (high Pd) decreases, as shown in Figure 99.  The smaller oscillator strength of  P1-39 relative to 

P1-37 also agrees with previous observations that increased conjugation outside the direction of the 

polymer backbone results in smaller oscillator strength. The IP/EA potential alignment of P1-39 vs P1-

93 is also the largest, indicating that HOMO and LUMO orbitals have substantially different spatial 

configurations in the two cases. 

 

Consideration of the IP and EA levels also highlights the alignment of the LUMO energies of P1-93 and 

P1-27. This implies that the LUMO is more likely to be delocalised over both the Ph-CN and DBTS 

monomers, leading to a larger oscillator strength for P1-27 relative to the carbonyl-containing 

derivatives.   

 

Figure 98: IP and EA values for several co-polymers containing p-phenylene moieties substituted with mesomeric 
electron-withdrawing groups. P1-93 and P1-3 are also presented for reference. Fermi potentials for each polymer are 
presented as dashed black lines. IP* and EA* potentials are estimated from the EA values, IP values, and the measured 
optical bandgap. 
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Figure 99: HER rates for DBTS co-polymers containing p-phenylene co-monomers substituted with mesomeric  
electron-withdrawing functional groups. P1-93 and P1-3 are presented for comparison. HER rates are presented before 
and after photodeposition of 1 wt.% Pt. Residual palladium concentrations are plotted on the secondary axis. 

 

 

2.6.2.3 Inductive/Donating  

 

Unlike the inductive/withdrawing polymers, for which the fluorescence lifetimes mirrored the residual 

palladium concentration, the fluorescence lifetimes of inductive/donating alkyl groups are most 

closely linked to the optical bandgap, as shown in Figure 100a. No clear relationship between the 

fluorescence lifetime and residual palladium can be obtained since there is no data regarding the 

residual Pd content of P1-8, leaving only two data points in addition to P1-3.  

Table 15:  Comparison of DBTS co-polymers containing inductive electron-donating functionalised p-phenylene 
comonomers. 

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-3 

 

1,948 3,815 2.45 Quant 3.51 1.55 0.42 1.12 -1.89 7.14 

P1-6 

 

2,658 6,463 2.63 76 28.67 2.4 0.41 1.18 -1.95 6.83 

P1-7 

 

652 7,671 2.69 36 52.04 2.43 0.21 1.25 -2.00 6.58 

P1-8 

 

1,244 973 2.77 64 9.01 3.15 #N/A 1.26 -2.03 5.92 
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Figure 100: a) Dependence of fluorescence lifetimes on the optical bandgap for DBTS co-polymers containing 
p-phenylene moieties substituted with inductively electron-donating alkyl groups. b) HER rates of these co-polymers 
before and after Pt photodeposition. Grey data points represent the measured optical bandgaps for each polymer.  

 

 

Figure 100b demonstrates how the photocatalytic activities after Pt addition also closely correlate to 

the optical bandgaps of P1-3, P1-6, and P1-7, and hence also the fluorescence lifetime measurements. 

P1-8 proves a clear exception to this rule. However, given its low initial photocatalytic activity 

decreases further upon the addition of Pt, it is highly likely that P1-8 contains a substantial amount of 

residual Pd.   

 

This is reinforced by Figure 101a, which shows that the photocatalytic activities of P1-6 and P1-7 fit 

the trend observed for the I/W polymers with regard to the dependence of HER rate following Pt 

  

Figure 101: a) Correlation between HER rates after Pt photodeposition and residual palladium concentration in all DBTS 
co-polymers containing inductive functional groups. The residual palladium concentration of P1-8 is estimated 
according to this linear relationship. b) Energy level diagram for DBTS co-polymers containing p-phenylene moieties 
substituted with electron-donating inductive alkyl chains.   
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addition on the residual Pd content. If we assume a linear correlation according to this graph, we can 

assume that P1-8 would have a residual Pd concentration of approximately 0.85 wt.%.   

 

Such an analysis would place P1-8 in a similar category to P1-37 and P1-64: long lifetime despite high 

concentrations of residual palladium. However, unlike P1-37 and P1-64, the LUMO of P1-8 is predicted 

to lie higher in energy than that of P1-93 (Figure 101b). However, the strong coupling of bandgap and 

lifetime appears to supersede any influence of Pd content on lifetime for all of the I/D co-polymers.   

 

Analysis of the energy level diagrams (Figure 101b) reveals important information. The IP* of all I/D 

polymers are higher in energy than that of P1-93. This implies that the LUMO is likely to be 

preferentially localised on the DBTS unit, and the phenylene orbitals are not involved in the transfer 

of electrons to or from residual palladium. As such, changing the inductive/donating substituents will 

alter the bandgap, and hence the change lifetime, but will not influence the rate of charge transfer to 

and from palladium. Since electron-withdrawing groups lower the EA, the LUMO is more likely to be 

located on the phenylene groups. In these cases, the specific structure of the co-monomer is more 

influential in determining how charges are transferred to and from palladium.  

 

 

2.6.3 Heterocycles 

So far, we have only considered monomers that include phenyl or biphenyl sub-units. The final group 

of co-polymers to be considered in this chapter are those containing nitrogen or sulfur heteroatoms 

along the conjugated polymer backbone. Unlike for p-phenylene co-polymers, there were fewer 

heterocyclic polymers from which to draw definitive conclusions regarding structure-activity 

relationships.  

 

2.6.3.1 Pyridines and Bipyridines   

There are only 15 polymers that contain 6-membered N-heterocycles. As such, the same level of in-

depth analysis as performed on the phenylene polymers is not possible. The N-heterocycle monomers 

can be meta- or para-linked. In the case of meta-linked monomers, the nitrogen atom may be ortho 

or meta to the two bromides. These 15 samples also include three bipyridine monomers and one 

coplanar bipyridine pyridine monomer.  

 

Despite the absence of a comprehensive set of monomers, there are some notable exceptions to the 

trends observed amongst the phenylene polymers. For example, large oscillator strengths are not 
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associated with high HER rates (Figure 102a). Moderate increases in activity are also observed upon 

adding platinum, even for those containing high levels of Palladium (Figure 102b). However, the final 

hydrogen evolution rates of these polymers remain similar to others containing high palladium 

content, such as P1-62, P1-64, and P1-37. Finally, moderate HER rates between 2 and 6 mmol hr-1 g-1 

are also observed for the polymers with short fluorescence lifetimes below 1 ns (Figure 102c). The 

maximum fluorescence lifetimes follow the same trendline with respect to bandgap as for the 

phenylene polymers (Figure 103).   

 

 

  

 

   

Figure 102: Counterintuitive behaviour of DBTS co-polymers containing pyridine-based co-monomers. Data points present 
HER rates before Pt photodeposition, error bars represent photocatalytic activity afterwards.  HER rates are plotted against 
oscillator strengths, residual palladium and fluorescence lifetimes in the left, centre, and right hand graphs, respectively.  

 

Figure 103: Relationship between fluorescence lifetime and optical bandgap for DBTS co-polymers containing pyridine-
based comonomers. 
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Table 16: Comparison of some DBTS co-polymers containing pyridine-based co-monomers.  

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-2 

 

2,254 3,166 2.7 84 9.11 2.59 0.35 1.24 -2.01 3.96 

P1-68 

 

3,969 6,858 2.65 Quant 9.34 1.89 0.13 1.36 -1.66 4.19 

P1-70 

 

2,246 1,918 2.7 Quant 17.66 1.67 0.07 1.37 -1.93 3.84 

P1-72 

 

6,232 3,348 2.4 44 35.62 1.44 0.57 #N/A #N/A #N/A 

P1-73 

 

347 1,596 2.63 56 86.63 2.28 0.34 #N/A #N/A #N/A 

P1-74 

 

6,038 8,341 2.45 77 8.33 1.6 0.52 1.13 -2.06 2.95 

P1-71 

 

1,536 5,572 2.33 69 1.67 0.75 0.12 1.27 -1.62 2.23 

 

Data relating to the top-performing pyridine-based co-polymers are presented in Table 16. P1-68 and 

P1-70 are heterocyclic analogues of P1-2. However, P1-70 is less active than P1-2, whereas P1-68 is 

more active. This can be attributed to the relative positions of the monomer linkages relative to the 

nitrogen atom, which can stabilise a negative charge. The resonance structures in Figure 104 show 

that charges can be delocalised over the polymer backbone in P1-68 but not in P1-70. Therefore, P1-

68 is a better electron acceptor with a lower energy LUMO than P1-70, as indicated by its more positive 

EA potential.  

 

  

Figure 104: Comparative resonance structures for 2,6-linked (left) pyridine monomers and 3,5-linked pyridine 
monomers (right). Structures highlight how delocalisation along the backbone is maintained for the former when a 
negative charge is stabilised on the nitrogen atom.  
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Despite this relationship, the opposite trend is observed for P1-72 and P1-73. This is because the 

mesomeric electron-donating hydroxy group changes the nature of this monomer from electron-

accepting to electron-donating. 4-hydroxypyridines are capable of tautomerisation to form 

4-pyridone, as shown in Figure 105. Pyridone is considered the more stable tautomer, so the 

resonance forms are derived from this conformation. As these resonance diagrams demonstrate, P1-

72 is capable of donating a negative charge onto neighbouring monomers, but  P1-73 is not. The same 

delocalisation is also possible for P1-74, except 4-aminopyridine is more stable than its 4-pyridonimine 

tautomer (Figure 106). Amines are also stronger donating groups than hydroxyls, which may explain 

why P1-74 is a better photocatalyst than P1-72. However, the presence of the chlorine group 

complicates the final structure since Suzuki coupling is also possible with aryl chlorides.  

 

 

  

Figure 105: Comparative resonance structures for 2,6-linked (left) 4-pyridinol monomers and 3,5-linked pridinol 
monomers (right). Figures also show tautomerisation from the 4-pyridinol to the 4-pyridone structures. Resonance 
structures highlight how negative charges are only delocalised over the polymer backbone in the 3,5-linked isomer. 

 

 

Figure 106: Tautomerisation between 4-pyridonimine and 
4-aminopyridine and resulting delocalisation of negative 
charge along the polymer backbone in the 3,5-linked 
monomer.  

Figure 107: Energy level diagram for DBTS co-polymers 
containing pyridine-based co-monomers. P1-93 and P1-2 are 
presented for reference.  
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P1-72 and P1-73 were not part of the 705 DBTS co-polymers screened computationally. As such, 

predicted IP, EA, and f values are not available for these samples. The remaining EA and IP potentials 

are presented in Figure 107.  The IP and EA levels relative to P1-93 highlight the electron-accepting 

nature of P1-68 compared to P1-70 and the electron-donating character of P1-74. 

 

P1-71 is the only para-linked pyridine derivative synthesised. Its small bandgap results in very short 

lifetimes of less than 1 ns. Despite its short lifetime, as a result of its narrow bandgap, it achieves an 

HER rate of 5.6 mmol hr-1 g-1 after loading with Pt. This large increase is in agreement with its low 

residual palladium concentration. The high photocatalytic activity relative to the fluorescence lifetime 

indicates that charge transfer from this monomer unit to photodeposited Pt is very fast. The HER rate 

may also be enhanced due to the narrow bandgap, which results in a more significant portion of the 

solar spectrum being utilised.  

 

 

2.6.3.2 Thiophene-based Heterocycles 

The final group of polymers considered in this chapter are those containing thiophene units along the 

polymer backbone. Their properties are summarised in Table 17. Except for P1-97, the polymers are 

predicted to have oxidation potentials of less than 0.7 V vs SHE, whereas the reduction potentials 

remain very close to the value predicted for P1-93: -1.53 V vs SHE. This indicates that these polymers 

have a strong D-A character in which the HOMO is located on the thiophene donor unit. The IP of P1-

108 and P1-109 is too small to efficiently drive the TEA oxidation reaction.  

 

Table 17: Comparison of DBTS co-polymers containing thiophene-based co-monomers 

Polymer Monomer 

HER 
No Pt 
(μmol 

hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

IP 
(V vs 
SHE) 

EA 
(V vs 
SHE) 

f 

P1-97 

 

672 3,024 2.41 48 23.7 0.88 0.15 1.10 -1.97 0.99 

P1-99 
 

2,091 4,267 2.14 65 8.58 0.72 0.74 0.59 -1.56 7.30 

P1-108 

 

669 525 1.99 89 5.54 0.65 0.20 0.30 -1.52 10.17 

P1-109 

 

164 318 1.94 Quant 4.24 0.7 0.29 0.13 -1.50 11.82 

P1-110 

 

2,390 5,934 2.18 91 3.64 0.72 0.28 0.54 -1.57 11.12 
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As shown in Figure 108a, P1-99 and P1-110 also have small oxidation potentials, small bandgaps, and 

short fluorescence lifetimes, which are expected to decrease the photocatalytic activity. However, the 

HER rates with Pt remain remarkably high. Given that the reduction potential remains close for P1-93, 

P1-99 and P1-110, the LUMO is expected to be delocalised over both monomers, and the thiophene 

units may be involved in the charge transfer to Pt. The negative Fermi potential implies that the 

interface with the metal co-catalyst may induce a larger space-charge region at the interface and 

impact the charge transfer process.   

 

The benzodithiophene unit in P1-110 benefits from a co-planar structure in which delocalised 

electrons run along the length of the backbone. As such, it has a remarkably large oscillator strength. 

Given its unfavourable overpotential for TEA oxidation, this polymer may operate via a different 

photocatalytic mechanism. In particular, photooxidation of the excited polymer by charge transfer to 

the co-catalyst may occur faster than TEA oxidation. The polymer’s high activity and narrow bandgap 

make it a promising monomer to be considered in future linear conjugated polymer photocatalyst 

designs. Using alternative sacrificial reagents such as ascorbic acid could enhance its activity. Its 

narrow bandgap also makes it a promising candidate to be used as the hydrogen evolution component 

in a Z-scheme system where a second component can drive the oxygen evolution reaction. 

  

  

Figure 108: a) Energy level diagram for DBTS co-polymers containing pyridine-based co-monomers. P1-93 is presented  
for reference. b) HER rates of discussed co-polymers before and after photodeposition of 1 wt.% Pt.   

 

2.7 Computational Screening  
The computational screening considered nine different diboronic acids paired with 704 different 

dibromides. Of these theoretical co-polymers, attempts were made to synthesise 127.  Of these, 99 

were successfully synthesised with yields over 30%. However, many of the most successful polymers 

will exist within the subset of 605 co-polymers that were not synthesized.  
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2.7.1 Methods 

In this section, the full set of 704 linear DBTS co-polymers will be assessed according to the trends 

observed and discussed in this chapter's earlier sections.  Firstly, calibration equations derived in 2.3.3 

are used to determine the optical bandgaps within a ±0.11 eV mean average deviation from their 

experimentally derived values. The difference between these calculated bandgaps and the calculated 

fundamental bandgaps are then used to modify the IP and EA potentials to estimate values for EA* 

and IP*. The EA and IP potentials are shifted equally and in opposite directions to ensure the Fermi 

level remains unchanged.  These modifications follow equations -18-23. 

 

𝐸𝐼𝑃𝐸𝐴 = 𝐼𝑃𝑁𝑒𝑤 − 𝐸𝐴𝑁𝑒𝑤 ≈ 𝐸𝑂𝑝𝑡 = 𝐸𝐴∗ − 𝐼𝑃∗ ( 18 ) 

𝐼𝑃𝑁𝑒𝑤 = 𝐼𝑃 − 0.51(𝐼𝑃) + 0.47 ( 19 ) 

𝐸𝐴𝑁𝑒𝑤 = 𝐸𝐴 − 0.67(𝐸𝐴) − 0.89 ( 20 ) 

𝐸𝐴∗ = 𝐼𝑃 −
𝐸𝐹𝑢𝑛𝑑 − 𝐸𝐼𝑃𝐸𝐴

2
 ( 21 ) 

𝐼𝑃∗ = 𝐸𝐴 +
𝐸𝐹𝑢𝑛𝑑 − 𝐸𝐼𝑃𝐸𝐴

2
 ( 22 ) 

𝐸𝐹𝑒𝑟𝑚𝑖 =
𝐼𝑃 + 𝐸𝐴

2
=

𝐸𝐴∗ + 𝐼𝑃∗

2
 ( 23 ) 

 

The most promising candidates are identified by screening the resulting polymers according to the 

EA*, IP*,  and EFermi potentials and the predicted oscillator strengths, f. The screening parameters are 

outlined in Table 18. The resulting polymers are then categorised according to their electron-donating 

or electron-accepting character. This is estimated according to the height of the HOMO and LUMO 

potentials relative to P1-93.  

 

Table 18: Screening parameters applied to the 704 DBTS co-polymers investigated via high-throughput virtual screening 
study and the number of samples that meet each criteria. The number of synthesised polymers meeting the criteria and 
the number of top-performing (top 25) photocatalysts meeting the criterial are also presented. Of the 99 polymers 
synthesised, 93 featured in the initial set of 704 polymers that were initially screened virtually. 

Parameter 
Theoretical Polymers 

(Max: 704) 
Synthesised polymers 

(Max: 93) 
No Top 25 Photocatalysts  

(1 wt.% Pt) 

-1.8 < IP* < -1.3 471 66 24 
0.5 < EA* < 1.25 503 69 24 
-0.6 < EFermi < 0 472 67 24 

f > 5.5 153 43 19 
All Criteria 107 29 19 
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2.7.2 Synthesised DBTS Co-polymers 

2.7.2.1 Results 

  

Figure 109: a) IP* and EA* values for the 99 synthesised DBTS co-polymers plotted against their calculated Fermi 
potential. IP* and EA* values are estimated from the xTB-IPEA calculated EA and IP values and the predicted optical 
bandgap (EIPEA). b) An equivalent plot for the 29 polymers arising from the virtual screening process highlighted in the 
text.  

 

Figure 109a presents the estimated IP* and EA* potentials for each of the synthesised polymers 

present in the computational database and plots them against the Fermi potential.  Figure 109b 

contains the 29 remaining polymers after applying the screening criteria outlined in Table 18. Table 

18 also highlights how many of these 29 polymers are amongst the most active photocatalysts after 

photodepositing Pt.  

 

The dotted lines in Figures 109a and 109b represent the predicted IP*, EA*, and EFermi for the DBTS-

DBTS homopolymer, P1-93. This point acts as an important reference since co-monomers used in 

polymers to the left can be considered electron donors, and those to the right are typically electron 

acceptors.  

 

When the IP* is considerably more negative than that of P1-93 (-1.52 V vs SHE), the LUMO rises in 

energy. This happens because LUMO density (and hence photoexcited electrons) become increasingly 

localised on the DBTS acceptor unit. Likewise, as the EA* potentials become more negative, the HOMO 

(and photogenerated holes) becomes increasingly localised on the non-DBTS co-monomer. It is 

important to note that some copolymers with more-negative Fermi potentials are predicted to have 

a localised HOMO and a delocalised LUMO, whereas others can be considered to have a delocalised 

HOMO and a localised LUMO. The activity of polymers towards the left of these charts becomes 
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limited by insufficient driving forces for TEA oxidation. Rising HOMO energies can also be associated 

with narrower bandgaps and shorter fluorescence lifetimes.  

 

For polymers that lie to the right of P1-93, the co-monomer becomes more electron-accepting than 

the DBTS unit. Since DBTS is an electron acceptor itself and provides an efficient catalysis site,  it is 

unsurprising that there are few DBTS co-polymers in this region. Those that do meet the criteria for 

photocatalysis in this region can primarily be considered as having delocalised LUMOs across both 

units. In this case, charge transfer from the polymer to Pd and Pt cocatalysts will involve the co-

monomer, and the relative rates will be structure-dependent.  

 

2.7.2.2 Discussion 

  

Figure 110: a) IP* vs the Fermi potential for the 99 synthesised DBTS co-polymers. The in width of each data point 
represents the photocatalytic activity before photodepositing Pt as a co-catalyst. b) The same plot after virtual screening 
according to the rules outlined in the text.  Red data point represents P1-93, the DBTS-DBTS homopolymer.  

 

Figure 110a presents the distribution of the most active photocatalysts before Pt addition and before 

excluding any samples via the screening parameters. Figure 110b is the same Figure after refining the 

computational results. As can be seen, the vast majority of the active photocatalysts are preserved, 

and the most inactive photocatalysts are removed. Figures 111a and 111b present the same data for 

the photocatalysts after Pt photodeposition. The red data point represents P1-93. The width of each 

bubble is proportional to the photocatalytic activity relative to the highest activity within the set. 
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Figure 111: a) IP* vs the Fermi potential for the 99 synthesised DBTS co-polymers. The width of each data point 
represents the photocatalytic activity after photodepositing Pt as a co-catalyst. b) The same plot after virtual screening 
according to the rules outlined in the text.  Red data point represents P1-93, the DBTS-DBTS homopolymer. 

 

As highlighted in Table 18, 29 of the synthesised polymers are selected following the computational 

screening process. Nineteen of the top 25 photocatalysts after Pt photodeposition remain within this 

set.   

 

Before Pt photodeposition, the most active photocatalysts have a Fermi level that is more negative 

than P1-93. However, many of the most active photocatalysts after Pt photodeposition have Fermi 

levels similar to that of P1-93.  Figure 112 contrasts the photocatalytic activities of the polymers before 

Pt deposition (Figure 112a) with their relative increases in activity after Pt deposition (Figure 112b).  

 

Interestingly, all of the polymers highlighted in the red box contain aromatic hydrocarbons without 

any heteroatoms. This means that monomers containing nitrogen and sulfur heteroatoms, whose 

resonance structures contribute to the electron-donating characteristics, do not benefit from 

platinum as a co-catalyst compared with palladium.  

 

Polymers inside the grey box can be considered as having LUMOs delocalised over both monomer 

units. The lower IP* potentials may result in structure-dependent charge transfer rates to residual 

palladium and platinum. For example, excitons in P1-93 are long-lived. P1-27 also lies in this region 

and also appears to be very unreactive with palladium and highly active with platinum. However, the 

fluorescence lifetimes (and photocatalytic activities) of the polymers containing fluorinated phenylene 

rings: P1-60, P1-61, P1-62, and P1-66, are heavily dependent on the relative concentrations of residual 

palladium. Thiophene-containing polymers P1-110 and P1-99 lie to the left of this region, they have 
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strongly localised HOMOs, but the LUMO remains low in energy and delocalised. As such, they benefit 

from the favourable work function of platinum that enhances the rate of charge transfer. 

 

The final region, denoted by the blue box, highlights polymers whose LUMOs are localised 

predominantly on the electron-accepting co-monomer. Since the DBTS unit is less involved in the 

electron transfer process, the response of these polymers to Pt and Pd is considerably more 

dependent on the structure of the acceptor unit. This also typically results in lower-activity 

photocatalysts. The samples in this region demonstrating the biggest increases in activity with Pt 

typically contain pyridine rings or carbonyl groups. However, these samples may operate via unique 

mechanisms.     

 

  

Figure 112: a) IP* of remaining synthesised polymers after virtual screening. Data point width represents  HER rate 
before Pt photodeposition. b) Data point widths represent the change in photocatalytic activity upon photodeposition 
of 1 wt.% Pt. Dotted line represents IP* for P1-93. Three boxes in graph figure b) represent polymers with LUMO orbital 
density theoretically localised on the DBTS unit (red) delocalised over both monomers (grey) or localised on the co-
monomer (blue). These also correspond with electron-donating, neutral, and electron-accepting co-monomers. 

 

 

2.7.2.3 Inactive Polymers Included by Screening  

The screening process identified ten polymers as potentially promising candidates, which performed 

poorly when tested. These polymers are summarised in Table 19. The poor photocatalytic activity can 

be accounted for in almost all of these cases by considering the structure-activity relationships 

explored above or the residual palladium concentration.  

 

The copolymers P1-8, P1-62, and P1-37 are structurally similar to many other polymers with high 

activities. Their poor activities can be attributed to high palladium concentrations, as discussed in 
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section 2.6.2. P1-24 is the most surprising polymer that is not amongst the top 25. However, its low 

oxidation potential implies that there may be a limited driving force for TEA oxidation.  

 

P1-78, P1-84, P1-85, and P1-86 contain pyridine rings that are electron-accepting. These polymers fit 

into a larger general trend in which pyridine-containing photocatalysts performed worse than their 

phenylene equivalents.  Many of these polymers also dispersed poorly in the reaction mixture. P1-78 

also has a very small bandgap, and the IP* and EA* levels indicate that HOMO and LUMO are both 

localised on the co-monomer unit.  

 

P1-102 is ranked 30th for its photocatalytic activity with water. It is structurally very similar to P1-99 

and has a poor overpotential for TEA oxidation. Unlike the thiophene-based P1-99, furans are more 

electronegative and do not donate their electrons as readily.  It also dispersed very poorly in the 

reaction mixture. P1-48 also contains a furan unit. However, in this case, the ester group transforms 

the polymer into an electron-accepting group relative to P1-93. Typically, polymers containing 

carbonyl groups appear to have very unpredictable photocatalytic activities. This is likely due to their 

unique photophysical processes, as discussed in section 2.6.2. 
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Table 19: Comparison of  Low-activity DBTS co-polymer photocatalysts included by screening criteria. P1-93 is presented 
for reference values.  

Rank  Polymer Monomer 

HER 
No Pt 

(μmol hr-

1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. %) 

EA* 
(V vs 
SHE) 

IP* 
(V vs 
SHE) 

EFermi f 

1 P1-93 

 

3,443 16,719 2.51 86 0.79 3 0.31 0.98 -1.52 -0.27 9.64 

62 P1-8 

 

1,244 973 2.77 64 9.01 3.15 #N/A 0.94 -1.71 -0.38 5.92 

41 P1-24 

 

1,986 2,484 2.38 75 7.5 1.6 0.19 0.64 -1.64 -0.50 7.22 

46 P1-37 

 

2,710 2,161 2.41 56 15.92 3.82 0.77 1.18 -1.47 -0.14 5.51 

48 P1-48 

 

1,051 1,969 2.49 91 24.79 0.68 0.29 1.06 -1.34 -0.14 5.73 

36 P1-62 

 

3,501 2,862 2.7 92 12.08 0.74 0.72 1.10 -1.49 -0.20 7.04 

38 P1-78 

 

315 2,597 1.86 48 87.05 0.71 0.87 0.89 -1.43 -0.27 5.99 

69 P1-84 

 

0 477 2.52 36 88.54 0.7 0.31 1.13 -1.44 -0.15 10.59 

44 P1-85 

 

381 2,355 2.65 58 36.18 1.73 0.11 1.10 -1.41 -0.16 10.03 

63 P1-86 

 

578 796 2.53 78 16.26 2.1 0.49 1.14 -1.48 -0.17 6.95 

30 P1-102 
 

2,691 3,333 2.15 49 66.95 0.64 0.54 0.66 -1.60 -0.47 6.19 

 

2.7.2.4 Active Polymers Excluded by Screening 

Nineteen of the top 25 polymers are identified according to these criteria. The six remaining 

unidentified polymers with high activity are presented in Table 20. All of these polymers were omitted 

on the basis of their small oscillator strengths. P1-39 was additionally excluded on the basis of its IP* 

and EA* potentials that arise from the monomer’s strong electron-withdrawing character.    
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P1-74 and P1-68 have small oscillator strengths due to the meta-linkages along the polymer backbone, 

as discussed in section 2.6.3. Clearly, this screening system will omit all other meta-linked pyridines 

that are potentially promising photocatalysts. However, these molecules make up a very small 

proportion of the catalyst library. Furthermore, no polymers containing para-linked pyridine 

monomers from the library were successfully synthesised. Such para-linked pyridine copolymers with 

higher oscillator strengths may be even more active.   

 

Table 20: Comparison of high-activity DBTS co-polymer photocatalysts excluded by virtual screening process. 

Rank  Polymer Monomer 

HER 
No Pt 

(μmol hr-1  
g-1) 

HER 
Pt 

(μmol 
hr-1  
g-1) 

Eg 

(eV) 
Yield 
(%) 

T 
(%) 

τ 
(ns) 

Pd 
(wt. 
%) 

EA* 
(V vs SHE) 

IP* 
(V vs 
SHE) 

EFermi f 

8 P1-74 

 

6,038 8,341 2.45 77 8.33 1.6 0.52 0.83 -1.77 -0.47 2.95 

13 P1-68 

 

3,969 6,858 2.65 Quant 9.34 1.89 0.13 1.14 -1.44 -0.15 4.19 

16 P1-71 

 

1,536 5,572 2.33 69 1.67 0.75 0.12 1.09 -1.44 -0.18 2.23 

20 P1-39 

 

2,191 4,245 2.56 57 10.97 2.81 0.24 1.51 -1.22 0.15 2.29 

21 P1-21 

 

4,954 4,020 2.52 67 7.86 1.3 0.66 0.62 -1.67 -0.53 2.43 

22 P1-94 

 

1,836 3,932 2.71 95 0.49 2.58 0.30 1.05 -1.58 -0.26 3.49 

 

P1-71 contains the structurally-unique pyridine N-oxide monomer. In its molecular form, pyridine N-

oxides are used in photochemical reactions for their rapid electron transfer from the non-bonded 

n-orbitals. The resulting radical has also demonstrated its ability to abstract hydrogen from water and 

catalyse water oxidation via a two-electron pathway to form hydrogen peroxide. As such, this is an 

interesting polymer for future consideration as an overall water-splitting photocatalyst. It is expected 

to have band potentials similar to P1-93, but its measured bandgap is much smaller than P1-93. This 

discrepancy indicates that xTB-IPEA calculations may not correctly interpret structures with 

complicated valence states, such as the charge-separated N-O bond in this case.  
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The LUMO of P1-39 is situated predominantly on the phenyl ring and contains carboxylic acid groups. 

As such, its photocatalytic activity may also depend on an entirely different mechanism than most 

other polymers in this dataset. Although P1-21 and P1-94 place amongst the top 25 photocatalysts, 

they place 21st and 22nd, respectively. These have been discussed in detail in earlier sections. Their 

small oscillator strengths correspond with these polymers performing considerably worse than their 

similarly-structured counterparts,  which were not excluded by the screening criteria.   

 

2.7.3 Screening of Remaining Co-polymers 

Of the 704 DBTS co-polymers included in the high-throughput computational virtual screening stage 

of the work published by Bai et al., 107 meet the criteria outlined in Table 18. The full datasets before 

and after screening for these properties are presented in Figures 113a and 113b, respectively. The 

majority of excluded samples result from the requirement for an oscillator strength greater than 5.5.   

  

Figure 113: a) IP* and EA* values for the 704 theoretical DBTS co-polymers plotted against their calculated Fermi 
potential. IP* and EA* values are estimated from the xTB-IPEA calculated EA and IP values and the predicted optical 
bandgap (EIPEA). b) An equivalent plot for the 107 DBTS co-polymers that meet the screening criteria.  

 

The resulting polymers can also be assessed according to their predicted IP* and EA* potentials to 

indicate if the frontier orbitals are likely to be localised on the DBTS unit, delocalised over both 

monomers, or localised on the co-monomer. Furthermore, using the structure-activity relationships 

observed for the synthesised polymers, it should be possible to predict which polymers will be highly 

active and which will improve their photocatalytic activity after photodepositing Pt. 
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2.7.3.1 IP* and EA* relative to P1-93  

 

Figure 114: Plot of IP* vs EA* of the 112 screened DBTS co-polymers. Excited state band edge potentials are plotted 
relative to the IP* and EA* of the DBTS-DBTS homopolymer, P1-93, which is denoted by the black data point and the 
dashed grey lines.  The theoretical polymers are categorised according to their HOMO and LUMO positions relative to 
P1-93. The graph split into 9 sections. Orange and yellow data points have more a negative IP* (<-0.1 V vs P1-93) green 
and blue have a more positive IP* (IP*>0.1 V vs P1-93). Red, grey, and Purple co-polymers have an IP* that is ±0.1 V vs 
IP* of P1-93.  Similar analysis categorises the polymers according to the EA* potentials relative to the EA* of P1-93.  

 

Figure 114 plots the estimated IP* and EA* values relative to the IP* and EA* of P1-93, and as such, 

P1-93 lies at the origin. The polymers meeting the screening requirements can be categorised 

according to their IP* and EA* potentials relative to this data point. As indicated by the arrows, the 

magnitude and direction of each data point relative to P1-93 provide information on whether the 

HOMO and LUMO are likely to be delocalised or if they will be spatially separated as for a true donor-

acceptor structure.  

 

Nine key regions of this graph have been identified and are marked by different colours accordingly. 

The polymers in the top left section,  represented by orange data points, are predicted to be D-A type 

polymers in which the HOMO is located on the comonomer, and the LUMO is located on the DBTS 

monomer. These polymers have large negative Fermi potentials relative to P1-93 and are the best-

performing photocatalysts when using residual palladium as a co-catalyst. 

 

The polymers represented by red data points also contain strongly donating co-monomer units. In this 

case, the higher energy HOMO is paired with a LUMO whose energy is close to P1-93. As such, these 

polymers will have smaller bandgaps than P1-93. The matching LUMO energies imply that electron 

density is more likely to be delocalised over the polymer backbone, and the nature of the co-monomer 

will impact charge transfer rates to palladium and platinum.  
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Yellow data points represent polymers with HOMO energies close to P1-93, implying a delocalised 

HOMO. However, the higher-energy LUMO compared to P1-93 also indicates a slight electron-

donating character, and that electron density is more concentrated on the DBTS unit.   

 

Polymers represented by the grey data points have HOMO and LUMO energies that most closely 

resemble those of P1-93. In such cases, the HOMO and LUMO are both expected to be delocalised 

over the polymer backbone. For these polymers, charge transfer to palladium is expected to be slow, 

and the biggest increases in activity will be observed by photodepositing platinum. However, the rate 

of charge transfer to either noble metal will depend on the nature of the comonomer. 

 

Purple polymers have Fermi potential more positive than that of P1-93, implying that the comonomers 

are relatively electron-withdrawing. The LUMO energy remains close to that of P1-93 and can hence 

be considered delocalised, but their HOMOs lie at lower energies. As such, electron transfer events to 

Pd/Pt may still occur via the DBTS unit, but the relative rates are considerably more dependent on the 

nature of the co-monomer. These polymers are expected to have wider bandgaps than P1-93.  

 

Green data points represent polymers with a HOMO energy similar to P1-93 and a lower LUMO 

energy. LUMO electron density is expected to be more localised on the co-monomer unit rather than 

the DBTS one. As such, charge transfer to co-catalysts will be entirely structure dependent. However, 

the lower LUMO suggests there may be a lower driving force for charge separation and hydrogen 

evolution. These polymers are expected to be considerably more efficient with Pt than Pd. TEA 

oxidation rates are expected to be fast as the HOMO is delocalised over both monomer units.  

 

Finally, the photocatalytic activities of the blue polymers are almost entirely dictated by the nature of 

the co-monomer. These polymers are expected to present as D-A polymers in which the HOMO (and 

hence photogenerated holes) is localised on the DBTS unit, which has become the donating moiety. 

The LUMO will become more concentrated on the co-monomer unit, and the nature of the co-

monomer/metal interactions will dominate the rate of charge extraction. As for polymers in the green 

region, the lower energy LUMO implies a smaller driving force for proton reduction. Reactions are 

expected to be considerably faster with platinum instead of palladium. Although the DBTS moiety may 

be less involved in the electron transfer process to the co-catalyst, the polymer would still benefit 

from its fused linear macrocycle structure and polar functional groups.  
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2.7.3.2 Aromatic Heterocyclic Co-monomers 

Structurally, the polymers can be grouped according to whether or not the comonomer contains 

heterocyclic aromatic rings. The resulting set of heterocyclic polymers is assessed in this section. The 

complete set of these polymers is presented in Figures 115 and 116. Following the conventions of the 

previous sections, the polymers are all DBTS copolymers and are represented by varying co-monomer 

dibromides. These monomers are colour-coordinated to indicate which region of Figure 114 they can 

be located in. 

 

These polymers can be divided into four subsets according to the nature of the heterocycle. Polymers 

S1-S21 make up the first of these subsets and contain either a pyrrole, thiophene, or furan. These 5-

membered heterocyclic rings contain a single electron-donating heteroatom in the ring. Resonance 

structures place a partial positive charge on the heteroatom and delocalize the negative charge evenly 

across the four remaining carbons. Resultingly, these monomer units are predicted to be easily 

oxidised and enable D-A-type polymers to be prepared.  A clear pattern can be seen in which pyrrole-

containing polymers have a higher energy LUMO and more electron-donating character than the 

thiophene and furan derivatives. This can lead to enhanced charge separation and minimised exciton 

binding energy. S1, S2 and S5 were synthesised in the initial set of polymers and shown to be highly 

efficient photocatalysts with residual palladium. However, these polymers did not improve after the 

addition of Pt since charge transfer to Pd is fast. By contrast, thiophene-containing polymers possess 

lower energy LUMOs with a lower driving force for charge transfer. When synthesised, the 

photocatalytic activities of S6, S11, and S13 improved after Pt deposition. However, due to small 

overpotentials, their high-energy HOMOs may limit the activity when TEA is used.  

 

Many of these polymers were synthesised in the original study. However, this work suggests that alkyl 

chains may be added to thiophene units without dramatically impacting the electronic structure. Such 

modifications could allow for soluble derivatives to be synthesised.  S3 was not synthesised but is 

predicted to perform similarly to S1 and S2. The photocatalytic activity of S4 is difficult to predict, 

given the presence of an ester functional group. This group has a mesomeric electron-withdrawing 

effect and is conjugated to the polymer backbone. Whilst this may stabilise the negatively-charged 

polaron, carbonyls can also introduce the potential for ISC to the triplet state and are often reactive 

photochemical reagents. S12 would be an exciting target since the oxygen ether groups are inductively 

electron-withdrawing and mesomerically donating. They also add polarity to the backbone, which may 

improve polymer-water interactions and dispersibility. S14 is the only polymer predicted to 

substantially lower the LUMO energy and raise the HOMO energy. This is possible because of its two 
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fused thiophene rings in tandem with the mesomeric electron withdrawing carboxylic acid. It is 

predicted to have the narrowest bandgap of 2.0 eV.  

 

Polymers S15 to S21 also contain thiophene- and furan-based monomers. However, these monomers 

also contain electron-withdrawing carbonyl groups, giving rise to a LUMO energy that is lower in 

energy than P1-93. These monomers are, therefore, predicted to be more electron withdrawing than 

electron donating. The HOMO is also shifted to lower energies to align with the HOMO of P1-93. In 

this case, the photogenerated holes are expected to be more delocalised, implying that these 

thiophene units are no longer electron-donating.  

 

Whilst potentially interesting polymers, aldehydes, ketones, carboxylic acids, and ester functional 

groups are prone to photooxidation or photoreduction reactions. Carbonyl chromophores also enable 

rapid ISC to form photoexcited triplet states.  However, these functional groups are also polar and can 

potentially improve the energetics at the interface with water. These polymers are also expected to 

have narrow bandgaps. 

 

The second subset of polymers is represented by the dibromides S22-S30. These contain 5-membered 

heterocyclic monomers with two or more heteroatoms. In this case, one heteroatom is pyrrole-like 

and donates a lone pair to the ring to complete aromaticity. In contrast, the second heteroatom is 

pyridine-like, and its lone pair of electrons are perpendicular to the π-electron system. As such, one 

heteroatom is electron-donating, and the other is electron-accepting.  
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S29 and S30 were both targeted in the high-throughput synthesis study. However, their synthesis was 

unsuccessful, and they were not tested. As such, none of the polymers in this subset have been 

synthesised so far, and their photocatalytic activities are uncertain. These polymers span a wide range 

of regions in the IP*/EA* plot (Figure 114), indicating how structural variations can modify the HOMO 

and LUMO positions relative to P1-93. Accordingly, the bandgaps of these polymers can also be finely 

tuned and are predicted to range from 2.26 to 2.62 eV.  S25 – S28 would make interesting polymers 

Aromatic Heterocyclic Co-monomers 

Subset I – Five-membered rings with one heteroatom per ring 

 

 

Subset II – Five-membered rings with 
two heteroatoms per ring 

 

Subset III – Fused polyaromatic monomers (5+6 membered rings) with two or more heteroatoms 

 

Figure 115: List of the most promising photocatalysts resulting from virtual screening of 704 theoretical DBTS co-
polymers. Set I : Heterocyclic co-monomers. S1 - S21 (Subset I) contain 5 membered aromatic rings with a single 
mesomeric electron-donating heteroatom, S22 – S30 (Subset II) contain two heteroatoms within the 5 membered ring, 
one atom is electron donating, the other is electron accepting. S31 – S41 (Subset III) contain a 5 membered heterocycle 
with two heteroatoms fused to an additional 6-membered ring (benzene or pyridine). Polymers are colour coordinated 
according to their position on the IP* vs EA* chart relative to the DBTS-DBTS homopolymer. See Figure 114 for details.  
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since their LUMO energies are similar to that of P1-93. Samples in this region show interesting 

dependencies on Pd and Pt concentrations. 

 

The third subset of heterocyclic polymers contains monomers with a 5-membered aromatic 

heterocycle fused to a 6-membered aromatic ring. Each monomer contains at least two heteroatoms 

in the fused ring system, including an electron-donating heteroatom on the 5-membered aromatic 

ring. As in the second subset, the remaining aromatic heteroatoms are pyridine-like and electron-

accepting. The heteroatom elements, heteroatom positions, and monomer linkage positions differ in 

each case, making this a problematic subspace to explore efficiently using a small number of potential 

monomers. However, this also generates a significant chemical space to expand further if these 

polymers show initial promise.    

 

None of these theoretical polymers were present in the initial high throughput experiment, and their 

viability as components in photocatalytic systems so far remains untested. This subset represents a 

diverse set of polymers that range from electron-donating to electron-accepting relative to P1-93.  

 

The dibromide linkages on S34, S35, S40, and S41 result in a polymer geometry in which the axis of 

the fused rings lies parallel to the polymer backbone. The previous sections show that this typically 

leads to significant oscillator strengths and efficient photocatalytic activity.  However, each of these 

DBTS co-polymers makes a potentially exciting new photocatalyst.  

 

Benzothiadiazole (BT) is structurally similar to these monomers and is commonly used as an acceptor 

monomer in D-A polymers and has shown promise in polymers for photocatalytic hydrogen evolution. 

114,207–209 Although DBTS-BT polymers and their derivatives were synthesised in the initial high 

throughput experiment, their photocatalytic activities were inferior. However, the screening process 

excluded these monomers due to their low EA, and their poor performance is unsurprising. Since DBTS 

is already an efficient electron acceptor, it would not make sense to pair it with another monomer 

that is considerably more electronegative than those highlighted here.  

 

Polymers S42 – S64 cover the final subset of heterocyclic aromatic comonomers. These monomers all 

contain 6-membered pyridine rings in which the N-heteroatom is electron-withdrawing and can 

stabilise a negative charge. As such, the majority of these polymers span the grey-to-blue region of 

the IP* vs EA* plot.  
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Subset IV – Six-membered heterocyclic aromatic co-monomers 

 

Figure 116: List of the most promising photocatalysts resulting from virtual screening of 704 theoretical DBTS co-
polymers. Set I : Heterocyclic co-monomers (Contd.). S42 – S64 (Heterocycle Subset IV) represent all of the co-polymers 
containing  6-membered heterocycles with mesomeric electron-withdrawing nitrogen atoms and no 5-membered 
heterocyclic components.  Polymers are colour coordinated according to their position on the IP* vs EA* chart relative 
to the DBTS-DBTS homopolymer. See Figure 114 for details. 

 

Four of these polymers were synthesised in the initial study and tested for their photocatalytic activity: 

S51, S52, S54, and S58. All of these polymers resulted in photocatalytic activities outside of the top 

25. However, each of these polymers contains two electron-accepting heterocyclic N-atoms. S51 and 

S58 contain rotational degrees of freedom around the dihedral bond. S52 is the only pyrazine moiety; 

the LUMO of the others are excluded in the screening process due to large magnitude positive Fermi 

energies indicating strong electron-accepting characteristics. Although S54 is a fused linear 

macrocycle with a large oscillator strength, it was only obtained with a 30% yield. The resulting 

photocatalytic performance may have been affected by its purity. 

 

It is worth noting that S51 is present, but the polymer containing a single meta-linked pyridine unit is 

not. The oscillator strength of S51 may only have met the oscillator strength criteria due to the 

presence of two rings. However, in phenylene, biphenylene, and triphenylene-containing polymers, 

additional rings without a rigid co-planar structure do not lead to enhanced photocatalytic activities.   
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However, despite limited precedent for success amongst these polymers, meta-linked derivatives of 

several of these monomers were found to result in highly active photocatalysts that were excluded on 

the basis of their small oscillator strengths (see Table 20). It remains unclear if those polymers were 

active because of their meta-linked structure or if their para-linked isomers could be even more active.  

 

The 4-aminopyridine co-polymer, S42, and the para-pyridine co-polymers should be synthesised, given 

the top 15 performances of their meta-linked derivatives, P1-74 and P1-68.  S44, S45, and S46 are also 

interesting targets since the inductive donating methylene groups would raise the energy of the LUMO 

and make the pyridine ring less electron-accepting. 

 

Among the blue electron-accepting co-monomers,  S55 and S57 are potentially active since these 

monomers contain fused aromatic rings, which would extend the linear conjugation path along the 

polymer backbone. S64 also holds excellent potential since this monomer contains a mesomeric 

electron-withdrawing cyano group.  The phenylene equivalent to this polymer achieved the third-

highest photocatalytic activity of all the samples (P1-27). This indicates that the cyano group is 

excellent for selectively enhancing charge transfer to platinum cocatalysts. Since the cyano group in 

S64 is located on a pyridine ring, this unit becomes even more electronegative. A more significant 

proportion of the LUMO electron density will be localised on this unit compared to the Ph-CN unit of 

P1-27, potentially leading to even higher photocatalytic activities. 

 

2.7.3.3 Aromatic hydrocarbon co-monomers 

The second set of copolymers includes co-monomers that only contain aromatic hydrocarbon rings, 

i.e. no heteroatoms. Whereas heterocycles can stabilise positive and negative charges via their 

resonance forms and naturally include more significant intrinsic dipole moments, benzene rings are 

symmetric and contain no dipole moment before substitution. Benzene rings can be considered 

neutral, unlike heterocyclic molecules pyrrole and pyridine, which are mesomeric electron donators 

and acceptors, respectively. Phenylene rings are more stable, less reactive, and are good π-spacing 

units for conjugated systems. They also operate as a blank slate for structural modifications that can 

introduce dipoles and transform the electronic structure via substituent effects.  

 

The aromatic hydrocarbon-based co-polymers can be subdivided into three subsets. The first subset 

(S65-S70) contains fused macrocyclic rings with extended delocalised π-systems spread over co-planar 

units. The second subset (S71-S97) includes phenylene units substituted with functional groups that 

do not contain π -electrons that are conjugated to the polymer backbone.  These substituents only 
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contribute inductive electron donating or withdrawing effects.  The third subset of copolymers 

contains phenylene rings with π-conjugated substituents that extend the π-electron network along 

the polymer backbone. These substituents contribute mesomerically to the electron-donating and 

withdrawing effects of the co-monomer.  The variable co-monomers for each of these subsets are 

presented in Figures 117 and 118. 

 

 

Aromatic Hydrocarbon Co-monomers 

Subset I – Fused polycyclic aromatic hydrocarbons 

 

Figure 117: List of the most promising photocatalysts resulting from virtual screening of 704 theoretical DBTS co-polymers. 
Set II : Co-monomers containing aromatic hydrocarbon rings. S65 – S70 (Hydrocarbon Subset I) contains fused hydrocarbon 
macrocyclic comonomers.  Polymers are colour coordinated according to their position on the IP* vs EA* chart relative to 
the DBTS-DBTS homopolymer. See Figure 114 for details. 

 

 

Most of the fused aromatic systems of subset 1 have already been synthesised in the initial high 

throughput experiment. These co-polymers performed well very well with no additional co-catalyst. 

This is in line with their strong electron-donating character relative to DBTS, as indicated by their 

location in the orange region of the IP*/EA* plot (Figure 114). Their high-energy LUMO should 

generate an appropriate driving force for charge transfer to residual palladium. However, unlike the 

fused macrocyclic systems containing 5-membered heterocycles, the photocatalytic activity of S65 

(P1-89) and S66 (P1-23) increased further upon the addition of a platinum co-catalyst. S68 (P1-13) 

contained substantial levels of palladium. Resultingly, this polymer demonstrated the highest activity 

before Pt, but the activity did not increase further following Pt addition.    

 

S67 (P1-24) performed poorly, which is possibly attributable to the non-linear conjugation pathway 

along the polymer backbone and its particularly high energy HOMO that may result in slow TEA 
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oxidation rates. The pyrene unit is also symmetric and non-polar, which could potentially lead to 

weaker absorption coefficients and no permanent dipole-dipole interactions with the TEA reagents to 

aid charge transfer. Although the preparation of S67 (P1-25) was unsuccessful, this polymer may also 

perform poorly for similar reasons.  

 

The remaining polymer, S70, would be an interesting candidate since the presence of the ether group 

introduces a dipole moment that may enhance the interaction with water and other polar solvents. 

However, it is unlikely to result in a significant improvement over the other similar polymers. 
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Subset II: Para-linked phenylene monomers with inductive functional groups 

 

Subset III: Para-linked phenylene monomers with mesomeric functional groups 

 

Figure 118: List of the most promising photocatalysts resulting from virtual screening of 704 theoretical DBTS co-polymers. 
Set II : Co-monomers containing aromatic hydrocarbon rings. S71 – S97 (Hydrocarbon Subset II) contains phenylene-based 
comonomers with inductive functional group substituents.  S98-S106 (Hydrocarbon subset III) contains phenylene-based 
comonomers with mesomeric functional group substituents across which charge can be delocalised. Polymers are colour 
coordinated according to their position on the IP* vs EA* chart relative to the DBTS-DBTS homopolymer. See Figure 114 for 
details. 

 

Subset 2 (S74 – S97) contains phenylene monomers with inductive substituents.  An unsubstituted 

phenylene monomer (S73) is electron donating relative to DBTS. Increasing the number of phenylene 

units relative to the number of DBTS units (S71 and S72) increases this electron-donating character. 

As discussed earlier, adding hydrocarbon substituents produces an additional inductive donating 

effect. As with the fused hydrocarbon macrocycles, these polymers also exhibited improved 

photocatalytic activities with Pt deposition when residual palladium levels were low. Photocatalytic 
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activity before Pt also appeared to have been negatively impacted by impurities associated with low 

synthetic yields.  

 

The addition of electron-withdrawing groups lowers the LUMO energy from the yellow region to the 

grey region, which is associated with a lower energy and more-delocalised LUMO. This would 

theoretically lead to the slower transfer of electrons to residual palladium. However, S89 (P1-60) was 

the second-best photocatalyst after Pt addition but was also unexpectedly efficient without Pt.  

 

Whereas the fluorescence lifetimes of most polymers were predominantly dependent on the optical 

bandgap, polymers containing fluorinated phenylene rings S88, S89, S90, and S91 each exhibited 

fluorescence lifetimes that were predominantly dependent on the residual palladium content. S89 

and S90 (P1-61) contained the least palladium, had longer lifetimes than expected for their bandgaps, 

and exhibited the fastest hydrogen evolution rates after Pt addition. These results imply that when 

the LUMO is delocalised, the chemical nature of the co-monomer becomes more influential regarding 

the charge transfer rates to palladium and platinum.    

 

As such, the other phenylene-based co-polymers in the grey and purple regions make excellent 

candidates for future investigations to gain an improved understanding of residual palladium's role in 

the photocatalysis mechanism. Methyl groups will increase the LUMO energy, whereas chlorine 

appears to decrease the predicted LUMO energy. S92 is also a particularly interesting monomer 

relative to S90 and S91 since its permanent dipole lies parallel to the polymer backbone, whereas the 

permanent dipole of S90 is at 30 degrees relative to the backbone, and S91 has no net permanent 

dipole moment. 

 

The third subset of phenylene-containing co-polymers includes those with π-conjugated mesomeric 

substituents (S98-S106).  As discussed earlier, hydroxy, ether, aldehyde, carboxylic acid, and ester 

functional groups complicate photophysical properties since they are potentially unstable regarding 

auto-oxidation or reduction and can enhance rates of ISC.  

 

However, very few of the polymers identified in this subset of polymers were successfully synthesised 

in the initial study. S103 (P1-37) performed poorly, but this can largely be attributed to the 

astonishingly high residual palladium concentrations. Meanwhile, S106 (P1-47) placed among the top 

25 photocatalysts before and after Pt addition. The dihydroxy derivative of S98 was also synthesised 

(P1-36) and performed poorly. However, this polymer was deselected during the screening process 
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for its high electron-donating Fermi energy and poor oscillator strength. As such, the remaining 

oxygen-containing co-polymers presented in this subset should not be dismissed.  

 

S102 (P1-27), which contains a conjugated cyano group and no oxygens, was the fourth-best 

photocatalyst with Pt and exhibited the second-largest change in HER rate relative to the test without 

Pt. S100 and S105 are more electron-donating and electron-withdrawing derivatives, respectively. 

They still contain the cyano group, but engineering the redox potentials by adding additional donating 

or withdrawing groups could lead to the discovery of an improved photocatalyst. S105 is particularly 

interesting since fluorobenzene is also an active polymer. The electron-withdrawing nature of this co-

monomer could lead to increased electron density on the phenylene unit and faster electron transfer 

to platinum via the cyano group.  

 

It is worth noting that, of the 24 polymers whose HOMO and LUMO energies both lie close in energy 

to those of P1-93 (represented in grey), only two were synthesised in the high throughput experiment. 

Both of these polymers, P1-60 and P1-27, are within the top 3 highest performing photocatalysts after 

P1-93 when loaded with 1 wt.% Pt. As such, other polymers in this region should be targeted for future 

novel polymers since a delocalised HOMO and LUMO appear beneficial.  The red and purple polymers 

should also be targeted as potential polymers that can significantly increase activity when using Pt as 

a co-catalyst.   
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2.8 Conclusions 
 

In this chapter, previously published results from high-throughput computational calculations and 

high-throughput experiments have been analysed in detail. The original publication210  reported 

ionisation energies, electron affinities, optical bandgaps, and oscillator strengths using low-cost 

computational methods for 6,354 linear copolymers. This library of potential polymers includes 705 

theoretical linear co-polymers containing the DBTS monomer unit. The authors subsequently 

attempted to synthesise 127 of these copolymers using high-throughput experimental methods and 

produced 99 polymers with yields greater than 30%.   

 

The first outcome of this work relates to the accuracy of the computational model in predicting the 

polymer’s optical bandgaps. In the original paper, high throughput computations were performed 

using an extended tight-binding model.  A correction term was added to the IP, EA, and Eg energies. 

These correction terms result from a linear correlation between xTB-determined values and those 

obtained from more advanced DFT calculations. However, despite this correction, substantial errors 

persist when the resulting Eg is compared with the measured values for the synthesised polymers.   

 

The fundamental bandgap and the optical bandgap differ by the exciton binding energy. However, this 

exciton binding energy is typically on the order of tenths of an electron volt, which is substantially less 

than the error in the predicted bandgap relative to the measured bandgap. This work shows that it is 

possible to correctly predict the optical bandgap of these linear polymers within a mean absolute 

deviation of ±0.11 eV of the measured value. This was achieved by applying correction terms to the IP 

and EA energies based on a linear correlation between the fundamental gap and the measured optical 

gap. Independent calibration equations were determined for the IP and EA values. The resulting 

calibration equations produced an estimation of the optical bandgap, EIPEA, which exhibits a mean 

average deviation from the experimental values was ±0.11 eV. This magnitude of error is excellent, 

considering that no information regarding the exciton binding energy is included.  

 

These calibration equations were also tested on a blind set of polymers not used to determine the 

calibration equation. These polymers were also predicted within ±0.25 eV. However, since the 

calibration equation was trained from data only relating to DBTS copolymers, optical bandgaps for the 

linear polymers that do not include the DBTS unit were systematically underestimated by small 

amounts.   
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The large differences between EFund and EIPEA  significantly exceed the exciton binding energies. This 

indicates that the IP and EA energy estimations, and hence the polymer oxidation and reduction 

potentials derived from these values, are unreliable.  However, using the EIPEA  gap approximation, 

estimations of the excited state ionisation potentials and electron affinities, IP* and EA*, were made 

by equally shifting the predicted IP and EA levels in opposite directions such that the difference 

between IP* and EA* equals the predicted optical bandgap.   

 

The predicted and measured optical properties of the 99 synthesised polymers have been examined 

with respect to the hydrogen evolution rates. Whereas the original research focussed on trends 

associated with the photocatalytic activity without an additional co-catalyst, this work explicitly 

considers the different performances before and after the photodeposition of platinum. Furthermore, 

this work also considers photocatalytic activity trends amongst subsets of similarly-structured co-

polymers. In doing so, it has been possible to gain further insight into some property-activity trends 

that are not obvious when the complete data is analysed together as a whole.  

 

Analysis in this chapter has revealed several previously-unidentified relationships. The first relates to 

the predicted oscillator strengths. Most of the top photocatalysts revealed in this study are predicted 

to have oscillator strengths larger than 5.5. The oscillator strength appears to be a good measure of 

the degree of orbital delocalisation along the polymer backbone. The oscillator strength is larger for 

monomers in which resonance structures show that electrons can flow in through one side of the 

monomer and out of the other.  For example, this value can differentiate between para-linked and 

meta-linked phenylene. Electrons in p-phenylene polymers are more delocalised and usually result in 

higher HER rates. Molecules will also have larger oscillator strengths when the longest axis of the 

comonomer’s conjugated π-electron system is oriented along the direction of the polymer backbone. 

These polymers also typically exhibit higher HER rates.  

 

The main exceptions to this rule arise when co-monomers contain multiple aromatic rings that are not 

co-planar.  In such systems, oscillator strengths are large because they contain extended linear regions 

of conjugated double bonds along the direction of the polymer backbone. However, when the 

sequential aromatic rings are not locked into a co-planar geometry, this conjugation may be 

weakened, and the delocalisation length shortened, due to non-zero dihedral angles between the 

planes of the adjacent aromatic π-systems. 
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Other exceptions appear to arise in polymers containing meta-linked pyridine co-monomers. These 

systems are also predicted to have small oscillator strengths due to the meta-linkages. However, in 

these systems, the photocatalytic HER rate remains relatively high when the N-atom is ortho to the 

two polymer linkage positions. Pyridine’s resonance structures show that positive charges are 

delocalised onto the ortho and para positions relative to the heteroatom. These charges can be further 

delocalised along the polymer backbone, stabilising the negatively-charged nitrogen. As such, the co-

polymer synthesised from 2,6-dibromopyridine can stabilise a negatively charged polaron without 

breaking the conjugation via resonance structure considerations. Similar rationales can be used to 

explain the high photocatalytic activities of other meta-linked pyridine-based co-polymers with small 

oscillator strengths.  

 

The second unexplored relationship in the original study is the association between the fluorescence 

lifetime and the photocatalytic activity, particularly regarding enhancements after the 

photodeposition of Pt. Forty-five of the 99 polymers exhibited weighted-average fluorescence 

lifetimes shorter than 1 ns. Of these 45 polymers, only three produced hydrogen at rates faster than 

4 mmol hr-1 g-1 after Pt addition, placing them in the top 25 polymers. For most polymers, long-lived 

fluorescence lifetimes appear essential for high-efficiency photocatalysis.  

 

The original study noted that the optical bandgap is a highly influential factor in predicting polymers 

with high photocatalytic activities. This was counter to expectation since narrow bandgap polymers 

can absorb a greater proportion of incident photons by also absorbing those with lower energies. They 

attributed this discrepancy to wider bandgaps correlating with more negative EA potentials, another 

very influential predictive factor.  

 

However, the analysis presented in this chapter has demonstrated that bandgap also directly 

correlates with the fluorescence lifetime. This is likely due to the inverse gap law for non-radiative 

relaxation from the excited state to the ground state via internal conversion. The wider the energy 

gap, the lower the probability of non-radiative relaxation events occurring. Since polymers are subject 

to many vibrational and rotational modes, the probability of IC is very high, even among wide bandgap 

organic semiconductors. Fast rates of non-radiative relaxation will significantly inhibit the maximum 

achievable efficiency.    

 

Analysis in this chapter has also identified that the fluorescence lifetimes of certain co-polymers do 

not follow the same dependence on the optical bandgap. The fluorescence lifetimes of polymers 
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containing fluorinated para-phenylene monomers vary linearly with respect to their residual 

palladium content. Those with the lowest levels of palladium also exhibited fluorescence lifetimes 

longer than expected, given their measured bandgap. More generally, there also appears to be a 

weaker correlation between the residual palladium concentration and fluorescence lifetimes, but in 

most cases, this is less influential than the optical bandgap. P1-37, which contains a benzoic acid 

comonomer, also exhibited a particularly long fluorescence lifetime, given its optical bandgap. The 

polymers containing fused macrocyclic rings also exhibited longer fluorescence lifetimes, in 

agreement with their more rigid and strained geometries that would reduce the probability of IC.  

 

This chapter has also highlighted the key relationship between photocatalytic activity and the residual 

palladium concentration.  In the absence of a platinum co-catalyst, this relationship is not obvious 

since higher palladium content appears to result in higher photocatalytic activities in some cases. 

However, after the photodeposition of a Pt co-catalyst, the negative linear correlation between 

residual palladium content and HER rate becomes much clearer. The most significant increases in HER 

rate when comparing activity before and after Pt addition are observed in polymers with long lifetimes 

and low palladium concentrations. The activities of samples containing high levels of palladium are 

considerably more likely to decrease after adding Pt. 

 

This work has also identified a clear correlation between the maximum photocatalytic activity and the 

synthesis yield. Polymers obtained with low yields were considerably more likely to exhibit lower 

photocatalytic activity than their similarly-structured counterparts with similar palladium levels when 

they were obtained with low yields. The exact relationship here is unclear, but photoreduction of 

impurities, short polymer chain lengths, and an increased probability of a high palladium content are 

all possible. Additionally, the high concentrations of unreacted bromine on chain ends could lead to 

faster intersystem crossing rates from a photoexcited singlet state into a triplet state via the heavy 

atom effect.    

 

The original research also discusses the IP and EA potentials relative to the standard hydrogen 

electrode. This work presents an alternative frame of reference from which to consider these values: 

the IP and EA of the DBTS homopolymer P1-93. By considering the IP and EA potentials of the DBTS 

co-polymers with respect to those of the homopolymer, we gain considerably more insight into how 

the co-polymer electronic structures vary with respect to their physical ones.   
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The co-polymers in which the IP and EA are both more negative than those of P1-93 result from co-

polymerising the DBTS unit with a strongly electron-donating co-monomer. Likewise, when DBTS is 

co-polymerised with an electronegative, electron-withdrawing co-monomer, the resulting HOMO and 

LUMO potentials are more positive relative to P1-93. It is useful to consider the electron-donating and 

accepting behaviours of the co-monomers in this way. This research has also highlighted how the 

Fermi potential, as represented by the point at the middle of the fundamental gap, can also be 

reported relative to that of P1-93 to determine whether the co-monomer should be considered an 

electron donator, acceptor, or neutral when paired with the DBTS unit. This approach to the analysis 

could also be adapted to the homopolymer potentials for the nine alternative co-polymer sets 

considered in the computational screening stage of this research rather than by analysing the absolute 

EA and IP of the polymers.   

 

In this way, the DBTS co-polymers can be subdivided into several categories related to their IP (HOMO) 

and EA (LUMO) potentials relative to P1-93 to provide more information regarding their structure-

activity relationships. In the absence of a platinum co-catalyst, the most efficient copolymers contain 

an electron-donating co-monomer. These resulting polymers have more negative IP and EA potentials 

relative to P1-93. In these cases, the thermodynamic driving force for electron injection into palladium 

and proton reduction is the greatest.  Upon loading the polymers with a platinum co-catalyst, larger 

increases in photocatalytic activity are observed for polymers in which the co-monomer could be 

considered neutral or electron-withdrawing relative to P1-93. This is attributed to the fact that 

platinum is a more efficient co-catalyst for hydrogen evolution with a larger work function and hence 

requires a smaller thermodynamic overpotential to drive the hydrogen evolution reaction. 

 

Many of the best photocatalysts after Pt addition are predicted to have EA potentials within ±0.1 eV 

of P1-93. The best-performing polymer was P1-93 itself. With the exceptions of the thiophene-

containing co-polymers, P1-99 and P1-110, the photocatalytic activities of polymers containing other 

electron-donating heterocyclic co-monomers did not improve upon Pt photodeposition. However, P1-

99 and P1-110 are predicted to have EA potentials similar to P1-93, and their electron-donating 

character is only noticeable when considering the relative IP potentials. 

 

Aromatic hydrocarbons are shown to be electron-donating co-monomers relative to DBTS since DBTS 

itself is electron-withdrawing. This donating effect is emphasised in polymers containing polycyclic 

aromatic hydrocarbon monomers. However, unlike the polymers containing electron-donating 
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aromatic heterocycles, the photocatalytic activity of these polymers improved upon photodepositing 

Pt, provided the palladium concentration was low.  

 

Adding electronegative substituents to phenyl rings lowers the EA potential, making it closer in energy 

to that of P1-93. These samples, such as the fluorinated phenylene copolymers, exhibited some of the 

most interesting properties. The hydrogen evolution rate of P1-27, which contains the cyano-

substituted phenylene co-monomer, increased from 1.1 mmol hr-1 g-1 to 10.7 mmol hr-1 g-1 after Pt 

addition.  

 

A similar approach was then applied to analyse the 705 DBTS co-polymers for which the optoelectronic 

properties were calculated during the computational stage of the research. This analysis also used the 

new calibration equations to provide a closer estimate of the optical bandgaps compared to the xTB-

based values initially provided. The new estimations of IP* and EA* were also used for this analysis. 

 

The 705 theoretical polymers were reduced to 107 promising candidates via screening parameters 

based on IP, EA, the Fermi potential, and the oscillator strength. Of these  107 polymers, 29 had been 

synthesised in the 99-sample high-throughput study. Nineteen of these 29 ranked in the top 25 

polymers for photocatalytic activity after Pt photodeposition, including nine of the top 10. Although 

these screening parameters are not perfect, they are highly effective. Six of the top 25 polymers were 

omitted based on their small oscillator strengths and included some structurally unique pyridine-

based co-polymers. However, the remaining omitted polymers with high activities were structurally 

related to other highly effective polymer photocatalysts that had not been omitted and which were 

considerably more efficient. Likewise, several poor photocatalysts that had not been omitted 

contained large amounts of palladium or had been synthesised with low yields and may prove to be 

more efficient if synthesised under different conditions. 

 

This analysis resulted in the prediction of 78 new DBTS co-polymers expected to be highly efficient 

photocatalysts. The structures of the resulting monomers were then assessed by eye to predict which 

should be targeted as the most promising based on their similarities and differences relative to the 

initial synthesised set.   
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Chapter 3:Organic Photocatalysts 
3.1 Introduction 
 

In the work published by Bai et al., the DBTS-DBTS homopolymer, widely known as P10, produced the 

fastest photocatalytic hydrogen evolution rates.182 However, as demonstrated in Chapter 2, several 

other co-polymers showed immense promise, and the synthesis conditions may have inhibited their 

photocatalytic performances.  

 

The work presented in this chapter focuses on three closely-related sets of linear copolymers. The first 

set, the DBTS-PhFx set, reproduces a selection of dibenzothiophene sulfone (DBTS) co-polymers 

containing phenylene comonomers with varying fluorine substituents from the original high-

throughput publication. The second set, BDT-PhFx, includes benzodithiophene (BDT) co-polymers 

containing the same fluorinated phenylene co-monomers. The third set of co-polymers investigated, 

BDT-PhFx-DBTS, contains a set of ternary co-polymers constructed from the first two sets. These three 

sets of polymers are outlined in Figure 119.   

 

 

 
 

 

Figure 119: Target co-polymers investigated in this chapter. DBTS-PhFx binary co-polymers (left), BDT-PhFx binary co-
polymers (middle), DBTS-PhFx-BDT ternary co-polymers (right).   
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The DBTS-PhFx polymers were selected because the polymers DBTS-PhF (P1-60) and DBTS-PhF2b 

(P1-61) ranked within the top 10 photocatalysts for sacrificial hydrogen evolution in the high 

throughput research. However, the photocatalytic activities of DBTS-PhF2a and DBTS-PhF4 were 

significantly impacted by their high residual palladium concentrations and sub-optimal yields. Overall, 

it is hoped that, by optimising the synthesis conditions, it may be possible to enhance the 

photocatalytic activity of these polymers above that of P10.  

 

From a bandgap-engineering perspective, the addition of fluorine substituents lowers the LUMO 

energy of the co-polymer such that the LUMO of DBTS-PhFx polymers lie close in energy to the DBTS-

DBTS homopolymer. Theoretically, this should result in increased delocalisation of photogenerated 

electrons over the polymer backbone since the energetic barrier for transport between adjacent 

monomers is diminished. Resultingly, the LUMO is likely to be delocalised over several repeat units in 

the polymer backbone. In such systems, the chemical structure of the co-monomer becomes more 

influential in the rate of the photoreduction (hydrogen evolution) reaction.  

 

Interestingly, amongst the DBTS-PhFx polymers, an inverse linear dependence of the fluorescence 

lifetimes and the residual palladium concentration was observed, unlike most of the other polymers 

in which the fluorescence lifetimes predominantly depended on the optical bandgap. This result 

suggests fluorinated phenylene units may facilitate rapid charge transfer to metal co-catalysts.  By 

incorporating these units, it may be possible to synthesise efficient organic photocatalysts that require 

very low loading concentrations of noble metal co-catalysts.  

 

The polymers of the second set are synthesised from the BDT-B(pin)2 monomer. These have been 

selected because the DBTS-BDT co-polymer (P1-110) showed some unique characteristics in the high-

throughput study. In particular, P1-110 ranked 15th amongst the most active photocatalysts after Pt 

photodeposition, despite exhibiting a fluorescence lifetime shorter than 1 ns. Its photocatalytic 

activity is also remarkably high, given its narrow bandgap.  

 

The BDT unit comprises three fused aromatic rings resulting in a co-planar geometry, and its longest 

molecular axis, along which the π-electrons are delocalised, is oriented parallel to the polymer 

backbone. Resultingly, polymers containing the BDT unit are expected to have very large oscillator 

strengths, which correlate to high photocatalytic activities.  
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Thiophene rings are typically considered electron-donating monomers when incorporated into 

extended π-conjugated systems such as organic conjugated polymers. Resonance structures show 

that a positive charge can be localised on the sulfur atom while negative charges are delocalised along 

the polymer backbone. Since the thiophene unit can be easily oxidised, polymers containing the BDT 

have smaller (less positive) ionisation potentials relative to the SHE. This lower IP corresponds to BDT-

containing co-polymers having higher-energy HOMOs compared to polymers without electron-

donating moieties.  

 

However, as discussed in Chapter 2,  compared to co-polymers containing other electron-donating 

aromatic heterocycles such as furans and pyrroles, those containing thiophenes also have larger 

electron affinities (as represented by more positive EA potentials relative to the SHE), corresponding 

to lower-energy LUMOs. According to the predicted EA potentials, the DBTS-BDT LUMO is predicted 

to lie at a very similar energy to the DBTS-DBTS LUMO, and as such, the electron density of 

photogenerated electrons is also expected to be delocalised over the polymer backbone in these 

structures.  

 

Unlike the polymers containing nitrogen-based electron-donating units, P1-110 and other thiophene-

containing co-polymers exhibited increased photocatalytic activity upon the photodeposition of 

platinum. This increase indicates that the smaller reduction potential may correlate with slower 

charge transfer to residual palladium and enable preferential charge transfer to surface Pt. 

Incorporating fluorinated phenylene units may also influence the charge transfer rates to different co-

catalysts.  

 

The BDT unit is a common moiety that features in organic photovoltaics (OPV), where its strong 

electron-donating character and narrow bandgap are beneficial for rapid charge separation at the bulk 

heterojunction interfaces and harvesting large portions of the solar spectrum, respectively.211 One 

feature that makes the BDT unit particularly versatile is the relative ease with which the benzene unit 

can be further substituted. Modifications of this side chain can be used to exert additional control over 

the electronic structure,212,213 improve polymer solubility,146 form conjugated crosslinks to form 

microporous polymers, or improve the interfaces with water, organic solvents, or inorganic solids.     

 

The third set of co-polymers investigates the potential of ternary conjugated polymers. By introducing 

fluorinated phenylene linkers between the DBTS and BDT units, it is hoped that the resulting polymeric 

photocatalysts should benefit from the narrow bandgap and strong donating character of the 
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modifiable BDT unit, the improved co-catalyst charge transfer ability of the fluorinated phenylene 

units, and the inherent photocatalytic activity associated with the DBTS unit. Ternary polymers also 

enable fine-tuning of the electronic band structure by varying the component ratios statistically.165,214   

 

3.2 Chapter Outline 
 

Following section 3.3, in which the experimental methodology is outlined and discussed, section 0 

presents a computational investigation of the proposed linear polymers using DFT calculations. The 

oxidation and reduction potentials of each polymer are modelled relative to the standard hydrogen 

electrode to verify that the ternary polymers are thermodynamically capable of driving sacrificial 

hydrogen evolution. The electronic structures of the ternary co-polymers are compared with their 

binary equivalents. This section also includes an analysis of the frontier molecular orbitals.  

 

Sections 3.6 - 3.8 focus on the synthesis, photocatalytic activities, and optoelectronic characterisation 

of the DBTS-PhFx, BDT-PhFx, and DBTS-PhFx-BDT co-polymers, respectively. The polymers are 

synthesised using a microwave-assisted Suzuki-Miyaura polycondensation reaction. By using this 

microwave-assisted approach for organic synthesis, a range of reaction conditions can be screened 

rapidly since each reaction is completed in under two hours. A particular focus is placed on the impact 

of synthesis conditions on the resulting photocatalytic activity. The three sets of fluorinated 

copolymers are compared and contrasted in section 3.9.5. Section 3.10 contains the overall 

conclusions and identifies future work that should be conducted in this field to continue this research 

and further verify the observed trends.  

     

 

3.3 Methods 
3.3.1 DFT Calculations  

All calculations were conducted using the Materials Studio Software Package (Dassault Systems, 

2016). For each polymer of interest, calculations were run on oligomeric analogues of the overall 

polymer. The oligomeric chain length in each case contains an equivalent of 12 phenylene units in 

accordance with previous DFT calculations of conjugated organic polymers.189 These oligomers first 

undergo a conformer search in which 5000 conformations are searched based on random rotations of 

the dihedral bonds. Each conformation is then subsequently optimised using a pcff forcefield 

geometry optimisation calculation.215 A geometry optimisation calculation using the semi-empirical 

density functional tight-binding (DFTB+) method was completed starting from the most stable 

conformer.216  
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Single-point energy calculations using the Dmol3 package217 were then calculated using a B3LYP hybrid 

functional218–221 in conjunction with the DNP+ basis set with basis file 4.4.222,223 oligomer chains were 

modelled in a high dielectric environment using the COSMO solvent model to mirror the potentials at 

the interface with water.224 Additionally, single-point energy calculations were conducted on the 

singly-charged oligomer chains (P+ and P-) without further geometry optimisation. The differences in 

absolute energies between P, P+, and P- were then used to calculate vertical ionisation energies and 

electron affinities. These IP and EA energies were then used to calculate the absolute potentials of the 

HOMO and LUMO orbitals relative to the vacuum level from which oxidation and reduction potentials 

can be calculated relative to the standard hydrogen electrode, SHE (VSHE = 4.44 V vs Vabs). 

 

3.3.2 Organic Synthesis 
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Figure 120: Reagents and conditions used for microwave-assisted Suzuki polycondensation reactions performed in 

this chapter.   
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Dibromide and diboronic acid bis(pinacol) ester reagents were purchased from Fluorochem, Sigma-

Aldrich, TCI, and Manchester Organics. These reagents were used as purchased without further 

purification. A list of different boronates, halides, bases, solvents, and additives used in these 

reactions is presented in Figure 120. The phase transfer catalyst used in toluene-based reactions (PTC) 

is Aliquat 336 (Starks’ catalyst). 

 

The synthesis methodology was adapted from the high throughput microwave synthesis approach 

used by Bai et al.156 Typically, a 2-5 ml microwave reaction vial (Biotage) is charged with the solid 

reagents and a magnetic stirrer bar. The aqueous base and organic solvent are added before the vial 

is capped with a lid containing a rubber septum. The reaction mixture is degassed by bubbling nitrogen 

through the solution for 10 minutes. The reaction mixture is vigorously stirred via magnetic stirring 

before being transferred to the microwave reactor (Biotage, Initiator+ robot sixty). Reactions are 

typically performed on the 0.25 mmol scale, producing approximately 90 mg of product.  

 

Various reaction conditions were used throughout the study. Typically, 30 s of pre-stirring was 

followed by heating to 100 degrees for 15 minutes before increasing the temperature to 120 degrees 

for a further 60 – 90 minutes. The microwave absorption rate is set to very high, and the power is 

limited to 70-100 W to prevent sudden spikes of pressure. The reaction mixture is stirred at 600 - 900 

rpm.  

 

After the reaction's completion, the vial is de-capped, and the contents are emptied into methanol. 

The solid polymer is isolated by Buchner filtration and washed with water, methanol, and chloroform. 

The resulting powders are dried in a vacuum oven at 60oC overnight.  

 

3.3.3 Optoelectronic Characterisation 

3.3.3.1 UV-Vis Diffuse Reflectance Spectroscopy 

An Agilent Cary 500 UV/Vis spectrometer was equipped with the Praying Mantis accessory to allow 

Diffuse Reflectance Spectroscopy, DRS, measurements to be acquired from small quantities of each 

sample.  

 

A reflectance spectrum of high purity barium sulfate, BaSO4, (Sigma Aldrich) was recorded as a 

reference spectrum equating to 100% reflectance. Due to its very wide bandgap of 4.0 eV and high 

purity, this sample reflects all light with wavelengths longer than 310 nm.  
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Since the polymers of interest are strong absorbers, 5 mg of the polymer was combined with 55 mg 

of BaSO4 and ground together using an agate pestle and mortar. This prevents reflectance 

measurements of 0% or below and allows an accurate absorption spectrum to be recorded above the 

bandgap.  

 

Reflectance measurements were recorded relative to pure BaSO4. The reflectance was converted to 

an approximation of the absorptance via the Kubelka-Munk function, 

𝐹(𝑅∞) =
𝐾

𝑆
=  

(1 − (
𝑅
𝑅𝑠

))

2

2 (
𝑅
𝑅𝑠

)
 . 

In this equation, K is the absorption coefficient, and S is the scattering factor.225 R/RS is the reflectance 

from the sample relative to the BaSO4 standard.  For amorphous and polycrystalline samples, F(R) can 

be used to approximate the absorption coefficient, α.  

 

The bandgap of a semiconductor is determined using the Tauc method.192 This is based on the 

assumption that the following formula can be used to express the absorption coefficient at the 

absorption edge,  

(𝛼 ∙ ℎ𝜈)
1
𝛾 = 𝐵(ℎ𝜈 − 𝐸𝑔). 

For direct semiconductors, γ = ½, and for indirect semiconductors, γ = 2. The optical bandgap can 

therefore be determined from DRS data by plotting (𝐹(𝑅∞) ∙ ℎ𝜈)
1

𝛾 against ℎ𝜈 and extrapolating the 

linear section at the band edge and calculating its intercept with the x-axis. 

 

This method was initially elaborated for amorphous and polycrystalline inorganic semiconductors. 

Although this can also be used to approximate the bandgap of organic conjugated polymer 

semiconductors, the unusual semicrystalline properties of such semiconductors make it challenging 

to ascribe physical meaning to the value of γ that gives rise to the most linear band edge. A high density 

of optically-active sub-gap states belonging to excitons results in strong absorption at energies below 

the bandgap and gives rise to a significant Urbach tail. 226,227 

 

Following the recommendations of Macyk et al.,193 indirect bandgaps are determined from the 

intercept of the linear section of the band edge and the linear extrapolation of the tail to enable a 

more accurate measure of this value and prevent underestimating the bandgap.  
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It is worth noting that the Tauc method assumes that the density of states close to the band edge is 

proportional to the square root of the energy, √E. Conjugated polymers contain a distribution of 

chromophores, each with a distinctive absorption spectrum consisting of optically-allowed transitions 

between molecular orbitals.228 As such, there is much debate regarding how the density of states 

varies as a function of energy at the band edge.  

 

3.3.3.2 Steady State Fluorescence 

Fluorescence measurements were performed on an Edinburgh Instrument FLS1000 fluorescence 

spectrometer that allows for fluorescence excitation, emission, and lifetime measurements of the 

polymers in their solid state. In preparation for fluorescence measurements, powder samples were 

loaded into a quartz sample holder for powdered solids and loaded onto a rotational sample stage. 

The sample was rotated to an angle of approximately 45° from the incident light (450W Xe Arc lamp) 

to maximise the spot size and fluorescence intensity. Quick excitation and emission fluorescence 

measurements were taken to identify the respective maxima.  

 

In steady-state excitation fluorescence measurements, the Xe lamp excitation source is scanned, and 

the emission is monitored at a set wavelength. By contrast, fluorescence emission spectra are 

recorded by setting the excitation source to a constant wavelength and scanning with the emission 

monochromator.  

 

The excitation and receiving slit widths were adjusted for each sample such that the emission intensity 

was high enough for a high signal-to-noise ratio, S:N, but low enough to prevent the detector's 

saturation and potential damage. The equipped detector was a PMT900. 

 

DBTS-PhFx polymers were the most fluorescent, and required narrow monochromator bandwidths of 

0.5 nm, whereas BDT-PhFx polymers were the least fluorescent and required detection bandwidths of 

3 nm. Emission intensity from the ternary system was between the two. 

 

The emission spectra are recorded from excitation at 350 nm for the measurements presented in this 

chapter. This allowed the entire emission spectrum to be registered and resulted in a smooth peak 

shape. When excited at longer wavelengths, the emission peak was less reliable. Excitation spectra 

were recorded at the emission maximum.  
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 TCSPC measurements were also conducted using the FLS1000 spectrometer. An EPL-405nm diode 

laser was used with a 50 ns pulse period, a pulse width of 60 ps, and a typical peak power of 110 mW. 

Each channel of the 2048-channel detector counted single incident photons in each 24 ps time 

interval. The Instrument response function, IRF, was measured at the emission wavelength (404.7 

nm). Photoemission was measured at the peak identified from the steady-state emission spectrum. 

Fluorescence decay curves were fitted by reconvoluting a tri-exponential decay function with the IRF 

using the Fluoracle software.  

 

3.3.4 Photocatalytic Activity Testing 

 

3.3.4.1 GC Peak Calibration 

A calibration curve was generated to enable the quantitative analysis of HER and OER rates. For this 

process, 10 ml headspace vials were loaded with 5 ml water, capped, and degassed. Specific volumes 

of pure hydrogen at 1 bar and air (assuming 20.95 vol.% oxygen) were then injected into the 

headspace vials. These were subsequently run on the GC system. The peak areas and corresponding 

concentrations of gas in the headspace of the vials are plotted in Figure 121. The number of moles of 

injected gas is calculated using the ideal gas equation. The calculation also assumes that all injected 

gas is present in the headspace. In reality, some gas will dissolve into the water leading to an 

inaccurate assumption of headspace concentration. However, the calibration was conducted in 5 ml 

of water to minimise errors arising from gas that dissolves in the solvent under operating conditions.  

 

The headspace vial caps contain a butyl rubber septum impermeable to gasses and rated up to 

pressures of 45 psi (3 atm). The upper end of the hydrogen calibration curve corresponds to a peak 

area of 11,000,000 when 1.6 ml of pure H2 gas (65 μmol) is injected into the headspace vial. Given that 

 

 

 

 Figure 121: H2 and O2 calibration curves for Shimadzu GC system equipped with a BID 2010 detector.    
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these vials only contain 5 ml of headspace, this increases pressure from 1 to 1.27 atm. The calibration 

assumes that no gas is lost in the injection process and that the septum is immediately re-sealed upon 

removing the needle. Errors arising from the solubility changes at different pressures are also reduced 

by including 5 ml of water in the calibration headspace vials. However, it is worth noting that repeat 

calibrations using empty vials yielded almost identical curves. 

 

3.3.4.2 Hydrogen Evolution  

5mL of 1:1:1 (volume) TEA/MeOH/H2O solution was added to 5 mg of photocatalyst in 10 ml Agilent 

crimp-top clear glass headspace vials, which were then capped. The suspension was degassed by 

bubbling nitrogen gas through each vial for three minutes via inlet/outlet needles perforating the 

rubber septum.  

 

The samples were dispersed for five minutes in an ultra-sonicator and subsequently exposed to 

AM 1.5G solar spectrum light for one hour under a 12”x12” solar simulator (Newport Instruments, 

Oriel Sol 3A, 94123A 1440W). Sample vials are  placed on a sample roller to agitate the suspension 

and prevent sedimentation. Samples were subsequently degassed a second time, re-dispersed, and 

irradiated for an additional 15 minutes before testing the gas composition via gas chromatography, 

GC. 

 

The irradiated samples were loaded into a headspace sampler (Shimadzu, HS-20) paired with a gas 

chromatography system (Shimadzu, GC-2010 Tracera) equipped with an Rt-Msieve 5A, 30m, 0.53 mm 

ID column using helium as the carrier gas. A split flow injection method was used to dilute the sample 

concentration.  A purge flow was used to prevent volatile contaminants from the silicone septum from 

entering the column. The samples were heated to 80 °C before injecting into the column. Flow rates 

of 5 L min-1 and a 10:1 split ratio were used. After 8 minutes, the column was ramped to 160 °C at a 

speed of 10 °C per minute, where it was held for five minutes to purge the line of contaminants. The 

eluting gas was detected using a BID-2010 plasma detector set to 200 °C. H2 and O2 peak areas were 

quantitatively analysed for hydrogen evolution rates by comparing them with calibration curves 

acquired from injecting different volumes of pure gasses into the system. The calibration equations 

are presented in Figure 121. 

 

For samples involving in-situ photodeposition of a platinum co-catalyst, 8 wt.% H2PtCl6 (Sigma Aldrich) 

was added to the vials before they were capped. The volume of the solution was such that the mass 
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of platinum corresponded to 0.5 – 3 wt.% of the photocatalyst. For analysis purposes, complete 

photodeposition is assumed. 

3.3.4.2.1 Disclaimer 1: Shortage of Vial Caps 

A shortage of crimp-top caps for the headspace vials and long lead times for replacements resulted in 

a modified procedure for some samples. Typically, the butyl rubber septum is pierced twice during the 

degassing process, after which the sample is irradiated for 1 hr to photodeposit platinum and ensure 

further irradiations are more indicative of the steady-state HER rates. After this initial exposure, the 

vials are recapped and degassed for a second time.  

 

Early experiments indicated that the second re-capping step was necessary to avoid piercing the 

rubber septum too many times over the two degassing stages. When the cap is not replaced, the seal 

may lose its integrity, as some samples demonstrated signs of leaked hydrogen and the introduction 

of oxygen. Since GC measurements take place over several hours, the integrity of this seal is essential 

to ensure reliable results.  

 

To minimise the number of cap perforations and remove the requirement for cap replacement when 

the supply was low, the vials were not degassed before their initial 1-hour irradiation. Therefore, 

oxygen was present in the headspace for these measurements. These samples were subsequently 

degassed prior to the second irradiation, after which the headspace composition was tested. Samples 

tested in this manner are highlighted as such in the text. However, these results should be caveated 

with the fact that irradiation in an oxygenated atmosphere may have altered the properties of the 

photocatalyst. For example, oxygen opens the possibility of photooxidation and photodegradation 

pathways for the polymer. Unfortunately, due to time constraints, it was not possible to re-test these 

samples under normal conditions. Samples tested under these conditions are clearly identified in the 

main text. 

 

3.3.4.3 Hydrogen Peroxide Production  

To test for photocatalytic hydrogen peroxide production, 3 mg photocatalyst was dispersed in 5 ml 

deionised water, capped, and irradiated for 1.5 hours. Peroxide testing strips were used to test the 

water immediately after irradiation to gauge an approximate hydrogen peroxide production rate. The 

results of the test strips are analysed semi-quantitatively by inspecting the colour of the test strip and 

comparing it with the supplied colour chart.   
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3.4 Photocatalysis Method Validation 
 

Before discussing the results gathered, this section is dedicated to discussing the advantages and 

limitations of the methodology used to determine the hydrogen evolution rates of the polymers 

synthesised in the subsequent sections.  This discussion must be taken into consideration when 

comparing the results presented here with others presented in the literature, as there are key 

differences.  

For example, different research groups will use different catalyst loading concentrations, irradiation 

areas, dispersion methods, light sources, co-catalysts, and sacrificial reagents.  One of the most 

common photocatalysis testing setups used amongst the scientific community is the Photoreactor 

system produced by the Beijing Perfectlight Technology Company. This system uses a lower power 

light source (300 W Xe arc lamp), tests the photocatalytic system under reduced pressure, and 

regulates the temperature via water cooling.  

Meanwhile, the high throughput system, in which hydrogen evolution occurs within a closed 

headspace vial and starts at ambient pressure. Whilst a fan is used to circulate air and cool the samples 

down during testing, this is less effective than water cooling.  

3.4.1.1 Irradiation Time 

The pressure within the vial’s headspace during irradiation is a key consideration for the setup used 

for these studies. As more hydrogen is produced over time, the headspace pressure increases. The 

impact of this is twofold. The first consideration is that of thermodynamics. At high partial pressures 

of hydrogen, the hydrogen content in solution increases and the thermodynamic equilibrium is shifted 

towards the left-hand side of the reaction according to Le Chatellier’s Principle and the hydrogen 

evolution rate will decrease. Secondly, at higher headspace pressures, the rate at which gas escapes 

from the vial into the surroundings will increase. This will not be constant for all samples, as the rate 

of gas exchange will depend on the quality of the manually-capped seal. Furthermore, each septum 

will be prone to leaking at high pressures as they are perforated during the degassing process. 

  

Many photocatalysts investigated are highly active hydrogen evolution photocatalysts under sacrificial 

conditions (i.e. when dispersed in a MeOH/H2O/TEA 1:1:1 mixture). Irradiating a sample for too long 

will result in the headspace pressure rising. In this case, the hydrogen evolution reaction rate 

decreases or may halt entirely.  

 

To test this hypothesis, DBTS-DBTS (P10) was irradiated for three different durations: 30 mins, 1 hr, 

and 2 hrs. A repeat measurement was also made in which the photocatalysts were loaded with 3 wt.% 

Pt as a co-catalyst via in-situ photodeposition. The H2 peak areas from the GC chromatograph are 
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presented in Figure 122. The Pt-loaded sample is highly active and in this case, the H2 GC peak area 

after irradiation for two hours is the same size as when the sample is irradiated for one hour. This 

indicates that the system reaches equilibrium within one hour of irradiation. In this case, rate at which 

hydrogen is produced equals the combined rate at which rate at which it is consumed and/or escapes 

from the vial.  

 

 

 

The peak areas were used to calculate HER rates using the calibration curve shown in Figure 121. These 

mass-normalised HER rates are shown in Figure 123. Without a Pt co-catalyst, the HER rate for P10 is 

~6.4 mmol hr-1 g-1. This value was consistent for the measurements after 30 minutes and 1 hour of 

irradiation. However, over 2 hours of irradiation, the H2 evolution rate is calculated to decrease to 

4.2 mmol hr-1
 g-1. Whilst it is possible that this decrease represents a degradation in polymer 

performance over time, it is more likely to be a result of building headspace pressure. The GC peak 

area corresponding to this data point was ~ 8,000,000 and lies close to the peak area of the Pt-loaded 

system under equilibrium.  

 

Once loaded with a platinum co-catalyst, the hydrogen peak area is already close to the saturation 

regime (~ 8,000,000), and the corresponding HER of 15 mmol hr-1 g-1 is likely an underestimation of 

the true value. This is reinforced by the relatively small increase in peak area observed by doubling 

the exposure time from 30 minutes to 1 hour. As can be seen in Figure 123, HER rates for the platinum-

loaded system decreases dramatically with irradiation time.  

 

 

  

 

 
Figure 122: H2 peak areas for 5mg DBTS-DBTS dispersed in 
5mL of 1:1:1 TEA/MeOH/H2O solution after 30 minutes, 
1hr and 2 hours of exposure of AM1.5G irradiation. 

Figure 123: The corresponding mass-normalised HER 
rates when calculated after applying the calibration 
equation. 
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An irradiation time of 15 minutes was subsequently decided upon to ensure that other samples do 

not reach this saturation regime. However, the reaction rates in the first 15 minutes rarely accurately 

describe the inherent steady-state hydrogen evolution reaction rates. Many polymers, particularly 

when photodepositing co-catalysts, undergo an initialisation period. For example, when 

photodepositing metallic platinum, Pt4+ is preferentially reduced, and this photoreduction competes 

with the HER at the early stages under illumination. Even in the absence of photodeposition, polymer 

photocatalysts may undergo an initial period of low activity when impurities are preferentially reduced 

or the polymer self-oxidises. It was therefore decided that all samples would be irradiated for one 

hour and then degassed before conducting the final 15 minutes measurement.  

 

3.4.1.2 Mass-normalised HER Rates 

Much of the literature for photocatalytic water splitting reports the activity in a mass and time-

normalised format: µmol of H2 evolved per hour irradiated per gram of photocatalyst. Whilst mass-

normalised metrics are helpful in considering how cheap a photocatalyst may be to scale up, they are 

often misused to inflate the reported HER rates artificially. Firstly, organic polymers are comprised of 

light elements and have a low mass density per mole of absorbing chromophores. Secondly, 

photocatalysts are loaded into reaction vessels at exceptionally low concentrations, which results in 

high activities per unit mass, but only utilises a small proportion of the incident light.148,229  

 

Furthermore, the mass-normalised reaction rates are further complicated when hybrid photocatalysts 

comprised of two or more absorbing materials are used. Depending on the relative concentrations of 

the multiple phases, normalising per unit mass of the overall hybrid photocatalyst may obfuscate the 

actual trends. For example, 1 g of a photoactive material dispersed on the surface of 9 g of support 

particles would result in lower activity per unit mass but may achieve a greater overall efficiency per 

unit of the irradiated area. 

 

Standardised photocatalysis testing protocols are a significant area of discussion. A good review of the 

issues with current testing methods and how to avoid their pitfalls can be found in a recent publication 

produced by leading academics in the field.230  

 

Several concentrations of DBTS-DBTS dispersed in a 1:1:1 solution were tested for hydrogen evolution 

rates after 15 mins of exposure. The absolute hydrogen evolution rate for each photocatalyst 

concentration is presented in Figure 124. Here, the principal issue surrounding the reporting of mass-

normalised HER rates is highlighted, as the amount of hydrogen produced per vial does not trend 
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linearly with the photocatalyst mass within it, making this value redundant and incomparable. Whilst 

51.9 μmol hr-1 is evolved by 0.5 mg of polymer in suspension, only 58.6 μmol hr-1 is evolved from five 

times the mass (2.5 mg). Likewise, 5 mg of polymer produces 60.2 μmol hr-1.  

Therefore, at loadings above 2.5 mg ml-1, additional mass of photocatalyst has a negligible effect on 

the absolute amount of hydrogen produced. Since these samples were only irradiated for 15 minutes, 

the headspace pressure is well below the threshold that dramatically affect the HER rates. Instead, 

this plateau results from the near complete absorption of incident light over the irradiated area. i.e. 

the HER is limited by the flux of incident photons, not by the amount of photocatalyst in suspension.    

To ensure that results reported in this thesis are comparable to one another, all samples are loaded 

with concentrations of 1 mg ml-1. Given the structural similarity between the polymers of interest, it 

is assumed that this is a sufficient concentration to enable all polymers investigated to absorb all 

incident photons with energy greater than their bandgaps. 

The mass-normalised HER rates of P10 loaded at different concentrations are presented in Figure 125. 

The resulting mass-normalised activities for the same sample therefore vary from 103.7 mmol hr-1 g-1 

for 0.5mg, to 12.0 mmol hr-1 g-1 when loaded with 5 mg of polymer. It is, therefore, very difficult to 

compare mass-normalised photocatalytic activities in the literature. Mass normalised values reported 

in this thesis are, therefore, best used to compare with one another and with the high throughput 

study upon which this work is based. Further comparison with wider literature requires conversion of 

rates into area-normalised values.  

 

 

  

 

 

Figure 124: Absolute quantity of H2 evolved from 
dispersions of DBTS-DBTS containing different masses of 
polymer. Irradiation time is 15 mins. Samples are not 
loaded with additional co-catalyst. Note: Y-axis starts at 
12.5 μmol. 

Figure 125: Corresponding mass-normalised HER rates for 
different masses of loaded photocatalyst. Polymer 
dispersed in 5 ml of a sacrificial reagent mixture inside a 
12 ml headspace vial and irradiated for 15 minutes. 
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The sample vial loaded with 3 mg of polymer exhibited a lower HER rate than expected based on the 

other data points surrounding it. This highlights that additional sources of error in measurements must 

be considered when analysing the results reported hereafter. Firstly, errors in weighing are 

exacerbated when handling solids on the milligram scale. Incorrectly tared or contaminated balances 

can lead to significant mass errors. Likewise, small quantities of solid lost during the transfer steps will 

also have a significant impact on the resulting concentration. If the synthesised polymer is 

inhomogeneous with regards to particle size, morphology, purity, and polymer chain size distribution, 

one 5 mg sample may not behave identically to another taken from the same batch. Errors may also 

arise if there is any variation in the quality of the sealed cap between samples. There will also be some 

limited variation in irradiation intensity and spectral distribution over the 12x12” irradiation area. 

However, this factor is mitigated by the use of a AAA-rated system. Lastly, each GC measurement takes 

over 20 minutes. When testing a maximum of 48 samples in one batch, the final vial is tested 16 hours 

after the first. This leaves more time for gas equilibration with the surroundings, consumption of H2 in 

a back-reaction, or the production of additional photocatalytic H2 from ambient light in the laboratory. 

3.4.1.3 Area-normalised HER Rates 

Like organic photovoltaic devices, photocatalysts are ideally situated to operate embedded on panels. 

Early attempts by chemists and engineers have focussed on this approach to scaled-up 

operations.25,231 It is, therefore, more appropriate to report the photocatalytic rates according to their 

area-normalised values. This is particularly important when an excess of photocatalyst is added to 

generate high concentrations to ensure maximum absorption of incident light and achieve high STH 

efficiencies. 

 

In the context of our experiments, area-normalised measurements are complicated by the cylindrical 

shape of the high throughput headspace vials, as demonstrated in Figure 127. The path length of 

incident light through the vial's centre differs from at its edge. This results in non-uniform absorption 

 

Figure 126: Photograph of P10 (DBTS-DBTS homopolymer) loaded at different concentrations in 10 ml headspace vials. 
Concentrations range from 0.1 mg ml-1 to 1 mg ml-1 from left to right as reported in Figures 124 and 125 above. 
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across the lateral cross-section of the vial due to the Beer-Lambert law. Secondly, the irradiation area 

and incident light path length through the dispersion depend on the volume of liquid in the vial.  

 

The surface area of the reaction mixture in the vial is approximated according to Figure 128. The 

volume of the vial and neck is approximated by a single cylinder with an unchanged radius. The volume 

of liquid inside the vial is then approximated as a cuboid, with its width calculated at the depth from 

which equal volumes of water lie above and below the line. This gives rise to a cross-sectional area 

equal to 6.7 cm2 for the 10 ml crimp-top, round-bottomed clear glass Agilent headspace vials 

containing 5 ml of liquid. The path length of light through this liquid is approximated to be the depth 

of the cuboid, which equates to 0.75 cm when containing 5 ml of photocatalyst suspension. This 

volume of liquid was used for all measurements to ensure consistency of irradiation area and 

headspace volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 127: Schematic diagram showing the expected liquid level when 12 ml headspace vials are half-filled with a 
photocatalyst dispersion. Cylindrical nature of vial means surface area depends on the volume of liquid used, and the 
path length of incident light is not consistent across the entire surface area.  

 

 

 

3.4.1.4 Glass Absorption 

It is also essential to consider the spectral absorption of the glass vial itself, especially since headspace 

vials are not designed for optical applications. To test this, the solar spectrum was recorded under 

direct sunlight from both outside and inside a glass headspace vial. The results are presented in Figure 

  
 

 

Figure 128: Series of diagrams to show how irradiation area and path length have been approximated. First the vial is 
approximated as a single cylinder. Secondly, the mid-point level is identified. This is the depth at which 50% of a given 
volume of liquid lies above ad 5o% lies below. The width of the vial at this point is used to calculate an average irradiation 
surface area. The average path of incident light through the dispersion is calculated by approximating the volume as a 
cuboid using the aforementioned surface area. For 5 ml liquid in a 10 ml Agilent crimp-top vial (typical conditions), the 
surface area is 6.7 cm2 and path length is 0.75 cm.   



 

 

Ian Coates, 200840765 143 

129 alongside the spectral output of the solar simulator.1 These data demonstrate no significant losses 

due to absorption by the glass in the wavelengths of interest. 

 

 

3.4.1.5 Comparison to Literature Values  

Due to the lack of standardisation for photocatalytic water splitting measurements, drawing direct 

comparisons between experimental results obtained from different research groups is challenging. 

Groups may use various light sources, irradiation areas, temperatures, pressures, concentrations, 

irradiation times, and dispersal methods. Furthermore, the choice of sacrificial agents, cosolvents, and 

their concentrations relative to water are also not standardised. 

 

The AQY and STH metrics are the most reliable and comparable between groups and give the best 

measure of absolute efficiency compared to other photocatalyst materials. However, these 

experiments are time-consuming and cannot easily be conducted on hundreds of samples. Since the 

polymers prepared in this thesis are of most interest when compared with one another and the 

previously-published high-throughput work, which used the same experimental setup, mass-

normalised units are used. However, such values reported here should not be directly compared with 

values published by other research groups.  

 

The approximate surface area of the 5 ml dispersion when loaded into these specific headspace vials 

is 6.7 cm2. This area can be used to convert the reported rates into area-normalised values for 

saturated solutions. However, differences in experimental setups must still be considered when 

 
1 Spectra recorded by Dr Clowes (group technician). Data retrieved from shared group drive. Experimental details not provided. 

 

 

 

 
Figure 129: Spectral output from the sun as recorded from outside (red) and inside (blue) of an Agilent headspace 
vial, compared with the spectral output from the 12” x 12” solar simulator (green), which was also recorded from 
inside a vial.  
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comparing with results from other research groups, which rarely report the surface irradiation area 

and often perform photocatalysis experiments below the absorption saturation concentration.   

 

 

3.4.1.6 Quantitative GC Analysis for Determining HER Rates 

The GC system is equipped with a Dielectric-Barrier Discharge Ionisation Detector (BID). The helium 

carrier gas is ionised under a high voltage to form a plasma. Upon relaxation to the ground state, the 

helium plasma emits a broad distribution of high-energy photons (X-Ray spectrum). These photons 

then ionise the substrate as it is eluted from the capillary column, and these ionised species are 

detected on an electrode.  

 

Over the course of thousands of samples run by the research group during the year of measurements 

presented hereafter, the detector's sensitivity gradually decreased. This arises from end 

contamination at the exit of the column and contamination of the detector’s electrodes.  

 

A plot of all samples run on the GC over the course of seven months is presented in Figure 130. It is 

evident that the sensitivity has decreased over time. As such, the calibration curve (Figure 121), 

prepared at the early stages of these experiments, does not provide an accurate measure of hydrogen 

present. In reality, the hydrogen evolution rates of samples measured later are likely considerably 

higher than those calculated using this calibration curve.  

 

 

 

  

 

 

Figure 130: H2 peak areas vs sample number in chronological order over the course of one year of use. a) H2 peak 
areas after 1 hr irradiation in which time the headspace is expected to become saturated for highly active samples 
(see Figure 122). b) H2 peak areas for samples irradiated for 15 minutes also demonstrate a decay of peak intensity 
over the course of long-term use.  
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Unfortunately, the detector contamination and sensitivity depletion went unnoticed until the final 

couple of months of practical work. Subsequent attempts to fix this issue were eventually made. This 

involved trimming the end of the column, cleaning the injection needle, and baking the 

column/detector at high temperatures for a prolonged period to desorb contaminants from their 

surfaces. Once refurbished, the maximum hydrogen peak area increased from 8,000,000 to 

30,000,000. New calibration curves were then obtained. 

 

The high throughput irradiation allows for the simultaneous irradiation of 48 headspace vials. The HS-

20 autosampler is capable of queuing and auto-running 90 samples per batch. It is assumed that the 

detector's sensitivity does not change appreciably throughout a single batch. As such, samples that 

are measured in any one particular batch are comparable to one another. All graphs presented in this 

results chapter only compare HER rates for samples recorded in the same batch.  

 

3.4.1.6.1 Disclaimer 2: Modified GC Method Post-Maintenance 

As discussed above, the GC system underwent maintenance work towards the end of the 

experimental period of this research. Following this maintenance work, the sensitivity of the BID 

detector increased by an order of magnitude. Resultingly, the detector became saturated at very low 

concentrations of H2.  

 

Whereas the initial calibration curve measured H2 concentrations up to 14 µmol ml-1 (Figure 121), the 

new calibration was limited to a maximum concentration of 2 µmol ml-1 to prevent detector 

saturation. Although this problem was later rectified by changing the injection method from direct to 

split injection and adding a purge flow, some results reported in the following section correspond to 

the period when lower headspace concentrations were necessary. As such, the second sample 

irradiation was only five minutes long. GC Peak areas during these experiments were also less reliable 

than before: H2 peak positions would randomly shift, and the peak shape would be distorted. 

However, the peak area would remain similar to the expected values. Samples tested under these 

conditions are highlighted in the text.  
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3.5 DFT Computational Modelling 
 

3.5.1 DBTS-PhFx 

  

Figure 131: Computational calculations of the IP and EA potentials of DBTS-PhFx polymers. a) DFT calculations 
(B3LYP/DNP level of theory) performed in this work, b) xTB-IPEA calculations performed in reference.182 Dotted grey line 
corresponds to the IP and EA values for the DBTS-DBTS homopolymer. 

 

The IP and EA potentials of the DBTS-PhFx series of polymers have been calculated using DFT at the 

B3LYP/DNP level of theory. The results from these calculations are presented in Figure 131a. Since the 

same co-polymers were also screened in the high-throughput study, the predicted IP and EA potentials 

from this earlier work are presented in Figure 131b. The two data sets are in close agreement, with 

the DFT-predicted values lying at slightly more positive potentials relative to the SHE and predicted to 

have slightly wider fundamental gaps.    

 

In both cases, the EA potentials of the DBTS-PhFx copolymers, representing their LUMO energy levels, 

are close to that of the p(DBTS) homopolymer. Increasing fluorine content is expected to lower the 

LUMO energy level relative to the nonfluorinated DBTS-Ph co-polymer and closer to the p(DBTS) 

homopolymer.  

 

In Chapter 2, it was predicted that the closer in energy that the p(DBTS) and p(DBTS-X) LUMOs lie to 

one another, the more delocalised the LUMO, and hence the photoelectron, will be along the polymer 

backbone. The same can be predicted regarding their HOMO energies relative to that of the P(DBTS). 

This trend is exemplified in Figures 132-137, in which the geometry-optimised structures are 

presented alongside the frontier molecular orbitals for each polymer in the DBTS-PhFx series.  

 

 

a b 
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Figure 132: Optimised geometry of DBTS-DBTS and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution.  
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Figure 133: Optimised geometry of DBTS-Ph and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 134: Optimised geometry of DBTS-PhF and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 135: Optimised geometry of DBTS-PhF2a and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 136: Optimised geometry of DBTS-PhF2b and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 137: Optimised geometry of DBTS-BDT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Some interesting trends can be observed when considering the optimised geometry of these 

polymers. In each case, the phenylene C-F bonds are always oriented in the opposite direction from 

the nearest sulfone group. This factor leads to substantially different 3D geometries for p(DBTS-PhF2a) 

and p(DBTS-PhF2b). Presumably, this geometric constraint arises by minimising electrostatic repulsive 

forces between neighbouring dipoles. In these cases, the structural disorder resulting from a 

distribution of dihedral angles in the semi-crystalline solid state may produce a broader band of 

energetic states that could aid exciton migration through the bulk material via FRET.  

 

The optimised geometry for p(DBTS-BDT) is entirely co-planar since the dihedral angles between 

neighbouring monomer units are all zero degrees. This geometry should enhance charge transfer 

between moieties, charge separation, and oscillator strength. However, such structures are also prone 

to particle agglomeration resulting from π-π stacking between polymer chains.   

  

The LUMO orbital of p(DBTS-Ph) is particularly noteworthy compared to its fluorinated derivatives. In 

the case of the former (Figure 133) there is substantially less orbital density on the phenylene linker. 

In contrast, Figures 123, 124, and 125 show an increased LUMO orbital density on the phenylene co-

monomer. However, this effect is minimal since these polymers have similar IP and EA potentials. 

 

Figure 137 demonstrates this trend with respect to the HOMO orbital density. P(DBTS-BDT) has a 

considerably more negative IP potential than p(DBTS). The HOMO is expected to be predominantly 

located on the BDT moiety, as is observed in this Figure 139. Meanwhile, the LUMO is expected to be 

delocalised and evenly distributed across both monomers, which is also observed.  

 

To highlight this point further, Figure 138 presents the IP and EA potentials of p(DBTS-DBT) containing 

the dibenzothiophene (DBT) monomer relative to the p(DBTS) homopolymer. This monomer is 

electron-donating, and its IP and EA potentials are both more negative than p(DBTS). As such, the 

HOMO and LUMO orbitals are expected to be more localised on the BDT and DBTS moieties, 

respectively. Figure 139 presents the frontier orbitals for this copolymer, and their distributions agree 

with this prediction.  
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Figure 138: Computational calculations of the IP and EA potentials of DBTS-DBT co-polymer vs that of DBTS-DBTS 
homopolymers. DFT calculations (B3LYP/DNP level of theory). Lewis structure of DBTS-DBT is presented on the right.  
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Figure 139: Optimised geometry of DBTS-DBT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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3.5.2 BDT-PhFx and DBTS-PhFx-BDT 

  

Figure 140: Computational calculations of the IP and EA potentials of (a) BDT-PhFx co-polymer and (b) DBTS-PhFx-BDT 
ternary co-polymers. DFT calculations performed using B3LYP/DNP level of theory. 

 

The IP and EA potentials of the BDT-PhFx binary copolymers and the DBTS-PhFx-BDT ternary 

copolymers are presented in Figures 140a and 140b, respectively. Introducing the DBTS moiety into 

the BDT-PhFx polymers is not expected to change any IP or EA values significantly. As such, the 

bandgaps of the ternary polymers are expected to be largely unchanged relative to their BDT-PhFx 

counterpart. Introducing phenylene linkers between the BDT and DBTS moieties is expected to result 

in a slightly wider bandgap, which may benefit its photocatalytic activity as the overpotential for TEA 

oxidation increases.   

 

The optimised geometries and frontier orbitals for the ternary polymers are presented in Figures 141-

144. As expected, based on their IP and EA potentials, the HOMO is located on the BDT and PhFx 

moieties, and the LUMOs are delocalised over all three moieties. As the fluorine content increases, 

the HOMO of the ternary polymer lowers in energy relative to the p(BDT) homopolymer. This 

difference in energy is associated with an increased HOMO density on the BDT donor unit and 

decreased density on the phenylene units.  Based on their predicted electronic structure, these 

ternary polymers remain promising candidates for photocatalytic hydrogen evolution.  

 

 

a b 
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Figure 141: Optimised geometry of DBTS-Ph-BDT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 142: Optimised geometry of DBTS-PhF-BDT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 

 



 

 

Ian Coates, 200840765 154 

 

 

L 

 

H 

 

Figure 143: Optimised geometry of DBTS-PhF2a-BDT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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Figure 144: Optimised geometry of DBTS-PhF2b-BDT and associated HOMO (H) and LUMO (L) frontier molecular orbital 
distribution. 
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3.6 Dibenzothiophene Sulphone Co-polymers 
 

3.6.1 Initial Synthesis Conditions 

 

Figure 145: Initial reaction conditions for DBTS-PhFx polymers. Microwave-assisted Suzuki-Miyaura polycondensation 
reaction. Blue aromatic dibromide represents the variable selection of dibromide monomeric precursors investigated. 

Following the work by Y. Bai et al.,210 the DBTS-PhFx series of polymers were prepared using the 

conditions outlined in Figure 145. In contrast to the earlier work, 2M potassium carbonate was used 

as the base instead of 2M tetrabutylammonium acetate, and 2 mol.% of the palladium catalyst was 

used instead of 0.66 mol%. For the reaction conditions highlighted above, the reaction mixture is 

biphasic as the toluene and aqueous K2CO3 solution phase separate. 1.5 vol% of Aliquot 336 is added 

to the toluene used in these experiments to act as a phase transfer catalyst (PTC). Aliquot 336, also 

known as Starks’ Catalyst, is a quaternary ammonium salt containing long aliphatic hydrocarbon chains 

that allow ions of the base to be transported into the organic phase. 

 

Due to the safety measures installed in the Biotage Initiator+ microwave reactor, early reaction 

attempts were challenging. This is because the reactor automatically shuts down if a sudden pressure 

spike is detected. Due to the biphasic nature of the reaction, which is performed above the boiling 

point of water, the aqueous phase began to boil and cause these spikes when heated too quickly. 

Water is also very polar and therefore absorbs microwave radiation efficiently. This might have 

contributed to the pressure spikes if water was superheated and suddenly vaporised within the 

emulsion generated upon stirring. The microwave power was limited to 70 W, and a stepwise heating 

profile was programmed to circumvent this problem. The new heating profile reached 160 °C by 

intermediary steps of 100 °C, 120 °C, and 140 °C, at which points the reaction mixture was held for 15 

minutes each.   

  

Interestingly, the reactions that ended early due to pressure spikes still successfully produced the 

polymer products. Solid precipitates resembling the final polymer had already appeared within two 

minutes of microwave-assisted heating, during which the temperature had not yet risen above 120 

degrees. This highlights the power of microwave synthesis, whereby a three-day solvothermal 

reaction can be sped up to a couple of minutes.  
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3.6.1.1 Appearance 

 

Figure 146 contains a photograph of these polymers dispersed in in a 1:1:1 mixture of water, 

methanol, and triethylamine. The polymer concentration is 5 mg ml-1.  

 

The appearance of these polymers is expected to be bright yellow in their pure forms. The muddy 

brown colour observed for these samples indicates that the product is of low purity. Whilst these 

could be purified further by Soxhlet extraction, it is a lengthy three-day process that would have 

severely negated the fast, high-throughput nature of the microwave synthesis approach. 

Furthermore, these polymers are  insoluble in all organic solvents, and while Soxhlet extraction can 

improve the purity, it cannot remove all impurities. The yields of these samples are given on the 

secondary axis of Figure 147. Several samples were synthesised in yields that exceeded their 

theoretical maximum, reinforcing the notion of low purity. Notably, the co-polymers containing PhF 

and PhF4 phenyl units are particularly dark. These two samples are also the ones with the lowest HER 

rates.  

 

Once polymers have precipitated, they can no longer increase their chain length. The temperature of 

160°C was selected to maximise the solubility of monomers and short-chain intermediary oligomers 

in the organic solvent. However, since these polymers are insoluble, gel permeation chromatography 

could not be used to determine their chain lengths and polydispersity to verify this.  

 

 

 

 

 
 

Figure 146: Image of DBTS-PhFx polymers dispersed in 1:1:1 TEA/MeOH/H2O solution (5 mg in 5 ml). Samples were 
synthesised at temperatures up to 160 °C from Toluene/K2CO3.  

Ph PhF PhF2a PhF2b PhF4 DBTS 



 

 

Ian Coates, 200840765 157 

3.6.1.2 Photocatalytic Activity 

 

These polymers were tested for their hydrogen evolution rates from a 1:1:1 mixture of water, 

methanol, and triethylamine. Each polymer was tested as prepared and with 3 wt.% Pt co-catalyst 

photodeposited onto its surface. The resulting HER rates, and the associated synthesis yields are 

presented in Figure 147. For a direct comparison with the samples produced by Bai et al. discussed in 

Chapter 2, their results are presented in Figure 148. These rates should be directly comparable since 

they were tested under the same conditions using the same experimental setup.  

 

Clearly, by synthesising the same polymers using 2M K2CO3 as the base compared with 1M tetrabutyl 

ammonium acetate (NBu4Oac, TBAA) and using a higher concentration of the cross-coupling catalyst, 

the structure-activity trends regarding the photocatalytic hydrogen evolution activity change 

significantly. Whereas Bai’s results suggest that DBTS-PhF is the most active of the phenylene 

copolymers, this work suggests that it is the least active. Meanwhile, DBTS-Ph and DBTS-PhF2a show 

reasonable photocatalytic activities under these new synthesis conditions, whereas they performed 

poorly under the old ones. 

 

The Pt loading concentration of 3 wt.% was selected as this loading is common in the literature for 

organic photocatalysts.232,233 However, DBTS-DBTS (P10) is the only polymer amongst this initial set 

which showed an increase in activity with respect to co-catalyst loading. Furthermore, this increase is 

negligible compared to the increase in activity of over 300% that was activity observed by Bai et al. for 

the same material. As observed in Figure 147, adding a Pt co-catalyst resulted in decreased activity for 

all samples containing a phenylene co-monomer, regardless of fluorine content. This decrease in 

  

Figure 147: HER for DBTS-PhFx polymers synthesised in this 
study before and after the photodeposition of Pt co-
catalyst. Synthesis yields are presented on the secondary 
axis.   

Figure 148:  HER for DBTS-PhFx polymers synthesised by 
Bai et al. before and after the photodeposition of Pt co-
catalyst. Synthesis yields are presented on the secondary 
axis. Data retrieved from reference 182. 
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activity is likely arises as a result of high residual palladium concentrations combined with an excess 

loading of additional platinum. The unexpectedly dark colour of these polymers also suggests high 

residual palladium concentrations.   

 

For both sets of these data, samples were irradiated with simulated sunlight for an hour before the 

headspace gas concentrations were determined. As discussed in section 3.3 (methods), it was later 

realised that extended exposures lead to the determination of unreliable hydrogen evolution rates as 

the headspace pressure builds up.  

 

3.6.2 Lower Reaction Temperature 

Reactions that failed to reach temperature still resulted in the formation of polymeric precipitates. 

These were often lighter in colour than those obtained after reaching 160 °C and were heated for the 

full time. Therefore, the effect of reducing the reaction temperature to 120 °C was investigated for 

DBTS-DBTS and DBTS-PhF4. These polymers were also tested with a range of co-catalyst loading 

concentrations. These results are presented in Figure 149. For these experiments, the sample 

irradiation time was reduced to 30 minutes. 

 

These results clearly indicate that lower reaction temperatures during the microwave synthesis 

process result in higher HER rates when tested under sacrificial conditions. However, the two 

polymers' responses to co-catalyst loading differed significantly. Although the lower temperature did 

improve the efficiency of the DBTS-DBTS homopolymer, the effect of temperature was far more 

significant on DBTS-PhF4.  

 

 

  

 

 
Figure 149: H2 evolution rates for DBTS-DBTS (left) and DBTS-PhF4 (right) when loaded with different amounts of Pt 
co-catalyst. Two synthesis conditions are presented, corresponding to a lower temperature of 120 °C and a higher 
temperature of 160 °C. Samples were synthesised in the presence of 2 mol% Pd(dppf)Cl2 catalyst.  
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Regardless of the synthesis temperature, the HER activity of DBTS-DBTS jumped significantly from 6 

mmol hr-1 g-1 to 20 mmol hr-1 g-1 upon photodepositing 0.5 wt.% Pt. This polymer reached a maximum 

HER of nearly 25 mmol hr-1 g-1 when loaded with 1 wt.% Pt. Although it appears that additional Pt 

content above this amount did not significantly impact the photocatalytic activity, it should be noted 

that the headspace concentrations remain remarkably high, despite reducing the irradiation time to 

30 minutes. The accurate measure of the HER rates from these samples may be even higher but 

require shorter irradiation times to avoid the impact high headspace pressure.  

 

When synthesised at 160°C, DBTS-PhF4 exhibits a small increase in photocatalytic activity in response 

to small loadings of Pt co-catalyst. The largest increase in rate was observed when loaded with 0.5 

wt.% Pt, whereas the photodeposition of 3 wt.% Pt resulted in a slight decreased photocatalytic 

activity relative to the pristine sample. However, when synthesised at the lower temperature of 

120 °C, the photocatalytic activity increased from 5 mmol hr-1 g-1
 for the pristine sample to 

18 mmol hr-1 g-1 when loaded with 0.5 wt.% Pt. As with the sample synthesised at the higher 

temperature, increasing the Pt content above 0.5 wt.% decreased activity. 

 

These results highlight that DBTS-PhF4 is far more sensitive to the reaction temperature and the co-

catalyst loading content than DBTS-DBTS. It is likely that the high reaction temperature and high Pt 

loadings of the other DBTS-PhFx polymers prepared in section 3.6.1 are responsible for their poor 

photocatalytic performances, which worsened upon co-catalyst loading.  

 

3.6.3 Residual Palladium from Suzuki-coupling Catalyst  

 

Failed Suzuki reactions result in the formation of metallic palladium black that turns the organic phase 

dark.234 One hypothesis to explain the lower photocatalytic activity of polymers synthesised at 160 °C 

compared to 120 °C is that the higher temperatures result in more significant amounts of residual 

palladium leftover from the cross-coupling catalyst. This hypothesis is supported by the darker colour 

of the polymers synthesised at higher temperatures.  

 

The palladium ends up embedded in the bulk of the polymer matrix and the polymer particle surface. 

In many cases, surface palladium acts as a cocatalyst for photocatalytic hydrogen evolution,155 but it 

is unclear how effective palladium is as a surface-loaded co-catalyst compared to platinum. Bulk 

palladium, however, can be detrimental to photocatalytic activity. In this form, palladium acts as an 

electron trap that does not promote chemical reactions since photogenerated charges cannot reach 
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the surface. Since these polymers are insoluble, removing residual palladium by purification is very 

challenging. Some purification methods, such as Soxhlet extractions in hot organic solvents, have been 

successful at reducing palladium content in insoluble polymers. However, these methods are time-

consuming and cannot eradicate palladium entirely.62 

 

The discrepancy between the response of DBTS-DBTS and DBTS-PhF4 to the synthesis temperature 

may originate from differing interactions of these polymers with residual palladium. In the case of 

DBTS-DBTS, long-lived negatively-charged polarons have been identified via transient absorption 

spectroscopy, TAS.235,236 This study indicated that electron transfer to residual palladium clusters is 

slow for this polymer. By contrast, the same paper identified that for other polymer photocatalysts, 

namely P8BT, charge transfer to residual palladium clusters occurs on the femto-nanosecond 

timescale. 

 

If we assume that charge transfer to palladium occurs rapidly in DBTS-PhF4 and slowly in DBTS-DBTS, 

the discrepancy between the activities of these two polymers can be explained. For DBTS-DBTS, the 

photocatalytic activity and its response to Pt-loading remain similar for the synthesis at the two 

temperatures. This is because charge transfer to palladium is slow regardless of palladium 

concentration. Upon Pt photodeposition, charge transfer preferentially occurs into surface-loaded 

platinum particles instead of bulk palladium and the photocatalytic activity is significantly improved. 

 

Meanwhile, for DBTS-PhF4, higher palladium content in samples prepared at 160 °C would lead to 

greater charge extraction into bulk palladium sites instead of surface-loaded platinum. This would 

result in more charge recombination and a lower HER rate. Lower quantities of palladium in the 

sample prepared at 120 °C would result in fewer trapped charges and more charge extraction into 

platinum, where subsequent proton reduction and hydrogen evolution occur. 

 

To investigate the importance of the palladium cross-coupling catalyst concentration on the 

photocatalytic activity, DBTS-PhF was re-synthesised from reaction mixtures containing varying 

concentrations of the Pd(dppf)Cl2 catalyst.  
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3.6.3.1 Role of Residual Palladium 

For this investigation, DBTS-PhF was chosen. This is because the activity of the PhF co-polymer 

synthesised under the initial conditions (section 3.6.1) decreased upon the addition of Pt. Meanwhile, 

when synthesised by Bai et al., the activity of this polymer increased with respect to Pt loading.  

 

Four samples of DBTS-PhF were synthesised using four different amounts of Pd(dppf)Cl2 catalyst in 

the reaction mixture: 0.33, 0.66, 1, and 2 mol%. These syntheses were carried out at 120°C. Onto each 

of these polymers, several different loadings of platinum were photodeposited from 0.5 – 2 wt.%. The 

resulting HER rates are presented in Figure 150. Since these polymers were synthesised at lower 

temperatures, the photocatalytic activity was significantly improved compared to the same polymer 

when synthesised at 160°C. Following an initial 1-hour irradiation in which it is assumed all of the 

platinum is photodeposited, the samples were degassed and irradiated for 15 additional minutes, 

after which the headspace gas composition was determined.  

 

 

Both the 0.33 and 0.66 mol% Pd samples exhibited higher photocatalytic activities and experienced 

the same trend with respect to Pt content. Firstly, the activity increased from 12-15 mmol hr-1 g-1 to 

record highs of 28 – 33 mmol hr-1 g-1 once loaded with 0.5 wt.% Pt. Further loading of 1 wt.% Pt resulted 

in decreased activity (~26 mmol hr-1 g-1) which remained largely invariant at 1.5 and 2 wt.% Pt. Without 

platinum, the polymers prepared with more palladium were slightly more active than those prepared 

with less, implying greater Pd content which acts as the only co-catalyst for these samples. 

 

 

Figure 150: H2 evolution rates for DBTS-PhF when loaded with different amounts of Pt co-catalyst after being synthesised 
in the presence of different loadings of Pd(dppf)Cl2 catalyst.  
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The highest activity was observed for the sample prepared using 0.66 mol% Pd and loaded with 

0.5 wt.% Pt. This record HER of 32.4 mmol hr-1 g-1 is very high and is the most significant rate observed 

throughout our studies. This rate significantly surpasses all activities measured across the 99 samples 

prepared in the previous high-throughput work.  

 

As discussed in section 3.3.4, mass normalised rates cannot easily be compared with results from other 

groups. When normalising for the approximate irradiation area of 6.7 cm2 this equates to a hydrogen 

evolution rate of 24.2 μmol hr-1 cm-2, or 242 mmol hr-1 m-2. However, even when area-normalised 

comparison of results is difficult. For example, Cheng et al. recently reported record mass-normalised 

photocatalytic hydrogen evolution rates of 303.7 mmol hr-1 g-1.237 The area-normalised rate can be 

calculated as 715 mmol hr-1 m-2. However, their experimental setup uses a different light source (300W 

Xe arc lamp with 420 nm cutoff filter), and the photocatalysis reaction vessel is placed under vacuum 

to minimise the amount hydrogen dissolved. Furthermore, their reaction conditions also involve 

different co-solvents and different sacrificial reagents which were shown to be essential in enhancing 

the photocatalysis rates.  

 

Unfortunately, this high rate was not successfully reproduced when attempting to re-synthesising this 

polymer on later occasions. However, the decrease in sensitivity of the GC detector over time could 

be the root cause of this (see section 3.4.1.6.) 

 

For lower Pd catalyst concentrations, a more significant weighing error is introduced. Since these 

reactions are being performed on the 0.25 mmol scale, Pd(dppf)Cl2 catalyst was weighed out to 

between 0.6 - 2.4 ± 0.1 mg. Hence this weighing procedure introduces errors on the scale of 17% for 

the lower masses. Despite the range of palladium catalyst content in the reaction mixtures, all samples 

were obtained in yields of 98% or higher.  
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3.6.4 Updated Synthesis Procedure 

 

Figure 151: Reaction conditions for DBTS-PhFx polymers using a lower temperature and lower quantity of palladium 
catalyst. Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide represents the variable 
selection of dibromide monomeric precursors investigated. 

 

Following the results from the previous sections, the DBTS-PhFx series of polymers were re-

synthesised using the conditions outlined in Figure 151. The slightly higher Pd catalyst content of 

0.66 mol% was used instead of the lowest concentration to reduce the error and variation in Pd 

content at these small synthesis scales. These polymers were dispersed in a 1:1:1 mixture of water, 

MeOH, and TEA for HER experiments. In all experiments involving a Pt cocatalyst, 0.5 wt.% Pt was 

added in the form of an aqueous H2PtCl6 solution prior to the first irradiation. All samples were initially 

irradiated for 1 hour, degassed, and subsequently irradiated for an additional 15 minutes before the 

headspace composition was tested. These samples are pictured in Figure 153, and the photocatalytic 

activities are presented in Figure 152. Compared with the initial reaction conditions (Figure 146), lower 

temperatures and palladium content resulted in brighter polymers, indicating higher purity products.  

  

The HER activities for these polymers are presented in Figure 152 and demonstrate significant 

improvements compared to the same polymers prepared under the initial reaction conditions. In each 

case, the photocatalytic activity improves after photodepositing 0.5 wt.% platinum as a co-catalyst. 

However, DBTS-PhFx co-polymers with phenylene linkers are more active before adding platinum and 

show a smaller relative increase in activity after adding platinum compared to the DBTS-DBTS and 

 

 

 

Figure 152: HER rates of DBTS-PhFx polymers synthesised 
under optimised conditions with and without Pt loading.  

Figure 153: Image of DBTS-PhFx polymers synthesised 
under new conditions. 5 mg of the polymers dispersed in 
5 ml of 1:1:1 TEA/MeOH/H2O solution.  

Ph PhF PhF2a PhF2b PhF4 DBTS BDT 



 

 

Ian Coates, 200840765 164 

DBTS-BDT polymers. This difference is likely due to the different rates of charge extraction into 

residual palladium via the phenylene units. However, DBTS-PhF polymers discussed in 3.6.3.1 gave 

rise to activities that doubled upon adding 0.5 wt.%. Despite being synthesised under identical 

conditions, the DBTS-PhF sample within this set achieved substantially lower HER rates with a smaller 

relative increase in activity upon Pt deposition. Visual inspection of DBTS-PhF, as presented in Figure 

153, shows a darker polymer than those around it, potentially indicating higher residual palladium 

content. DBTS-PhF4 also showed higher activity for the pristine polymer and lower activity for the Pt-

loaded one compared to the DBTS-PhF4 sample prepared in section 3.6.2. Further characterisation 

would be required to understand these changes fully. 

 

The DBTS-PhFx polymers do not exhibit a clear trend in photocatalytic activity with respect to fluorine 

content. DBTS-Ph, DBTS-PhF, and DBTS-PhF2a all demonstrate the same photocatalytic HER rates once 

loaded with Pt, all of which were slightly lower than the DBTS-DBTS homo-polymer. Despite being 

expected to have the same band edge potentials as DBTS-PhF2a, DBTS-PhF2b exhibited improved 

photocatalytic activities comparable to the DBTS-DBTS homopolymer. This polymer also showed the 

highest activity in the absence of platinum. Of the fluorinated polymers, DBTS-PhF4 produced the least 

hydrogen. However, it is unclear if this reduced activity originates from the polymer’s physical and 

electronic structure or if this arises from the additional impurities that are likely to be present, given 

that this polymer was synthesised with a lower yield. 

 

The co-polymer DBTS-BDT has the smallest bandgap, as indicated by its orange colour. However, the 

additional absorption of the solar spectrum did not increase the photocatalytic activity. This polymer 

also does not appear to benefit from its donor-acceptor backbone structure. The results of the DFT 

calculations indicated that the band edge potentials are close to the minimum required for 

photocatalytic oxidation of TEA. Resultingly, this polymer may not have an appropriate overpotential 

to drive the reactions efficiently.  
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3.6.4.1 Optoelectronic Characterisation 

 

UV/Vis diffuse reflection spectra were recorded for the DBTS-PhFx photocatalysts and converted into 

F(R), which is proportional to the absorption coefficient, and subsequently normalised. These DRS 

spectra are presented in Figure 154.  The bandgaps have been calculated using the Tauc relation and 

extrapolating the linear section of the band edge to its intersection with the x-axis (Figure 155). 

 

According to the DFT calculations, the fundamental gap is expected to increase by approximately 

0.1 eV after introducing two fluorine substituents onto the phenyl ring of DBTS-Ph. The measured 

values demonstrate that the optical bandgap does increase. However, it increases by almost double 

the amount.  

 

Unusually, despite its absorption maximum being located at the shortest wavelengths, the measured 

optical bandgap of DBTS-PhF4 is smaller than the other copolymers owing to an additional absorption 

feature located in the tail. The exact origin of this absorption is unclear. However, 

tetrafluorophenylene units exhibit unusual electrostatic interactions since the centre of the benzene 

ring becomes electron depleted rather than electron-rich, as is typically expected in aromatic systems. 

This may lead to increased long-range order via π-π stacking of adjacent aromatic rings or introduce 

charge transfer states.238–240 The DBTS-PhF4 polymer was also obtained in the lowest yield and only 

exhibited a small increase in photocatalytic activity upon Pt deposition. As such, this shoulder feature 

may also arise due to higher residual palladium concentrations or an increased concentration of sub-

bandgap states. 

 

  

Figure 154: UV/Vis diffuse reflectance spectra of DBTS-PhFx 
polymers synthesised under modified conditions.  

Figure 155: Tauc plot of DBTS-PhFx polymers synthesised 
under modified conditions for optical bandgap 
determination. 
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Compared with the optical bandgap determined by Bai et al.182 for the same materials, these samples 

exhibited slightly wider bandgaps, with the exception of DBTS-PhF4. This can likely be attributed to 

the lower temperatures, which produced a purer, more pristine polymer with fewer sub-bandgap 

states arising from impurities.  

 

Table 21: UV/Vis DRS measured optical bandgap and DFT-calculated fundamental bandgaps for DBTS-PhFx 
photocatalysts discussed in this section. 

Sample 
Optical Bandgap Calculations Hydrogen evolution rates 

Yield 
This work Literature182 EA IP EF No Pt 0.5 wt.% Pt 

eV eV V vs SHE V vs SHE eV µmol hr-1 g-1 µmol hr-1 g-1 % 

DBTS-DBTS 2.58 2.51 1.56 -1.49 3.05 9,378 23,088 107 
DBTS-Ph 2.69 2.45 1.38 -1.70 3.08 14,770 20,777 100 

DBTS-PhF 2.72 2.65 1.52 -1.66 3.18 13,580 20,660 104 
DBTS-PhF2a 2.78 2.70 1.61 -1.57 3.18 13,283 20,734 104 
DBTS-PhF2b 2.80 2.69 1.63 -1.58 3.21 15,510 23,016 103 
DBTS-PhF4 2.63 2.81 - - - 11,329 15,282 72 
DBTS-BDT 2.22 2.18 0.98 -1.44 2.43 5,850 14,483 109 

 

 

3.6.5 Alternative Reaction Conditions 

3.6.5.1 Organic Solvent: Toluene (3 ml), Aqueous Base: 2M TBAA (2 ml) 

 

Figure 156: Modified reaction conditions for DBTS-PhFx polymers using 2M TBAA as the base. Microwave-assisted Suzuki-
Miyaura polycondensation reaction. Blue aromatic dibromide represents the variable selection of dibromide monomeric 
precursors investigated. 

 

Following the optimisation of reaction temperature and Pd catalyst concentration, the following 

experiments investigated the selection of organic solvent, aqueous base, and their relative 

proportions in the synthesis reaction mixture. The first modification investigated was the substitution 

of 2M K2CO3 with 2M TBAA as the aqueous base. The PTC was not used in this reaction mixture since 

TBAA itself is a tetra alkyl ammonium salt that improves miscibility between the organic and aqueous 

phases. The reaction conditions are summarised in Figure 156. 

 

A photograph of the resulting polymers, dispersed in a 1:1:1 mixture of H2O/MeOH/TEA (5 mg polymer 

in 5 ml),  is shown in Figure 157. Compared with the equivalent polymers synthesised from 

Toluene/2M K2CO3, these polymers appear to have a slight brown tinge that implies lower purity.   
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TBAA was the chosen base in the work conducted by Bai et al. for their high throughput work. 182 As 

such, this is an opportunity to compare the two sets of data directly and investigate the impact of the 

lower reaction temperature. The two sets of hydrogen evolution results are compared side-by-side in 

Figures 158 and 159.  

 

By directly comparing the two sets of data, one observes a consistent pattern of photocatalytic activity 

with respect to the fluorinated phenylene co-monomer after loading with a Pt co-catalyst. The 

hierarchy of photocatalytic rates in both cases is as follows: DBTS-PhF > DBTS-PhF2b > DBTS-Ph > DBTS-

PhF2a ≈ DBTS-PhF4. In each of these cases, the hydrogen evolution rates are larger than those 

prepared by Bai et al. The new lower-temperature DBTS-BDT co-polymer is also more 

photocatalytically active than its counterpart reported in the literature. However, the previously-

reported DBTS-DBTS homopolymer was more active than the one synthesised in this study.  

 

 

Figure 157: Image of DBTS-PhFx photocatalysts synthesised from a toluene/TBAA reaction mixture dispersed in 1:1:1 (v/v) 
mixture of MeOH/H2O/TEA.  

  

Figure 158: Photocatalytic hydrogen evolution rates for 
DBTS-PhFx Polymers synthesised in this section using 
toluene as the organic solvent and 2M TBAA as the base.  

Figure 159:  Photocatalytic hydrogen evolution rates for 
DBTS-PhFx Polymers synthesised by Bai et al. using toluene 
as solvent and 1.5M TBAA as the base. Data reproduced 
from reference 182 

Ph PhF PhF2a PhF2b PhF4 BDT DBTS 
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All samples synthesised in the Toluene/TBAA reaction mixture at the lower temperature of 120oC 

exhibit increases in activity following the photodeposition of 0.5 wt.% Pt, indicating lower palladium 

concentrations in the cases of DBTS-PhF2a and DBTS-PhF2b. However, compared with the samples 

synthesised in Toluene/K2CO3 in the previous section, these polymers were substantially less active. 

Based on the visual appearance of the two sets of polymers, this may be attributed to the lower purity 

of the polymers synthesised using TBAA as the base.   

 

These results demonstrate why comparing the photocatalytic activities of identical polymers 

synthesised under similar conditions is particularly difficult, even when tested on the same 

experimental photocatalysis setup. Minor changes to the synthesis conditions can significantly impact 

the photocatalytic activity without substantially altering the synthesis yields.  

 

3.6.5.2 Organic Solvent: 1,4-dioxane (3 ml), Aqueous Base: 2M TBAA (2 ml)2 

 

Figure 160: Modified reaction conditions for DBTS-PhFx polymers using 1,4-dioxane as the organic solvent and 2M TBAA as 
base. Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide represents the variable 
selection of dibromide monomeric precursors investigated. 

 

One of the principal advantages of using TBAA as the base is that it is soluble in aqueous and organic 

media and aids the degree of mixing between the two phases. This solvent/base combination was 

selected because of the successful synthesis of BDT-PhF4 using these reaction conditions, as will be 

discussed in section 3.7. Two different reaction temperatures (100oC and 120oC) were also tested 

using this solvent/base combination to investigate if the photocatalytic activity can be enhanced 

further by even lower reaction temperatures. This solvent/base reaction mixture required a higher 

microwave power to heat it effectively.  

 

 
2 These samples were tested for their photocatalytic activities using a modified method. Please see section 3.4.1.6.1 for details. 
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The hydrogen evolution activities observed in Figures 161 and 162 demonstrate that, when using 

1,4-dioxane as an organic solvent and 2M TBAA as the base (3 ml organic solvent 2 ml aqueous base), 

DBTS-PhFx polymers synthesised at the higher temperature of 120°C consistently produced hydrogen 

at a faster rate than those synthesised at the lower temperature. The yields were also consistently 

higher, implying that the reaction may not have gone to completion at the lower temperature. Lower 

reaction temperatures may also have led to shorter oligomeric polymer chain lengths if the reagent 

and intermediates’ solubilities are reduced.  

 

In both cases, DBTS-PhF2a significantly underperformed compared to the other polymers. This is 

particularly interesting compared to DBTS-PhF2b, as both polymers are predicted to have near-

identical optoelectronic properties, including optical bandgap and band edge potentials. DBTS-PhF2b, 

when synthesised at 120oC is the most active photocatalyst with rates reaching 21.3 mmol hr-1 g-1. 

DBTS-Ph and DBTS-PhF also achieve rates of 17.7 mmol hr-1 g-1 and 15.2 mmol hr-1 g-1. These three 

samples are more active than the equivalent polymers synthesised from toluene/TBAA. However, 

DBTS-PhF2a and DBTS-PhF4 are less active. These are the same polymers that exhibited significant 

palladium contamination in the work published by Bai et al.182  

 

Interestingly, the photocatalytic activities of these samples increased dramatically after 

photodepositing the Pt co-catalyst. However, these samples were tested for their photocatalytic 

activity under slightly different conditions due to a limited supply of parts and technical issues with 

the gas chromatography system, as discussed in sections 3.3.4.2.1Error! Reference source not found. 

and 3.4.1.6.1. The initial photodeposition period was performed with an ambient atmosphere. The 

 

  

 

 
Figure 161: HER rates and synthesis yields for DBTS-PhFx 
co-polymers synthesised from dioxane/TBAA reaction 
mixture at 120oC 

Figure 162: HER rates and synthesis yields for DBTS-PhFx 
co-polymers synthesised from dioxane/TBAA reaction 
mixture at 100oC. 
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presence of oxygen at this stage may have led to the degradation of the polymer in the absence of a 

platinum co-catalyst.  

 

3.6.5.3 Organic Solvent: Toluene (4.5 ml), Aqueous Base: 2M K2CO3 (0.5 ml) 3 

 

Figure 163: Modified reaction conditions for DBTS-PhFx polymers using toluene as the organic solvent and 2M K2CO3 as 
base. The ratio of organic solvent to aqueous base has been modified to 9:1, the intermittent heating step has been 
removed, and the maximum microwave power increased to 120 W.  Microwave-assisted Suzuki-Miyaura polycondensation 
reaction. Blue aromatic dibromide represents the variable selection of dibromide monomeric precursors investigated. 

 

The next modification to the reaction conditions involved reducing the volume of the aqueous phase. 

For these samples, 4.5 ml of toluene containing 1.5 vol% phase transfer catalyst was used as the 

organic solvent and 0.5 ml of 2M K2CO3 as the base. Compared to the reaction conditions used in 

section 3.6.4 (3:2 volume ratio), the smaller amount of water allows the microwave power to be 

increased from 70 W to 120 W. The requirement for an intermediary 15-minute heating step at 100 °C 

was also made redundant, as no large pressure spikes led the reactor to shut down. The new reaction 

conditions only contain four base equivalents compared to the starting reagents and only two 

equivalents compared to the number of moles of the reactive functional groups.  

 

The resulting photocatalytic activities and the reaction yields are presented in Figure 164. The yields 

for the DBTS-PhFx polymers prepared via this method remain over 100% of the theoretical yield for 

all samples, except DBTS-PhF4, which was obtained with an 80% yield – 8% more than from the 3:2 

reaction mixture.  

 

PhF4-Br2 may be susceptible to side reactions due to the presence of four strongly electronegative 

substituents. Whilst electronegative dibromides are favourable for Suzuki coupling, homocoupling 

and dehalogenation reactions may also occur.241,242 1,2,4,5-tetrafluorobenzene is often used in direct 

arylation reactions where palladium-assisted carbon-carbon coupling reactions occur between Ar-Br 

and Ar-H units.243  

 

 
3 These samples were tested for their photocatalytic activities using the modified method. Please see 3.3.4.2.1 and 3.4.1.6.1 for details. 
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The remaining yields over 100% are consistent with earlier DBTS-PhFx reactions and indicate that 

impurities are present. The yield calculation only considers the molecular mass of the polymer’s repeat 

unit and assumes that the masses of the chain ends are negligible. Due to the insoluble nature of the 

resulting polymers, it is likely that shorter polymer chains are obtained and that the end groups of the 

polymer chains are a combination of heavy bromines, boronic acid pinacol esters, and palladium 

catalyst intermediates.  

 

The impact of these chain ends on the photocatalytic activity is not well understood. However, studies 

from OPV research suggest that they may be detrimental to the optoelectronic properties of 

conjugated polymer photocatalysts.244 Since these polymers are insoluble, adding mono-brominated 

(or mono-boronic acid) reagents at the end of the reaction to cap the polymer chains is not impossible.  

 

Other contaminants may include byproducts and unreacted reagents that were not entirely removed 

during the washing process. Due to the high-throughput approach and a focus on photocatalytic 

activity, the polymers were only washed with cold water and methanol. They were not further purified 

by Soxhlet extraction in chloroform or tetrahydrofuran, THF, despite this being a common practice in 

the literature.245 

 

Regarding the structure-activity relationships, these reaction conditions give rise to polymers 

exhibiting a different trend from those obtained from the 3:2 Toluene/2M K2CO3 reaction mixture, as 

shown in Figure 165. DBTS-PhF and DBTS-PhF2b produced the most hydrogen under the sacrificial 

reagent conditions. All samples exhibited significant increases in activity after the photodeposition of 

  

Figure 164:  HER rates and synthesis yields for DBTS-PhFx 
co-polymers synthesised from Toluene/K2CO3 using the 
modified solvent/base ratio. 

Figure 165: Comparison of HER rates for DBTS-PhFx 
polymers after loading with 0.5 wt.% Pt when synthesised 
from a Toluene/K2CO3 reaction mixture with different 
solvent/aqueous base volume ratios.  
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Pt, indicating that the residual palladium concentrations in these samples may be low. The 

photocatalytic activity of DBTS-PhF4 may still be inhibited by contaminants associated with its lower 

yield.   

 

It is difficult to attribute the differences in activity between these samples and the equivalent 

polymers synthesised earlier solely to the 3:2 reaction mixture. These reactions were also performed 

with a higher microwave power and were directly heated to 120 °C without initially being held at 

100 °C for 15 minutes. This may have impacted the reaction rate, average chain length, particle size, 

morphology, crystallinity, and residual palladium content.  

 

Another consideration is the modified process by which the HER was recorded: the initial 1hr 

irradiation for Pt photodeposition was completed under an oxygen atmosphere. DBTS-Ph, also known 

in the literature as P7, has previously demonstrated the ability to drive the photocatalytic reduction 

of oxygen to form hydrogen peroxide.246 Hydrogen peroxide is highly reactive, and other polymeric 

photocatalysts known for hydrogen peroxide production have short lifetimes due to limited stability 

in its presence.247 It is plausible that upon irradiation in the presence of oxygen, the DBTS-PhFx 

polymers produced hydrogen peroxide, which degraded and deactivated the polymers. Such 

deactivation would significantly lower HER activity in the subsequent tests.  

 

 

3.6.5.4 Organic Solvent: N,N-dimethylformamide (4.5 ml), Aqueous Base: 2M K2CO3 (0.5 ml) 4 

 

The final set of reaction conditions investigated involved using N,N-dimethylformamide (DMF) as the 

organic solvent and 2M K2CO3 as the base. These reaction conditions mirror those typically used for 

the three-day solvothermal synthesis route frequently used in the literature. DMF was ruled out as a 

potential solvent in the initial microwave-assisted high-throughput experiment, as it heated too fast 

 
4 These samples were tested for their photocatalytic activities using the modified method. Please see 3.3.4.2.1 and 3.4.1.6.1 for details. 

 

Figure 166:  Modified reaction conditions for DBTS-PhFx polymers using DMF as the organic solvent and 2M K2CO3 as base. 
The ratio of organic solvent to aqueous base has been modified to 9:1, the intermittent heating step has been removed, 
and the maximum microwave power increased to 120 W.  Microwave-assisted Suzuki-Miyaura polycondensation reaction. 
Blue aromatic dibromide represents the variable selection of dibromide monomeric precursors investigated. 
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under microwave heating and triggered pressure spikes.182 However, pressure spikes were eliminated 

from the Toluene/TBAA reaction during heating by increasing the proportion of the organic phase 

relative to the aqueous phase.  The same approach was used here.  This approach also resulted in a 

smooth heating profile with no pressure spikes for this DMF/K2CO3 reaction mixture. 

 

 As with many of the other reaction conditions, DBTS-Ph, DBTS-PhF, and DBTS-PhF2b are the most 

active photocatalysts. However, their relative ranking is once again different. DBTS-PhF2a and DBTS-

PhF4 exhibit significantly lower photocatalytic activities. As is also the case for all other reaction 

conditions, DBTS-PhF4 is synthesised with a lower yield.  

 

The photocatalytic activities of DBTS-Ph and DBTS-PhF each increase from 7.0 and 7.8 mmol hr-1 g-1 to 

22.1 and 24.5 mmol hr-1 g-1, respectively, after photodepositing 0.5 wt.% Pt.  Both of these values are 

larger than the equivalent polymers synthesised from toluene/K2CO3. However, the initial 

photocatalytic activity of DBTS-PhF2b is 15.8 mmol hr-1 g-1 but only increases to 20.3 mmol hr-1 g-1. The 

origin of this behaviour is unknown. Attempts were made to digest the polymers in nitric acid in 

preparation for ICP elemental analysis to determine the residual palladium content. Unfortunately, 

the polymers were not successfully digested. 

 

3.6.6 Alternative Photocatalytic Reactions 

 

3.6.6.1 Photocatalytic H2O2 Production 

 

These DBTS-PhFx polymers synthesised in Toluene/TBAA were also tested for photocatalytic hydrogen 

peroxide production. In this photocatalytic reaction, photogenerated electrons reduce oxygen to form 

 

 

 

 
Figure 167: HER rates and synthesis yields for DBTS-PhFx co-polymers synthesised from DMF/K2CO3 using the 
modified solvent/base ratio.  
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H2O2 rather than reducing protons to form H2. In an ideal overall water-splitting system, oxygen will 

also be present. It is, therefore, important to monitor how these polymers behave in the presence of 

oxygen.  

 

Whilst photocatalytic hydrogen peroxide production is a promising area of research in itself,248 the 

photocatalytic reduction of oxygen is also a process that competes directly with the photocatalytic 

reduction of protons and can decrease the apparent quantum yields. Furthermore, peroxide species 

are highly reactive and are known to degrade polymers that have demonstrated the ability to produce 

it photocatalytically.247 

 

To test for photocatalytic hydrogen peroxide production, 3 mg photocatalyst was dispersed in 5 ml 

deionised water, capped, and irradiated for 1.5 hours. Peroxide testing strips were used to test the 

water immediately after irradiation to gauge an approximate hydrogen peroxide production rate. The 

results of the test strips are photographed in Figure 168.  

 

All DBTS-PhFx polymers produced some hydrogen peroxide photocatalytically. However, the 

photocatalytic reaction may only take place if the holes are also being consumed. This implies either 

water oxidation or polymer degradation (self-oxidation) is taking place. If the former is true, then it is 

suggestive that these polymers may be capable of achieving overall water splitting.  

 

The second row of test strips in Figure 168 represents the same polymers tested for hydrogen peroxide 

production when dispersed in 10 vol% ethanol. Ethanol acts as a sacrificial electron donor similar to 

TEA in hydrogen evolution experiments.  
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Figure 168: Hydrogen peroxide dip stick test results after dispersing 3 mg of DBTS-PhFx polymers in 5 ml of deionised 
water (top row) and 20 vol% ethanol (bottom row) and irradiating with AM1.5G solar simulated light for 1.5 hours under 
an oxygenated atmosphere. The polymers selected for this study were synthesised from a toluene/TBAA reaction 
mixture. Image on the right provides a colour scale for the results.  

 

Interestingly, the two polymers which produced the least hydrogen peroxide are DBTS-PhF and 

DBTS-PhF4. These polymers correspond to the same two that presented the most significant jump in 

photocatalytic hydrogen production after photodepositing platinum (Figure 158). It is also worth 

noting that DBTS-PhF2a produced more hydrogen peroxide than DBTS-PhF2b, which is the reverse of 

the trend observed for hydrogen evolution reactions.  

 

These results raise questions regarding the role of impurities. In particular, that of residual palladium 

since small increases in photocatalytic activity upon photocatalyst loading may be associated with 

higher levels of residual palladium. This would suggest that the polymers containing the most residual 

palladium also produce the most hydrogen peroxide and that residual Pd may be an effective co-

catalyst for H2O2 production in these polymers. However, further experiments would be required to 

confirm this hypothesis. 

 

Although inorganic photocatalysts do not typically produce H2O2 photocatalytically, overall water 

splitting does compete with the back reaction whereby oxygen is reduced, hydrogen is oxidised, and 

water is reformed. Noble metal catalysts are effective at both water splitting and oxygen reduction. 

In this domain, metal co-catalysts such as rhodium and platinum are coated with chromium (III) oxide, 

Cr2O3, through which oxygen does not diffuse.46,249,250 Employing this method on organic 

photocatalysts may lead to more stable polymer photocatalysts in the presence of oxygen. 

 

Although H2O2 was produced photocatalytically for these samples in an oxygenated atmosphere, these 

samples did not produce hydrogen under an inert atmosphere. This generates important questions 

Ph     PhF    PhF2a   PhF2b     PhF4   BDT     DBTS   

Ph 

          T: H2O 

B: 10% EtOH 
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regarding the oxidation reaction mechanism for these polymers. Typically, it is expected that the water 

oxidation/oxygen evolution reaction consumes holes. As such, these polymers are promising 

candidates for overall water splitting. Since the oxygen reduction reaction is more energetically 

favourable than the hydrogen evolution reaction, further work must be done to identify an ideal co-

catalyst or combination of co-catalysts to encourage hydrogen evolution whilst inhibiting the 

reduction of photogenerated oxygen.  
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3.7 Benzo[1,2-b:4,5-b']dithiophene Co-polymers (BDT-PhFx) 
 

Benzodithiophene co-polymer analogues of the DBTS-PhFx series were also synthesised. DFT 

calculations predicted that these polymers would have smaller bandgaps and could drive the HER 

when paired with the correct sacrificial reagents. Photocatalytic hydrogen evolution, however, may 

not occur when using TEA or TEOA as sacrificial reagents due to the small oxidation overpotential 

generating a weak thermodynamic driving force. Polymer photocatalysts with narrower bandgaps are 

required if overall STH efficiencies are to be improved. 

 

Whereas benzene is a weak electron donor, it becomes significantly more electron-withdrawing as 

the fluorine content increases. Since BDT is a donor unit, the BDT-PhFx polymers have a donor-

acceptor structure which may lead to more efficient charge separation, delocalisation, and a weaker 

exciton binding energy.58,60  

 

3.7.1 Organic Solvent: Toluene (3 ml), Aqueous Base: 2M K2CO3 (2 ml) 

Initial attempts to synthesise the BDT-PhFx polymers used were initially synthesised at 120 °C in a 

mixture of toluene and aqueous K2CO3 following the success of this method in section 3.6.4. This 

reaction scheme is presented in Figure 169.  

 

 

Comparing BDT-PhFx yields (Figure 170) with those obtained for BDTS-PhFx polymers, the PhF4 

polymers are synthesised in the lowest yields in both cases. However, BDT-PhFx polymers are more 

severely affected as yields decrease consistently with fluorine content. As this trend depends on both 

the boronate and dibromide species, it is reasonable to assume that the turnover-limiting step of the 

catalysis cycle involves an intermediate involving both units, i.e. during the isomerisation or reductive 

elimination steps. Dehalogenation and homocoupling side reactions are commonplace in SMC 

coupling reactions that can lead to low yields of the desired product.234,251  

 

 

 

Figure 169:  Initial reaction conditions for BDT-PhFx polymers using a toluene/K2CO3 reaction mixture in a 3:2 ratio. 
Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide represents the variable selection 
of dibromide monomeric precursors investigated. 
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Without using advanced catalysts, the PhF4-Br2 monomer should be highly susceptible to oxidative 

addition. Tetrafluorobenzene is strongly electron-withdrawing and has been used for direct arylation 

reactions, which proceed without any halide leaving groups.243 It is worth noting that Ar-F bonds are 

very strong and do not undergo Suzuki coupling reactions. 

 

The appearance of these polymers is shown in the photograph in Figure 171. BDT-DBTS  and  BDT-BDT 

each have narrower bandgaps compared to the BDT-PhFx co-polymers, as indicated by their orange 

colour.  With the exception of Pt-loaded BDT-DBTS, the photocatalytic activities of the BDT-

copolymers are approximately 1 mmol hr-1 g-1 or below. Increases in activity upon deposition of Pt for 

the remaining polymers are marginal.  

 

The low photocatalytic activities of the BDT-PhFx polymers may arise because of the high-energy 

HOMO that is expected to lie very close to the one-electron charge transfer oxidation potential of TEA. 

The DFT-predicted potentials have been reproduced in Figure 172. However, if this is the case, 

increasing photocatalytic activities would be expected with increasing fluorine content since fluorine 

lowers the IP and the IP of BDT-PhF2b is predicted to be similar to that of BDT-DBTS.  

 

A second cause of the low photocatalytic activity may be associated with the increasingly poor 

synthesis yields with increasing fluorine content. As observed amongst the 99 polymers analysed in 

Chapter 2, low yields are typically associated with lower photocatalytic activity. Despite being the most 

 

 

 

 

 

Figure 170: HER of BDT-PhFx polymers. The yield is 
presented as the line chart on the secondary axis. 
Polymers were synthesised using 3 ml toluene, 2 ml 2M 
K2CO3, and 0.66 mol.% Pd(dppf)Cl2. Heated at 120 °C for 
1.5 hours. 

Figure 171: Image of 5 mg of BDT-PhFx polymers dispersed 
in 5 ml of 1:1:1 TEA/MeOH/H2O solution. Polymers were 
synthesised using 3 ml toluene, 2 ml 2M K2CO3, and 0.66 
mol.% Pd(dppf)Cl2. Heated at 120 °C for 1.5 hours. 

 

   DBTS         Ph         PhF       PhF2a     PhF2b      PhF4        BDT 



 

 

Ian Coates, 200840765 179 

active photocatalyst of the set, BDT-DBTS (synthesised from BDT-B(pin)2 and DBTS-Br2) is also notably 

less active (3.7 mmol hr-1 g-1) than the DBTS-BDT equivalent polymer (synthesised from DBTS-B(pin)2 

and BDT-Br2) reported in section 3.6.4 synthesised under the same conditions (14.5 mmol hr-1 g-1). 

These results imply that the reaction mixture containing Toluene/K2CO3 is not optimal for achieving 

polymers with high photocatalytic activities when using BDT-B(pin)2 as a reagent.  

 

The final potential explanation for the poor photocatalytic activities of BDT-PhFx polymers is simply 

that they do not contain the DBTS monomer. As discussed extensively in the literature, the DBTS 

moiety improves the interfaces with water and TEA and enhances the rates of photoinduced charge 

transfer reactions accordingly.135 Compared with the DBTS-PhFx equivalents, the BDT-PhFx polymers 

did not disperse well in the sacrificial reagent mixture. 

 

 

Figure 172: Computational calculations of the IP and EA potentials of BDT-PhFx co-polymers. The TEA oxidation potential 
lies at +0.7 V vs SHE.   

 

 

a 
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3.7.2 Reaction Condition Screening 

Table 22: Optimisation of BDT-PhF4 synthesis conditions. 

Sampl
e 

Catalys
t 

Pd 
(mol.%

) 

Solven
t 

Vol 
(mL

) 

Bas
e 

Vol 

(mL
) 

Additiv
e 

Tem
p 

(°C) 

Time 
(min

) 

Powe
r (W) 

Yiel
d 

(%) 

1 
Pd(dppf)Cl

2 0.66 Toluene 3 K
2
CO

3
 2 

45 μL 
Aliqot 336 

100 
120 

15 
90 

70 16 

2 Pd(PPh
3
)

4
 0.66 Toluene 3 K

2
CO

3
 2 

45 μL 
Aliqot 336 

100 
120 

15 
90 

70 9 

3 
Pd(dppf)Cl

2 0.66 DMF 3 K
2
CO

3
 2 - 

100 
120 

15 
90 

70 10 

4 
Pd(dppf)Cl

2 0.66 THF 3 K
2
CO

3
 2 - 

100 
120 

15 
90 

100 6 

5 
Pd(dppf)Cl

2
 0.66 1,4-

Dioxane 3 K2CO3 2 - 
100 
120 

15 
90 

100 4 

6 
Pd(dppf)Cl

2
 0.66 Toluene 3 

Cs
2
CO

3
 2 

45 μL 
Aliqot 336 

100 
120 

15 
90 

70 12 

7 
Pd(dppf)Cl

2 0.66 Toluene 3 K
3
PO

4
 2 

45 μL 
Aliqot 336 

100 
120 

15 
90 

70 4 

8 
Pd(dppf)Cl

2 0.66 Toluene 3 TBAA 2 
45 μL 

Aliqot 336 
100 
120 

15 
90 

70 71 

9 
Pd(dppf)Cl

2
 0.66 Toluene 3 K2CO3 2 

45 μL 
Aliqot 336 

CuCl 
(0.2 mol) 

100 
120 

15 
90 

70 10 

10 
Pd(dppf)Cl

2
 0.66 DMF 3 

Cs2CO

3 
2 

CuCl 
(0.2 mol) 

100 
120 

15 
90 

70 19 

11 Pd(PPh3)4 0.66 Toluene 3 TBAA 2 
45 μL 

Aliqot 336 
100 
120 

15 
90 

70 - 

12 Pd(PPh3)4 1.25 Toluene 3 TBAA 2 
45 μL 

Aliqot 336 
100 
120 

15 
90 

70 - 

13 
Pd(dppf)Cl

2
 1.10 1,4-

dioxane 3 TBAA 2 - 
100 
120 

15 
90 

100 52 

14 
Pd(dppf)Cl

2
 0.66 Toluene 4.375 TBAA 0.625 66 μL 

Aliqot 336 
100 
120 

15 
90 

70 53 

15 
Pd(dppf)Cl

2 
0.8 

1,4-
Dioxane 

4.375  TBAA 0.625 - 
100 
120 

15 
90 

70 59 

16 
Pd(dppf)Cl

2
 0.66 

1,4-
Dioxane 

3 TBAA 2 - 100 60 100 68 

17 
Pd(dppf)Cl

2 
0.66 THF 3 TBAA 2 - 100 60 100 67 

18 
Pd(dppf)Cl

2 
0.66 DMF 3 TBAA 2 - 100 60 100 26 

 

As discussed above, the Toluene/K2CO3 reaction mixture did not produce active BDT-PhFx 

photocatalysts and, in the case of reactions with fluorinated phenylene dibromides, led to very low 

synthesis yields. This low activity may be a result of the polymer chain lengths, particle size, particle 

morphology, high concentrations of impurities and side products, or high levels of residual palladium.  

  

Since BDT-PhF4 was only synthesised with a sub-10 % yield, a study of different reaction conditions 

was subsequently conducted for this polymer. This study explored other palladium cross-coupling 

catalysts, solvents, bases, and additives. Different concentrations of base and volume ratios between 

organic and aqueous phases were also investigated. This screening study aimed to identify reaction 

conditions leading to high yields and photocatalytic activities since, as shown in Section 3.6, high yields 
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are not always commensurate with high photocatalytic activities. The results of this overall search are 

presented in Table 22. 

 

3.7.2.1 Change of Palladium Catalyst 

A key component of the reaction mixture is the choice of palladium cross-coupling catalyst. Here, 1,1-

Bis(diphenylphosphino)ferrocene dichloropalladium, Pd(dppf)Cl2, and tetrakis(triphenylphosphine) 

palladium(0), Pd(PPh3)4, are compared. Whilst many alternative catalysts are available and 

appropriate for Suzuki coupling, alternatives are expensive, prohibiting large-scale screening studies. 

Furthermore, there are no obvious alternative catalysts. Both the diboronic ester and dibromide 

monomer reagents are highly reactive towards Suzuki coupling and should not require advanced 

catalysts with more expensive ligands that are typically used to promote reactions with more 

challenging substrates.251–253 Searches for these reagents on SciFinder and Reaxys generally report 

successful reactions using common palladium catalysts such as Pd(PPh3)4 and Pd(dppf)Cl2.  

 

Pd(PPh3)4 resulted in poor yields of BDT-PhF4. Under comparable conditions, Pd(dppf)Cl2 consistently 

led to higher yields. One possible explanation arises from the fact that the dppf ligand is bidentate, 

resulting in a more sterically hindered palladium centre than for the Pd(PPh3)2 intermediate. The 

bidentate ligand results in a larger bite angle and increases the overlap between adjacent aryl species 

prior to the reductive elimination step, enhancing its rate of reaction. Furthermore, since the dppf 

ligand is bidentate, aryl units must bond to the metal centre in the cis-positions rather than trans-

positions on the square-planar d8 Pd(II) intermediate. The two aryl units must be in the cis-position to 

enable reductive elimination. 

 

3.7.2.2 Organic Solvent 

The Suzuki polycondensation reaction was performed using four different solvents. Toluene, 

dimethylformamide (DMF), 1,4-Dioxane, and tetrahydrofuran (THF). These solvents were chosen as 

they exhibit a range of polarities. Polarity influences the miscibility of the organic and aqueous phases 

and controls the solubility of reagents, intermediates, and products. These reactions used 2M K2CO3 

as the base, resulting in yields below 20%. The best-performing solvent was toluene, which only 

produced a 16% yield. DMF, Dioxane, and THF were all miscible with the aqueous phase. 

 

3.7.2.3 Addition of Copper Chloride 

Heteroaryl boronates are susceptible to protodeboronation reactions,254,255  in which the boronic acid 

(or boronic ester) groups are removed from precursors and oligomeric intermediates. Adding CuCl has 
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been shown to mitigate this issue by substituting the boronate groups in-situ and reacting with the 

palladium catalyst.256 Adding one equivalent of CuCl to the Toluene/K2CO3 reaction mixture did not 

increase the yield (10 %). Future reaction attempts may benefit from modified organoborane groups 

that can regulate the rate at which the functional group is hydrolysed into its boronic acid form.253 

 

3.7.2.4 Aqueous Base 

Pd-catalysed SMC reactions must be performed under basic conditions. The exact role of the base in 

the catalytic cycle is still widely debated.257 Four different bases were investigated: potassium 

carbonate (K2CO3), potassium triphosphate (K3PO4), Caesium carbonate (Cs2CO3), and 

tetrabutylammonium acetate, (N(Bu)4OAc, TBAA). The base selection had the most significant impact 

on the yield of BDT-PhF4. Combining 3ml of toluene with 2ml of 2M TBAA resulted in the highest 

observed yield of 71%. Other bases did not increase the yield.  

 

TBAA is particularly effective due to the alkyl chains on the positively charged ammonium ion, which 

increase its solubility in organic solvents. The acetate ion is also reasonably soluble in organic solvents. 

Furthermore, TBAA is a weaker base than carbonates and phosphates.  

 

3.7.2.5 Combined Changes 

Following the improved reaction yields observed using TBAA as the base, further optimisations were 

conducted by combining this base with alternative solvents. Whilst Pd(PPh3)4 remained inactive in the 

presence of TBAA, yields were improved when TBAA was used in conjunction with 1,4-dioxane (52 %). 

However, reactions with Pd(PPh3)4 were still unsuccessful.  

 

3.7.2.6 Solvent:Base Ratio 

Due to a limited supply of TBAA, additional syntheses were completed with a reduced volume of the 

aqueous phase. 0.625 ml of 2M TBAA was added to the reaction mixture instead of 2 ml. This 

corresponded with a decrease in the amount of TBAA in the reaction from 4 mmol to 1.25 mmol. Since 

reactions were being completed on a 0.2 mmol scale, this remained more than six equivalents. Suzuki 

reactions are recommended to contain at least one equivalent of the base.258 Although the yield of 

the reaction conducted in toluene decreased (from 71% to 53%), it increased in 1,4-dioxane (52 – 59 

%).  
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3.7.2.7 Reaction Time and Temperature 

Throughout this synthesis optimisation procedure, it became apparent that the power-limited 

stepwise heating regime, developed for polymers synthesised in toluene/K2CO3 (3:2), was no longer 

required. Using TBAA instead of K2CO3 prevented the sudden pressure spikes which had previously 

triggered the microwave reaction system to shut down. As such, the desired temperature could be 

attained directly using higher-power microwave radiation. The reaction time was also reduced since 

products were previously observed within ten minutes of microwave-assisted heating at lower 

temperatures following failed reactions. 

 

The final samples were heated to 100 °C for 60 minutes using an increased power of 100W. Reducing 

the temperature comes with a trade-off; oligomers will be less soluble at lower temperatures, and the 

polymer chain length is expected to decrease as a result. However, higher temperatures also lead to 

impure polymers as the degradation of the reagents or the palladium catalyst is accelerated. This is 

evidenced by the dark inactive polymers obtained from conducting the reaction at 160 °C.  

 

BDT-PhF4 was obtained in reasonable yields when synthesised in DMF (26%), 1,4-dioxane (68%), and 

THF (67%) using 2 ml of 2M TBAA as the base under these modified reaction conditions.  

 

3.7.2.8 BDT-PhF4 Hydrogen Evolution Reaction 

Following the synthesis optimisation process described above, BDT-PhF4 samples obtained at 

reasonable yields were tested for their photocatalytic hydrogen evolution activity. These results are 

presented in Figure 173.  

 

The sample “Toluene” refers to sample 1 in Table 22 and represents the starting conditions. Most 

attempts to change the conditions resulted in lower yields and lower photocatalytic activities.  

Although synthesis in toluene combined with TBAA led to the best yield, photocatalytic activity was 

not improved. Synthesis of BDT-PhF4 in 1,4-dioxane with TBAA, however, led to increased yields and 

increased photocatalytic activity. These reaction conditions were therefore used to prepare the 

remaining BDT-PhFx polymers.  
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Figure 173: Comparison of photocatalytic activities for equivalent BDT-PhF4 polymers when synthesised under 
different conditions.  

 

3.7.3 Organic Solvent: 1,4-Dioxane (4.375 ml), Aqueous Base: 2M TBAA (0.625 ml) 

 

 

Figure 174: Modified reaction conditions for BDT-PhFx polymers using a dioxane/TBAA reaction mixture in a 7:1 ratio. 
Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide represents the variable selection 
of dibromide monomeric precursors investigated. 

 

Following the optimisation of BDT-PhF4 for optimal yield and photocatalytic activity, the remaining 

polymers of the BDT-PhFx series were synthesised according to the conditions summarised in Figure 

174.  Unfortunately, the positive impact of running the reaction at 100 degrees with a larger TBAA 

content was not yet realised when these samples were synthesised. Figure 175 presents the HER for 

BDT-PhFx polymers synthesised using the optimised conditions, whereas HER rates for the same 

polymers prepared using the old (Toluene/K2CO3) conditions are shown in Figure 176. Yields are 

presented on the secondary axes. The photographs show the polymers dispersed in a 1:1:1 mixture of 

H2O, MeOH, and TEA and are ordered as per the samples in the graphs above. 

 

The new synthesis conditions result in improved yields across the PhFx co-polymers. Under the new 

reaction conditions, the activity of the DBTS-PhFx polymers increases with respect to fluorine content. 

This trend could be explained by the deeper HOMO energy levels of the fluorinated derivative that 

have been predicted by DFT. These deeper levels would have a greater overpotential to drive the TEA 
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oxidation reaction.  However, BDT-DBTS and BDT-BDT exhibit poorer photocatalytic activities, despite 

excellent yields.  

 

The photocatalytic activity improves for all polymers after Pt photodeposition under the new 

conditions. However, this increase is relatively small compared to the co-polymers containing DBTS 

moieties. Only BDT-DBTS exhibited a significant increase in activity after loading with Pt. Compared 

with the DBTS-BDT polymer synthesised from the DBTS-B(pin)2 in section 3.6, both BDT-DBTS polymers 

synthesised from BDT boronic acid pinacol ester continue to underperform. These polymers are 

compared in Figure 177. Attempts to synthesise Ph-BDT and PhF2a-BDT analogues by reversing the 

boronate and bromide functional groups on the monomers were unsuccessful also attempted. These 

syntheses also led to improved photocatalytic activities for structurally-equivalent polymers. This 

trend implies that further optimisation of the reaction using alternative BDT organoborane precursors, 

cross-coupling catalysts, or solvent/base combinations may result in further-enhanced activities.  

  

Based on a qualitative visual comparison between the two sets, the bandgap of BDT-PhFx polymers 

synthesised in 1,4-dioxane (except for BDT-DBTS) appear to be smaller than those synthesised in 

toluene, as they appear to be more orange and the toluene samples more yellow. This may indicate 

longer average polymer chain lengths for the polymers synthesised under the new conditions which 

would agree with the theory of improved stability of oligomeric reaction intermediates when using 

TBAA as the base.  Changes to the absorption spectrum may also arise from the nature of aggregation 

in the solid state.259 

 

In general, these polymers are poor photocatalysts for photocatalytic hydrogen evolution. However, 

this is to be expected since they do not possess the DBTS unit, which appears to be essential for 

photocatalytic activity. High activities for these polymers were not expected since the band gap is 

small, and hence they have small driving forces for driving the photocatalytic redox reactions. This 

necessitates fine-tuning of the band edge potentials, which the addition of fluorine appears to have 

achieved.  

 



 

 

Ian Coates, 200840765 186 

 

 

3.7.4 Alternative Sacrificial Reagents: Ascorbic Acid / DMF 

To establish if the lower activity arises from a limited driving force for TEA oxidation, further 

measurements of the photocatalytic activity of the BDT-DBTS and BDT-Ph polymers were performed 

using 0.1M ascorbic acid as the sacrificial reagent and DMF as the dispersant. 5 mg of the polymers 

were dispersed in 1 ml of DMF and ultrasonicated for 5 mins before adding 4ml of 1M ascorbic acid 

  

  

Figure 175:   Top) HER rates and synthesis yields for BDT-
PhFx polymers synthesised from a dioxane/TBAA reaction 
mixture. Bottom) Image of 5 mg of BDT-PhFx polymers 
dispersed in 5 ml of 1:1:1 TEA/MeOH/H2O solution.  
 

Figure 176:  Top) HER rates and synthesis yields for BDT-
PhFx polymers synthesised from a toluene/K2CO3 reaction 
mixture. Bottom) Image of 5 mg of same BDT-PhFx polymers 
dispersed in 5 ml of 1:1:1 TEA/MeOH/H2O solution.  
 

 

 

 

 
Figure 177: Comparison of photocatalytic activities for equivalent BDT-based polymers when synthesised from 
BDT-Br2 (orange) and DBT-B2pin2. (blue) HER rates for polymers before photodeposition of 0.5 wt.% Pt.  



 

 

Ian Coates, 200840765 187 

(AA). Samples were irradiated for one hour.  The basis for these reaction conditions stem from recent 

reports in the literature in which similar methods have resulted in extremely high photocatalytic 

rates.237,260–262 

 

The results for these polymers before and after Pt photodeposition are presented in Figure 178. In 

both cases, the photocatalytic activity increases when using AA as the sacrificial reagent, despite not 

optimising the co-solvent or the pH of the reaction mixture. By contrast, when testing DBTS-Ph 

synthesised under the same conditions, the photocatalytic activity in the DMF/AA mixture was 

substantially reduced, as shown in Figure 179. These results imply that polymers containing the BDT 

unit may not exhibit optimal hydrogen evolution rates when using TEA as the sacrificial reagent. 

 

 

  

Figure 178: HER rates for the BDT-based co-polymers synthesised from a dioxane/TBAA reaction mixture. HER rates are 
compared when using 1:1:1 as a sacrificial reagent mixture vs an ascorbic acid/DMF sacrificial reagent mixture. A) BDT-
DBTS and b) BDT-Ph polymer systems.    

 

Figure 179:  HER rates for the DBTS-Ph co-polymer synthesised from a dioxane/TBAA reaction mixture. HER rates are 
compared when using 1:1:1 as a sacrificial reagent mixture and an ascorbic acid/DMF sacrificial reagent mixture.    
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3.7.5 Photocatalytic Hydrogen Peroxide Production 

 

As for the DBTS-PhFx polymers, the BDT-PhFx polymers were also tested for their photocatalytic 

hydrogen peroxide production from water and 10 vol.% ethanol solutions. Sample headspace vials 

were loaded with 3 mg of polymer and 5 ml of liquid before being dispersed via ultrasonication for 5 

minutes. The polymer dispersions were subsequently irradiated for 1.5 hours under simulated AM 

1.5G sunlight before the resulting solution was tested for peroxides using rapid dipstick tests. 

 

As shown in Figure 180, BDT-PhFx polymers produced significantly less hydrogen peroxide than the 

DBTS-PhFx equivalents. In most cases, no peroxides are deemed to be present. These samples were 

not expected to produce any peroxide since the HOMO is higher in energy, and the 4-electron water 

oxidation reaction leading to oxygen evolution is thermodynamically uphill.  

 

Interestingly, low concentrations of peroxide were detected from DBTS-BDT, DBTS-Ph, and DBTS-PhF 

despite these three samples being predicted to have the highest-energy HOMOs of the set. These 

three samples also exhibited the slowest photocatalytic hydrogen evolution rates. Contrastingly, BDT-

DBTS only produces trace amounts of hydrogen peroxide despite the fact the DBTS-BDT analogue 

synthesised in Toluene/TBAA produced moderate amounts under the same conditions. 

 

 

Figure 180:  Hydrogen peroxide dip stick test results after dispersing 3 mg of BDT-PhFx polymers in 5 ml of deionised 
water (right column) and 20 vol% ethanol (left column) and irradiating with AM1.5G solar simulated light for 1.5 hours 
under an oxygenated atmosphere. The polymers selected for this study were synthesised from a dioxane/TBAA reaction 
mixture. Image on the right provides a colour scale for the results in mg L-1. 
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These results imply that photocatalytic hydrogen peroxide production might be driven by sacrificial 

oxidation of residual impurities and catalysed by residual palladium, at least in part. Indeed, several 

reports have highlighted that Pd is the most effective co-catalyst for this reaction.248,263 Unfortunately, 

attempts to determine the residual palladium concentration were unsuccessful as the polymers would 

not digest in nitric acid. 
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3.8 Ternary Polymers 
The positive effects of the DBTS moiety on the photocatalytic hydrogen evolutin rate is well 

known.135,264,265 It was therefore decided that DBTS-PhFx-BDT ternary polymers should be synthesised. 

It is hoped that compared to the binary counterparts, the ternary system would combine the best 

properties: narrower bandgap of the BDT polymer with the photocatalytic activity of the DBTS 

polymers, whilst simultaneously allowing the band potentials to be tailored by altering the 

electronegativity of the fluorinated phenylene linkers.  

 

3.8.1 Synthesis of Br-PhFx-BDT-PhFx-Br Intermediate 

To obtain a perfectly-alternating DBTS-PhFx-BDT polymer backbone, it would first be necessary to 

synthesise an intermediary dibromide or diboronic ester. Initial attempts to synthesise the monomer: 

Br-PhFx-BDT-PhFx-Br were made by reacting the BDT boronic ester with an excess of the phenylene 

dibromides, as outlined in Figure 181. Reacting in an excess of the dibromide monomer means that 

any polymerisation should be limited, as the boronates are consumed in reactions with monomers 

rather than oligomers.  

 

 

However, as shown in Figure 182, the attempted synthesis of these monomers resulted in insoluble 

solids that resembled the equivalent BDT-PhFx polymers. Unfortunately, since they were insoluble in 

all tested solvents, they could not be used as monomers for subsequent reaction steps.  

 

 

 

Figure 181:  Initial reaction conditions used in an attempt to prepare BDT-PhFx-Br2 monomeric dihalide reagents using a 
dioxane/TBAA reaction mixture in a 7:1 ratio. The dibromide was included in the reaction mixture in excess to prevent 
extensive polymerisation. Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide 
represents the variable selection of dibromide monomeric precursors investigated. 
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Table 23: Amount of product obtained from the attempted synthesis of BDT-PhFx monomers compared to the equivalent 
polymer synthesis. 

Phenylene unit 
p(BDT-PhFx)  Br-PhFx-BDT-PhFx-Br 

Mass (mg) Yield (%) 
 

Mass (mg) 
Yield (%) 

 (If monomer) 
Yield (%)  

(If polymer) 

Ph 64.6 98  71.5 57 109 
PhF 72.0 102  71.7 53 102 

PhF2a 72.7 97  79.2 55 105 
PhF2b 66.9 92  64.6 45 86 
PhF4 49.3 59  38.7 24 46 

       

Phenylene unit 
p(DBTS-PhFx)  Br-PhFx-DBTS-PhFx-Br 

Mass (mg) Yield (%) 
 

Mass (mg) 
Yield (%) 

 (If monomer) 
Yield (%)  

(If polymer) 

Ph 65.7 90  59.9 46 83 

 

Compared to their polymeric equivalents, the monomeric series (BDT-PhFx-m) were synthesised at 

100 °C instead of 120 °C. The lower temperature was selected because early synthesis attempts of 

BDT-Ph-m at 120 °C resulted in pressure spikes that triggered the microwave reactor to shut down. 

The lighter colour of the BDT-PhFx-m series compared to the BDT-PhFx polymers may result from this 

lower reaction temperature.  

 

As is apparent from Table 23, the masses obtained for these monomeric species very closely resemble 

the yields obtained for the equivalent polymer and resemble the polymers in their physical and optical 

properties. It is very likely that the polymer is formed instead of the monomer, despite the excess 

dibromide reagent. To investigate if this failed reaction can be attributed to the BDT-diboronic acid 

pinacol ester, an attempt was also made to synthesise Br-Ph-DBTS-Ph-Br using the same methodology. 

This also resulted in an insoluble solid resembling its polymeric equivalent.  

 

Typically, one must be very careful to ensure the correct stoichiometry of the reagents when 

completing polycondensation syntheses to ensure that dibromides and diboronic acid species are in a 

one-to-one ratio. This is on the basis that an excess of one may lead to a narrow distribution of short 

     

Figure 182:  Photographs of products resulting from attempted synthesis BDT-PhFx-Br2 monomers and the DBT-PhFx 
polymers synthesised from stoichiometric mixtures of BDT-PhFx. Reactions were performed under similar conditions with 
the exception that monomers were synthesised at 100oC whereas polymers were synthesised at 120oC.  
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oligomeric chains that are all terminated by the same leaving group. Such oligomers would be unable 

to react with one another to extend the polymer chain length. 

  

The suspected formation of extended polymer chains in the presence of excess dibromide suggests 

that polymer formation by microwave-assisted polycondensation reactions is insensitive to the initial 

reagent stoichiometry. Br-PhFx-BDT-B(pin) intermediates appear to react with one another 

preferentially instead of the excess dibromide monomer, PhFx-Br2.  

 

An alternative explanation may involve the homocoupling of oligomers via the terminal bromines to 

generate several PhFx-PhFx links in the backbone. However, this should result in masses significantly 

larger than the theoretical yield for the original polymer. Since we do not see any significant increase 

in the solid mass obtained at the end of the reaction, this pathway appears less likely.  

 

3.8.2 Ternary Statistical Random Co-polymer (DBTS)n-(PhFx)m-(BDT)o 

Computational studies of conjugated polymers indicate that the specific arrangement of monomer 

units along the backbone has a limited impact on the band edge potentials and bandgap.138 DBTS-

PhFx-BDT ternary polymers were therefore synthesised on a random statistical basis in a one-pot 

synthesis by combining DBTS-B(pin)2, BDT-B(pin)2, and PhFx-Br2 reagents in a molar ratio of 1:1:2. 

Although other ratios of DBTS:BDT were not tested, this synthesis method could be used to explore 

this ternary space and optimise for photocatalytic activity. Exploring this space using the rapid 

microwave synthesis method would be particularly beneficial. The reaction scheme for the DBTS-PhFx-

BDT series of ternary polymers is presented in Figure 183 below.  

 

 

 

Figure 183: Reaction conditions used in an attempt to prepare statistical DBTS-PhFx-BDT ternary co-polymers using a 
dioxane/TBAA reaction mixture in a 3:2 ratio. Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue 
aromatic dibromide represents the variable selection of dibromide monomeric precursors investigated. 
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It is important to note that, in using this statistical method, uncertainty regarding the final polymer 

structure is introduced. If BDT-B(pin)2 is far more reactive than DBTS-B(pin)2, the first polymer chains 

to precipitate from the reaction mixture will be rich in BDT, whereas those synthesised later will be 

rich in DBTS. BDT is an electron-rich donor, whereas DBTS is an electron acceptor. The rates of Pd-

catalyses Suzuki reaction are expected to differ between the two. Furthermore, the ratio of these two 

components in the polymer chain may also impact the length at which the chain precipitates since 

they have different polarities. Unfortunately, due to the insoluble nature of the polymers, gel-

permeation chromatography cannot be used to determine the molecular weight distributions. For the 

remainder of this section, we assume a 50:50 distribution of DBTS and BDT in each polymer chain. 

 

3.8.2.1 Appearance  

The resulting polymers ranged from bright yellow to dark orange and appeared to be the exact same 

colours as their binary BDT-PhFx series analogues. As with the BDT-PhFx polymers, these polymers 

were hydrophobic, whereby dispersion in water was more challenging with increasing fluorine 

content. The Ph and PhF analogues dispersed fairly well in MeOH/H2O/TEA, but dispersal in water was 

more challenging. The difluorinated and tetrafluorinated polymers were difficult to disperse in all 

solvents. 

 

3.8.2.2 Hydrogen Evolution Study5 

 

 
5 These samples were tested for their photocatalytic activities using a modified method. Please see 3.3.4.2.1 and 3.4.1.6.1 for details. 

 

Figure 184: DBTS-PhFx-BDT polymer photocatalytic activities for H2 evolution in MeOH/H2O/TEA and associated synthesis 
yields. 
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The ternary polymers were tested for their hydrogen evolution photocatalytic activity. Figure 184 

presents the results for these polymers. Although they did not perform as well as the equivalent DBTS-

PhFx series, they did produce hydrogen at relatively high rates.  

 

The PhF polymer was the most active, producing hydrogen at a rate of 14.6 mmol hr-1 g-1 under 

AM1.5G solar simulator irradiation when platinum is photodeposited. DBTS-Ph-BDT performed 

second best, whereas the inclusion of the difluorinated and tetrafluorinated phenylene units resulted 

in decreased activity.  

 

The observed trend could be rationalised by several factors. First is the predicted redox potentials – 

As the number of fluorines increase, the reduction potential of a photo-excited electron decreases. 

The oxidation potential simultaneously increases, giving rise to similar bandgaps but different band-

edge potentials. Since polymers that include the BDT moiety have smaller bandgaps, a fine balance 

must be found to ensure both the proton reduction and TEA oxidation can take place efficiently. The 

wider bandgap of the Ph and PhF polymers results in a more significant driving force for both redox 

reactions.  

 

Importantly, the oxidation potential is not expected to be positive enough to oxidise water. This 

suggests that these polymers may be more stable with respect to degradation from H2O2, which 

cannot be produced. Despite the photodeposition process taking place in an oxygen atmosphere, 

these polymers did not appear to degrade in the process as the H2O2-producing DBTS-PhFx equivalents 

did.  

 

As mentioned above, the fluorinated ternary polymers did not disperse nicely in solution, implying 

that PhF2x and PhF4 polymers are more hydrophobic. This can lead to larger particle sizes in which 

excitons cannot reach the surface, a lower total surface on which the reaction can take place, and a 

poor interface between water and the particles, which may influence the kinetics for water sorption 

and product desorption. This hydrophobicity may explain the reduced activity for the more fluorinated 

polymers. 
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3.9 Optoelectronic Characterisation 
 

The optoelectronic properties of DBTS-PhFx, BDT-PhFx, and DBTS-PhFx-BDT co-polymers are 

investigated in this section. So that they can be compared and contrasted, only the samples 

synthesised under the same conditions are considered, despite the fact that DBTS-PhFx polymers are 

not the most active photocatalysts when synthesised under these conditions. All samples were studied 

via diffuse reflectance spectroscopy, steady-state fluorescence spectroscopy in the solid state and 

fluorescence lifetime spectroscopy in the solid state. 

 

 

It should be noted that exciton dynamics in conjugated polymers are numerous and very complicated.  

For a basic introduction into exciton diffusion in conjugated polymers, the reader is referred to the 

review by Mikhnenko et al.82 The discussions in the following sections will be based on the theory and 

language pioneered by Prof Barford.80,81,84–86,228 A particularly relevant and up-to-date summary of this 

theory is presented in reference 81.  For a very comprehensive review of exciton dynamics in all π-

conjugated organic systems, the reader is referred to the recent review by Dimitriev.55 For a discussion 

of excitonic effects specifically as applied to polymeric photocatalysts, see reference 53. 

 

 

Figure 185:  Reaction conditions used to re-synthesise DBTS-PhFx , BDT-PhFx, and DBTS-PhFx-BDT co-polymers using 
identical conditions for comparable optoelectronic characterisation. Polymers synthesised form dioxane/TBAA reaction 
mixtures in a 3:2 ratio. Microwave-assisted Suzuki-Miyaura polycondensation reaction. Blue aromatic dibromide 
represents the variable selection of dibromide monomeric precursors investigated. 
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3.9.1 DBTS-PhFx 

3.9.1.1 UV/Vis DRS 

 

Diffuse reflectance spectra of the BDTS-PhFx polymers synthesised in 1,4-dioxane using 2M TBAA as 

the base are presented in Figure 186. Tauc plots assuming a direct bandgap are presented in Figure 

187, whereas Tauc plots assuming an indirect bandgap direct bandgap are plotted in Figure 189. An 

example position from which the indirect bandgap has been determined is donated by the red line in 

Figure 188; this method is in agreement with the recommended approach outlined by Makula et al.266 

The experimentally determined direct and indirect bandgap values are presented in the chart legends. 

Both bandgaps have been reported since polymeric materials are semi-crystalline and contain a 

distribution of chromophores, the excitation energies of which vary according to the local polymer 

backbone structure, geometry, and environment.   

  

Figure 186: Normalised UV/Vis DRS spectra for DBTS-PhFx 
polymers synthesised from a dioxane/TBAA reaction 
mixture. 5 mg of polymer was blended with 55 mg of 
BaSO4 to prevent complete absorption above the 
bandgap.  

Figure 187:  Tauc plot analysis for DBTS-PhFx polymers 
synthesised from a dioxane/TBAA reaction mixture 
assuming a direct bandgap. 

  

Figure 188: Tauc plot analysis for DBTS-Ph assuming an 
indirect bandgap. The bandgap was measured at the 
intersection of the two linear tangents to the curve. 

Figure 189:  Tauc plot analysis for DBTS-PhFx polymers 
synthesised from a dioxane/TBAA reaction mixture 
assuming an indirect bandgap. 
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The absorption maxima are blue-shifted with respect to increasing fluorine content. This trend is 

mirrored by the direct optical bandgaps. However, due to an extended absorption tail, the indirect 

optical bandgap of DBTS-PhF4 is determined to be smaller than that of DBTS-PhF2a and DBTS-PhF2b. 

This pattern agrees with the DRS measurements of the DBTS-PhFx polymers synthesised in the 

Toluene/K2CO3 reaction mixture discussed in Section 3.6.4. The origin of this absorption tail is unclear; 

however, it may arise from high concentrations of impurities such as palladium or from a wide 

distribution of local polymer structures and environments in the bulk material. The 

tetrafluorobenzene unit may encourage π-π stacking since the electronegative atoms produce an 

inverted quadrupolar dipole moment compared with an unsubstituted benzene ring.239,240  

 

The indirect bandgaps measured for the polymers synthesised from Dioxane/TBAA match those 

determined from Toluene/K2CO3, except for DBTS-PhF4, the bandgap of which is 0.1 eV wider when 

synthesised under the former conditions. 

 

3.9.1.2 Steady-state Fluorescence 

Steady-state fluorescence spectra for these samples are presented in Figure 190. This includes both 

excitation spectra and emission spectra.  Excitation spectra record the fluorescence intensity at the 

emission maxima whilst scanning over the excitation wavelengths using a pre-sample 

monochromator. Emission spectra are recorded by fixing the excitation wavelength and scanning the 

post-sample monochromator to determine which wavelengths of light are emitted. Several excitation 

wavelengths of light were selected for the emission spectra of each sample. However, the shape of 

the emission spectrum remained invariant. 

 

Figure 190: Solid-state steady-state fluorescence excitation and emission spectra for the DBTS-PhFx co-polymers 
synthesised from dioxane/TBAA. Excitation spectra are measured at the emission maxima, whereas all emission spectra 
are measured at a 350 nm excitation wavelength.  
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As with the absorption spectra, the excitation maxima shift to shorter wavelengths with increasing 

fluorine content. However, the DBTS-PhF4 sample no longer shows a lower energy absorption onset 

than the less fluorinated derivatives. The excitation maxima of DBTS-PhF2a and DBTS-PhF2b are 

identical, mirroring their indirect bandgaps. This is in direct contrast to their direct bandgaps, which 

differ by 0.05 eV. The excitation spectrum of DBTS-Ph is differentiated from the fluorinated derivatives 

by its more prominent peak shape at the band edge. This line shape broadens as more fluorine groups 

are added.    

 

The excitation spectra mimic the optical absorption bandgaps, but the emission spectra are less 

structure-dependent. Despite similar excitation maxima, the Stokes’ shift of DBTS-PhF is larger than 

that of DBTS-Ph. Meanwhile, the emission maxima of DBTS-PhF2a, DBTS-PhF2b, and DBTS-PhF4 are 

almost invariant with respect to structure. Given the widening bandgaps, this correlates with larger 

Stokes shifts with respect to increasing fluorine content.  According to Barford et al. the larger shift 

may be associated with greater co-planarity and less torsional disorder. 85 However, the 

inhomogeneous broadening of the lineshapes suggests otherwise.  

 

Vavilov’s rule states that the luminescence quantum yield is independent of the excitation wavelength 

for molecular emitters. Kasha’s rule states that emission only occurs from the vibrationally-relaxed 

excited state.267 This implies that absorption and excitation spectra should be equivalent. As can be 

observed in Figures 191 - 196, these conjugated polymers do not appear to satisfy these rules on first 

inspection, where the maxima of the excitation spectra correspond to the absorption tail. This is 

because the polymers emit from local exciton ground states, which are sub-gap states situated in the 

absorption tail. 

 

Whilst Kasha and Vavilov’s rules hold for single chromophores, conjugated polymer semiconductors 

represent a large distribution of non-equivalent chromophores, each with its unique absorption 

spectrum according to the corresponding local exciton. Furthermore, several relaxation processes 

compete as excitons migrate between chromophores via Forster Resonance Energy Transfer (FRET). 

One important consideration is the rate of electron extraction by residual palladium clusters. This 

results in charge separation and the formation of positively-charged polarons, which are known to 

quench emissions by providing a pathway for non-radiative relaxation.268 
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Figure 191: Normalised UV/Vis DRS, steady-state fluorescence excitation, and steady-state fluorescence emission spectra 
for DBTS-Ph. 

 

Figure 192: Normalised UV/Vis DRS, steady-state fluorescence excitation, and steady-state fluorescence emission spectra 
for DBTS-PhF. 

 

Figure 193: Normalised UV/Vis DRS, steady-state fluorescence excitation, and steady-state fluorescence emission spectra 
for DBTS-PhF2a. 
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Figures 191-195 compare the DRS absorption spectra (solid lines) with the corresponding excitation 

(long-dashed lines) and emission spectra (short-dashed lines). All spectra were recorded in the solid 

state and have been normalised. Although the DRS and excitation spectra are both measurements of 

absorption, they are not identical. Interestingly their local maxima are located at different energies.   

 

On first consideration, this appears to violate the Vavilov rule, which states that the 

photoluminescence quantum yield (PLQY) is independent of the excitation wavelength. As such, the 

absorption spectra and excitation spectra should be identical. Vavilov’s rule is preceded by Kasha’s 

rule, which states that photon emission will only occur from the lowest-lying excited state of a given 

multiplicity. Although the absorption of a high-energy photon may promote a molecule into a high-

energy excited singlet state, Sn, the molecule will rapidly relax into the first singlet state, S1, via internal 

conversion before eventually relaxing back to the ground state via fluorescence. Kasha’s rule holds 

 

Figure 194: Normalised UV/Vis DRS, steady-state fluorescence excitation, and steady-state fluorescence emission spectra 
for DBTS-PhF2b. 

 

Figure 195:  Normalised UV/Vis DRS, steady-state fluorescence excitation, and steady-state fluorescence emission spectra 
for DBTS-PhF4. 
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because the rate of internal conversion is multiple orders of magnitude faster than the rate of 

fluorescence, and therefore, emission from higher-order excited states is negligible. Vavilov’s rule 

holds because IC from Sn to S0 is also faster than other internal relaxation processes by which energy 

could be transferred into a different manifold, such as intersystem crossing into the triplet state.  

 

However, when considering conjugated organic polymers in the condensed phase, it is important to 

remember that the local environment around each chromophore is not homogeneous. Semicrystalline 

polymers contain both crystalline and amorphous domains. Polymer samples contain a distribution of 

polymer chain lengths and defects. Each polymer chain will have a unique 3D structure resulting from 

a distribution of torsional angles, bond lengths, and relative orientations of monomers.  Equally, each 

nearest neighbour of each chain will have its own unique 3D structure in space.  

 

Furthermore, one must also consider the definition of an absorbing chromophore. A single polymer 

chain does not absorb a single photon. Instead, each linear polymer chain contains a distribution of 

chromophores along its length. Typically these absorbing chromophores will span a range of 

neighbouring monomers and repeat units. The electronic structure of each chromophore will not only 

depend on the structure and geometry of the chain within a local region along its length, but also on 

the external environment surrounding that local region. As such, each chromophore will absorb a 

slightly different wavelength of light.  

 

Upon absorbing a photon, an exciton is formed. An exciton can be considered as a quantum 

mechanical quasiparticle described by its own wavefunction. After absorption, the exciton will exist in 

an excited state. These excited excitons will rapidly relax into a local exciton ground state (LEGS).54,78,81 

However, unlike in homogeneous solutions of organic molecules, fluorescence does not occur from 

this ground state. Instead, the excitons diffuse through the material and jump from chromophore to 

chromophore via the Förster resonance energy transfer (FRET) mechanism. 

 

With each jump, the energy of the exciton decreases. As the exciton energy decreases, the density of 

states with lower energies into which the exciton can be transferred also decreases. The lowest energy 

LEGS are few in number and spatially separated. Resultingly, the rate of FRET slows down and 

competes with the rate of radiative recombination. This is why conjugated polymers observe a red 

shift in the emission spectrum over the duration of the fluorescence lifetime, known as spectral 

diffusion. 
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Upon direct excitation of a LEGS, it will relax to its vibrationally relaxed state, transfer energy to lower-

energy emissive LEGSs and subsequently fluoresce. However, LEGS are only located in the tail-end of 

the total density of exciton states and are situated below the  Higher-energy excitations form Local 

Excited Exciton States (LEES) and Quasiextended Exciton States (QEES). Whilst LEES are considered 

excited states located on a single absorbing chromophore defined by a LEGS, QEES are exciton 

wavefunctions considered to be a linear combination of several underlying LEGS.  

 

The highest PLQYs are observed when electronic states in the DRS UV/Vis absorption tail are excited 

directly. This region of the absorption spectra corresponds to the energies of the LEGS, implying that 

these states are strongly fluorescent. However, excitation with higher energy photons results in a 

smaller PLQY. This observation informs us that excitation into higher energy states will not always 

result in relaxation into a LEGS. Instead, there is a non-zero probability that an alternative relaxation 

process into a non-radiative state will occur. Some possible alternative pathways include 1) Rapid 

dissociation of hot excitons to form polaron pairs, 2) Rapid charge transfer to residual palladium or 

other impurities, 3) Energy transfer into the triplet manifold, or 4) Rapid internal conversion via 

coupling to the ground state.   

 

As discussed in Chapters 6 and 9 of reference 228, the lowest-energy excited states are 11Bu, m1Ag, and 

n1Bu singlet states, and the 13Bu and 13Ag triplet states. These labels arise from symmetry 

considerations and can be used to determine which optical transitions are dipole-allowed. In 

centrosymmetric polymers, only the 11Bu state can be probed by linear spectroscopic methods. The 

remaining states must be investigated using nonlinear spectroscopic methods.  

 

The 11Bu state can be considered a tightly-bound Frenkel-exciton with exciton binding energies of 

~1eV.78,79,81 This is the energy band in which local excitons are considered. In p-phenylene based 

polymers, these excitons can be considered as n=1 Mott-Wannier excitons.85 

 

 The m1Ag states correspond to n=2 Mott-Wannier excitons, or charge-transfer excitons. This energy 

band only has a weak binding energy of ~0.2 eV since the electrostatically-bound electron-hole pair 

are more spatially separated. The n1Bu state (n=3 Mott-Wannier exciton) lies at the edge of the 

unbound electron-hole continuum. Excitons in this state have almost no electrostatic binding energy 

and readily dissociate into their polaron pair. Since the DBTS-PhFx co-polymers are not 

centrosymmetric, direct transitions to this excited state may not be forbidden by quantum mechanical 

selection rules.  
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The exact relationship between the LEES, QEES, and these higher-order polymer excited states are 

complicated since these concepts arise at the interface of a band theory model (Wannier excitons), 

molecular model (Frenkel Excitons) and the intermediate case between the two (Charge-transfer 

excitons).  

 

Ultimately, the timescales for the relaxation of QEESs to LEGSs are on the order of 100 – 200 fs.81 

Excess energy of these hot excitons must also be dissipated by coupling to the environment. Since 

these PL measurements are made in the condensed phase, QEES must therefore couple to nuclear or 

electronic motion in neighbouring chromophores or impurities such as residual palladium. Time-

resolved transient Ramen spectroscopy studies on p(DBTS-DBTS) have recently identified the 

formation of dissociated polaron pairs on the sub 2 ps timescale.236 The exact determination of the 

rate of this process was limited by the instrument response function (IRF). Therefore, these timescales 

agree with those expected for the relaxation of QEES. Earlier studies from OPV research have also 

indicated that excess energy from hot excitons aids the dissociation of charge-transfer excitons 

located at the D/A interface in bulk heterojunction materials.269 More generally, ultrafast 

photochemistry involving hot excited states is a growing field of interest for many processes.270 

 

Without more information regarding these excitonic processes, it is difficult to conclude their impact 

on the photocatalytic activity. For example, further measurements are required to determine the 

overall photoluminescence quantum yields at different wavelengths would provide a clearer measure 

of the proportion of absorption events that result in energy transfer to LEGSs. Time-resolved transient 

absorption, time-resolved resonance Raman, and photoinduced absorption spectroscopies could 

provide more information about the lifetimes over which exciton and polaron states form and decay. 

Repeating these experiments for samples with different concentrations of residual palladium or 

photodeposited platinum could also provide information about charge transfer processes to these co-

catalysts.  
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3.9.1.3 Fluorescence Lifetime 

 

Figures 196 and 197 show the TCSPC fluorescence spectra of the DBTS-PhFx polymers synthesised in 

dioxane/TBAA. All fluorescence decay measurements were fitted with triexponential functions by 

reconvoluting the decay function with the IRF. The weighted average lifetimes are presented in Figure 

198. Although there is no clear association between weight-averaged lifetime and fluorine content, it 

should be noted that the non-fluorinated DBTS-Ph polymer exhibited the shortest lifetime, and the 

tetrafluorinated derivative DBTS-PhF4 exhibited the longest. 

 

 

In Chapter 2, we highlighted that for DBTS copolymers containing fluorinated phenylene rings, the 

fluorescence lifetime is likely inversely correlated with the residual palladium concentration. The 

 

 
 

Figure 196: TCSPC fluorescence decay curves for DBTS-PhFx 
polymers and the instrument response function.  

Figure 197: Fluorescence rise times and initial decay 
profiles for the DBTS-PhFx polymers over the first 1.5 ns 
after excitation. 

 

 

Figure 198: Weighted average fluorescence lifetimes for the DBTS-PhFx polymers resulting from reconvoluting a 
triexponential function with the IRF.  
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exception was DBTS-PhF4, which had a long fluorescence lifetime despite a high residual palladium 

concentration.  This discrepancy was tentatively attributed to the low-energy LUMO of DBTS-PhF4, 

which indicates that the thermodynamic driving force for electron extraction into Pd may be slow. The 

optical bandgap was the most influential factor for other phenylene-based copolymers. 

 

Applying those observations to these samples indicates that the DBTS-PhF sample likely contains less 

palladium than the DBTS-PhF2a and DBTS-PhF2b samples. DBTS-PhF2a likely contains the most 

palladium. 

 

A short delay was observed prior to the onset of fluorescence in each of the polymer samples, as 

shown in Figure 197. This time window of 200-350 ps roughly corresponds to the expected relaxation 

time from the excited QEES to the emissive exciton ground states. This would result in a delayed 

fluorescence peak as the fluorescence intensity increases exponentially at the start of the time-

resolved emission. However, since such relaxation processes occur on a sub-nanosecond timescale, it 

is difficult to resolve the fluorescence growth from the IRF. Furthermore, small shifts in the order of 

picoseconds may also arise because the IRF and the fluorescence occur at different wavelengths of 

light, which take fractionally different optical path lengths, travel at different speeds through optical 

elements, and cascade slower rates in the photomultiplier tube at detection.271 Furthermore, due to 

the convolution of the fluorescence intensity with the IRF, longer fluorescence lifetimes will result in 

a broader initial peak and a delayed maximum.  

 

3.9.1.4 Optoelectronic Properties and Photocatalytic Activity 

 

 

 

Figure 199: HER rates of the DBTS-PhFx polymers for which the optoelectronic properties have been determined and 
associated synthesis yields of the polymers. 
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It is difficult to draw conclusions regarding the impact of these optoelectronic properties on the 

photocatalytic hydrogen evolution activity based on the limited data gathered. Photocatalytic rates 

for these samples have been reproduced in Figure 199.  

 

DBTS-PhF2a and DBTS-PhF4 drive the HER at the slowest rates. In both cases, the UV-Vis absorption 

spectrum contains a long tail at the low-energy edge. This then correlates with a broad fluorescence 

excitation spectrum peak in the region of this absorption tail. The work published by Bai et al. may 

provide some context for these observations since the same two samples produced in their work also 

resulted in low photocatalytic activities.182 Chapter 2 highlights that those samples were also high in 

residual palladium content. The DBTS-PhF2a sample prepared in this work also exhibits a short 

fluorescence lifetime in the condensed phase. Therefore, its other optoelectronic properties and poor 

photocatalytic activity may also be associated with high residual palladium concentrations.  

 

However, contrary to this observation, DBTS-PhF exhibited a longer fluorescence lifetime than DBTS-

PhF2b, despite its narrower bandgap, implying lower residual palladium concentrations. However, 

when comparing their photocatalytic activities, DBTS-PhF2b performed better after photodepositing 

platinum. This may arise because DBTS-PhF2b is inherently more active, but DBTS-PhF2b did not 

always outperform DBTS-PhF when synthesised using alternative reaction conditions based on other 

solvent-base combinations.  

 

  

 

 

 

  



 

 

Ian Coates, 200840765 207 

3.9.2 BDT-PhFx 

3.9.2.1 UV/Vis DRS 

 

Figure 200: Normalised UV/Vis DRS spectra for BDT-PhFx polymers synthesised from a dioxane/TBAA reaction mixture. 
5 mg of the polymer was blended with 55 mg of BaSO4 to prevent complete absorption above the bandgap. 

  

Figure 201: Tauc plot analysis for BDT-PhFx polymers 
synthesised from a dioxane/TBAA reaction mixture 
assuming a direct bandgap. 

Figure 202: Tauc plot analysis for BDT-PhFx polymers 
synthesised from a dioxane/TBAA reaction mixture 
assuming an indirect bandgap. 

 

Diffuse reflectance spectra were obtained from BDT-PhFx polymers synthesised from 1,4-dioxane and 

2M TBAA at 120oC. 5 mg of each polymer was combined with 55 mg of BaSO4 and ground together 

using an agate pestle and mortar to ensure absorption was maintained below unity.  

 

The resulting absorption spectra, Tauc plot for determining the direct bandgaps, and Tauc plots for 

indirect bandgaps are presented in Figures 200, 201, and 202. The optical bandgaps determined via 

these methods are presented in the graph legends. In contrast to DBTS-PhFx polymers, the bandgap 

of BDT-PhFx polymers decreased with increasing fluorine content. As can be seen by comparing figures 

201 and 202, Tauc plots for an indirect bandgap result in a clearer linear region at the band edge. The 

range of (indirect) bandgaps is narrow and spans from 2.19 eV for BDT-PhF4 to 2.34 eV for BDT-Ph. 
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These follow a similar pattern to the DFT calculations, which also predicted a decreasing fundamental 

gap on the same order of magnitude as fluorine content increases.  

 

Each absorption spectra exhibits at least one shoulder feature between 450 and 500 nm. These were 

absent in the DBTS-PhFx absorption profiles and deviate from what is typically observed for traditional 

inorganic semiconductors. Each BDT-PhFx polymer spectra exhibits a significant absorption tail at the 

band edge due to optically-active local exciton ground states. However, this is particularly prevalent 

in the BDT-PhF4 sample. BDT-PhF4 demonstrates the lowest-energy absorption onset and the highest-

energy absorption maximum within this set of polymers. This may indicate a wide distribution of 

exciton states and a polymer structure containing significant disorder.85  

 

3.9.2.2 Steady-State Fluorescence 

  

Figure 203: Solid-state steady-state fluorescence excitation 
spectra for the BDT-PhFx co-polymers synthesised from 
dioxane/TBAA. Excitation spectra are measured at the 
emission maxima.  

Figure 204: Solid-state steady-state fluorescence emission 
spectra for the BDT-PhFx co-polymers synthesised from 
dioxane/TBAA. Emission spectra are measured following 
excitation with 350 nm light. 

 

Steady-state and time-resolved fluorescence spectra were recorded for each polymer in the solid 

aggregatestate. Figures 203 and 204 present the steady-state fluorescence excitation and steady-state  

fluorescence emission spectra of the BDT-PhFx polymers, respectively. As with the absorption spectra, 

the excitation spectra maxima are all very close in energy, indicating similar optical bandgaps on which 

the electronegativity of the fluorinated phenylene groups has limited impact. Nevertheless, the same 

trend is observed whereby BDT-Ph is confirmed to have the largest bandgap, and BDT-PhF4 has the 

smallest bandgap.  
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The fluorescence emission spectra are more sensitive to the phenylene co-monomer. BDT-Ph and 

BDT-PhF present a good resolution of their virbonic structure, with the 0-0 peak exhibiting significnatly 

greater intensities than the lower-energy 0-1 transition. This fine structure is indicative of a 

J-aggregate with little disorder.85,272 BDT-PhF2a and BDT-PhF2b each have similar emission peak 

shapes but are red-shifted and broader than those of BDT-Ph(F). These vibronicporgressions are more 

indicative of an H-aggregate.273,274 The emission peak of BDT-PhF2a is slightly red-shifted compared to 

the PhF2b isomer in line with its absorption and excitation spectra. This results in similar Stokes’ shifts 

between the two isomers. The fluorescence emission spectrum of BDT-PhF4 is further red-shifted and 

exhibits the largest Stokes’ shift. This peak is similar in shape to the BDT-PhF2x polymers except slightly 

broader and less well-defined.  

 

BDT-PhFx polymers demonstrate a clear trend whereby the emission is red-shifted with increasing 

electronegativity on the phenylene unit. However, the origin of this shift is unclear. In disordered 

conjugated polymers, the energy distribution of the LEGSs is broad, and the energy of an exciton, after 

migration to lower-lying exciton states, results in a red-shifted emission spectrum. The more 

disordered a system is, the more red-shifted its absorption is. The peak absorption is typically blue-

shifted in this case. The broad absorption edge of BDT-PhF4 and large stokes’ shift indicate a significant 

amount of disorder. However, the corresponding excitation spectrum is not blue-shifted. It is also 

possible that the increased electronegativity of the fluorinated phenylene units leads to increased 

intramolecular charge transfer.  

 

DFT geometry optimisation calculations for BDT-PhFx polymers imply that the preferred orientation 

of adjacent aromatic units in the backbone is co-planar. This geometry allows for rapid delocalisation 

of excitons and charges along the polymer backbone. Meanwhile, frontier molecular orbital 

calculations for BDT-PhFx polymers indicate that the HOMO is located on the BDT units, and the LUMO 

is delocalised along the backbone. Optical absorptions are likely to result in the local excitation of BDT 

chromophores and intramolecular charge transfer along the backbone to achieve this delocalisation, 

which is expected prior to photon emission/relaxation. Since BDT-PhFx polymers have Donor-Acceptor 

structures, this delocalisation is expected to be enhanced by increasingly electronegative phenylene 

units. This may also explain the red-shifted emission in BDT-PhF4 compared to BDT-Ph. 

 



 

 

Ian Coates, 200840765 210 

 

 

 



 

 

Ian Coates, 200840765 211 

 

Absorption, excitation, and emission spectra are plotted for each BDT-PhFx polymer in Figure 205. As 

with the BDTS-PhFx series of polymers, the excitation spectra maximum corresponds to the absorption 

edge, indicating that emission originates from local excitons situated below the bandgap.  

 

Excitation above the bandgap once again results in relaxation to these excitonic states. However, 

singlet relaxation from QEESs to LEGSs in this relaxation process appears to compete with energy 

transfer processes from hot excitons that lead to non-radiative states. Hence, photoluminescence 

quantum yields for wavelengths corresponding to energies greater than the bandgap are significantly 

reduced. As discussed for the BDTS-PhFx series, further experiments are required to determine how 

this corresponds to the hydrogen evolution apparent quantum yield. 

 

 

 

 

 

Figure 205: Normalised UV/Vis Diffuse reflectance spectra, fluorescence excitation spectra, and fluorescence emission 
spectra of BDT-PhFx polymers. All spectra were recorded for the samples in the solid state. 
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3.9.2.3 Fluorescence Lifetime 

Figures 206 and 207 contain the TCSPC fluorescence decays of the BDT-PhFx polymers on a logarithmic 

scale and over the first 2 ns, respectively. The weight-averaged fluorescence lifetimes, obtained by 

reconvoluting a tri-exponential decay function with the instrument response function, are presented 

in Figure 208. The BDT-Ph and BDT-PhF polymers exhibit very short fluorescence lifetimes. This would 

result in short exciton migration distances and make it difficult for excitons to diffuse to the polymer-

cocatalyst interfaces and undergo charge separation/extraction. The short lifetime of these excited 

states may arise due to the rapid charge extraction by residual palladium clusters. As with the DBTS-

PhFx polymers, the BDT-PhF2a fluorescence has a shorter lifetime than that of BDT-PhF2b. BDT-PhF4 

has a lifetime situated between the two PhF2x polymers. 

 

 

  

Figure 206:  TCSPC fluorescence decay curves for BDT-PhFx 
polymers and the instrument response function. 

Figure 207:  Fluorescence rise times and initial decay 
profiles for the BDT-PhFx polymers over the first 1.5 ns 
after excitation. 

 

Figure 208:  Weighted average fluorescence lifetimes for the BDT-PhFx polymers resulting from reconvoluting a 
triexponential function with the IRF. 
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3.9.2.4 Optoelectronics vs Photocatalytic Activity 

 

Figure 209: HER rates of the BDT-PhFx polymers for which the optoelectronic properties have been determined and 
associated synthesis yields of the polymers 

 

The HER rates for the BDT-PhFx polymers investigated in this study are reproduced in Figure 209. 

There does not appear to be any correlation between the weight-averaged fluorescence lifetimes and 

the photocatalytic HER rates. For example, BDT-PhF exhibits the shortest lifetime, but its HER rate is 

comparable with the other BDT-PhFx polymers containing fluorine atoms. BDT-Ph, however, also 

exhibits a short lifetime but produces the least hydrogen. 

 

DBTS-PhF2a is more photocatalytically active than DBTS-PhF2b, despite also exhibiting a shorter 

fluorescence lifetime. Interestingly, when comparing the fluorescence excitation spectra of these two 

polymers, DBTS-PhF2a also has a more pronounced peak at the band edge. Its DRS absorption tail at 

low energies is steeper, and its bandgap is slightly red-shifted. Combined, these results indicate that 

the 3-dimensional structure of solid-state DBTS-PhF2a may be less disordered than that of DBTS-

PhF2b. The PhF2b co-polymer is also synthesised at a slightly lower yield. Since BDT-PhF4 has the 

lowest-lying HOMO and is most likely to drive the TEA oxidation reaction, its photocatalytic activity 

could potentially be improved by decreasing the disorder in the backbone. This may naturally result 

from improving synthesis conditions and increasing the yield.  
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3.9.3 DBTS-PhFx-BDT  

3.9.3.1 UV/Vis DRS 

 

Figures 211 and 212 show the UV/Vis DRS spectra of the solid polymer powder and the corresponding 

Tauc plot for an indirect semiconductor. The bandgaps determined for these polymers are presented 

in the chart legends. Except for an additional absorption feature located between 300 – 425 nm, which 

results in a broader absorption profile and a blue-shifted absorption maximum, the absorption spectra 

of these polymers are very similar to the BDT-PhFx co-polymers. The corresponding measured optical 

bandgaps are almost identical to the BDT-PhFx polymers. 

 

In each case, the additional high-energy absorption feature is very similar in energy to the 

corresponding DBTS-PhFx polymer. These shoulders can be attributed to optical transitions located 

on local DBTS-PhFx chromophores. Given that a mixture of multiple bandgaps cannot be identified 

 

Figure 210: Normalised UV/Vis DRS spectra for DBTS-PhFx-BDT statistical ternary co-polymers synthesised from a 
dioxane/TBAA reaction mixture. 5 mg of polymer was blended with 55 mg of BaSO4 to prevent complete absorption 
above the bandgap. 

  

Figure 211:  Tauc plot analysis for DBTS-PhFx-BDT statistical 
ternary co-polymers synthesised from a dioxane/TBAA 
reaction mixture assuming a direct bandgap. 

Figure 212:  Tauc plot analysis for DBTS-PhFx-BDT statistical 
ternary co-polymers synthesised from a dioxane/TBAA 
reaction mixture assuming an indirect bandgap. 
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and that there is no sudden steep rise in the absorption at the DBTS-PhFx absorption onset, it is likely 

that ternary polymers were successfully synthesised, rather than a mixture of DBTS-PhFx and BDT-

PhFx binary polymers.  

 

 

3.9.3.2 Steady-State Fluorescence  

 

Figures 213 and 214 contain the steady-state fluorescence excitation and emission spectra of the 

DBTS-PhFx-BDT ternary polymers, respectively. As with all of the other conjugated polymers, the 

excitation spectra (with fluorescence intensity measured at the corresponding emission maxima) 

exhibit the same trend as the absorption onset, whereby the maxima are red-shifted with respect to 

fluorine content. This excitation spectra maximum also overlaps with the absorption band edge. As 

for the other conjugated polymers, this implies that direct excitation of excitons leads to enhanced 

emission. In contrast, absorption above the band gap leads to increased rates of non-radiative decay. 

 

Emission is also red-shifted with respect to increased fluorine content. The red-shifted peaks are 

considerably broader than those at shorter wavelengths. In each emission spectra, several features 

can be identified. For Ph and PhF polymers, the higher energy feature is the most intense, whereas 

for the PhF2x and PhF4 polymers, the second peak is the most intense. This once again implies a 

potential transition from and Predominantly hJ-type aggregate into an Hj-aggregate upon the addition 

of fluorine atoms. This implies fluorine can influence intermolecular charge transfer and chain 

stacking.273 

 

  

Figure 213: Solid-state steady-state fluorescence excitation 
spectra for the DBTS-PhFx-BDT statistical ternary co-
polymers synthesised from dioxane/TBAA. Excitation 
spectra are measured at the emission maxima.  

Figure 214: Solid-state steady-state fluorescence emission 
spectra for the DBTS-PhFx-BDT statistical ternary co-
polymers synthesised from dioxane/TBAA. Emission spectra 
are measured following excitation with 350 nm light. 
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As with BDT-PhFx polymers, the observed red-shift may arise from increased disorder leading to a 

broad distribution of excitonic states. Förster resonance energy transfer enables excitons to migrate 

to the lowest-energy local exciton ground states. Since disorder leads to a broad density of exciton 

states, the increased disorder is expected to lead to larger Stokes’ shifts.  
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The absorption, excitation, and emission spectra for each ternary polymer are presented in Figure 215. 

For all polymers, the fluorescence intensity increases as the photon energy approaches that of the 

exciton states. The local maxima correspond with the absorption edges. However, in the cases of Ph 

and PhF ternary polymers, the normalised fluorescence intensity upon exciting the polymer with 

shorter wavelengths plateaus at energies above the band gap. It remains above 0.8 until the 

absorption maxima. Since absorption increases over this range and fluorescence does not, this still 

corresponds to a decreased PLQY at higher energies. However, this does potentially imply an increased 

energy transfer from higher energy states to the emissive exciton states when compared to the other 

polymers, assuming equal photoluminescence quantum yields. However, further experiments are 

required to confirmthis. This may partially explain these two polymers' higher hydrogen evolution 

rates. 

 

 

 

Figure 215: Normalised UV/Vis Diffuse reflectance spectra, fluorescence excitation spectra, and fluorescence emission 
spectra of BDT-PhFx-BDTS polymers. All samples were measured in the solid state. 
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3.9.3.3 Fluorescence Lifetime 

 

 

Whilst the absorption, excitation, and emission spectra of the ternary co-polymers are almost identical 

to those of the BDT-PhFx binary equivalents, there is a direct change in the fluorescence lifetimes. The 

lifetimes of the Ph and PhF co-polymers have increased from 0.2 and 0.15 ns to 0.9 and 1.2 ns, 

respectively. The lifetime of the ternary PhF2a co-polymer is similar to that observed for the binary 

BDT equivalent, and the PhF2b ternary polymer only increases by 0.1 ns. The PhF4 ternary polymer 

exhibits the longest lifetime of the set, with a lifetime of 1.6 ns.  

 

Generally, the trend between fluorescence lifetimes and fluorine content is very similar to those 

observed for the DBTS-PhFx polymers. Adding fluorine to the phenylene groups results in longer 

  

Figure 216:  TCSPC fluorescence decay curves for DBTS-
PhFx-BDT statistical ternary co-polymers and the 
instrument response function. 

Figure 217:  Fluorescence rise times and initial decay 
profiles for the  DBTS-PhFx-BDT statistical ternary co-
polymers over the first 1.5 ns after excitation. 

 

 

Figure 218:  Weighted average fluorescence lifetimes for the DBTS-PhFx-BDT statistical ternary co-polymers resulting 
from reconvoluting a triexponential function with the IRF. 
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lifetimes than the unsubstituted co-polymer. Whereas in DBTS-PhFx polymers, this trend coincides 

with widening bandgaps, the opposite is true for DBTS-PhFx-BDT ternary co-polymers. This implies 

that it is indeed the presence of fluorine that makes the difference.  

 

The results from Chapter 2 indicate that these results are also likely to be strongly correlated to the 

residual palladium concentrations. Indeed, this factor may be important in understanding why the 

PhF2a co-polymers consistently exhibit shorter fluorescence lifetimes than the PhF2b equivalents. 

Unfortunately, attempts to test residual palladium concentration were unsuccessful as the polymers 

could not be fully digested in concentrated nitric acid.   

 

3.9.3.4 Optoelectronics vs Photocatalytic Activity 

 

The HER rates for the DBTS-PhFx-BDT ternary co-polymers have been reproduced in Figure 219. 

Interestingly, it is the Ph and PhF variants that exhibit the highest photocatalytic activities following 

the photodeposition of 0.5 wt.% platinum, despite these polymers possessing the lowers driving force 

for TEA oxidation and the shortest fluorescence lifetimes.  

 

In addition to these polymers being produced in the highest yields, these two polymers also exhibited 

the best-resolved vibronic structures in their steady-state fluorescence emission spectra and the 

smallest Stokes’ shifts between excitation and emission. In these polymers, the 0-0 optical transition 

is the strongest, whereas in polymers with increasing fluorine content, the 0-1 transition at lower 

energy is the most intense.  

 

According to Eder et al. a high intensity ratio of I0-0/I0-1 corresponds to a J-type aggregate of 

chromophores in which the transition dipole moments align with one another along the polymer 

 

Figure 219:  HER rates of the DBTS-PhFx-BDT statistical ternary co-polymers and their associated synthesis yields. 
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backbone in a head-to-tail manner.274 Structural disorder, however, will result in peak broadening and 

a decrease in the magnitude of this ratio.85 Meanwhile, when the ratio I0-0/I0-1 is less than 1, this implies 

an increased proportion of chains that interact intermolecularly with one another through space in 

the form of an H-aggregate. In this case, excitons are spread over neighbouring chains, and the 

transition dipole moments in one chain point in the opposite direction to those in the neighbouring 

chain. This results in the 0-0 transition turning dark and an increase in the fluorescence intensity of 

the 0-1 transition. Likewise, the ratio of these two emission lines is closer to 1 when the polymer chain 

is disordered. Disorder also contributes to line broadening.  

 

According to this interpretation, DBTS-PhFx-BDT polymers containing Ph and PhF phenylene units 

form J-aggregates, whereas PhF2a, PhF2b, and PhF4 polymers lead to the formation of interchain 

excitons and H-aggregates. Higher fluorine content also appears to lead to a greater degree of polymer 

disorder. Generally, H-aggregates are associated with larger stokes’ shifts and decreased 

photoluminescence intensity.  

 

H-aggregates result from intermolecular charge transfer between neighbouring polymer chains. If this 

leads to charge separation, this may explain why fluorescence lifetimes are longer for polymers 

containing more fluorine atoms. However, exciton diffusion will be faster in J-aggregates since the 

lowest energy singlet state is emissive, and FRET depends on the coupling of transition dipole 

moments of optically-allowed transitions on nearby chromophores. 

 

Photoluminescence quantum yield measurements would provide important insights into the radiative 

vs non-radiative relaxation rates in these systems. Coupled with non-linear spectroscopic 

measurements, these results would help to identify the formation of excitons, exciton polarons, and 

charge-separated polarons. Such measurements would provide more information about the exciton 

dynamics in these materials and study how these impact the resulting photocatalytic activities. 

 

As more fluorine atoms are added to the phenylene moiety, there is expected to be an increase in 

intermolecular π-π stacking between electron-rich aromatic pi-systems on the DBTS and BDT units and 

the electron-deficient aromatic system on the fluorinated phenylene ring.  
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3.9.4 Binary vs Ternary Polymers 
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Figures 220 - 222 contain the absorption, photoluminescence excitation, and photoluminescence 

emission spectra for the DBTS-PhFx, BDT-PhFx, and DBTS-PhFx-BDT co-polymers for each phenylene 

linker unit. These graphs allow us to make a  more detailed comparison between the binary and 

ternary derivatives. For example, the similar optoelectronic properties of BDT-PhFx (short-dashed line) 

and DBTS-PhFx-BDT (solid line) co-polymers become evident. However, key differences also become 

apparent.  

 

In terms of the UV/vis spectra, the absorption peaks of the ternary polymers become increasingly 

broad as the number of fluorine atoms increases. These changes can be attributed to the fact that 

DBTS-PhFx bandgaps widen with added fluorine, whereas BDT-PhFx bandgaps narrow with increasing 

fluorine content. Both sets of chromophores contribute to the total absorption profile of the ternary 

polymers.  

   

   

Figure 220: Comparison of normalised 
UV/Vis DRS spectra for the BDT, DBTS, 
and ternary co-polymers for each of 
the PhFx co-monomers.  

Figure 221:  Comparison of normalised 
fluorescence excitation spectra for the 
BDT, DBTS, and ternary co-polymers 
for each of the PhFx co-monomers. 

Figure 222:  Comparison of normalised 
fluorescence emission spectra for the 
BDT, DBTS, and ternary co-polymers 
for each of the PhFx co-monomers. 
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In the case of the Ph and PhF co-polymers, the excitation maxima of the DBTS and BDT binary co-

polymers are close in energy. The degree of overlap between the excitation spectra of DBTS-PhFx and 

BDT-PhFx polymers decreases as fluorine content increases. This is because the excitation spectra of 

DBTS-PhFx polymers exhibit blue shifts with fluorine content, whereas the excitation spectra of BDT 

polymers are red-shifted. This may explain why the excitation spectra for ternary polymers containing 

the Ph or PhF moieties are broader than those for the ternary polymers containing more fluorine 

atoms.   

 

Figure 223 demonstrates the overlap between the emission wavelengths from DBTS-PhFx 

chromophores and the absorption spectrum for BDT-Phx chromophores. This is shown for the Ph 

(Figure 223a) and PhF4 (Figure 223b) co-polymers. Vertical black dashed lines represent the maxima 

of the BDT-PhFx fluorescence excitation. In the case of the DBTS-Ph and BDT-Ph co-polymers, the 

emission from DBTS-Ph overlaps with the tail of the BDT-Ph absorption spectrum. As shown by the 

dotted black line, this region also corresponds to the excitation wavelengths that result in the most 

intense fluorescence from BDT-Ph chromophores.   

 

By contrast, the emission spectrum of DBTS-PhF4 exhibits a greater degree of overlap with the 

complete absorption spectrum of BDT-PhF4 and a worse overlap with the fluorescence excitation 

spectrum of BDT-PhF4. Consequently, this implies that energy transfer from a DBTS-PhF4 

chromophore onto a BDT-PhF4 chromophore is more likely to excite the latter into a non-emissive 

dark state.  

 

When comparing the photoluminescence emission spectra, several of the ternary polymers possess a 

high-energy emission tail that is absent from the BDT-PhFx equivalents. These emission tails overlap 

  

Figure 223: DBTS-PhFx emission overlap with BDT-PhFx excitation 
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with the DBTS-PhFx emission spectra, indicating that charge transfer from DBTS-PhFx chromophores 

to BDT-PhFx chromophores does not always occur with 100% efficiency. This is to be expected since 

theoretical studies suggest that excitons will only hop between a few chromophores before emission, 

implying that some emission will occur from low-lying DBTS-PhFx chromophores rather than the BDT-

PhFx chromophores at lower energies. This also implies that some energy is transferred by a non-FRET 

type process in which the emission of a photon from one chromophore is followed by the reabsorption 

of that photon by another chromophore with lower exciton energies.  

 

3.9.5 Optoelectronics Discussion 

 

On the critical parameter of hydrogen evolution rate, DBTS-PhFx polymers outperformed those 

containing the BDT unit. BDT-PhFx polymers are poor photocatalysts with low activities when using 

TEA as a sacrificial reagent. Ternary polymer photocatalyst maintained the small bandgap associated 

with BDT but exhibited significantly improved photocatalytic activities comparable to, but smaller 

than, equivalent DBTS-PhFx polymers. This reinforces previous studies that have indicated that the 

DBTS moiety is very important for hydrogen evolution. Such papers have pointed to the localisation 

of electron density on the sulfone functional groups,275 and others have highlighted their improved 

hydrophilicity.135 

 

Although the ternary polymers can absorb a broader range of visible light, they are also more 

hydrophobic, particularly as the amount of fluorine on the phenylene linker increases. This 

hydrophobicity likely leads to slow reaction kinetics at the water-polymer interface and large 

aggregated particle sizes that are difficult to disperse. Since the exciton diffusion lengths in conjugated 

polymers are typically on the order of 5-10 nm, large particles will result in increased rates of bulk 

recombination. 

 

The band edge potentials of BDT-polymers and their ternary analogues are very similar. Although all 

samples are expected to possess a suitable CBM for hydrogen evolution, the ternary polymers are 

expected to have slightly larger bandgap due to a deeper VBM that generates a larger overpotential 

for the oxidation of TEA. However, in practice, both sets of polymers exhibit the same bandgap, casting 

some doubt over the corresponding band potentials.  

 

Frontier orbital calculations of the ternary polymers imply that, despite the same IP/EA band 

potentials, the LUMO electron density is located on the DBTS unit. In contrast, the HOMO is located 
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on the BDT unit. The similarity in the LUMO orbital energies between binary and ternary polymers 

indicates that the electron density should be easily delocalised along the polymer backbone. 

 

In the solid state, a clear discrepancy exists between the total absorption spectrum, as determined by 

UV/Vis DRS, and the fluorescence excitation spectrum that probes the electronic transitions from the 

absorption of incident photons that result in the population of optically-active excited states. These 

results imply that the vast majority of absorption events result in the population of non-emissive dark 

states. However, PLQY measurements at different wavelengths are required to determine absolute 

values for this process.  

 

It is very likely that these absorption/excitation spectra discrepancies originate from the fact that 

polymer chains form aggregates in the solid state. These aggregates are unlikely to be distinctly  H-

type or J-type, but rather they will represent an HJ-aggregate in which there is a balance between 

short-range charge-transfer interactions arising from orbital overlap and longer-range coulombic 

interactions.259 These interactions can be both intrachain and interchain. The extent of these couplings 

will depend on the π-π stacking distance as well as the longitudinal and latitudinal translation vectors 

between the centre-of-mass transition dipole moments on nearby chromophores. This is further 

complicated in semicrystalline polymers, since the stacking of chromophores is not consistent in all 

directions as they are in molecular crystals.272,274  

 

However, in the case of BDT-containing co-polymers, including the ternary polymers, it is apparent 

that changing the number of fluorine atoms on the phenylene group alters the nature of this 

interchain stacking and the fluorescence profile transitions from one more representative of J-

aggregates, as in the case of an isolated linear polymer chain, to one that contains increased H-

aggregate character. This transition has also been seen in certain molecular organic semiconductors 

after modifying their structure.273   

 

This work highlights the importance of understanding exciton dynamics in polymeric photocatalysts. 

Several questions are raised, particularly with regard to the fate of dark-state excitons. Are these 

excitons capable of migrating through the polymer and contributing to photocatalytic activity? Are 

charge-transfer excitons more easily dissociated? Are polarons trapped if formed in the bulk, or can 

they also migrate to the polymer particle surface?  
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Since polymeric photocatalysts are typically used in their solid-state heterogeneous particulate form, 

understanding exciton and polaron dynamics is incredibly important. Furthermore, even soluble 

polymers have been shown to form aggregates above critical concentrations.276 These results show 

that polymers containing fluorinated phenylene units could be interesting subjects for such 

fundamental spectroscopic experiments in the future. 

 

3.10 Conclusions and Future Work 
 

3.10.1 DBTS-PhFx 

Analysis of the results from a previous high-throughput experiment in Chapter 2 revealed that DBTS 

co-polymers containing fluorinated phenylene co-monomers are promising photocatalysts for 

enhanced hydrogen evolution. In that study, none of the 99 synthesised polymers exceeded the 

hydrogen evolution reaction rate of the DBTS-DBTS homopolymer after the photodeposition of a 1 

wt.% Pt co-catalyst when using a 1:1:1 v/v reaction mixture of MeOH/TEA/H2O, where MeOH is a 

dispersant, and TEA is the sacrificial electron donor. To the best of this author’s knowledge, no other 

linear conjugated polymer has outperformed DBTS-DBTS under these sacrificial conditions to date. 

However, it should be noted that photocatalysis testing setups make it challenging to compare rates 

produced by different research groups. 

 

The work presented in this chapter has revealed that DBTS-PhFx polymers are capable of performing 

similarly to, or even better than, DBTS-DBTS under these same reaction conditions. However, the 

photocatalytic activities of these polymers are incredibly sensitive to the polymerisation synthesis 

conditions.  The most active version of DBTS-DBTS that could be synthesised achieved an HER rate of 

23 mmol hr-1 g-1. Meanwhile, the most active sample of DBTS-PhF achieved a remarkable HER rate of 

33 mmol hr-1 g-1. However, this high rate could not be reproduced in later samples.  

 

Photocatalytic rates of DBTS-PhFx co-polymers were improved by first reducing the reaction 

temperature and subsequently improved further by reducing the concentration of the palladium 

cross-coupling reagent. It was also found that, unlike DBTS-DBTS, co-polymers containing phenylene 

units were more sensitive to the platinum co-catalyst loading concentrations. Optimal HER rates were 

observed when loading with 0.5 wt.% Pt. However, it is possible that even lower concentrations could 

lead to further enhancements in these rates.  
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The exact relationship between photodeposited platinum and residual palladium is unclear. Results in 

Chapter 2 also highlighted that residual palladium concentrations are associated with limited HER 

rates. Charge transfer to residual palladium clusters could lead to the trapping of photogenerated 

charges if these clusters are embedded in the polymer matrix and not situated at the interface with 

water. It is also possible that energy is transferred from polymers into metal clusters via long-distance 

Forster-like dipole-dipole coupling rather than exciton charge separation and injection. It has been 

reported that this can be a dominant cause of exciton decay at the interface between organic 

semiconductors and metals.277,278  

 

Subsequent synthesis of DBTS-PhFx polymers under different reaction conditions has revealed that 

the selection of organic solvent, base, the concentration of that base, and the volume ratio of organic 

and aqueous phases can all influence the photocatalytic hydrogen evolution reaction rate. Samples 

synthesised with poor yields typically performed worse, indicating that the presence of impurities can 

inhibit the HER reaction. However, variations between samples obtained in high yields under different 

conditions were also significant.  

 

Since the HER rates of the DBTS-PhFx polymers were dependent on the synthesis conditions, it is 

difficult to identify which co-polymer structure is the most active. When synthesised from a reaction 

mixture containing 4.5 ml DMF and 0.5 ml of 2M K2CO3, DBTS-Ph (22.1 mmol hr-1 g-1) and DBTS-PhF 

(24.5 mmol hr-1 g-1) were the most active co-polymers. When synthesised from a reaction mixture 

containing 4.5 ml toluene  (+1.5 vol% Starks’ catalyst) and 0.5 ml of 2M K2CO3, DBTS-PhF 

(22.4 mmol hr-1 g-1) and DBTS-PhF2b (23.9 mmol hr-1 g-1) were the best-performing hydrogen-

evolution photocatalysts. Each of these photocatalysts performed similarly to the DBTS-DBTS 

homopolymer synthesised from 3 ml toluene (+ 1.5 vol.% Starks’ catalyst) and 2 ml of 2M K2CO3 

(23.0 mmol hr-1 g-1). 

 

Under most conditions, DBTS-PhF and DBTS-PhF2b were the top-performing photocatalysts. DBTS-Ph 

also consistently produced large volumes of hydrogen. DBTS-PhF4, however, was typically synthesised 

with lower yields and exhibited poorer photocatalytic activities. DBTS-PhF2a was the most sensitive 

polymer with respect to the synthesis conditions.  This polymer performed best when synthesised 

from toluene/2M K2CO3 (16.7 mmol hr-1 g-1). However, under all other synthesis conditions, its 

photocatalytic activity did not exceed 10 mmol hr-1 g-1.  Based on the analyses of these polymers in 

Chapter 2, DBTS-PhF2a and DBTS-PhF4 appear to be more susceptible to incorporating larger 

quantities of residual palladium.     
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Despite being isomers of one another, DBTS-PhF2a and DBTS-PhF2b exhibited different optoelectronic 

properties when synthesised from a reaction mixture containing 1,4-dioxane/2M TBAA. DBTS-PhF2a 

exhibits a wider direct bandgap and a more shallow absorption edge. DBTS-PhF2a also exhibited a 

shorter fluorescence lifetime than DBTS-PhF2b. However, the indirect bandgaps, fluorescence 

excitation spectra maxima, and photoluminescence emission spectra are invariant. These differences 

are predicted to arise from increased polymer backbone disorder and a higher residual palladium 

concentration. However, further studies are necessary to verify this.  

 

It is also worth noting that the PhF2a and PhF4 moieties are centrosymmetric. Unlike the PhF and 

PhF2b moieties, these phenylene rings do not have a permanent dipole moment. This will likely impact 

the polymer chain's ground state geometry and energetic distributions of different geometric 

configurations, intermolecular chain packing in the condensed phase, the size and magnitude of the 

transition dipole moments, and how the polymer chains interact with polar water molecules. Each of 

these factors can impact the exciton dynamics, charge separation, and charge transfer steps of the 

photocatalytic process. 

 

Due to time constraints and the total number of samples prepared over a short period of time, it was 

not possible to perform all of the desired measurements for each polymer. Some of the most 

fundamental measurements that still need to be made include CHNS(F) elemental analysis, ICP-OES 

for Fe and Pd content, XRD for the degree of crystallinity, contact angle measurements for wettability, 

dynamic light scattering measurements for particle size and dispersibility, FT-IR measurements to 

study the different vibrational modes related to different fluorine content, solid-state NMR (C13 and 

F18) could be used to confirm the structure. Electrochemical measurements could be used to 

determine and compare the polymer redox potentials with predicted values.  Additional SEM images 

could be taken to investigate different surface morphologies for different reaction conditions. Physical 

characterisation before and after photocatalysis would also be beneficial to provide an indication of 

polymer stability. 

 

From the perspective of further photocatalysis studies, longer-term measurements should be 

performed over 5+ hours to confirm hydrogen evolution rates. Screening studies using alternative 

sacrificial reagents could also provide more information about reaction mechanisms. Similarly, the 

mass-normalised rates provided for these polymers cannot easily be compared with results from other 

research groups. As such, AQY measurements at different wavelengths are required. These 
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measurements, alongside additional absorption and photoluminescence measurements under the 

same dispersion conditions, could also be used to identify whether AQYs follow the excitation or total 

absorption spectra, indicating if non-emissive dark states can also contribute to photocatalytic 

reactions.  

 

Further experiments should also be made regarding the effect of purification on the resulting 

photocatalytic HER rates. Multi-day Soxhlet purifications were outside of the scope of this study since 

this process would have negated the rapid micro-wave assisted synthesis process. However, such 

purification steps in chloroform or tetrahydrofuran could be used to remove impurities such as 

unreacted reagents, short-chain oligomers, some residual palladium,  and other unwanted 

byproducts. This is particularly important since the yield of many polymers exceeded 100%, indicating 

the presence of considerable sums of impurities.  

 

These samples have also demonstrated the ability to produce hydrogen peroxide photocatalytically 

from pure water. Whilst this process is chemically promising itself, it also has promising implications 

for overall water-splitting applications, as H2O2 in pure water can only occur when holes are consumed 

in the oxygen evolution reaction.  These results imply that further investigations into appropriate co-

catalysts, such as CoOH, FeOOH, NiOOH, or IrO2 could be used to catalyse the OER and extract 

photogenerated holes from the polymer. Likewise, modifications to the HER co-catalyst, such as using 

Pt or Rh could result in enhanced electron extraction from the polymer. If a layer of Cr2O3 is 

subsequently photodeposited on top, it may also be possible to prevent the oxygen reduction reaction 

and drive the hydrogen evolution reaction instead. Combined, selective photodeposition of several 

co-catalysts could result in organic polymers capable of driving the overall water-splitting reaction 

more efficiently than those currently reported in the literature. This study's high-throughput testing 

setup capability has significant potential for screening many combinations in various concentrations. 

It would also be possible to investigate the impact of using co-solvents to aid dispersion, salts to 

improve ionic strength, and acids and bases to control the pH.  

 

This work has also demonstrated that polymers synthesised using a microwave-assisted reaction can 

be produced at high yields and exhibit very high photocatalytic hydrogen evolution rates. Compared 

with the traditional solvothermal synthesis approach, which takes three days per sample, reactions 

performed in the microwave are completed within one hour. This reaction time could likely be reduced 

considerably further. Initial problems regarding pressure spikes and rapid solvent heating were 

overcome by limiting the microwave power and decreasing the volume of water relative to that of the 
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organic solvent. By changing these factors, it was possible to use a DMF/K2CO3 reaction mixture 

without needing an intermediary heating step, a method previously ruled out by Bai et al. in their high-

throughput study.  

 

Whilst the data collected by Bai et al. in their high throughput study was instrumental in informing 

this work, this work has demonstrated that optimal reaction and testing conditions were not used. For 

example, their samples were synthesised at 160oC and used TBAA as the reaction base. This work has 

demonstrated that these reaction conditions are conducive to impure polymers with significantly 

inhibited photocatalytic activities, even when synthesised at high yields. Furthermore, photocatalysis 

measurements were performed over a 1 hr irradiation. This has been shown to saturate the headspace 

vials and provide underestimated results. Their Pt-loaded samples also contained 1 wt.% Pt, whereas 

this work has shown that even lower concentrations can further improve photocatalytic activity for 

polymers other than DBTS-DBTS. The good performance of DBTS-DBTS despite non-ideal reaction 

conditions indicates that charge transfer rates to high concentrations of residual palladium are slow. 

However, this is not guaranteed for other DBTS-containing co-polymers. Fluorescence lifetime, 

photoinduced absorption, transient absorption, and transient Raman spectroscopies could be used to 

provide more information about the formation and lifetimes of polaron pairs, polarons, charge 

transfer excitons, Frenkel excitons, and negatively-charged palladium clusters.  

 

3.10.2 Binary vs Ternary Polymers 

 

This chapter has also investigated the BDT-PhFx set of linear binary co-polymers and the DBTS-PhFx-

BDT set of linear ternary co-polymers.  These polymers were synthesised from the BDT-B(Pin)2 

diboronic acid bis pinacol ester precursor. This resulted in poor synthetic yields for most polymers, 

which decreased further upon introducing additional fluorine atoms. This reduction in yield is 

attributed to the likely protodeborylation reaction of the oligomeric intermediates. As such, future 

improvements could be made in the future by using alternative boronate leaving groups or by 

investigating the use of alternative palladium catalysts for Suzuki cross-coupling.  

 

Reasonable yields were obtained by using TBAA as the aqueous base. It is not clear why this is the 

case, but it is a weaker base than K2CO3 and K3PO4, and is highly soluble in organic solvents, acting as 

a phase-transfer catalyst in some cases. The best photocatalytic activities and yields were obtained 

when BDT-based co-polymers were synthesised using 1,4-dioxane as the solvent. All polymers across 
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these two sets were synthesised under these conditions, despite the fact that DBTS-PhFx polymers 

synthesised under the same conditions produced underperforming photocatalysts. 

 

The photocatalytic activities of the BDT-PhFx polymers were low. However, this was to be expected 

since these polymers were not predicted to have appreciable driving forces for TEA oxidation and do 

not have the DBTS unit known to be influential in TEA oxidation, improving the surface contact with 

water, and driving the HER. BDT-PhFx polymers demonstrated interesting optical properties with 

respect to fluorine content. BDT-Ph and BDT-PhFx exhibited extremely short fluorescence lifetimes 

and an emission spectrum with a well-defined vibronic structure indicative of a J-aggregate with a low 

degree of disorder. Meanwhile, as the number of fluorine atoms on the phenylene unit increased,  

fluorescence became increasingly red-shifted. The steady-state fluorescence emission vibronic 

structure also changed such that the 0-1 transition was more intense than the 0-0 transition, indicative 

of an H-type aggregate. This confirms that fluorine units can not only be used to fine-tune the optical 

band gap and band edge potentials, but can also influence the long-range interchain stacking 

geometries.  

 

The ternary DBTS-PhFx-BDT linear co-polymers were also prepared from a 1,4-dioxane/2M TBAA 

reaction mixture. However, these polymers were prepared statistically, containing  50% DBTS and 50% 

BDT units linked by the phenylene moieties. Attempts to synthesise precursors that would guarantee 

an alternating co-polymer with a well-defined repeat structure were unsuccessful. The UV/Vis DRS, 

photoluminescence excitation and photoluminescence emission spectra in the solid state closely 

mirrored those of the BDT-PhFx equivalents. The resulting direct and indirect bandgaps were identical. 

However, minor differences in line shape, such as increased peak broadening, were observed. 

However, ternary polymers exhibited increased fluorescence lifetimes. 

 

The ternary polymers also exhibited photocatalytic hydrogen evolution rates that were considerably 

more active than those of the BDT-PhFx polymers. However, relative to the DBTS-PhFx polymers 

synthesised under the same conditions, the results were mixed, with some of the ternary polymers 

outperforming the DBTS-PhFx equivalent. However, when compared with the photocatalytic HER 

rates for the DBTS-PhFx polymers synthesised under their optimal conditions, DBTS-PhFx polymers 

consistently outperformed the ternary polymers.    

 

Despite this lower activity, these results are very promising regarding future investigations. In 

particular, these rates were observed using TEA as the sacrificial reagent despite not having ideal 
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oxidation potentials.  Repeat experiments using ascorbic acid or other reagents and co-solvent 

dispersants could lead to improved photocatalytic reactions. Improved activities could also be 

achieved by altering the reaction conditions if TBAA could be replaced whilst maintaining a high 

synthesis yield. Furthermore, since these polymers have been prepared with a 50/50 mix of DBTS/BDT, 

this method could also be used to investigate alternative ratios. Previous reports have demonstrated 

that as little as 5% of a co-monomer can significantly impact the resulting hydrogen evolution 

activities.165 

 

DFT studies have also demonstrated that the LUMOs of DBTS, BDT, and PhFx homopolymers are close 

in energy to one another. As such, the LUMO is delocalised along the polymer chain in these ternary 

systems. This means that all three components can contribute to the charge transfer steps of a 

photogenerated electron into a co-catalyst such as platinum without adding excessive driving force 

that would irreversibly inject the charge into bulk residual palladium clusters. 
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Chapter 4:Hybrid Photocatalysts 
4.1 Introduction 
 

The high exciton binding energy in semiconducting polymers results in short-lived excitons that 

recombine on the pico-to-nanosecond timescale, limiting their photocatalytic efficiency 

considerably.279,280 The high HER activities observed for these polymers under sacrificial conditions 

have been attributed to the formation of longer-lived polarons formed after the rapid charge 

extraction mediated by sacrificial reagents at the polymer-solution interface.281,282 Whilst significant 

advances are being made with respect to hydrogen evolution under sacrificial 

conditions,66,67,69,70,237,260,262,283 the current direction of research risks optimising polymers for their 

performance with sacrificial reagents, rather than focussing on ways in which they may be used to 

enable overall water splitting, OWS.72,284 

 

In the absence of a sacrificial reagent, i.e. in pure water, holes are not rapidly extracted since the four-

electron water oxidation reaction is slow. Without hole transfer to generate a negative-charge 

polaron, the excited state is short-lived, and photocatalysis rates are reduced.  In the presence of 

oxygen, the HER competes with the more energetically favourable two-electron oxygen reduction 

reaction that forms hydrogen peroxide. If the reduction potential for the holes is positive enough, 

excitons may also preferentially oxidise water to form hydrogen peroxide instead of producing oxygen. 

The common half-reactions are presented in Table 24. According to the Nernst equation, these 

reduction potentials become more negative at higher pH values, as they depend on the activities of 

the H+ and OH- ions. This equation predicts a -0.59 mV shift in redox potentials per unit of pH.     

  

Table 24: Reduction potentials of common half-reactions in aqueous solutions and their pH dependencies 

Reduction half reactions 
Reduction potential vs SHE (V) 

pH 0 pH 3 pH 7 pH 10 pH 14 

O2 + H+ + e- ⇌ ∙ OOH (24) -0.13 -0.31 -0.54 -0.72 -0.96 

2H+ + 2e- → H2 (25) +0.00 -0.18 -0.41 -0.59 -0.83 
O2 + 2H+ + 2e- → H2O2 (26) +0.68 0.50 0.27 0.09 -0.15 
O2 + 4H+ + 4e- ⇌ 2H2O (27) +1.23 1.05 0.82 0.64 0.40 

H2O2 + 2H+ + 2e- ⇌ 2H2O (28) +1.77 1.59 1.36 1.18 0.94 
 

To ensure efficient water-splitting systems, an alternative route to charge separation and extraction 

is required that does not depend on the use of SRs. One method is through the engineering of co-

catalysts.  For example, Pt is more effective at driving the hydrogen evolution reaction, whereas Pd is 

the preferred co-catalyst for oxygen reduction.248,285 However, pioneering work with inorganic 

photocatalysts has identified that core-shell co-catalysts with a metallic core and outer Cr2O3 layer can 
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be used to enable water transport to the cocatalyst but prevent oxygen diffusion.45,46 To this author’s 

knowledge, this method has not yet been applied to organic photocatalysts. 

 

Likewise, several co-catalysts have been investigated to catalyse the four-electron water oxidation 

reaction to enhance oxygen evolution. The most common water oxidation co-catalyst is cobalt oxide 

161, and several polymeric photocatalysts have exhibited slow oxygen evolution reactions when using 

AgNO3 as a sacrificial electron donor.98,261,286  

 

Polymers capable of driving overall water splitting without any sacrificial reagent are very rare. 160,287–

290 The photocatalysis rates also remain several orders of magnitude slower than the best hydrogen 

evolution rates observed and do not always produce hydrogen and oxygen in a 2:1 ratio, implying self-

oxidation or competitive oxygen reduction.291 However, Bai et al. have demonstrated overall water 

splitting from DBTS-DBTS homopolymer for the first time by using an IrO2 co-catalyst to drive the 

oxygen evolution reaction.160 and residual palladium as the hydrogen evolution co-catalyst, 

demonstrating that these polymers have promise outside of sacrificial hydrogen evolution.  

 

Alternatively, polymeric photocatalysts have been used in Z-schemes to drive the overall water-

splitting reaction when paired with inorganic oxygen evolution photocatalysts such as BiVO4 when and 

using a solution-based redox mediator for charge transport.292 However, these systems are not ideal 

since the redox mediation must diffuse between photocatalyst particles and its reverse 

photooxidation and reduction can compete with hydrogen and oxygen evolution reactions.  

 

Current efforts are being placed on the construction of direct heterojunction Z-scheme photocatalysts. 

293–296 However, many of these focus on graphitic carbon nitrides as the organic component, which are 

typically less active and less versatile than linear polymers, COFS, and microporous polymers. 

 

In this chapter, we investigate the formation of organic/inorganic hybrid photocatalysts for overall 

water-splitting applications via in-situ polymerisation methods.  Some of the polymers discussed in 

the previous chapter are synthesised in the presence of inorganic photocatalysts in an attempt to form 

a direct heterojunction Z-scheme. Two oxides are investigated, the highly-efficient overall water-

splitting photocatalysts, Al-doped SrTiO3, and the narrower bandgap oxygen evolution oxide 

photocatalyst BiVO4. 

 

4.2 Rationale and Hybrid Design 
 



 

 

Ian Coates, 200840765 235 

4.2.1 Design 

Preferential band alignment between the two semiconductors can generate a heterojunction in which 

photogenerated charges in the organic material will be extracted from their exciton pairs and injected 

into the inorganic material. Theoretically, this may leave behind the charged polymeric polaron with 

longer lifetimes and greater redox potentials.  A simplified band structure indicating a potential charge 

migration pathway for polymer/BiVO4 and polymer/Al:SrTiO3 hybrids are presented in Figure 224 

according to the alignment between the Polymer HOMO/LUMO energies and the oxide band edges.  

Two hybrid photocatalyst systems are investigated. The first investigates the possibility of injecting 

electrons from the polymer into the conduction band of flux-synthesised, Al-doped SrTiO3 (Al:STO) in 

a system that may act as a polymer-sensitised photocatalyst or as a type II heterojunction. The second 

hybrid system combined hydrogen-evolving polymeric photocatalysts with oxygen-evolving BiVO4. 

This system is envisaged to behave as an overall water-splitting Z-scheme photocatalyst. 

 

Most hybrid systems involving oxide semiconductors reported in the literature use TiO2 as the default 

inorganic component. Indeed, TiO2 has been successfully dye-sensitised to enhance visible light 

absorption,297–304 and TiO2-based polymer hybrid photocatalysts have also been reported.305–312 

However, enhancements in sacrificial hydrogen evolution have been limited, and there have not been 

any reports of enhanced overall water-splitting activity. Likewise, studies into organic/inorganic 

hybrids based on SrTiO3 have been very limited.313,314 

 

In particular, no attempts have been made to prepare hybrid materials based on Al-doped, flux-

synthesised SrTiO3 nanocrystals. Al:STO, when prepared in this manner and paired with the optimal 

cocatalysts, is a remarkable photocatalyst capable of driving the overall water-splitting reaction with 

  

Figure 224: Energy level diagrams for theoretical organic/inorganic hybrid photocatalysts containing conjugated polymer 
and oxide components. a) A polymer-sensitised wide-bandgap oxide hybrid photocatalyst for enhanced HER rates. b) 
Organic/inorganic hybrid Z-scheme using a polymer as the hydrogen evolution photocatalyst and BiVO4 as the oxygen 
evolution catalyst.   

a b 
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an apparent quantum yield of 96% using UV-radiation.38 Its high activity is attributed to its faceted 

single-crystal nanoparticles. Charge separation is achieved by a natural inbuilt potential difference 

across the different crystallographic directions, which leads to selective photodeposition of different 

co-catalysts on each facet. When the hydrogen-evolution Rh cocatalyst is coated with a Cr2O3 shell, 

the O2 reduction backreaction is inhibited. The high degree of crystallinity combined with faceted 

nanostructure results in low defect concentrations and extraordinarily long excited state lifetimes on 

the order of milliseconds.44  

 

The main problem associated with this Al:STO photocatalyst is that it only absorbs in the UV-vis region, 

so its overall solar-to-hydrogen conversion efficiency is significantly inhibited. By combining a polymer 

sensitizer with Al:STO particles, it is hoped that rapid charge injection from the polymer into the Al:STO 

CB may lead to extended excited state lifetimes and enhanced hydrogen evolution rates on the oxide 

surface by polymer sensitisation by building a type-II heterojunction.  

 

The second set of hybrid photocatalysts involves combining hydrogen evolution polymers with the 

oxygen evolution catalyst BiVO4. Whereas most oxide photocatalysts have very wide band gaps and 

only absorb in the UV region, the bandgap of BiVO4 is only 2.4 eV and absorbs visible light. 

Furthermore, it is stable and has a deep enough VBM to drive the oxygen evolution reaction. However, 

its CBM is also low in energy and not appropriate for driving the hydrogen evolution reaction. These 

factors make it an ideal candidate for overall water-splitting Z-schemes.315–318  

 

One of the main inhibiting factors that inhibit the water oxidation reaction on BiVO4 catalysts is the 

sluggish charge carrier dynamics.319,320 However, similar to the methods employed to enhance Al:STO 

photocatalysts, recent progress has also been made with regard to faceted crystals on which co-

catalysts can be selectively photodeposited.320  

 

Polymer-sensitised Al:STO is unlikely to drive the overall water-splitting reaction since holes will 

accumulate on the organic components with non-ideal potentials for water oxidation. However, unlike 

for dye-sensitised oxides, it may be possible to construct a ternary hybrid photocatalyst system in 

which the polymer acts as a conductive medium between the two oxides. The theoretical flow of 

photogenerated charges in a ternary hybrid system is modelled in Figure 225a.  

 

Figure 225b depicts the ideal appearance of these ternary hybrid systems. This would include a micro-

sized BiVO4 crystal coated in an ultrathin polymer layer and decorated with oxide nanoparticles. The 
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polymer’s surface area per gram is anticipated to be significantly enhanced by coating inorganic 

particles. Since exciton lifetimes and diffusion lengths are very short in organic semiconductors, 

polymer domains with smaller dimensions should result in significantly reduced rates of bulk electron-

hole recombination. However, rates of surface recombination may become more apparent.  

 

Following the successful preparation of DBTS-DBTS/TiO2 hybrids by Shu et al.,309 we use a similar in-

situ polymerisation method to fabricate polymer/Al:SrTiO3 and polymer/BiVO4 hybrid photocatalysts 

by adding the oxide particles to the reaction mixture during the microwave-assisted polymerisation 

reactions. Other groups have also demonstrated the successful formation of organic/inorganic 

heterojunctions using in-situ polymerisation methods.321–323 

 

 
 

Figure 225: a) Energy level diagram for a theoretical multiscale and multicomponent hybrid photocatalyst that combines 
a polymeric component with two oxide photocatalysts. b) Hypothetical multiscale hybrid photocatalyst system 
containing large BiVO4 crystals coated in a thin layer of polymer and decorated with Al:STO nanoparticles.  

 

4.2.2 Polymer/Oxide Energy Level Alignment 

  

Figure 226: Energy level diagrams for the polymers investigated in Chapter 3 with their estimated IP* and EA* potentials 
as calculated from the initial EA and IP values and the experimentally-determined indirect optical bandgaps. Bold dotted 

a b 

a 
b 
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grey line represents the CBM of SrTiO3 at pH=7 as estimated by the Bulter-Ginley method. Bold dotted yellow line  
represents the CBM of BiVO4 at pH=7 as estimated by the Bulter-Ginley method. a) DBTS-PhFx polymers, and b) DBTS-
PhFx-BDT ternary co-polymers.  The redox potentials for water at pH=7 are also highlighted.  

 

Figure 226 contains the IP and EA of the DBTS-PhFx binary polymers and DBTS-PhFx-BDT ternary 

polymers, respectively, as determined via DFT in Chapter 3. EA* and IP* potentials have also been 

calculated by taking the difference between the fundamental gap and the measured indirect optical 

bandgap and shifting the IP and EA potentials equally in opposite directions to maintain the polymer’s 

mid-bandgap position.    

 

These plots also contain the CB potentials for SrTiO3 and BiVO4 as predicted using the Butler and Ginley 

method.324  Briefly, this involves calculating the geometric mean of the Mulliken electronegativities 

for the constituent atoms and taking this value as the mid-bandgap potential. The CBM and VBM are 

then calculated according to their bandgaps. These band potentials correspond to the band edge 

positions at the point of zero charge (pzc). The pzc corresponds to the pH of the aqueous solution at 

which the [-OH] and [H+] concentrations around the surface of the particles are equal, and the particle 

surfaces contain no net charge. As such, the predicted band positions were further modified according 

to the Nernst equation to simulate their positions at pH=7.325  

 

Using the Mulliken electronegativities of the constituent atoms clearly comes with associated 

limitations. Primarily, these band edge positions are estimated without any reference to the crystal 

structure or arrangement of atoms. Although experimental methods exist to measure the CB, VB, and 

Fermi-level positions of semiconductors, such as photoelectron spectroscopy, inverse photoelectron 

spectroscopy, and the electrochemical Mott-Schottky analysis via electron impedance spectroscopy, 

literature values for these materials vary widely.41,326–328   

 

The plots in Figure 226 indicate that all of the polymers investigated in Chapter 3 possess LUMO 

energies higher than the CBM of SrTiO3 and HOMO energies lower than the CB of BiVO4. As such, these 

remain promising candidates from which to form hybrid photocatalysts.  These charts also indicate 

that DBTS-PhFx polymers have favourable band alignments to drive the overall water-splitting 

reaction. 

 

4.2.3 Type of Heterojunction 

Figure 226 only plots the band edge potentials of the inorganic photocatalysts relative to the IP and 

EA energies of the organic components. Although favourable alignment at this stage is important, the 
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band edge potentials at a solid-state heterojunction will shift as the Fermi levels of the component 

systems align and thermodynamic equilibrium is reached. This is achieved by net charge transfer 

across the interface.  

 

Band alignment between two heterogeneous semiconductors across an interface can first be achieved 

by first aligning the vacuum levels and defining the HOMO/VBM, LUMO/CBM, and Fermi levels (EF) 

positions of each component relative to this level, via their IP, EA, and work function (φ). According to 

the Anderson model, thermodynamic equilibrium is attained through charge transfer of electrons and 

holes between the two semiconductors across the interface. The band potentials shift relative to one 

another, and the semiconductors each build up a space-charge layer, represented by band bending. 

This is the same basic principle behind the construction of a p-n junction in silicon semiconductors.329 

 

However, the Anderson-Model fails in many cases. In reality, the vacuum levels are not aligned. 

Instead, it exhibits a discontinuous break resulting from potential difference that forms across the 

interface between the two components. This is known as the interfacial dipole potential, δ.330,331 

Resultingly, the extent of band bending observed in real systems, particularly those involving organic 

semiconductors, is a combination of a large interface dipole paired with a far smaller degree of band 

bending. This band level alignment approach is summarised in Figure 227, which has been reproduced 

from the work by Muench et al.332   

 

Figure 227: Band alignment at the interface between two organic semiconductors. Reproduced from Muench et al.332   

 

Recent work has demonstrated that there is a linear relationship between the size of the interface 

dipole and the potential difference between work function of a semiconductor and the IP of an ultra-

thin layer of organic materials.333,334 Muench et al. further developed this body of work by studying 40 

different organic-organic and organic-inorganic interface systems via photoelectron spectroscopy.332 

Their work not only considered the interface dipole at the interface of a bulk semiconductor and a 

molecular monolayer, but also considered the interface between two bulk semiconductors in order to 
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study the resulting band banding in organic semiconductors. They conclude that, as a general rule, 

60% of the difference in work function between the two semiconductors is accounted for by the 

interfacial dipole potential, whereas the remaining 40% required to achieve thermal equilibrium and 

Fermi level alignment arises from band bending.  

 

In this section, we will consider hypothetical heterojunctions that may form between the organic and 

inorganic components of the theoretical hybrid system. Diagrams have been prepared using the 

Anderson model in order to highlight the general forces of motion that would be acting on charges as 

the result of forming a space charge layer. As discussed above, this model is not entirely accurate as 

interfacial dipoles exist and complicate the picture. In reality, the extent to which interfacial dipole 

potentials dominate the Fermi level alignment will depend on specific structural or electronic bonding 

interactions at the interfaces and the presence, nature, and concentrations of various defects and 

dopants in both semiconductor components.  

 

Two hypothetical interfaces between an organic photocatalyst and Al:STO are presented in Figures 

228 and 229. In the first case, the Fermi level of Al:STO lies higher in energy than that of the polymer. 

In this case, Al:STO potentials shifts downwards, and the polymer potentials shift upwards. As with a 

p-n junction, this generates a favourable electric field at the interface through which photoexcited 

electrons will be transferred into the Al:STO CB and holes are transported from Al:STO into the organic 

polymer. This is known as a Type-II heterojunction.  

 

Undoped SrTiO3 is non-stoichiometric and is better represented by the formula SrTiO3-x due to the 

presence of Ti3+ impurities and oxygen vacancies that balance each other out. This introduces partially 

filled  Ti3+ 3d orbitals into the bandgap that results in an n-doped material. As such, the Fermi level of 

SrTiO3 lies very close to the CBM and a Type-II heterojunction is likely.  

 

The HOMOs of the DBTS-PhFx polymers are expected to be capable of driving the oxygen evolution 

reaction. As such, a Type-II heterojunction between these polymers and Al:STO could theoretically 

result in a situation in which oxygen evolution rate at the polymer/water interface are observed. 

However, this would depend on the rate at which photogenerated charges are separated, the rate 

electrons are extracted, and on the lifetime/stability of the P+ polaron.   

 



 

 

Ian Coates, 200840765 241 

  

Figure 228: A pn-type heterojunction at the interface between an intrinsic polymeric semiconductor and n-type 
Al:SrTiO3. Band bending will only enable favourable energy transfer across the interface if the Fermi level of Al:STO is 
more at a negative potential than the Fermi level of the organic polymer.  

 

Whilst the above situation would be an ideal band alignment, the electronic structure of Al:STO is 

different from that of pristine SrTiO3. Ti3+ defects are the primary cause of the low photocatalytic 

activity of undoped SrTiO3.41  Al3+ dopants substitute Ti3+ ions and the associated defect levels from 

the middle of the bandgap are removed. However, this also lowers the Fermi level, making the 

material less n-doped. Excess Al3+ may even introduce p-doped character via the formation of 

additional oxygen vacancies.41,42,335,336  

 

Resultingly, the polymer-Al:SrTiO3 band alignment may better resemble that of a Z-scheme 

photocatalyst as presented in Figure 229. In this situation, the relative positions of the polymer’s 

LUMO  and Al:STO CB are inverted. As such, the oxide would either inject electrons into the polymer 

or recombine with the polymer’s holes. In this situation, the in-built electric field of the space-charge 

layer would result in an enhanced photogenerated charge separation at the interface and, when 

combined with thin layers of polymer on a STO substrate, could lead to enhanced photocatalytic 

hydrogen production rates on the polymer surface.  Overall water splitting may also occur in this 

situation. However, the rate would still be limited by the rate of exciton generation in Al:STO due to 

its large bandgap.   

 

 

a b 
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Figure 229: An np-type heterojunction at the interface between an intrinsic polymeric semiconductor and an intrinsic 
Al:SrTiO3 semiconductor. Band bending would lead to the formation of a Z-scheme type interface in which hydrogen 
evolution takes place on the polymeric component and oxygen evolution on the surface of the oxide particles. 

 

The predicted band alignment between the organic polymer and BiVO4 is presented in Figure 230. This 

setup is predicted to be a Z-scheme type structure in which hydrogen evolution takes place on the 

polymer and oxygen evolution on BiVO4.  

 

 
 

Figure 230: A heterojunction at the interface between an intrinsic polymeric semiconductor and n-type BiVO4 

semiconductor. Band bending after Fermi level alignment would lead to the formation of a Z-scheme type interface in 
which hydrogen evolution takes place on the polymeric component and oxygen evolution on the surface of the oxide 
particles. 

 

4.3 Side Chains and Oxide Anchoring Groups: A DFT Study. 
Although favourable band alignment and interfaces are plausible, realising them is incredibly 

challenging. Firstly, a good interface between the organic and inorganic components is necessary. The 

subsequent work focuses on the in-situ polymerisation method. However, it is also worth considering 

how the polymer structure may be modified to enhance the charge transfer process from a theoretical 

a 
b 

a 
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perspective. In this section, we will consider the impact of adding side chains on the BDT unit in the 

co-polymer DBTS-BDT inspired by methods frequently used in dye-sensitised solar cells and dye-

sensitised oxide photocatalysts.  

 

Most dye-sensitised oxide photocatalyst operate on the basis of injecting electrons from the dye into 

CB of the oxide material. Typically, dyes will have a D-π-A structure in which the HOMO is located on 

a donor unit, and the LUMO is localised on an acceptor unit. The acceptor unit typically contains an 

anchoring group through which it can bind to an oxide surface. In the excited state, LUMO is occupied 

by a photoelectron. The anchoring group enhances the orbital overlap between the LUMO and the 

oxide CB, and consequently facilitates charge transfer.  

 

This concept is theoretically applied to the DBTS-BDT/BiVO4 hybrid material using DFT calculations. As 

discussed in Chapter 3, the BDT unit is versatile because the central benzene ring can be easily 

functionalised with conjugated side chains.146,212,213 In contrast with the dye-sensitised photocatalysts,  

these conjugated side chains containing oxide anchoring groups are designed to accept electrons from 

the oxide rather than inject electrons into it. As such, it is beneficial that the BDT unit is functionalised 

since the HOMO is predominantly located on it. Likewise, the selected π-conjugated side chain is the 

electron-donating thiophene unit.  

 

Figure 231a contains the five theoretical side chain groups comprised of a thiophene π-linker and 

various common anchoring groups. The DFT-predicted IP and EA potentials are presented in Figure 

231b. The calculations were performed using the same methodology outlined for the calculations in 

Chapter 3.  
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Figure 231: a) Structures of DBTS-BDT-T-A co-polymers investigated in this theoretical study. Thiophene side chains are 
modified with various oxide anchoring groups common in dyes used for dye-sensitised solar cells and dye-sensitised 
photocatalysts. b) DFT calculations of ground state IP and EA potentials for DBTS-BDT-T-A co-polymers. Calculations 
performed to the B3LYP/DNP level of theory using Materials Studio.  

 

As can be seen in the energy level diagram, all polymers are predicted to be capable of driving the 

hydrogen evolution reaction and accepting an electron from the CB of BiVO4. The polymer containing 

a thiophene unit without an anchoring group is predicted to have a slightly smaller bandgap, but 

relatively unchanged band potentials. T-PO3H2 and T-Si(OMe)3 are also predicted to have very similar 

HOMO and LUMO energies implying that these anchoring groups are neither strongly electron-

accepting or electron-donating.  

 

When modified with the T-NMe2 anchoring group, the HOMO is shifted significantly to lower binding 

energies indicating that it is localised on the side chains. This is expected since the nitrogen atom 

contains non-bonding p-orbitals that are conjugated with the poly backbone.  The T-NMe2  side chain 

is particularly promising as an appropriate anchoring group on an oxygen-evolving inorganic 

photocatalyst in a hybrid Z-scheme.  

 

Meanwhile, the LUMO is lowered when the thiophene side chain is modified with an electron-

accepting anchoring group in the form of T-AC, which contains the acrylonitrile group. This electronic 

structure implies that the LUMO is now located on the side chains. This unit would therefore be more 

useful in the polymer/Al:STO hybrid materials where the aim is to inject electrons. This polymer also 

has a D-π-A structure that connects the BDT unit in the backbone to the oxide surface. 

 

These energy potentials agree directly with the frontier orbitals presented in Figures 232-236. 

Importantly, the LUMO is delocalised along the polymer backbone including on the BDT donor unit. 

This is because the EA potentials for p(DBTS) and p(BDT) are very similar. As such, HOMO and LUMO 

a b 
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have substantial orbital overlaps on the central benzene of the BDT unit, regardless of the selection 

of the side chain, and photogenerated electrons can be readily transported along the polymer 

backbone. The only exception to this is p(DBTS-BDT)-T-AC, in which the LUMO is situated on the 

electron-accepting side chains. 

 

DBTS-BDT co-polymers containing conjugated thiophene side-chains on the BDT units have very 

promising electronic structures and orbital potentials for hybrid photocatalyst applications. 

Incorporating PhFx linkers in the polymer backbone could further enhance these properties by fine-

tuning the bandgap and the band edge potentials. Unfortunately, these polymers have only been 

discussed theoretically in this thesis, as there was not enough time to attempt their synthesis.  

 

L 

 

H 

 

Figure 232: Equilibrium geometry and frontier orbitals of DBTS-Ph-T. Calculated using DFT at the B3LYP/DNP level.   
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Figure 233: Equilibrium geometry and frontier orbitals of DBTS-Ph-T-NMe2. Calculated using DFT at the B3LYP/DNP level.   
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Figure 234: Equilibrium geometry and frontier orbitals of DBTS-Ph-T-P(OH)2O. Calculated using DFT at the B3LYP/DNP level. 
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Figure 235: Equilibrium geometry and frontier orbitals of DBTS-Ph-T-Si(OMe)3. Calculated using DFT at the B3LYP/DNP 
level. 

 

L 

 

H 

 

Figure 236: Equilibrium geometry and frontier orbitals of DBTS-Ph-T-AC. Calculated using DFT at the B3LYP/DNP level. 
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4.4 Chapter Outline 
Section 4.5 contains the methodology used throughout this chapter. Section 4.6 is dedicated to 

optimising the flux synthesis conditions of Al:SrTiO3. A high-quality sample of the best-performing 

material was kindly provided by Prof. Kazunari Domen’s team, which was used as a point of reference. 

The highly active photocatalyst are challenging to reproduce. As such, this section describes how 

comparable results were obtained and investigates how to make the process more reliable.  

 

Section 4.7 discusses the in-situ polymerisation reaction and its optimisation with regard to 

photocatalytic activity. Sections 4.9 and 4.10 discuss Al:STO hybrid materials, using p(DBTS-DBTS) and 

p(DBTS-Ph) as example polymers, respectively.  Sections 4.10 and 4.11 focus on BiVO4 hybrid 

photocatalysts using p(DBTS-DBTS) and p(DBTS-BDT) as polymer candidates, respectively. 

 

4.5 Methods 
4.5.1 Inorganic Photocatalysts 

4.5.1.1 Flux-treated Al-doped SrTiO3  

1g of SrTiO3 (99.97%, <100nm, nanografi) was weighed out into each of two large (105ml) cylindrical 

alumina crucibles (99.9%, Almath Crucibles), to which 110 mg of Al2O3 nanopowder (99.9%, 

Merck/Sigma Aldrich) and 10g of SrCl2 (99%, Alfa Aesar) was added. The powders were ground 

together using an agate pestle and mortar before being returned to the crucible. The two lidded 

105 ml crucibles were placed inside a larger 800 ml cylindrical crucible (99% Almath), which was also 

lidded to prevent spillage. This setup is presented in Figure 237. The large crucible was placed inside 

a muffle furnace (1300 CFS, Carbolite), and the samples were heated to a range of 1000 oC to 1150 oC 

at a ramp rate of five degrees per minute. The samples were left at temperature for 10 hours before 

being left to cool back to room temperature. Once cool, samples were washed with deionised water 

and filtered through 0.2 μm nylon filter papers (Whatmann) using a Buchner filtration setup. Each 

sample was ultrasonically dispersed in large volumes of deionised water three times to ensure the 

complete dissolution of residual SrCl2. The resulting powders were dried in a vacuum oven at 90oC 

overnight.     
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4.5.1.2 Co-catalyst Impregnation 

The RhCrOx co-catalyst deposition was performed via a simple impregnation step whereby 0.2 mmol 

dm-3 solutions of Na3RhCl6 and Cr(NO3) · 9H2O were prepared. Between 0.5 mL and 2 mL of each 

solution was added to 0.1 g of the photocatalyst, and the solution made up to 4 mL with water inside 

a 23mm open-toped vial. The solution was then evaporated at 80 °C under constant stirring over 

several hours. The deposited RhCrOx residues were then oxidised in a furnace at 350 °C for one hour. 

These values obtained a range of Rh:Cr ratios and surface loadings ranging from 0.05 wt% to 2 wt% of 

each metal.   

 

For the co-catalyst ageing experiments, Rh and Cr solutions were left in a cupboard, and new co-

catalyst loaded STO samples were prepared each day over a week-long period.  

 

4.5.1.3 Co-catalyst Photodeposition 

Rh, Cr2O3 and CoOx were sequentially photodeposited on the photocatalyst surfaces in varying 

concentrations and ratios using the high-throughput photocatalysis setup described in Chapter 3. The 

precursor components for the three metallic species are Na3RhCl6∙9H2O (Sigma Aldrich), K2CrO4 (Sigma 

Aldrich) and Co(NO3)∙6H2O. Solutions were made containing 0.1 mg ml-1 of each metallic cation 

concentration. The Rh solution was first added to the headspace reaction vial containing 5 mg of 

photocatalyst dispersed in 5 ml of water or an alternative sacrificial reagent mixture. The vial was 

capped and irradiated for 20 minutes using a 12”x12” wide area AAA solar simulator (Oriel, Newport, 

 

 

 

Figure 237: Diagram of nestled alumina crucible setup used for the flux synthesis of Al:STO. 1 g of Al:STO is prepared in 
each crucible. Two batches are prepared simultaneously so that reproducibility could be tested. 
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1200W Xe arc lamp equipped with an AM1.5G filter) the light intensity was measured to be 1000 W 

m-2. The vials were de-capped, and the chromium solution is added before a subsequent 20 min 

irradiation. Finally, this process is repeated with the added cobalt co-catalyst precursor solution.  

 

4.5.1.4 Synthesis of BiVO4 

Faceted anisotropic BiVO4 was synthesised via a hydrothermal method according to the literature 

process outlined in references320,337 Briefly, 10 mmol NH4VO3 and 10 mmol Bi(NO3)∙5H2O were 

dissolved in 2M HNO3. The pH of the solution was subsequently adjusted to pH=0.5 by adding 

ammonia solution. The reaction mixture was stirred under cold conditions for approximately 3 hours 

during which time a bright yellow precipitate was formed. This mixture was subsequently added to a 

Teflon-lined autoclave and heated for 10 hours at 473K.  

 

4.5.2 Hybrid Organic-Inorganic Photocatalysts 

4.5.2.1 In-situ Polymerisation 

  

Hybrid photocatalysts were prepared via in-situ polymerisation. This was achieved using the same 

microwave-assisted polymerisation method explored in Chapter 3 with the exception that 10 – 400 

mg of oxide was also added to the reaction mixture before heating. The oxide was dispersed in the 

reaction mixture by ultrasonicating for 5 minutes before placing the vials into the Biotage Initiator+ 

automatic sampler. As in Chapter 3, a range of reaction conditions were also considered for the hybrid 

samples. However, the basic reaction conditions used are summarised in Figure 238.  

 

4.5.2.2 Hydrogen Evolution Testing and Co-catalyst Photodeposition 

5 mg of the co-catalyst-loaded photocatalyst powders were added to high throughput silica vials to 

which 5mL of deionised water (or a mixture of water, sacrificial reagent, and organic solvent) was 

added and then the vials capped with a rubber seal crimping lid. The suspension was then degassed 

by bubbling N2 gas through the vial for 5 minutes via inlet/outlet needles perforating the rubber lid. 

Co-catalysts were loaded vis photodeposition, as explained for the purely inorganic samples.  

 

Figure 238:  General reaction conditions used attempts to prepare organic/inorganic hybrid photocatalysts via in-situ 
polymerisation via microwave-assisted Suzuki-Miyaura polycondensation. Blue aromatic dibromide represents the variable 
selection of dibromide monomeric precursors investigated.  
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4.5.2.3 SEM Imaging and EDS Mapping 

 

Scanning electron microscopy (SEM, Hitachi ) analysis was used to determine the success of preparing 

a hybrid via EDS mapping. For this analysis, powder was deposited on a sticky carbon tape, and silver 

paste was applied around the edge to ensure conductivity. Sputter-coated (Quorum Technologies, 

Q150T ES) with metallic chromium target for 30 seconds operating with a sputtering current of 120mA 

to obtain a coating of approximately 10nm. The sample was then transferred to the SEM after a 

minimal time reduce the level of chromium layer oxidation. For high-resolution imaging, a working 

distance of between five and ten millimetres and an acceleration voltage of five kilovolts was used. 

For chemical analysis, inbuilt energy-dispersive X-ray spectroscopy was used. In this set-up, a working 

distance of 15mm is used alongside an acceleration voltage of 20 kV. EDS maps were analysed using 

the Oxford Instruments AztecOne software.  

 

4.6 Flux Synthesised Al:STO 
 

Al:STO was selected as the oxide photocatalyst due to recent progress that has demonstrated that it 

is capable of achieving AQYs approaching 100% at 375 nm.38 As such, it is hoped that any charges that 

are successfully injected from the polymer into its CB will go on to participate in the hydrogen 

evolution reaction with a high probability.  

 

Al:STO nanocrystals are prepared by initially grinding high-purity SrTiO3 together with an Al2O3 

nanopowder, combining them with a large excess of  SrCl2, and heating the mixture to very high 

temperatures in high-purity Al2O3 crucibles. At these elevated temperatures, the SrCl2 is molten and 

dissolves the SrTiO3. A limited amount of Al2O3 is also dissolved in the flux from the added nanopowder 

and the crucible.43 As the molten mixture cools, the SrTiO3 recrystallises into highly-crystalline faceted 

nanopowders.   

 

These nanocrystals are converted into efficient UV-active photocatalysts for overall water splitting, 

OWS, by adding Rh, Cr2O3, and CoOx co-catalysts. This is either achieved via photodeposition or the 

impregnation method.45 This latter method involves impregnation method, in which Al:STO particles 

are calcined following their dispersal in, and subsequent evaporation of, metal salt solutions. 

 

The high AQY of these materials in the UV region is attributed to several synergistic factors. Al3+ 

substitute self-doped Ti3+ ions that arise from the natural non-stoichiometry of SrTiO3-δ, which contains 
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an appreciable amount of oxygen vacancies.338 The Ti3+ ions introduce occupied 3d orbitals into the 

bandgap, which negatively impacts photocatalytic activity. Meanwhile, energy levels attributable to 

Al3+ ions are located in the electronic bands.41  

 

In the absence of Al2O3, when aluminium doping only arises from the crucible, Domen found that the 

resulting Al:STO crystals were 1-2 μm across. In contrast, in the presence of the Al2O3 nanopowder, 

they are approximately 100 nm in diameter. One hypothesis for this observation is that the 

nanopowder particles act as re-crystallisation seeds. The small size leads to a large surface area-to-

volume ratio which is beneficial for dispersion properties and surface photocatalysis. 

 

The faceted nanocrystals possess exposed {100}, {111}, and {110} crystallographic facets. The 

electronic band structure of crystalline materials depends on the crystallographic direction. This leads 

to crystallographic surfaces with different surface energies and work functions. It also results in an 

inbuilt electric field inside the crystal which can drive electron-hole charge separation. 

Photodeposition studies involving reduction and oxidation processes have identified facet-selective 

photodeposition sites, giving rise to spatially separated oxygen-evolution and hydrogen evolution 

reaction sites.38 

 

The final factor that leads to improved photocatalytic activity is the choice of co-catalyst. Rhodium is 

another platinum-group metal that binds hydrogen, water, and oxygen on its surface with appropriate 

energy to allow for efficient reaction rates of hydrogen evolution on its surface. However, Rh is equally 

efficient at driving the reverse reaction, i.e. the oxygen reduction reaction, which decreases the overall 

water-splitting efficiency. To overcome this, Domen’s group use a core-shell structure for the co-

catalyst in which metallic Rh nanoparticles are coated by chromium oxide, Cr2O3. Molecular oxygen 

cannot diffuse through Cr2O3, and the ORR is prevented. This is achieved by sequential 

photodeposition.47 The photocatalytic activity was further improved by adding cobalt oxide, CoO, as 

an oxygen evolution co-catalyst. Upon photodeposition, Rh/Cr2O3 co-catalysts are deposited on one 

facet surface, whereas CoOx deposits onto another.38  

 

These photocatalysts also demonstrate long-term stability, particularly when a thin layer of TiO2 is 

photodeposited on the surface. A panel of this material has demonstrated stable photocatalytic 

activity over 1,000 hours.40 

 



 

 

Ian Coates, 200840765 253 

The preparation of this material with high levels of photocatalytic activity proved to be highly 

challenging. This is in agreement with other research groups that have struggled to reproduce these 

materials with the same degree of photocatalytic activity.41 Professor Domen’s group kindly provided 

a reference sample of their most active material for us to compare activities with. This section 

discusses challenges encountered while attempting to reproduce this material. The flux-synthesised 

Al-doped SrTiO3 is herein referred to as Al:STO.  

 

In an attempt to reproduce this leading photocatalyst and understand how different factors impact 

the final activity, several steps were taken to optimise the synthesis and achieve a photocatalytic 

activity closest to the Domen reference sample. The flux reaction temperature, reaction time, the 

purity of the reagents, aluminium doping content, and the co-catalyst loading method were each 

studied. The results of these experiments are presented over the following subsections. 

4.6.1 Purity of Reagents 

The purity of reagents was first investigated. Three different sources of SrTiO3 were used. A 99% purity 

micro powder, a 99% nanopowder, and a 99.97% nanopowder (nanografi, 100 nm). As shown in Figure 

239, the highest-purity starting material resulted in higher photocatalytic activities. These samples 

were only prepared at 1000 oC as earlier attempts at higher temperatures resulted in a chemical spill 

inside the furnace.  

 
 

Figure 239: HER and OER rates for flux-synthesised Al:STO 
samples prepared from different SrTiO3  precursors. n-
STO, μ-STO, and ng-STO refer to the 99% nanopowder  
(Sigma), 99% micropowder (Sigma) , and 99.97% 
nanopowders (nanografi) discussed in the main text. 
Samples targeted 4% Al doping and were impregnated 
with a RhCrOx co-catalyst before testing.   

Figure 240:  HER and OER rates for flux-synthesised Al:STO 
samples prepared from different purities of SrCl2 salt used 
as the molten flux reagent. Samples prepared using the μ-
STO precursor and heated to 1000oC for 10hrs.  
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The purity of the SrCl2 flux was also investigated. Figure 240 shows that this may also have a small 

effect on the final photocatalytic activity. This is expected since single crystal inorganic 

semiconductors are highly sensitive to impurities that may act as traps electron or hole traps that 

reduce the photocatalyst efficiency.  

 

4.6.2 Temperature 

As can be seen in Figure 241, the photocatalytic activity of Al:STO is dependent on the temperature of 

the flux treatment. The samples heated at 1150 °C for ten hours produced the greatest amount of 

hydrogen (and oxygen). Each sample was prepared twice since the synthesis process is largely 

unreliable. However, it should be noted that except for the sample prepared at 1150 °C the two 

samples were in good agreement with one another. This highlights that synthesis on a one-gram scale 

is preferential for reproducibility compared to work completed in previous years.  

 

Early experiments only heated the samples to 1000 °C since higher temperatures led to SrCl2 

overflowing from the crucible. The new setup using crucibles inside of another crucible was used so 

that any overflow does not corrode away the inside chamber of the furnace. However, no overflow 

was observed at any temperature. This likely implies that early overflowing might have been due to 

new crucibles with a rougher surface that led to nucleation, from the shape/size of the crucible used, 

that increasing the scale of the reaction stabilises the flux, or that the inside of the large crucible did 

not reach the same temperatures as the rest of the furnace.  

 

 

Figure 241: Photocatalytic HER rates for Al:STO samples prepared at different temperatures. Samples prepared using 
the ng-STO precursor and 99% SrCl2.  
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Figure 240 shows the results from loading RhCrOx onto the surface of the photocatalyst using the same 

stock solutions of Na3RhCl6 and Cr(NO3) for four days in a row. Four samples of each photocatalyst 

base were taken and averaged out for this experiment since results vary widely between batches 

made using the same conditions. A clear trend of decreasing activity was observed in both sets of 

samples. This experiment also confirms that the samples prepared at 1150 °C are, on average, more 

active than those prepared at 1100 °C. 

 

4.6.3 Al:STO Co-catalysts  

4.6.3.1 Impregnation Method 

Initial experiments using the impregnation method did not yield photocatalytic activities that 

resembled the same photocatalysts as prepared by the Domen group, despite using the highest purity 

grade of reagents available and optimising the reaction temperature. Although these factors likely 

influence the particle size, purity and crystallinity, Al:STO does not achieve water splitting unless it is 

loaded with the appropriate co-catalysts at the correct concentration. As such, these variables were 

subsequently investigated in an attempt to reproduce activities reported in the literature.46 

  

Al:STO nanocrystals were initially loaded with the mixed metal oxide co-catalyst, RhCrOx, via the 

impregnation method. The rhodium source was trisodium hexachlororhodate, Na3RhCl6∙xH2O, and the 

Chromium precursor was chromium nitrate, Cr(NO3)2∙9H2O. These precursors were dissolved in water 

to a metal concentration of 1 mg ml-1. An appropriate amount of the metal precursor solutions were 

then loaded onto Al:STO that had been synthesised at different temperatures. The resulting slurries 

were placed into a sand bath and heated to 60 °C under constant stirring to remove the water and 

coat the particles evenly. The metal salts were calcined at 350 °C for one hour to form the resulting 

oxides.  

 

The stability of the precursor solutions was investigated. Stock solutions containing 1 mg ml-1 of the 

metal ion were prepared and used to load a RhCrOx co-catalyst onto eight Al:STO samples daily over 

four days. Figure 242 shows how the hydrogen evolution rates for the resulting samples changed with 

respect to the age of the precursor solution. The general trend demonstrates that the older the 

solution, the lower the activity. This is accompanied by the observation of Na3RhCl6 solution 

discolouration from red to yellow over time. 

 

However, the age of the solution alone is not responsible for the variation of activity observed. Large 

variations of activity were observed within each batch, as indicated by the error bars. Likewise, the 
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lowest activities were observed for the samples prepared from one-day-old precursor solutions. Such 

trends likely arise from inhomogeneous stirring and evaporation rates. Although efforts were made 

to ensure all samples were heated to the same temperature for similar lengths of time, the position 

of vials in the sand bath relative to the centre of the hotplate/stirrer resulted in inconsistent stirring 

rates. Likewise, the depth at which sample vials were submerged into the sand bath likely influenced 

the exact temperature and evaporation rate, especially given condensation at the neck of the vials. 

Furthermore, the selection of the sample vial, from which the solution was evaporated, could not 

always be kept consistent due to availability. Although the evaporation method only differed 

marginally between samples, the range of results suggests that this process significantly impacts 

photocatalytic activity. As in Figure 241, the Al:STO nanocrystals synthesised at 1150°C typically 

outperformed those prepared at 1100°C.  

 

Figure 242: HER rates for flux-synthesised Al:STO samples loaded RhCrOx co-catalyst via the impregnation method. The 
same Rh and Cr precursor solutions were used each day to investigate if the age of these solutions impact the quality of 
the resulting co-catalyst-loaded sample.  

 

All previous samples have been loaded with 0.1 wt.% Rh, and 0.1 wt.% Cr, in agreement with the 

impregnation methods used in the literature.39 However, the ideal ratio will be specific to the 

photocatalyst substrate, particularly concerning particle size and surface area. To see if the activity of 

the Al:STO/RhCrOx photocatalyst could be improved by altering this ratio, a series of samples were 

prepared in which Rh and Cr concentrations were independently varied between 0 and 0.2 wt.% each. 

The resulting relative hydrogen evolution rates are presented as a bubble plot in Figure 243, whereby 

the area of the bubble represents the hydrogen evolution activity, and the largest bubble represents 

a hydrogen evolution activity of 4.5 μmol hr-1. Each bubble averages two samples loaded with co-

catalysts on the same day. The orange and blue samples (Al:STO prepared from flux synthesis at 

1000°C and 1150°C, respectively) were prepared from different co-catalyst precursor solutions on 

different days.  
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Contrary to the literature, which suggests that both Cr and Rh are necessary for overall water splitting, 

the best-performing photocatalysts in Figure 243 contain little or no chromium. A general trend of 

decreasing activity with respect to chromium can be observed, whereas increased Rh typically resulted 

in increased activity until 0.15 wt.%. At high chromium content (0.15 – 0.2 wt.%) and in the absence 

of any chromium, a further increase in rhodium content decreased the photocatalytic activity. 

However,  at low chromium concentrations (0.05 wt.%), the photocatalytic activity increased with 

additional rhodium content. The highest photocatalytic activity was observed for samples containing 

0.2 wt.% Rh and 0.05 wt.% Cr, and corresponded to a HER of 4.5 μmol hr-1. This activity remained 

significantly lower than the 16 μmol hr-1 observed for samples provided by the Domen group.  

 

Despite the earlier measurements, no significant difference in activity was observed for the catalysts 

prepared at 1000°C and 1150°C in this study when loaded with the same co-catalyst concentrations. 

This likely arises because the co-catalyst loading was completed on different days using fresh co-

catalyst stock solutions. The co-catalyst precursor solutions were evaporated from the 1000°C samples 

in a sand bath. In contrast, for the 1150°C samples, the vials were placed into a dedicated multi-well 

heat-on block for sample vials.   

 

 

These results show that the impregnation method is highly unreliable. The resulting activities are 

much lower than reported in the literature and are not easily reproducible between batches. This 

method appears highly sensitive to the exact method by which the precursor solutions are evaporated. 

The evaporation rate depends on the stirring speed, the temperature, and the choice of vessel. 

 

Figure 243: Photocatalytic HER rates for Al:STO loaded with different concentrations of Rh and Cr metals via the 
impregnation method. The largest sphere corresponds to a HER of 4.5 μmol hr-1.  
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Accordingly, the concentration of the precursor solution, and hence the volume of water that is 

required to be evaporated, is also expected to play a role. The impregnation method is likely unreliable 

because of the limited stability of the precursor stock solutions, particularly Na3RhCl6, the aqueous 

solution of which becomes discoloured over time. 

 

4.6.3.2 Photodeposition Method 

The second co-catalyst loading method investigated was photodeposition. Here, metallic rhodium, 

chromium oxide, and cobalt oxide were sequentially photodeposited onto the Al:STO nanocrystal 

surfaces using AM 1.5G irradiation from the Newport Oriel AAA solar simulator. The co-catalyst 

precursor solutions used were 0.1 mg ml-1 aqueous solutions of Rh3+, Cr6+, and Co2+ from RhCl3, K2CrO4, 

and Co(NO3)2, respectively.  According to previous studies, the rhodium is reduced to its metal form, 

the chromium is reduced to form Cr2O3, and the cobalt is oxidised to form CoOOH.38  

The photocatalytic hydrogen evolution activities are presented as a bubble chart in Figure 244. The 

largest bubble area correlates to a HER of 12 μmol hr-1. It becomes evident that high hydrogen 

evolution rates require the presence of both Rh and Cr2O3. Cr2O3 alone does not result in overall water 

splitting, whereas Rh/Al:STO results in a slow rate of photocatalytic water splitting. All samples that 

produce hydrogen also produce oxygen in a stochiometric amount (2:1). The presence of cobalt also 

enhances the OWS rate. For the samples containing all three metals, changes to the relative 

composition result in more minor overall efficiency improvements. 

 

Figures 244 and 245 present the trends with respect to Co and Cr loading at different Rh 

concentrations. The data points in Figure 244 are an average over the two higher chromium 

concentrations, whereas those in Figure 245 are averaged over the two higher cobalt concentrations.  

 

Figure 244:  Photocatalytic HER rates for Al:STO loaded with different concentrations of Rh and Cr metals via the 
photodeposition method. The largest sphere corresponds to a HER of 12 μmol hr-1. 
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The trend with respect to Co and Cr loading appears to depend on the underlying Rh content, samples 

containing 0.05 wt.% Rh perform better than those containing 0.1 wt.%. At 0.05 wt.% Rh, increasing 

Co content from 0.05 to 0.1 wt.% increases the activity, whereas at 0.1 wt.%, the same change results 

in a decrease in activity. Conversely, at 0.05 wt.% Rh, increasing the Cr content from 0.05 wt.% to 0.1 

wt.% decreases activity, whereas at 0.1 wt.% an equivalent change increases activity. The highest 

activity was observed when the Al:STO was loaded with 0.05 wt.% Rh, 0.05 wt.% Cr and 0.1 wt.% Co.  

 

The HER and OER rates for RhCrOx/CoOx/Al:STO photocatalysts samples prepared from the 

impregnation and photodeposition methods are compared in Figure 247. This Figure also contains 

data from the sample provided by the Domen group, as measured on our photocatalysis setup. All 

samples produce hydrogen and oxygen in a 2:1 stoichiometric ratio. Compared to the Domen 

reference sample (15.4 μmol hr-1), the impregnation method only achieved 32% efficiency (4.9 μmol 

hr-1), and the photodeposited sample achieved 80% of its activity (12.4  μmol hr-1). Although the 

photocatalytic activity is not as high as achieved by Domen, 80% is good enough to build upon with 

respect to developing organic-inorganic hybrid photocatalysts. The discrepancy is likely due to the 

purity of reagents in the flux synthesis; the extent of reagent grinding; the size, shape, purity, and age 

of the alumina crucibles; and the flux heating/cooling rate. Such factors can influence the size of the 

resulting particles, their crystallinity, the surface area of the crystalline facets, and the exact aluminium 

doping concentration. For reference with the hydrogen evolution rates of the polymeric 

photocatalysts in the presence of TEA as a sacrificial reagent, the hydrogen evolution rate of the 

  

Figure 245: HER rates of STO loaded with sequentially-
photodeposited co-catalysts, Rh, Cr2O3, and CoOx. 
Loadings are given in per cent weight of the metal.  

Figure 246: HER rates of STO loaded with sequentially-
photodeposited co-catalysts, Rh, Cr2O3, and CoOx. 
Loadings are given in per cent weight of the metal. 
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Domen catalyst in pure water is 3.1 mmol hr g-1 for a 5 mg sample and equates to an area-normalised 

rate of 2.3 μmol hr-1 cm-2. 

 

 

 

  

 

Figure 247: Hydrogen and oxygen evolution rates for Al:STO photocatalysts loaded with Rh, Cr, and Co co-catalysts by 
the impregnation and photodeposition methods. These samples are compared with the Domen reference sample 
provided by the research group in Tokyo.  
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4.7 In-situ Polymerisation Reaction Optimisation 
 

This work builds upon the in-situ polymerisation method employed by Shu et al.309 to prepare hybrid 

organic-inorganic photocatalysts from DBTS-DBTS and TiO2. However, significant questions regarding 

the mechanism by which enhanced photocatalytic activity was achieved remain unanswered. For 

example, it is unclear if the presence of oxide in the reaction mixture can influence the polymer’s 

synthesis yield, chain length, polydispersity, purity, particle size, and morphology. Especially since 

many of these factors may influence the photocatalytic activity. 

 

It is also unclear if a hybrid containing 10 wt.% oxide has enough oxide-liquid interface for the HER to 

occur at these sites. Their work also compared HER rates by using mass-normalised values and 

experiments were performed at a low concentration of 10 mg per 100 ml. Resultingly, the reduction 

of activity at higher TiO2 loadings may have arisen from the fact that these samples contained less 

visible-light active polymer. 

 

Here, using the rapid microwave-assisted synthesis method developed in chapter 4, we seek to 

understand if DBTS-DBTS/Al:STO hybrids can be prepared, if their activity can be optimised by varying 

the polymer-to-oxide ratio, if the presence of an oxide in the reaction mixture can influence the 

photocatalytic activity of the polymer component, and how reaction conditions influence the 

polymerisation yield, organic/inorganic component distribution, and photocatalytic activity. 

 

DFT calculations predict that the EA of DBTS-DBTS results in a polymer reduction potential that lies 

above the CB of Al:SrTiO3. This provides a suitable overpotential that makes exciton charge separation 

energetically favourable before forming an interface. As discussed earlier in this chapter, Fermi level 

alignment will result in band bending  which may impact the rate at which charges can be extracted.  

 

By substituting TiO2 with Al:SrTiO3, a superior water-splitting photocatalyst, it is anticipated that 

further enhancements could be obtained. 

 

4.7.1 Reaction Conditions  
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4.7.1.1 Solvent 

In Chapter 3Error! Reference source not found., DBTS-PhFx, BDT-PhFx, and DBTS-PhFx-BDT polymers 

were successfully synthesised from single-phase reaction mixtures when using TBAA as the base and 

1,4-dioxane as the organic solvent. However, attempts to synthesise DBTS-DBTS and BDT-DBTS using 

this solvent/base combination were unsuccessful. 

 

DBTS-DBTS was most successfully synthesised from a combination of toluene and K2CO3 in a biphasic 

reaction mixture. Whilst this is appropriate for polymer synthesis, it is unclear if this could be applied 

to hybrid photocatalyst preparation. To investigate this, a series of DBTS-DBTS polymers were 

synthesised on a 0.25 mmol scale (expected yield of 110 mg) in the presence of 10 mg of 

RhCrOx/Al:STO (sample F81A) using different combinations of solvent and base. This aims to replicate 

the 10 wt.% hybrids prepared by Shu et al.309 The resulting polymer yields are presented in Table 25. 

                 Table 25: Initial in-situ preparation conditions for RhCrOx@Al:STO/DBTS-DBTS Hybrids 

ID Polymer 
Al:STO  
sample 

Mass (mg) Solvent Base Yield (%) 

M88 DBTS-DBTS F77A 10 Toluene + PTC K2CO3 112 
M89 DBTS-DBTS F77A 10 Toluene + PTC K3PO4 102 
M90 DBTS-DBTS F77A 10 Toluene + PTC TBAA - 
M91 DBTS-DBTS F77A 10 Toluene TBAA 58 
M99 DBTS-DBTS F78A 10 1,4-dioxane K2CO3 62 

M100 DBTS-DBTS F77 10 DMF K2CO3 59 
M101 DBTS-DBTS F77 10 THF K2CO3 - 
M102 DBTS-DBTS F77 10 1,4-dioxane K3PO4 - 
M103 DBTS-DBTS F77 10 DMF K3PO4 67 
M104 DBTS-DBTS F77 10 1,4-dioxane Cs2CO3 - 
M105 DBTS-DBTS F77 10 DMF Cs2CO3 - 

 

As in the absence of Al:STO, the synthesis of DBTS-DBTS in Toluene/K2CO3 and Toluene/K3PO4 ran to 

completion with yields over 100% as consistently observed in chapter 3. However, the residual white 

powder was observed in the aqueous phase, as seen in samples M88 and M89 of Figure 248. This 

residue was suspected to be residual strontium titanate that had not mixed with the polymer.  

 

Single-phase reaction mixtures were obtained when toluene was combined with 2M TBAA. However, 

a noticeable difference arose between the M90 and M91 synthesised in the presence and absence of 

Aliquot 336, the phase transfer catalyst (PTC), respectively. In these reactions, TBAA, containing an 

aliphatic quaternary ammonium cation and an organic acetate counterion, already acts as a phase 

transfer catalyst to make a single-phase reaction mixture. In the presence of the PTC (M90), the 

palladium catalyst degraded to form palladium black, and the reaction was unsuccessful. In the 

absence of a PTC, a homogeneous mixture was formed. However, the polymer synthesis yield was 

reduced to 58%. It did not exhibit the expected bright yellow colour, implying a high concentration of 
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impurities, such as residual palladium, or a wider bandgap resulting from incomplete polymerisation 

that led to the formation of short oligomeric chains. 

 

M99, prepared from 1,4-dioxane and 2M K2CO3 produced a yield of 62%. Like the Toluene/TBAA 

sample, this polymer was beige instead of bright yellow. M102 and M104, which also used 1,4-dioxane 

as the solvent paired with 2M K3PO4 and 2M Cs2CO3, respectively, failed to produce any product as the 

catalyst degraded. Despite being miscible with water, the resulting reaction mixtures had phase 

separated. This phase separation likely arises from the saturation of soluble salts in the aqueous 

phase. M102, which used a THF/K2CO3 reaction mixture, also failed.  

 

The samples synthesised from DMF paired with K2CO3 and K3PO4 successfully produced a bright yellow 

product believed to be the desired DBTS-DBTS polymer. Despite reduced yields compared to the 

biphasic reactions using toluene (59% and 67% vs 112% and 102% in K2CO3 and K3PO4, respectively), 

DMF remained miscible with the aqueous phase throughout the reaction. The presented the best 

opportunity to produce a hybrid in which the oxide particles are uniformly dispersed in the polymer 

matrix. It is notable, however, that the DMF/K3PO4 reaction produced a white residue at the bottom 

of the reaction vial. Whilst most of this dissolved in the washing phase, implying that the salt 

byproducts were insoluble in the solvent mixture, it also contained some residual insoluble white 

powder believed to be Al:STO that had not been fully incorporated. 

 

SEM images and EDS maps of the resulting polymer/oxide products were recorded to determine the 

degree of mixing. Figure 249 presents SEM images of M88, DBTS-DBTS/Al:STO (10 wt.%) prepared 

 

Figure 248: Post-synthesis reaction mixtures containing  RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalysts. Vial labels 
correspond to the reaction conditions outlined in Table 25. With the exceptions M100 and M103 (both prepared in 
water-miscible DMF) exhibited the brightest samples, whereas M88 and M89 (prepared using a biphasic toluene 
reaction) produced polymers in the highest yields.  
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from toluene and K2CO3. They demonstrate the large distribution of particle sizes from 200 µm to 1 

µm in diameter. These larger particles appear to be agglomerations of smaller polymer particles on 

the 100 nm scale. 

 

   

   

Figure 249: SEM images of hybrid sample M88 at various magnifications. Sample prepared from a biphasic reaction of 3 ml 
Toluene and 2 ml of 2M K2CO3. Particle sizes span from 5 – 500 μm diameter.  

 

Figure 250 contains three low-magnification images of M88 and their EDS maps from Sr Kα1 and S  

Kα1 emissions. These maps show that whilst some degree of oxide/polymer mixing does occur, this 

mixing is not uniform. Many polymer particles do not appear to contain much of the oxide material. 

Likewise, Figure 251 contains SEM images and associated EDS maps for hybrid M89, prepared from a 

reaction mixture of toluene and K3PO4. Although some particles contain both oxide and polymer, the 

two are not evenly distributed.  



 

 

Ian Coates, 200840765 265 

   

   

   

Figure 250: SEM images and EDS maps for M88, a RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst synthesised from a 
biphasic reaction of 3 ml Toluene and 2 ml of 2M K2CO3. EDS maps present the presence of strontium (purple) and sulfur 
(green) enabling identification of SrTiO3 and polymeric components, respectively. 
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Figure 251: SEM images and EDS maps for M89, a RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst synthesised from a 
biphasic reaction of 3 ml Toluene and 2 ml of 2M K3PO4. EDS maps present the presence of strontium (purple) and sulfur 
(green) enabling identification of SrTiO3 and polymeric components, respectively. 

 



 

 

Ian Coates, 200840765 267 

   

   

   

Figure 252: SEM images and EDS maps for M91, a RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst synthesised from a 
monophasic reaction mixture of 3 ml Toluene and 2 ml of 2M TBAA. EDS maps present the presence of strontium (purple) 
and sulfur (green), enabling identification of SrTiO3 and polymeric components, respectively. 
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Figure 253: SEM images and EDS maps for M99, a RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst synthesised from a 
monophasic reaction mixture of 3 ml 1,4-dioxane and 2 ml of 2M K2CO3. EDS maps present the presence of strontium 
(purple) and sulfur (green), enabling identification of SrTiO3 and polymeric components, respectively. 

 

Figures 252 and 253 contain SEM images and EDS maps of hybrid DBTS-DBTS/Al:STO samples M91 and 

M99 synthesised in single-phase reaction mixtures of toluene/TBAA and Dioxane/K2CO3. In the low-

magnification images of these samples, it is more challenging to see the strontium distribution. At 

higher magnifications, it becomes apparent that this is because the oxide is more evenly distributed 

throughout the polymer particles and is not concentrated in smaller clusters. These maps support the 

hypothesis that a biphasic reaction prevents the formation of homogeneous hybrid photocatalysts.  

 

The hybrid photocatalysts were subsequently tested for their hydrogen evolution photocatalytic 

activities using a 1:1:1 mixture of H2O:MeOH:TEA, whereby methanol acts as a co-solvent to aid 

dispersion and TEA is the sacrificial electron donor. The resulting hydrogen evolution rates are 

presented in Figure 254. The reaction yield is also plotted as grey data points on the secondary axis. 

 

These data suggest that the highest hydrogen evolution reaction rates are achieved by the samples 

prepared from toluene in combination with K2CO3. This is closely followed by the toluene/K3PO4 

reaction mixture. These two samples also produced the DBTS-DBTS polymer in the highest yields. 
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However, these hybrids exhibited the poorest oxide incorporation. In comparison with the DBTS-DBTS 

samples synthesised from a toluene/K2CO3 reaction mixture in the absence of Al:STO, as presented in 

Chapter 3, these polymers exhibit higher activities before platinum loading via photodeposition but 

lower activities afterwards. 

 

The remaining hybrids, in which the solvent and base combinations led to a single-phase reaction 

mixture, were all synthesised in lower yields, between 60% and 70%. These samples also exhibited 

poorer photocatalytic hydrogen evolution rates. The 1,4-dioxane/K2CO3 reaction mixture generated 

the poorest photocatalyst, and samples prepared from the DMF/base mixtures exhibited the greatest 

percentage increase in activity after loading with a platinum co-catalyst.  

 

As observed in Chapters 2 and 3, lower yields often correlate with poorer photocatalytic activities. 

Whilst the lower yields may originate from the single-phase reaction mixture, which could significantly 

impact factors such as the rates of reactions, the reagent solubility, the catalyst stability, the local 

concentrations, and the pH, we must also consider the impact that the oxide has on the reaction.  

 

In the case of M88 and M89, these reactions took place using F77A as the Al:STO photocatalyst. This 

sample (synthesised at 1100 °C for 10 hours, 4 mol% Al) already contains the RhCrOx co-catalyst from 

the impregnation method (0.1 wt.% Rh and 0.1 wt.% Cr). The presence of this co-catalyst, some of 

which will have been incorporated into the polymer matrix, may account for the higher activity before 

the photodeposition of Pt (compared with the pristine polymer) and the relatively lower activity 

afterwards. This suggests a similar role for the Rh co-catalyst in DBTS-DBTS as for the residual Pd in 

DBTS-PhFx polymers. M91 (Toluene/TBAA) and M99 (Dioxane/K2CO3) were also synthesised in the 

 

Figure 254: HER rates of Al:STO/DBTS-DBTS hybrid photocatalysts containing 10 wt.% Al:STO. Before and after Pt 
photodeposition. Approximate polymer synthesis yields are provided on the secondary axis.  
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presence of co-catalyst loaded oxides. These samples also exhibited small increases in activity 

following the photodeposition of Pt. 

 

M100 (DMF/K2CO3) and M103  (DMF/K3PO4) were synthesised in the presence of F77, the same Al:STO 

oxide without any co-catalyst. This decision was made due to the small quantity of F77A remaining in 

the belief that the resulting hybrid formation would be unchanged. These polymers produced the 

brightest yellow photocatalysts, which also exhibited significant improvements in photocatalytic 

activity after photodepositing Pt. However, despite the brighter colour, the yields remained low, and 

the resulting photocatalytic activity was also lower than the toluene-based equivalent synthesis 

conditions.  

 

While the SEM images show promise concerning the formation of polymer/oxide hybrid particles by 

in-situ polymerisation, these results do not demonstrate that charge transfer between the two 

components can occur. It is possible, however, that  M100 and M109 exhibited reduced photocatalytic 

activities because of charge extraction into oxide particles which are subsequently unable to drive the 

surface photoredox reaction because there is no co-catalyst present. It is also possible that oxide 

particles are dispersed inside the bulk of the polymer, and water cannot reach their surfaces. This 

generates a similar problem to that of residual palladium, which traps photogenerated charges but 

cannot drive the hydrogen evolution reaction. 

 

4.7.1.2 Solvent-to-base Ratio 

To determine if the oxide, photocatalyst, or reaction mixtures are responsible for the reduced yields 

and lower photocatalytic activity, further testing on the DBTS-DBTS/Al:STO hybrid synthesised in 

DMF/Base(aq) reaction mixtures was undertaken. The first step involved changing the DMF-to-aqueous 

Base volume ratios and the concentration of the base.  

 

By introducing a higher volume percentage of DMF in the miscible reaction mixture, it is hoped that 

the solubility of the reagents, intermediates and oligomeric intermediary products can be increased. 

The parameters investigated and resulting polymer synthesis yields are presented in Table 26. Pictures 

of the reaction mixture after microwave heating are presented in Figure 255 and the same samples 

after isolating the product are presented in Figure 259.  
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Table 26 : RhCrOx@Al:STO/DBTS-DBTS hybrids containing 10 wt.% Al:STO synthesised in DMF/K2CO3 reaction mixtures 

ID Polymer Oxide Mass (mg) solvent Vol (ml) Base 
Concentration  

(mol dm-3) 
Vol (ml) Yield (%) 

M118 DBTS-DBTS F81A 10 DMF 3 K2CO3 1 2 56 
M119 DBTS-DBTS F81A 10 DMF 4 K2CO3 2 1 103 
M120 DBTS-DBTS F81A 10 DMF 4 K2CO3 1 1 93 
M121 DBTS-DBTS F81A 10 DMF 3 K2CO3 2 2 39 
M122 DBTS-DBTS F81A 10 DMF 3 K2CO3 0.5 2 79 
M123 DBTS-DBTS - - DMF 3 K2CO3 2 2 98 
M124 DBTS-DBTS F81A 10 DMF 4.5 K2CO3 1 0.5 101 

 

Regarding the yields, a significant contrast can be observed between M123 (2ml 2M K2CO3, No Al:STO, 

98%) and M121 (2ml 2M K2CO3, 10 mg F81A, 39%) where the only difference arises from the presence 

of Al:STO nanoparticles. Interestingly, M100 (2ml 2M K2CO3, 10 mg F77, 59%), in which F77 is not pre-

loaded with co-catalyst, was synthesised at a yield between the two. This indicates that the presence 

of oxide will reduce the polymer synthesis yield, and when the oxide is pre-loaded with RhCrOx co-

catalysts, the reaction is inhibited further. 

 

When maintaining the 3:2 solvent/base ratio, the yields can be improved by decreasing the 

concentration of the base. Reaction mixtures containing 2ml of 2M, 1M, and 0.5M K2CO3 (in the 

presence of 10 mg co-catalyst-loaded F81A) resulted in yields of 39%, 56%, and 79%, respectively. 

Reducing the amount of base in the reaction mixture by decreasing the volume of base added also 

resulted in significantly improved yields, regardless of the concentration of the aqueous base. 

Reaction mixtures containing 2 ml, 1 ml, and 0.5 ml of 1M K2CO3 resulted in yields of 56%, 93%, and 

101%, respectively. This difference is even more significant when using 2 M K2CO3, where reaction in 

2 ml of 2M K2CO3 (M121) produces a dark impure polymer with a 39% yield and that in 1 ml of 2M 

K2CO3 (M119) resulted in a 103% yield. All reactions in lower volumes of base also resulted in brighter 

yellow polymer products.  
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The resulting hydrogen evolution rates from these hybrids are plotted alongside the polymer yields in 

Figure 256. This graph also includes data for M100 (2ml 2M K2CO3, 10 mg F77). These data have also 

been recorded from 11ml Agilent headspace vials containing 5ml of 1:1:1 (H2O/MeOH/TEA) solution 

and 5 mg of photocatalyst. The vials have an approximate cross section of 6.7 cm2.  

 

A clear correlation between synthesis yield and photocatalytic activity can be observed. For samples 

synthesised from 2 ml 2 M K2CO3, the photocatalytic activity mimics the pattern observed for yields 

whereby the activity reduces in the presence of oxide and even further when that oxide is pre-loaded 

with a co-catalyst. The hybrids in which polymers were synthesised in the highest yields, M119 (1 ml 

2M K2CO3, F81A, 103%) and M120 (1 ml 1M K2CO3, F81A, 93%), also produced the best-performing 

photocatalysts. These results reinforce the hypothesis that impurities from the reaction significantly 

hinder photocatalytic performance. They also highlight that future studies should make additional 

efforts to purify the resulting polymers via methods such as Soxhlet extraction.  

 

 

Figure 255:  RhCrOx@Al:STO/DBTS-DBTS hybrids containing 10 wt.% Al:STO synthesised in DMF/K2CO3 reaction mixtures 
with various solvent/base volume ratios and base concentrations See Table 26 for details. a) Reaction mixtures following 
microwave syntehsis, b)Samples after being isolated, washed with water and MeOH and dried in a vacuum oven 
overnight.  
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The polymer, in the absence of Al:STO, M123 (2 ml 2M K2CO3, 98%), is synthesised at very high yields. 

Despite this, however, its photocatalytic activity is significantly lower than DBTS-DBTS synthesised 

from toluene/K2CO3. This implies that lower yields alone are not responsible for the reduced activities 

observed in Figure 254. These lower activities must, therefore, arise from solvent effects, such as 

reduced solubility resulting in shorter polymer chains. Different amounts of residual palladium and 

alternative particle size and morphologies are also possible. Hybrids prepared in higher DMF:H2O 

rations also produced the highest-performing photocatalysts.  

 

As in Figure 254, the relative increases in activity with respect to Pt photodeposition were small. This 

is in direct contrast to the DBTS-DBTS polymers synthesised from toluene/K2CO3. This may result from 

the Rh and Cr co-catalysts on the oxide particles’ surface or from the impurities and palladium content 

incorporated into the polymer matrix due to the choice of solvent and base.  

 

 

4.7.1.3 DBTS-DBTS Polymer in DMF/K2CO3 

 

The polymer, DBTS-DBTS, in the absence of Al:STO, was subsequently synthesised at several different 

combinations of DMF:H2O ratios and concentrations of K2CO3. These were prepared on a smaller scale 

(0.125 mmol) and in a larger volume of liquid (10 ml). The parameters and resulting yields are 

presented in Table 27 The resulting HER activities are presented in Figure 257. 

 

 

Figure 256:  HER rates of Al:STO/DBTS-DBTS hybrid photocatalysts containing 10 wt.% Al:STO following synthesis in 
various DMF:[K2CO3] ratios and base concentrations. HER rates Before and after Pt photodeposition. Approximate 
polymer synthesis yields are provided on the secondary axis. X-axis labels present the volume and concentration of 
K2CO3 used for each sample. Sample label in brackets refers to the sample of flux-synthesised Al:STO used in the hybrid. 
The presence of absence of an ‘A’ denotes whether or not the Al:STO sample was pre-impregnated with a RhCrOx co-
catalyst.  
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These results demonstrate that, in the absence of Al:STO, the DMF:Base ratio has little impact on the 

yield and photocatalytic activity. However, on average, the percentage increase in activity upon 

loading with Pt co-catalyst is larger for these samples than the hybrids synthesised with F81A. 

However, the final activities of Pt-loaded catalysts are similar. This observation is in line with the 

hypothesis that rhodium co-catalyst from the oxide particle surfaces may become incorporated into 

the polymer matrix during synthesis.  

Table 27: DBTS-DBTS polymers synthesised from DMF/K2CO3 reaction mixtures containing various concentrations and  
volumes of the aqueous base phase. 

Polymer solvent Vol (ml) Base 
Concentration  

(mol dm-3) 
Vol (ml) Yield (%) 

DBTS-DBTS DMF 9 K2CO3 2 1 70 
DBTS-DBTS DMF 9 K2CO3 1 1 87 
DBTS-DBTS DMF 9 K2CO3 0.5 1 85 
DBTS-DBTS DMF 8 K2CO3 2 2 84 
DBTS-DBTS DMF 8 K2CO3 1 2 86 
DBTS-DBTS DMF 8 K2CO3 0.5 2 83 

 

 

4.7.1.4 DMF:K3PO4  

Table 28: Al:STO/DBTS-DBTS Hybrid samples containing 10 wt.% Al:STO synthesised from various DMF:[K3PO4] reaction 
solutions.  

 

 

Figure 257: HER rates with and without 0.5 wt.% Pt co-catalyst for DBTS-DBTS polymers synthesised from DMF/K2CO3 
reaction mixtures containing various concentrations and  volumes of the aqueous base phase. Synthesis yields are also 
presented on the secondary axis.  

ID 
Polymer Oxide 

Mass 
(mg) 

solvent 
Vol 
(ml) 

Base 
Concentration  

(mol dm-3) 
Vol 
(ml) 

Yield 
(%) 

M108 DBTS-DBTS Al:STO 10 DMF 3 K3PO4 2 2 67 
M109 DBTS-DBTS Al:STO 10 DMF 3 K3PO4 1 2 64 
M110 DBTS-DBTS Al:STO 10 DMF 4 K3PO4 2 1 93 
M111 DBTS-DBTS Al:STO 10 DMF 4 K3PO4 1 1 83 
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The initial results from Figure 254 also indicated that K3PO4 may be a better base for the reaction than 

K2CO3. Four additional samples were synthesised to investigate the impact of base concentration and 

organic-to-aqueous phase ratios for reactions involving K3PO4. The selected conditions and resulting 

yields are listed in Table 28.   

 

As with the initial study, reactions involving K3PO4 as the base resulted in a dense white residue that 

sank to the bottom of the reaction vials following microwave heating (see Figure 258). This residue is 

believed to be phosphate salt byproducts from the reaction mixture that are less soluble in the 

DMF/H2O reaction mixture than their carbonate alternatives. However, this phase separation may also 

result in inhomogeneous mixing of oxide and polymer components within the hybrid product.  

 

As in the case of using the K2CO3 base, reactions mixtures containing 3 ml DMF and 2 ml aqueous base 

resulted in darker hybrid products and reduced yields (see Figure Figure 258). When this ratio was 

changed to 4 ml DMF and 1 ml aqueous base, the polymers were brighter in colour and produced in a 

greater yield. In both cases, reducing the concentration from 2M to 1M slightly reduced the yield. 

Yields were also lower for K3PO4 than for K2CO3. 

 

  

Figure 258:  Al:STO/DBTS-DBTS Hybrid samples containing 10 wt.% Al:STO synthesised from various DMF:[K3PO4] 
reaction solutions. a) Hybrids dispersed in reaction mixture after completion of the microwave-assisted 
polycondensation reaction, b) Hybrid samples after isolating, washing, and drying.  
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Figure 259 contains the HER data for the DBTS-DBTS@F81A 10 wt.% hybrids prepared from 

DMF/K3PO4 reaction mixtures. As with the DMF/K2CO3 samples, the relationship between reaction 

yield and photocatalytic activity is clear. Lower yields always result in lower activities. The higher yields 

were also obtained at higher DMF:H2O ratios. For these two samples, the highest activity was observed 

when using a higher concentration of K3PO4.  

 

Compared to K2CO3, the HER rates are significantly higher when the reaction is conducted in the 

presence of K3PO4. These rates are comparable to those observed for DBTS-DBTS synthesised from 

toluene/K2CO3 reaction mixtures. Given the high yields and uncompromised activity compared with 

the pure polymer, indicating that the polymer is of high purity and not subject to reduced activity from 

byproducts, K3PO4 appears to be a highly promising base in the preparation of DBTS-DBTS/oxide hybrid 

photocatalysts. Furthermore, these photocatalysts also showed significant relative improvements in 

activity after photodepositing a Pt co-catalyst, despite Rh/Cr2O3 being present on the oxide particle 

surfaces.  

 

However, since some unincorporated Al:STO residue was identified amongst the white aqueous phase 

that had separated in the reaction, this raises questions regarding the complete incorporation of 

oxides into the hybrid materials. For this reason, and for a more direct comparison with the literature 

methods,309 DMF/K2CO3 was the selected reaction medium for further in-situ hybrid photocatalysts 

preparation reactions. Furthermore, attempts to synthesise the co-polymer DBTS-Ph2a in DMF/K3PO4 

 

Figure 259: HER rates for Al:STO/DBTS-DBTS Hybrid samples containing 10 wt.% Al:STO synthesised from various 
DMF:[K3PO4] reaction solutions. Yields are presented on the secondary axis.  X-axis labels present the volume and 
concentration of K3PO4 used for each sample. Sample label in brackets refers to the sample of flux-synthesised Al:STO 
used in the hybrid. The presence of absence of an ‘A’ denotes whether or not the Al:STO sample was pre-impregnated 
with a RhCrOx co-catalyst. 
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mixtures had resulted in impure products, low yields, and low activities when compared with 

DMF/K2CO3. DMF/K2CO3 was therefore selected as a more appropriate reaction mixture for 

subsequent experiments since several other polymers would be prepared in addition to DBTS-DBTS.  
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4.8 DBTS-DBTS/Al:STO 
 

Following the successful distribution of oxide particles into a polymer matrix using the DMF/K2CO3 

reaction mixture, further DBTS-DBTS/Al:STO hybrid samples must be prepared with various polymer 

and oxide component ratios. Although previous research has suggested that a 10 wt.% loading of TiO2 

resulted in a significant increase in activity,309 further improvements in area-normalised HER rates may 

be obtained by increasing the oxide content further. Work presented in Chapter 3 and the previous 

section suggests that altering the polymerisation reaction conditions, including via the addition of 

oxide particles, can significantly impact the resulting photocatalytic activities of the polymer 

component. Therefore, any enhancement may not be directly attributable to charge transfer at the 

hybrid interface.  

 

Hybrids containing only 10 wt.% oxide present an inherent issue with regard to the distribution of 

oxide particles. SEM images show that oxide nanoparticles are distributed both on the surface and 

inside the bulk of larger polymer particles. This is unsurprising given the low oxide loading 

concentration and the higher density of SrTiO3 compared with the polymer. However, organic polymer 

exciton diffusion lengths are only anticipated to be on the order of 5 – 10 nm. As such, only a small 

percentage of photogenerated excitons will be capable of diffusing to the interface before extraction 

can occur. Furthermore, the oxide particles located in the polymer bulk may be capable of trapping 

electrons that are unable to react further with water due to their inaccessible surfaces. 

 

4.8.1 Synthesis and Physical Characterisation 

Four further hybrid samples of DBTS-DBTS/Al:STO were subsequently synthesised containing 50%, 

100%, 150%, and 200% relative weights of the oxide component compared with the theoretical 

polymer yield. The polymer syntheses were conducted on the 0.25 mmol scale in 4.5 ml DMF and 

0.5 ml of 1M K2CO3. Pd(dppf)Cl2 was selected as the Suzuki cross-coupling catalyst with a 0.66 mol% 

loading. The microwave syntheses were conducted at 120 °C for 1.5 hr, and the microwave power was 

limited to 120 W. The reaction conditions and obtained yields are presented in Table 29. 

 

The DMF:K2CO3 ratio was chosen because yields were improved at higher concentrations of DMF. The 

base concentration was selected to be 1 M because reactions using 2 M K2CO3 resulted in the 

deposition of some oxide particles on the reaction vial walls rather than being entirely incorporated 

into the hybrid product (see Figure 255). Furthermore, 0.5 ml of 1M results in the addition of 0.5 mmol 

of base molecules. This is 2 equivalents of base per unit of the monomer reagents and hence 1 
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equivalent of the functional groups. Previous reactions containing 2 ml of 2 M base for the same scale 

reaction included an excess of base sixteen times the concentration of the monomer reagents. Typical 

Suzuki reactions only require 2-3 equivalents of base for the reaction to run successfully.251 

 

The reactions ran to completion and produced bright yellow homogeneous mixtures. The polymers 

were obtained in high yields between 75% and 101%. On average, the yield decreases as the amount 

of oxide present in the reaction mixture increases. SEM images and EDS maps of the resulting hybrid 

materials are presented in Figures 260 to 262. As can be seen in these images, the Al:STO nanoparticles 

are well dispersed inside the DBTS-DBTS polymer matrix. At lower oxide concentrations, more pure 

polymer domains appear. However, even at 200 wt.% Al:STO, a greater volume of polymer is present 

and much of the oxide is embedded in the bulk of polymer particles. This implies that even higher 

ratios may be required to ensure a thin polymer layer surrounds oxide particles as per the desired 

model. It also remains unclear how well the two phases will adhere to one another following 

ultrasonication and irradiation. 

 

The polymer component of M154 was only synthesised with a 27% yield. However, it should be stated 

that this yield assumes that no solids were lost during the transfer and washing stages of the reaction 

work-up, i.e. 450 mg of the 465 mg product obtained are assumed to be oxide. The yield measure is 

further exaggerated since the polymerisation reaction was performed on a 0.125 mmol scale with a 

theoretical yield of 55 mg. In this case, each milligram of product lost during workup and transfer 

equates to a drop in polymerisation yield of almost 2%. As such it is difficult to determine what the 

true reaction yield was and what the final polymer content is in the final hybrid polymer. Resultingly, 

the polymer content of M154 is likely to lie somewhere between 3 and 10 wt.%. 

 

Table 29:  RhCrOx@Al:STO/DBTS-DBTS Hybrid samples containing 10 – 900 wt.% Al:STO synthesised from DMF/K2CO3 
reaction solutions and a 9:1 ratio of organic solvent to aqueous base. 

ID Polymer Oxide 
Mass 
(mg) 

solvent 
Vol 
(ml) 

Base 
Concentration  

(mol dm-3) 
Vol 
(ml) 

Yield 
(%) 

M124 DBTS-DBTS F81A 10 DMF 4.5 K2CO3 1 0.5 101 
M130 DBTS-DBTS F81A 200 DMF 4.5 K2CO3 1 0.5 81 
M131 DBTS-DBTS F81A 150 DMF 4.5 K2CO3 1 0.5 75 
M132 DBTS-DBTS F81A 100 DMF 4.5 K2CO3 1 0.5 97 
M133 DBTS-DBTS F81A 50 DMF 4.5 K2CO3 1 0.5 93 

M154[a] DBTS-DBTS F81B 450 DMF 4.5 K2CO3 1 0.5 27 
[a] The DBTS-DBTS component of M154 was synthesised on the 0.125 mmol scale, since such large quantities of the oxide were required 
to achieve s 9:1 ratio. 
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SEM Images EDS map Sr Kα1 EDS map S Kα1 

Figure 260: SEM images and EDS maps of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst M130. M130 contains a target 
Al:STO content of 67 wt.%, assuming a 100% polymer synthesis yield.  
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SEM Images EDS map Sr Kα1 EDS map S Kα1 

Figure 261: SEM images and EDS maps of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst M131. M131 contains a target 
Al:STO content of 60 wt.%, assuming a 100% polymer synthesis yield. 
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SEM Images EDS map Sr Kα1 

(Al:SrTiO3) 

EDS map S Kα1 

(DBTS-DBTS) 

Figure 262: SEM images and EDS maps of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst M133. M133 contains a target 
Al:STO content of 33 wt.%, assuming a 100% polymer synthesis yield. 

 

4.8.2 Area-normalised vs Mass-normalised Photocatalytic Activities.  

 

Before testing these hybrid materials for their photocatalytic activity, it is important to highlight issues 

regarding the reliability of using mass-normalised hydrogen evolution rates to compare 

photocatalysts. Whilst high mass-normalised photocatalytic efficiencies can imply a cheap and hence 

more commercially-viable product, it is inherently very challenging to compare different materials for 

their overall photocatalytic activity. 
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Nowhere is this more apparent than hybrid photocatalysts. Strontium titanate has a density of 5.13 g 

cm-3,339 meanwhile the semicrystalline polymer DBTS-DBTS, which is only composed of the lighter 

elements C,H,S, and O, is considerably less dense. Furthermore, Al:STO only absorbs light in the UV-

region of the spectrum. As such, for a hybrid material that only contains 10 wt.% polymer, 50 mg of 

the hybrid photocatalyst is required to achieve the same visible light absorption as 5 mg of the pure 

polymer.  

 

To investigate the importance of this, the photocatalytic performance of M154  (90 – 97% Al:STO) was 

tested with different loadings of the photocatalyst from 5 to 60 mg. These samples were dispersed in 

5 ml of a 1:1:1 mixture of MeOH, H2O, and TEA. The resulting hydrogen evolution rates, in µmol hr-1 

for this sample are presented in Figure 263. 

As expected, the hydrogen evolution rate over a constant area increases with the amount of 

photocatalyst dispersed. However, this increase is not linear and tends asymptotically to a saturation 

value. This is because at high concentrations, the solution becomes saturated and all of the incident 

light that can be absorbed is absorbed according to the Beer-Lambert law. 

 

By assuming a 10 wt.% polymer content, it is possible to compare the photocatalytic activity of the 

hybrid photocatalyst M154 with the pure polymer prepared under the same conditions, M141, for a 

given mass of polymer. Figure 264 contains the HER rates for M141, M141 + 0.5 wt.% Pt, and M154 

for masses of polymer from 0.5 to 5 mg. M154 was measured up to 60 mg of hybrid as the true polymer 

content of this photocatalyst is unknown and likely to be lower than 10 wt.%. 

 

 

Figure 263: Absolute HER of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst, M154, containing ~95 wt.% Al:STO, for 
different photocatalyst mass loading concentrations.   
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The pristine polymer follows the same trend as was observed for the hybrid photocatalyst. The 

hydrogen evolution rate for a given irradiation area increases asymptotically to a saturation value. 

This confirms that previous studies on DBTS-DBTS, in which 5 mg of polymer was weighed out, are 

taken in the saturation regime. It is expected that all other polymers synthesised in chapter exhibit 

similar absorption coefficients and that 5 mg is comfortably in the saturation regime for all of them, 

ensuring the results comparable.   

 

Although the hybrid material outperforms the pristine polymer, the difference of only 8.5 µmol hr-1 is 

of a similar magnitude to the photocatalytic activity of the oxide componentF81A and indicates that 

this hybrid material is no more active that a simple mixture of the two components would be. The 

hybrid photocatalyst also remains considerably less active than the pristine polymer after loading with 

0.5 wt.% of platinum as a co-catalyst. 

 

 

To reinforce the issue surrounding mass-normalised photocatalytic activities, the same data have been 

converted to their mass-normalised rates, µmol per unit mass of total photocatalyst, and are 

presented in Figure 265. Despite having the lowest solar-to-hydrogen conversion efficiency, the vials 

containing the least photocatalyst produced the highest mass-normalised rates since the HER does 

not scale linearly with mass. Likewise, for a given irradiation area, the hybrid material produced a 

greater absolute quantity of  hydrogen than the pristine polymer but exhibits significantly lower mass-

normalised HER rates due the sample only containing 10 wt.% polymer. When dispersing 0.5 mg of 

DBTS-DBTS and loading it with 0.5 wt.% Pt, mass-normalised HER rates of over 170 mmol hr g-1 were 

 

Figure 264:  Absolute HER of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst, M154, containing a target Al:STO 
content of 90 wt.%, plotted against the approximate weight of the organic polymer component assuming a 100% 
polymer synthesis yield. HER rates for DBTS-DBTS before and after Pt photodeposition are also presented for different 
mass dispersions of the polymer.  
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obtained. Such values are comparable to the highest recorded in the literature for sacrificial hydrogen 

evolution.237 It is therefore vital that all future published research should include data regarding the 

concentration of photocatalyst, the irradiation area, and ideally be measured in the saturation regime. 

STH and AQY data are also more reliable for comparing photocatalysts prepared by different research 

groups. 

 

Unfortunately, the setup used does not enable reliable area-normalised data since solutions are 

dispersed in cylindrical vials and the incident light path length is not consistent across the irradiated 

area. However, the irradiation area can be approximated as 6.7 cm2 with an average path length of 

0.75 cm.  

 

 

4.8.3 Sacrificial Hydrogen Evolution  

The remaining DBTS-DBTS/Al:STO hybrids were tested for their hydrogen evolution photocatalytic 

activity with and without the photodeposition of a platinum co-catalyst. Unlike earlier measurements, 

in which 5 mg of the photocatalyst was loaded into each headspace vial, samples M130 – M133 were 

loaded such that approximately 5 mg of the polymer was present in each sample. In the case of M130, 

in which the polymer was synthesised with an 81% yield and contained 200 mg of F81A, 16.2 mg of 

the hybrid material was weighed into each vial. M154, representing the sample containing 90 wt.% 

Al:STO, was only weighed out with an equivalent of 3 mg polymer. This is because it was produced at 

a smaller scale and the polymerisation reaction yield was lower. Figure 266 contains the photocatalytic 

hydrogen evolution activity data from these samples when dispersed in 5 ml of a 1:1:1 mixture. The 

 

Figure 265:  Mass-normalised HER rates of RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst, M154, containing a target 
Al:STO content of 90 wt.%, plotted against the approximate weight of the organic polymer component assuming a 100% 
polymer synthesis yield. Mass normalised HER rates for DBTS-DBTS before and after Pt photodeposition are also 
presented for different mass loadings of the polymer. 
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data is not normalised according to the mass of the photocatalyst. The platinum co-catalyst was 

loaded as 0.5 wt.% of the total photocatalyst mass.  

 

In the absence of a platinum co-catalyst, the HER rates increased as the Al:STO content increased. The 

exception being of the hybrid containing 90 wt.% Al:STO. However, this sample only contained 3mg of 

polymer instead of 5mg. Non-hybrid physical mixtures of F81A and DBTS-DBTS were also tested. 

Whilst these also achieved photocatalytic activities greater than the sum of their components, they 

remained less active than their hybrid equivalents. There was also no increase in activity with respect 

to increasing the proportion of oxide in the mixture. However, these samples only exhibited small 

increases in activity after loading with a platinum co-catalyst. Furthermore, the Pt-loaded pristine 

polymer sample exhibited the highest photocatalytic performance.  

 

The origin of the improved photocatalytic activity in hybrid photocatalysts remains unclear. Whilst it 

is hoped that the primary increase results from charge transfer between the organic and inorganic 

components, many other factors could be acting together to explain the observation. The first set of 

factors relates to the physical structure of the hybrids, whereas the second set correspond to the 

chemical composition of the organic polymer phase.  

 

When the polymer is dispersed across the surfaces of an excess of inorganic particles, there are fewer 

large polymer particles in which bulk charge recombination events can occur. Instead, the polymer 

primarily exists as smaller particles and thin layers coating oxide particles and hence gives rise to an 

increased surface area-to-volume ratio. The polymer’s surface morphology may also be influenced by 

 

Figure 266: Absolute HER rates for RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalysts containing different weight 
fractions of Al:STO before and after loading with 0.5 wt.% Pt. Dispersions were prepared such that vials contain 
approximately 5 mg of the polymer component. HER rates for two non-hybrid physical mixtures are also presented (No 
Pt). 
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the presence of oxide particles in the reaction mixture. However, there is limited evidence for this in 

the SEM images. Generally, however, decreasing the bulk recombination rate in polymers is essential 

given the short exciton lifetimes in organic semiconductors. However, an increase in activity resulting 

from this would be observable regardless of the chemical composition of the inorganic powder 

substrate and not indicative of hybrid charge transfer.  

 

The presence of inorganic photocatalysts within the polymerisation reaction mixture may influence 

the average molecular weight of the polymer, its polydispersity, as well as the composition, 

distribution, and concentration of byproducts and impurities such as residual palladium. Furthermore, 

since a photocatalyst that had been pre-loaded with a RhCrOx co-catalyst was used, increased oxide 

content in the reaction mixture would also have led to an increased residual rhodium content in the 

polymer phase. This increase could explain why the activity of Pt-free hybrid catalysts increases with 

respect to oxide content, and why further Pt-loading on the photocatalyst surface only results 

marginal additional gains. 

 

4.8.4 Change of Sacrificial Reagent  

 

Previous HER measurements have all been performed from a dispersion of photocatalyst in a 1:1:1 

mixture of TEA, water, and MeOH. However, this does not provide much information regarding the 

effectiveness of charge transfer from polymer to the oxide conduction band, since DBTS-DBTS is 

already highly active under these conditions. To gather more information about the photocatalytic 

activity of the hybrids systems, the same systems were also tested for hydrogen when dispersed in a 

20 vol% solution of MeOH. MeOH does not act as an efficient hole scavenger for DBTS-DBTS. However, 

RhCrOx/Al:STO is capable of sacrificial hydrogen evolution in its presence. Dispersions containing 

physical mixtures of the two photocatalysts were also prepared for comparison. All samples were 

prepared to contain approximately 5 mg of polymer, with the exception of the purse Al:STO sample, 

which only contains 5 mg of F81A. The resulting hydrogen evolution rates are presented in Figure 267. 
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As the mass percentage of the oxide increases, so does the rate of hydrogen evolution.  Compared to 

the pure Al:STO sample, all hybrids and mixtures, with the exception of those containing 90% Al:STO,  

performed worse than the inorganic photocatalyst by itself material. The reduced photocatalytic 

activity likely arises because of competitive absorption of the incident UV light.  The samples 

containing 10% and 33% Al:STO also contain less than 5 mg of the oxide and so the maximum 

absorption by the oxide component is limited further. However, the lower rate of the 50 wt.%  

samples, containing 5 mg polymer and 5 mg oxide, are particularly notable.  

 

Compared with the organic/inorganic mixtures, the hybrid photocatalysts respond differently to the 

oxide content. At high oxide content (60 and 67 wt.% Al:STO), the physical mixture is more active than 

the hybrid photocatalysts. If the hydrogen evolution and methanol reduction reactions are assumed 

to take place on the oxide surface, this can be rationalised by a reduction in exposed oxide surfaces 

following the embedding of oxide particles in the polymer matrix. The oxide particles may also have 

lost some of their co-catalyst coatings during the in-situ polymerisation.  

 

Hybrids containing 90% Al:STO are expected to have a significant proportion of exposed oxide surfaces 

and so this material performs similarly to pure RhCrOx/Al:STO. Since this sample is expected to contain 

27 mg oxide and 3 mg polymer, competitive absorption of incident UV light is minimised. However, 

this hybrid performs slightly better than both the pure oxide and the oxide/polymer mixture. This can 

likely be explained by the increased surface area of the polymer, which leads to an increased 

 

Figure 267:  Absolute HER rates for RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalysts containing different weight 
fractions of Al:STO using 20 vol.% MeOH as the sacrificial reagent solution. Dispersions were prepared such that vials 
contain approximately 5 mg of the polymer component. HER rates for mass-equivalent non-hybrid physical mixtures are 
also presented. Photocatalysts are not loaded with additional Pt co-catalysts.  
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contribution by the polymer component. However, interfacial charge separation and injection of 

electrons from the polymer into the oxide may also be possible.  

 

Based on observations listed above, the hybrids that contain small amounts of oxide (10 and 33%) are 

expected to perform worse than the physical mixtures, since there is less oxide surface area available 

than in the case of the physical mixture. However, the hybrid photocatalysts perform better. This 

difference may arise from a weighing error. The 10% mixture contains 5 mg polymer, but only 0.5 mg 

of the oxide. Since the weighing scales are only accurate to 0.1 mg and there is a risk of losing material 

during transfer stages, there is a large uncertainty regarding the absolute oxide content in the mixture 

tested. Likewise, the 33% mixture contains 5 mg polymer but only 1.7 mg of the oxide.  

 

A second possible explanation for this is that the polymer may utilise MeOH as a sacrificial reagent 

more efficiently after loading with either Rh, or Cr co-catalysts. By completing the polymerisation 

reaction in the presence of co-catalyst loaded oxide particles, residual co-catalyst my find its way into 

the polymer matrix and enhance the hydrogen evolution activity of the polymer component in this 

system, even at exceptionally low concentration. Charge transfer between the organic in inorganic 

phases may possibly also lead to enhanced rates in these hybrid materials. However, the results from 

hybrids containing higher oxide loadings imply that this is unlikely. 

 

Overall, it appears unlikely that the formation of DBTS-DBTS/RhCrOx-Al:STO hybrid photocatalyst 

particles leads to enhanced photocatalytic activity via a direct change separation and transfer at the 

interface. However, further experiments including the synthesis of hybrid materials which have not 

been pre-loaded with co-catalysts is required. This can be achieved by photodepositing the relevant 

co-catalysts after hybrid preparation.  
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4.8.5 Overall Water Splitting 

 

These RhCrOx/Al:STO@DBTS-DBTS co-polymers were subeseuquently tested for their overall water 

splitting photocatalytic activities. The results of these samples, along with those for pure DBTS-DBTS 

and RhCrOx/Al:STO are presented in Figure 268. Physical mixtures of DBTS/DBTS + Al:STO were also 

compared for the 50% anf 67% mass ratios. Sample vials contained approximately 5 mg of polymer 

each.  

 

The hydrogen evolution rates for the hybrid materials closely mirror those of the same hybrid 

materials dispersed in MeOH. These values are only margianlly larger than for the pure DBTS-DBTS 

polymer. However, there was no oxygen detected for any of these systems, indicating that the oxygen 

reduciton reaction is taking place. It is unclear if the hydrogen originated due to photogenerated 

electrons that result from the sacrificial oxidation of impurities, oxidation of water, or oxidation of 

itself.   

 

Physical mixtures of DBTS-BDTS + Al:STO produced less hydrogen than the equivalent hybrids. This 

may be because of the increased surface area of the polymeric components in hybrid systems rather 

than any indicatin of charge transfer. There was also no oxygen detected in these physical mixtures, 

indicating that any oxygen produced by the Al:STO component was subsequently reduced.    

 

 

Figure 268:  Absolute HER and OER rates for RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalysts containing different 
weight fractions of Al:STO when dispersed in pure water without any sacrificial reagents. Dispersions were prepared 
such that vials contain approximately 5 mg of the polymer component. HER rates of two mass-equivalent non-hybrid 
physical mixtures are also presented (green squares). Photocatalysts are not loaded with additional Pt co-catalysts. 
Samples irradiated for 2 hours using AM1.5G solar-simulated irradiation.  
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4.8.6 Photocatalytic Hydrogen Peroxide Production 

To confirm whether oxygen reduction is taking place, the same hybrid samples were dispersed in 

water and irradaited under an oxygen ated atmosphere for two hours. The reuslting H2O2 

concentrations as determined by a dipstick test are presented in Figure 269.  

 

Notably, Al:STO by itslef does not produce hydrogen peroxide, The 50/50 mixture reuslted in low 

peroxide concentrations, and the hybrid materials exhibited H2O2 production rates between that of 

pure DBTS-DBTS and the 50/50 physical mixture. Increased oxide content resulted in lower peroxide 

concentrations. As such, this trend is the opposite of that observed for H2 evolution for pure water.  

 

It is diffucult to provide a full interpretation of these results. The low H2O2 concentration of the physical 

mixture may imply that exposed oxide surface leads to degradation of any generated peroxide species. 

However this may also result from the competetive absoprtion of UV-irradiation by oxide and polymer 

components.  

 

By contrast the 50/50 hybrid sample produced significant amounts of H2O2 that were almost 

comparable to that observed in DBTS-DBTS. Likewise, this has several possible explanations. The first 

relates to the fact that that there is very little oxide surface exposed due to encapsulation by the 

polymeric component. This could negate any peroxide degradation processes and lead to increased 

absoption by the organic phase relative to the oxide since light must first pass through the polymer 

before reaching the oxide particle. However, it is also possible that the enhanced H2O2 production rate 

of the hybrid material relates to photogenerated charge injection from the oxide component into the 

 

Figure 269: Hydrogen peroxide dip stick test for DBTS-DBTS/Al:STO hybrid photocatalysts. Samples from left to right: 
DBTS-DBTS, Al:STO, 67 wt% Al:STO Hybrid, 60 wt.% Hybrid, 50 wt.% Al:STO, 33 wt.% Al:STO, 50 wt.% Mixture. Test 
conditions: 5 mg equivalent polymer dispersed in 5 ml deionised water via ultrasonication. Irradiated for 2 hours with 
solar simulated lights. Vials were not degassed so to maintain an oxygenated atmosphere.  
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polymer or accelerated charge separation/extraction due to inbuilt electric fields at the interface, such 

as in  Z-scheme setup.  

  

4.8.7 Discussion 

The performance of these hybrid materials provides some information regarding the type of 

heterojunction formed between Al:STO and the DBTS-DBTS homopolymer. However, overall, the 

exact relationship remains very unclear, particularly since the photocatalytic activities of the physical 

mixtures did not behave as expected.  

 

 
 

Figure 270: Theoretical band alignments, band bending, and charge transfer pathways at the interface of an organic 
polymer and Al:STO. a) Type-II heterojunction, b) Z-scheme heterojunction. Accurate determination of band alignment is 
not possible without further XPS measurements.  

 

Figure 270 contains the two theoretical heterojunction models described in section 4.2: the type II 

heterojunction, and the Z-scheme heterojunction. Results from the sacrificial reagent solution 

containing TEA imply that a type II heterojunction may have been formed.  This is because enhanced 

photocatalytic activities are observed under sacrificial conditions for the hybrid materials, whereas 

Al:STO by itself does not appear to be capable of driving sacrificial hydrogen evolution under these 

strongly alkaline conditions. Holes, therefore, must be consumed from the surface of the polymeric 

material.  

 

Photocatalytic activity when using MeOH also appears to agree with this prediction of a Type II 

heterojunction. The polymer appears to be incapable of driving sacrificial oxidation of methanol. 

Therefore, if holes are transferred from the oxide to the polymer, MeOH oxidation on the oxide 

surface is inhibited. This trend is only reversed in the hybrid sample containing 90% Al:STO  by mass. 

a 
b 
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By contrast, photocatalytic activity of the hybrids would be expected to match that of pure Al:STO if 

the heterojunction was a Z-scheme type.  

 

Photocatalytic activities of the hybrid materials in pure water reinforce the observations in MeOH as 

there is no sign of oxygen evolution from the surface of Al:STO. However, the possibility of oxygen 

evolution followed by oxygen reduction cannot be ruled out, as the hybrid materials also demonstrate 

the capability of photocatalytic hydrogen peroxide production.  

 

In both MeOH and deionised water, trace amounts of hydrogen are detected. It is unclear if this arises 

from low activities for overall water splitting followed by rapid oxygen reduction, if holes are 

consumed by another process. Possibilities for alternative processes include self-oxidation and 

degradation of the polymer or sacrificial oxidation of trace impurities. The increased hydrogen 

evolution from the hybrid materials relative to the pristine polymer is consistent with an increased 

polymer surface area. 

 

Although trends for the hybrid materials imply a type II heterojunction,  these results are complicated 

by the trends observed for the physical mixtures of polymer and oxide. These samples contained 

Al:STO and DBTS-DBTS particles that were independently loaded into the headspace vials and mixed 

via ultrasonication before testing for photocatalytic activity. It was initially assumed that the two 

photocatalyst components would behave independently. In this case, photocatalytic activities would 

only be affected in terms of competitive absorption of UV-light with photon energies above the 

bandgap of Al:STO.  

 

In MeOH, the hydrogen evolution rates of the physical mixtures only compete with pure Al:STO (5 mg 

oxide) when samples contain more than 10 mg of oxide alongside 5 mg of polymer. This could be 

explained by competitive absorption given that the polymers do not contain heavy elements and do 

contain very strongly absorbing chromophores. As such, even when the mass ratio is 1:1, most of the 

UV light is absorbed by the polymeric component.  

 

However, when tested in a 1:1:1 solution, these physical mixtures exhibited photocatalytic activities 

greater than the sum of their two parts. This is particularly surprising since Al:STO by itself cannot 

achieve sacrificial hydrogen evolution under these conditions. It is possible that charge transfer 

between polymer and oxide particles is also achieved for physical mixtures. This may occur if Van de 



 

 

Ian Coates, 200840765 294 

Waals and electrostatic interactions between charged particle surfaces result in physical contacts and 

the formation of heterojunctions.   

 

The behaviour of the physical mixtures in pure water is also notable. In these cases, hydrogen 

evolution from the physical mixtures is slower than that observed from the equivalent hybrid 

photocatalysts. Furthermore, no oxygen was observed from these physical mixtures. These 

observations are contrary to those for the same mixtures dispersed in  20 % v/v MeOH which implied 

that a physical mixture containing 5 mg polymer and 10 mg oxide should drive the overall water 

splitting reaction at a similar rate to that of 5 mg of oxide by itself.  Even if the oxygen is consumed by 

the oxygen reduction reaction, the hydrogen evolution reaction should be greater in the physical 

mixtures. This implies that the presence of polymer inhibits the hydrogen evolution reaction on the 

oxide surface. 

 

As mentioned above, this may happen because of the formation of a heterojunction via electrostatic 

interactions between particles. However, an alternative explanation is that energy transfer from the 

Al:STO nanoparticles to the polymer occurs via Förster Resonance Energy Transfer. This is a through-

space energy transfer mechanism, the distance-based probability of which scales as 1/R6, making it a 

relatively long-distance energy transfer mechanism.  

 

Enhanced hydrogen evolution is observed for physical mixtures in MeOH, but not in pure water. The 

reason for this is unclear. The primary difference between these two systems is the photocatalytic 

oxidation reaction. It is therefore plausible that the rate of oxidation of MeOH competes with the rate 

of energy transfer via FRET, but the 4 h+ oxidation of water is slower and so FRET takes place more 

rapidly. The polymer also disperses more readily in MeOH. This may have an impact on whether the 

polymer and oxide particles agglomerate or disperse. As such this would have an impact on both FRET 

and the formation of VdW interfaces.   

 

It is also important to consider the results from the hydrogen peroxide tests, since these are also 

performed in deionised water. If the hybrid materials operate via a type II heterojunction mechanism, 

electrons will be transferred from the higher-energy DBTS-DBTS LUMO to the CB of SrTiO3. Since 

hydrogen peroxide production does not take place at the Al:STO/water interface, the hydrogen 

peroxide dip-stick results imply that this charge transfer process does not occur. Thus these results 

cast doubt on the prospect of a type II heterojunction. 
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The 5mg/5mg physical mixture produces substantially less hydrogen peroxide than just 5 mg of the 

polymer. This implies competitive absorption of UV-radiation amongst the two components even at 

low concentrations and reinforces the probability that the low activity of the 5/5 physical mixture in 

MeOH does not arise due to competitive absorption, but because the oxide excited state is quenched. 

 

However, the 5/5 physical mixture also produces less hydrogen peroxide than both the 5/5 and 10/5 

hybrids. These results imply one of two things. Either the rate of hydrogen peroxide production is 

increased due to increased polymer surface area, or that electrons are being transported across the 

heterojunction from the oxide and injected into the polymer.   

 

An alternative heterojunction not considered until now is that of a Type I heterojunction. These 

heterojunctions occur when the band edge potentials of a wide bandgap semiconductor straddle 

those of a narrow bandgap semiconductor. It could be argued that, instead of forming a Z-scheme 

heterojunction, DBTS-DBTS/Al:STO hybrid materials form a type I heterojunction. A simplified model 

of how electrons would move across such a junction are provided in Figure 271.  

 

In the case of a type I heterojunction, all photogenerated charges are injected into the polymeric 

component. This structure could potentially explain why hybrids exhibit improved photocatalytic 

activity with TEA, reduced photocatalytic activity with MeOH and show no evidence of overall water 

splitting whilst also being capable of driving the ORR to produce hydrogen peroxide.  

 

Figure 271: Theoretical band alignment, band bending, and charge transfer pathway at the interface of an organic 
polymer and Al:STO if a Type-I interface is formed. These heterojunctions form as a result of a wide bandgap 
semiconductor with band edges that straddle those of a narrow bandgap semiconductor material.  

 

These photocatalysis results indicate that hybrid materials exhibit enhanced polymer-centred 

photooxidation and photoreduction reactions. The results from physical mixtures imply that the 

excited state of the oxide nanoparticles is quenched, even when a direct heterojunction is unlikely. As 
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such, it is incredibly challenging to confirm the cause of the enhanced activities in the hybrid materials 

and further studies are required to confirm if a type I heterojunction is formed.  

 

The increased activity of the hybrid materials relative to the homopolymer may also arise because of 

increased polymer surface areas. Alternatively, residual concentrations of Rh co-catalyst may become 

impregnated into the polymer matrix during the in-situ polymerisation reaction. Synthesis 

optimisation of hybrid materials also shows that photocatalytic activities of conjugated polymers are 

sensitive to the synthesis conditions in which the polymers were prepared,  including in the presence 

of Al:STO. Not only does this suggest that Rh and Cr are likely present in the hybrid materials to varying 

degrees, but polymer purity, chain length, and residual palladium concentrations may also be affected.  

 

Residual co-catalyst concentrations are likely responsible for why sacrificial photocatalytic activity 

without Pt increases as the amount of RhCrOx/Al:STO is present in the reaction mixture. This also 

explains why the increase in photocatalytic activity is dampened as additional Pt is photodeposited on 

the surface, as this would be in agreement with results from Chapters 2 and 3.  

 

4.9 DBTS-Ph/Al:STO 
 

Following the initial results of DBTS-DBTS/RhCrOx-Al:STO hybrid materials, further hybrid materials 

were prepared by combining the polymer DBTS-Ph and the pristine Al:STO without a RhCrOx co-

catalyst pre-impregnated onto its surface. DBTS-Ph was selected as a potentially more promising 

candidate for the formation of a successful hybrid since it is calculated to have the highest-lying LUMO 

energy level of the polymers investigated in Chapter 3. It is hoped that the increased reduction 

potential, which also correlates with the wider optical bandgap observed for this material, would 

provide a greater driving force for charge extraction into the CB of Al:STO.  

 

A hybrid containing 90 wt.% of Al:STO was selected, since this ratio was shown to correlate with an 

appropriate amount of oxide surface exposed in the case of the corresponding DBTS-DBTS hybrid 

materials. By spreading the polymer content across the surfaces of such a large amount of oxide also 

minimises the number of large polymer particles and maximises that chance that any one point within 

the polymeric phase is within one exciton diffusion length of an oxide-polymer interface.  

 

Hybrid photocatalyst M187 was prepared from 4.5ml of DMF and 0.5 ml of 2M K2CO3 solution. It was 

heated to 120 °C for 1 hr 45 min under constant stirring. The DBTS-Ph polymer was synthesised on a 

1.25 mmol scale with a theoretical yield of 36 mg in the presence of 327 mg of F85, a 4 mol.% Al-doped 
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SrTiO3 photocatalyst that was prepared by the flux method on a 10g scale by heating for 48 hours at 

1150oC with SrCl2 and Al2O3 nanopowder. After subtracting the added Al:STO, 25 mg of polymer was 

determined to have been obtained, equalling a yield of 69%.  

 

4.9.1 Pt-loading Study 

Earlier attempts to load the hybrid photocatalysts with a photodeposited co-catalysts used 0.5 wt.% 

Pt. This follows the Pt-loading optimisation study in chapter 3. However, for this hybrid material, in 

which the polymer only constitutes 10% of the mass, it is unlikely that a blanket 0.5 wt.% loading 

would be optimal. Furthermore, the optimal loading for photodeposited co-catalysts on Al:STO was 

determined to be 0.05 wt.% Rh, 0.05 wt.% Cr, and 0.1 wt.% Co. Combined this only contains 0.2 wt.% 

metal and indicates that a further reduction in catalyst loading concentration may lead to enhanced 

photocatalytic activities, even for the pure polymeric material. 

 

 

Figure 272: Area-normalised HER rates for the Al:STO/DBTS hybrid photocatalyst, M187, containing 90 wt.% Al:STO with 
a range of Pt-loading concentrations. 

 

Nine samples containing 10 mg of the 90 wt.% DBTS-Ph/Al:STO hybrid material were prepared, each 

sample was loaded with 0 – 2 wt.% platinum during a 1-hour photodeposition period. The samples 

were recapped, degassed, and irradiated for a further 15 minutes before testing the headspace gas 

composition using the high-throughput GC setup. HER testing was undertaken in a 1:1:1 solution using 

TEA as the sacrificial reagent. The resulting area-normalised HER rates are presented in Figure 272. 

The highest HER rate is obtained when the hybrid photocatalyst is loaded with 0.1 wt.% Pt. However, 

this exhibits a very similar rate as when loaded with 0.05 wt.%.  
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Since the inorganic particles were shown to perform best when loaded with 0.05 wt.% Rh, this 

concentration was chosen for all future reactions involving this hybrid material. At this concentration, 

10 mg of the photocatalyst contains 1 mg polymer, 9 mg oxide, and 5 µg of Pt. As a proportion of 

polymer content, this loading is equivalent to 0.5 wt.% and therefore consistent with the results in 

chapter 3. Further tests of Pt loading on the pristine polymer would be required to determine the 

optimal concentration in the non-hybrid case.  

 

It should be noted that by only loading 10 mg into each headspace vial, the polymer is not likely to be 

operating at its highest area-normalised efficiency. However, since the polymer was prepared on a 

small scale and several more tests involving it had been planned, it was deemed that conserving the 

product was more important than using 50 mg material in each vial.  

 

Whereas loading with 0.1 wt.% Pt more than doubled the photocatalytic activity from 6.4 to 

13.4 μmol hr-1 cm-2, a 109% increase, loading the photocatalyst with 0.5 wt.% Pt only lead to a 

moderate improvement to 9.0 μmol hr-1 cm-2, a 40% improvement. These results suggest that the low 

photocatalytic activities of DBTS-DBTS/RhCrOx-Al:STO hybrids following photodeposition of 0.5 wt.% 

Pt (see section 4.8.3), may have resulted from loading too much Pt co-catalyst. However, DBTS-DBTS 

has previously demonstrated that high Pt loading does not particularly inhibit its photocatalytic 

activity, (see Section 3.6.3). As such, this lower increase is likely still tentatively attributed to residual 

rhodium and chromium resulting from the synthesis procedure involving RhCrOx/Al:STO. However, 

further investigations are required to confirm this.  

 

Whilst it is unclear how residual Rh would affect the Pt-activity dependence of DBTS-Ph/Al:STO had 

F85 been loaded with the co-catalysts prior to in-situ polymerisation, the evidence so far supports the 

hypothesis that residual rhodium interferes with charge transfer to photodeposited Pt in the case of 

DBTS-DBTS/Al:STO. 

 

4.9.2 Sacrificial Reagent-Dependent Activity  

Section 4.9.1 successful demonstrates that the hybrid material M187 can successfully achieve 

sacrificial hydrogen evolution from a 1:1:1 mixture of MeOH, TEA, and H2O. However, it is very difficult 

to identify if charge transfer between the organic and inorganic components has been achieved in the 

hybrid. As such, this hybrid photocatalyst was tested with a range of alternative sacrificial reagent 

combinations (water, 20% MeOH, 5% TEA, and H2O/MeOH/TEA) and with different co-catalysts (None, 

0.05 wt.% Pt, Cr2O3(0.1 wt.% Cr)/Pt(0.05 wt.%), and Cr2O3(0.1 wt.% Cr)/Rh(0.05 wt.%)). Reactions in 
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pure water were also loaded with 0.1 wt.% Co in the form of CoOH to enhance the oxygen evolution 

reaction and improve the overall water splitting activity.     

 

The resulting photocatalytic hydrogen evolution rates are presented in Figure 273. The HER rates are 

particularly enhanced in the presence of TEA and are further enhanced in the 1:1:1 where MeOH is 

believed to improve the wettability and dispersibility of polymeric photocatalysts and acts as a hole 

scavenger for the oxide component. When Pt and Rh co-catalysts are combined with Cr, the hydrogen 

evolution activities in the presence of TEA increases. This indicates that sequential photodeposition 

involving Cr may be an effective way to improve photocatalytic activity of polymeric photocatalysts. 

 

Additionally, the hybrid material can achieve hydrogen evolution from pure water when Rh/Cr or Pt/Cr 

are deposited on the surface. This indicates that sufficient oxide surface is accessible to the water 

molecules and highlights the potential of Pt as a co-catalyst for Al:STO more generally. However, to 

determine if any enhancement is achieved by the formation of a hybrid material compared with the 

individual components, further experiments were required.  

 

4.9.3 Sequential Photodeposition of Co-catalysts  

The DBTS-Ph polymer (M181, synthesised under the same conditions), Al:STO (F85), a physical mixture 

of the two, and the hybrid photocatalyst (M187) were subsequently tested for hydrogen evolution in 

the presence of 5% TEA. Following the sequential photodeposition of Pt and Cr.  Unfortunately, it was 

not possible to perform this experiment in a 1:1:1 solution due to limited availability of TEA at the 

time and research time constraints.  

 

Figure 273:  Area-normalised HER rates for the Al:STO/DBTS hybrid photocatalyst, M187, containing 90 wt.% Al:STO 
when dispersed in a range of different sacrificial reagents and when loaded with Rh and Cr co-catalysts via sequential 
photodeposition.   
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The results of this experiment are presented in Figure 274. Unfortunately, the HER did not improve 

with the formation of the hybrid in comparison with the polymer or the physical mixture. These results 

imply that the hydrogen evolution from the hybrid material originates entirely from the polymer 

component and that the presence of the oxide does not provide any benefit to the overall efficiency 

and charge transfer into the oxide CB appears to have been unlikely. The slight decrease in activity for 

the hybrid and mixture samples can be attributed to partial absorption of the UV portion of incident 

light that is absorbed by Al:STO.   

 

Figure 274: Area-normalised HER rates for the co-polymer DBTS-Ph photocatalyst, M181, synthesised under the same 
conditions as the hybrid polymer. 5 vol% TEA solution was used as the sacrificial reagent and the polymer was loaded 
with Rh and Cr co-catalysts via sequential photodeposition. These photocatalytic activities are compared with physical 
mixture, the hybrid photocatalyst (M187), and Al:STO samples tested under the same conditions. 

 

One problem with using TEA as the sacrificial reagent is such that the co-catalysts my preferentially 

deposit onto the polymer surface over that of the oxide component since TEA is a hole scavenger for 

the polymer and not for Al:STO. Without metal on the oxide surface, it would not be possible for these 

particles to participate in the photoredox reactions. However, in the absence of a hole scavenger, the 

opposite is true, whereby Pt6+ and Rh3+ can only be photoreduced by electrons in the oxide since holes 

are slowly consumed by water to produce oxygen.  

 

4.9.4 Overall Water Splitting 

F85, M181, a mixture of the two, and M187, the hybrid, were subsequently tested for their overall 

water splitting activity from pure water. These photocatalysts were tested after loading with Pt/Cr/Co 

and Rh/Cr/Co. The resulting hydrogen and oxygen evolution rates from this experiment are presented 

in Figure 275.  
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The hybrid photocatalysts present significantly lower activities for overall water splitting than either 

the pure oxide or the physical mixture. The cause of this is unclear, it is likely a result of a decrease in 

dispersibility of the polymer-coated oxide particles since DBTS-Ph is more hydrophobic than the oxide 

particles and oxide particles may be bound together into larger particles by the polymer matrix. 

Furthermore, a smaller percentage of the oxide particles will have an interface with water. Likewise, 

some of the co-catalyst may still have deposited on the polymer surface in preference to the oxide. It 

would be beneficial to repeat this experiment using MeOH as the sacrificial reagent, since the 90% 

DBTS-DBTS/Al:STO hybrid photocatalyst performed as well as the isolated inorganic component and 

the physical mixture. 

 

It is possible that the reduced activity in the hybrid photocatalysts compared to the physical mixtures 

arises from interfacial charge transfer. If the hybrid operates like a type-II heterojunction, electron 

injection from the polymer into the oxide may be accompanied by hole extraction from the oxide into 

the polymer given its more negative HOMO potential, as demonstrated in Figure 276. As the polymer 

cannot drive the oxygen evolution reaction at a high rate, the positively charged polaron may 

subsequently recombine with photogenerated electrons in the Al:STO. Although this mechanism 

would lead to decreased OWS activity, it would indicate that interfacial charge transfer between the 

organic and inorganic components is possible. Transient absorption spectroscopy, through which 

positive polaronic species can be identified, would be a useful tool to provide further information 

about the charge transfer mechanism in this material. 

 

 

Figure 275: Photocatalytic OWS activity of Al:STO, a physical mixture of Al:STO and DBTS-Ph, the hybrid photocatalyst 
Al:STO/DBTS-Ph, and the pure polymer DBTS-Ph. Samples were irradiated for 1 hour under AM1.5G Solar Simulated 
light after being dispersed in 5 ml of deionised water.   Two sets of possible co-catalysts are compared: Pt/Cr2O3/CoOx, 
and Pt/Cr2O3/CoOx. Samples are loaded with 0.05 wt.% Pt/Rt, 0.1 wt.% Cr, and 0.1 wt.% Co via sequential 
photodeposition.  
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Figure 276: Possible band alignment of Type I and Type II heterojunctions that may explain why the photocatalytic 
activity of the hybrid photocatalyst are worse than their physical mixture equivalents.   

 

In the absence of an inorganic component, the DBTS-Ph polymer did produce trace amounts of 

hydrogen gas from water. However, no oxygen was detected. Since DBTS-Ph has demonstrated the 

ability consume oxygen and produce hydrogen peroxide from water via a photocatalytic process it is 

possible that overall water splitting is achieved, and the oxygen component is subsequently 

consumed. Alternatively, the photogenerated holes may be consumed in the process of polymer self-

oxidation, or by the oxidation of other residual impurities. These reasons may also explain why the 

oxygen evolution rates of the hybrid material co-loaded with Pt and Cr is low and H2 and O2 are not 

produced in a 2:1 stochiometric ratio. 

 

These results raise questions regarding the selection of co-catalysts. In the case of Al:STO, 

photodeposition of Cr2O3 on top of the metallic Rh particles prevents the ORR back-reaction from 

occurring and hence allows overall water splitting. Since more oxygen was consumed in the hybrid 

material when co-loading Pt/Cr compared with Rh/Cr, it may be possible to further optimise the 

co-catalyst loading concentrations on the pure polymer photocatalysts to prevent the ORR. Without 

the capability of consuming oxygen, the hydrogen peroxide production reaction ceases, and the 

overall water splitting reaction may be possible. Low-activity OWS has previously been observed on 

polymeric photocatalysts when loaded with an IrO2 co-catalysts, suggesting that this phenomenon can 

be further optimised.160 
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4.10 DBTS-DBTS/BiVO4 

 

In addition to the formation of organic/inorganic hybrid photocatalysts involving Al:STO, hybrids were 

also prepared with BiVO4 with the desire of synthesising direct heterojunction Z-schemes for overall 

water splitting. For these hybrids to work, photogenerated electrons in the BiVO4 particles must 

combine with photogenerated holes in the organic phase, as per the schematic in Figure 277. 

 

BiVO4 was selected since it is a well-known inorganic photocatalyst capable of absorbing visible 

wavelengths of light and driving the oxygen evolution reaction.292,315 DFT calculations at the start of 

this chapter indicate that all of the polymers investigated in this thesis should possess HOMO energy 

levels that lie deeper than the CB of BiVO4. This should enable charge transfer between the two.  

   

4.10.1 Synthesis and Characterisation 

DBTS-DBTS/BiVO4 hybrid photocatalysts were prepared to contain different organic and inorganic 

component ratios. Al:STO only absorbs UV light and so hybrid photocatalysts based on this material 

benefit from a high oxide content, since this ensures the polymer is spread thinner and large oxide 

surface areas are exposed, without competetive absoprtion of visible wavelengths of light. Whilst 

these factors remain true for BiVO4 and indicate that 90% oxide content may remain important in 

 

Figure 277: Energy level diagram for theoretical Z-scheme heterojunction at the interface of BiVO4 and an organic 
polymer photocatalyst.  

Table 30: DBTS-DBTS/BiVO4 Hybrids prepared with various Polymer:Oxide ratios 

ID Polymer Oxide Mass (mg) solvent Vol (ml) Base 
Concentration  

(mol dm-3) 
Vol (ml) Yield (%) 

M128 DBTS-DBTS BiVO4 10 DMF 4.5 K2CO3 1 0.5 97 
M135 DBTS-DBTS BiVO4 100 DMF 4.5 K2CO3 1 0.5 99 
M134 DBTS-DBTS BiVO4 200 DMF 4.5 K2CO3 1 0.5 50 
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BiVO4-containing hybrids, this oxide, with a bandgap of 2.4 eV, will compete with the organic phase 

over visible light absorption.  

 

Z-scheme photocatalysts depend on a two-photon absorption process in which photogenerated 

electrons in the OEP combine with photogenerated holes in the HEP. Whilst such mechanisms half the 

available STH efficiency, the combination of two photocatalyst components allows for a greater 

selection of OEP and HEP materials with narrow band gaps and tailored band-edge potentials.  

 

BiVO4 was synthesised using a hydrothermal method following the methodology presented by Zhao 

et al.320,337 In the presence of the oxide, in-situ polymerisation was successful, giving rise to a 

polymerisation yield of 99% when synthesising 0.25 mmol polymer (110 mg) in the presence of 100 

mg of BiVO4.  However, the reaction in the presence of 200 mg of the oxide component only produced 

a 50% yield. It is unclear if this reaction yield is anomalous, or if an increased oxide content above a 

particular level consistently leads to a reduced polymerisation yield. The products resembled uniform 

bright yellow powders. 

 

SEM images and EDS maps for the resulting hybrid photocatalysts are presented in Figures 278-279. 

As with the DBTS-DBTS hybrids containing Al:STO, those containing BiVO4 have also successfully 

combined the organic and inorganic phases as all particles contain both phases. It should be noted 

that the EDS mapping images are comparing vanadium content and bromine content. This is because 

of the similar energies and resulting overlap between the Mα1 emission line of bismuth and the K 

series emission lines of sulphur, as highlighted in red in Table 31. Bromine can be used to identify the 

polymer content since the polymer chains are terminated by unreacted bromine atoms. Likewise, 

bromine-containing by-products and impurities also remain in the polymer phase despite several 

washing steps. 

  

Table 31: X-ray emission lines for elements of interest in BiVO4/DBTS-DBTS hybrid photocatalysts. 

Element Kα1 (eV) Kα2 Kβ1 Lα1 Lα2 Lβ1 Lβ2 Lγ1 Mα1 

Sulfur 2.308 2.307 2.464       
Vanadium 4.952 4.945 5.427 0.511 0.511 0.519    
Bromine 11.924 11.878 13.291 1.480 1.480 1.526    
Bismuth 77.1 74.8 87.3 10.839 10.731 13.024 12.980 15.248 2.423 
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It appears as though BiVO4 may not have been synthesised with the desired morphology. In their 

paper, Qi et al. produced faceted BiVO4 crystals on the micrometre scale.320 However, despite this, 

BiVO4 has been shown to be an effective OEP in its unrefined form and this should still be capable of 

driving the oxygen evolution reaction. 

 

   

   

   

   

Figure 278: SEM images and EDS maps of BiVO4/DBTS-DBTS hybrid photocatalyst M134. M134 contains a target BiVO4 
content of 67 wt.%, assuming a 100% polymer synthesis yield. EDS maps present the distribution of vanadium (blue) and 
bromine (green) content relating to the oxide and polymer components, respectively. 
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Figure 279: SEM images and EDS maps of BiVO4/DBTS-DBTS hybrid photocatalyst M135. M135 contains a target BiVO4 
content of 50 wt.%, assuming a 100% polymer synthesis yield. EDS maps present the distribution of vanadium (blue) and 
bromine (green) content relating to the oxide and polymer components, respectively. 

 

4.10.2 Photocatalytic Activity 

 

 

Figure 280:  Absolute HER rates for BiVO4/DBTS-DBTS hybrid photocatalysts containing different weight fractions of 
BiVO4 before and after loading with 0.5 wt.% Pt. Dispersions were prepared such that vials contain approximately 5 mg 
of the polymer component dispersed in 5 ml of a 1:1:1 v/v mixture of (H2O/MeOH/TEA). Polymerisation yields are also 
presented on the secondary axis. 
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The DBTS-DBTS/BiVO4 hybrids were tested for their hydrogen evolution activity in the presence of TEA 

as a sacrificial electron donor and MeOH to aid dispersion. The photocatalysts were tested with and 

without 0.5 wt.% Pt as a co-catalyst, and the results are presented in Figure 280.  

 

Two sets of measurements were made. Initially, enough photocatalyst was weighed out such that the 

vial contained 5 mg of polymer, as per the measurements for the DBTS-DBTS/Al:STO hybrid 

photocatalysts. However, since both materials have similar bandgaps, the absorbable portion of 

incident light is likely fully absorbed by 5 mg of the overall photocatalyst, regardless of composition.  

As such, a secondary set of experiments were performed containing only 5mg of the hybrid 

photocatalysts, which gave identical results. 

 

In the absence of a Pt co-catalyst, the pure polymer produced hydrogen at the highest rate. As more 

BiVO4 is added, the activity decreased. This may be explained by the competitive absorption of visible 

wavelengths of light, which should half the HER production rate in an efficient Z-scheme 

photocatalyst. It remains unclear, however, whether BiVO4 can extract holes from the polymer 

component and subsequently utilise TEA or MeOH as a hole scavengers, as would be required to prove 

hybrid photocatalysis action. It is possible that the BiVO4 absorbs 50%+ of the incident light, and the 

polymer component operates as a standalone HER photocatalyst.  

 

Following the photodeposition of 0.5 wt.% Pt, a slightly different trend was observed. The sample 

containing 10 wt.% BiVO4 produced hydrogen at a slightly faster rate than the pure DBTS-DBTS 

polymer loaded with 0.5 wt.% Pt. at 50 wt.% BiVO4, this decreased slightly, but the percent increase 

compared with the sample without a co-catalyst remained more significant than the pristine polymer. 

The 67% sample, which may contain up to 80 wt.% BiVO4, experienced a very small increase in activity 

after Pt deposition.  

 

It is difficult to explain the origins of this small increase in activity with respect to Pt on the 67 wt.% 

sample. One possible explanation is that the Pt selectively deposits on the organic phase of the hybrid 

material. In this case, 0.5 wt.% of the total could equate to as much as 2.5 wt.% of the polymer mass. 

However, Pt deposition studies on DBTS-DBTS in Chapter 3 did not indicate that the polymer is 

sensitive to Pt loading concentration. Alternatively, with a greater proportion of exposed oxide surface 

area in the high oxide fraction hybrids, the Pt may have predominantly deposited on the BiVO4 crystals 

and not on the polymer.   
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Finally, as observed in section 4.7.1.3, low polymerisation reaction yields may correlate with reduced 

photocatalytic activity when performing in-situ polymerisation reactions. High concentrations of 

impurities combined with high Pt loading content could also detrimentally affect the photocatalytic 

activity in this sample. There is no obvious explanation for this difference in activity that can be 

attributed to the formation of a hybrid interface in which holes formed in the polymer are scavenged 

by electrons in BiVO4, as this process is not dependent on the platinum co-catalyst. 

 

To determine if a successful Z-scheme hybrid has been obtained, the DBTS-DBTS/BiVO4 hybrid samples 

were tested for their ability to perform overall water splitting. The hydrogen and oxygen content in 

the headspace of the vials following 2 hours of irradiation are presented in Figures 281.  

 

All samples containing the polymer produced trace amounts of hydrogen following irradiation in pure 

water. However, as in the case of DBTS-Ph, there was no corresponding production of oxygen. 

Conversely, oxygen levels had decreased compared with reference samples containing 5 ml of pure 

water, indicating that any oxygen that may have been produced was likely consumed in the formation 

of hydrogen peroxide. The lack of trace levels of oxygen suggests that OWS has not been achieved and 

implies that holes may have been consumed by polymer self-oxidation or in the oxidation of 

impurities. Additional hydrogen gas may also have been evolved as a by-product from any of these 

oxidative processes. BiVO4 produced no hydrogen and oxygen levels were only marginally higher than 

  

Figure 281: Absolute concentrations of H2 (a) and O2 (b) detected after DBTS-DBTS, DBTS-DBTS+BiVO4 physical mixtures, 
BiVO4/DBTS-DBTS hybrids, and BiVO4 were tested for their overall water splitting photocatalytic activity. Samples were 
dispersed in 5 ml of deionised water, capped, degassed, ultrasonicated, and subsequently irradiated for 1 hour. Physical 
mixture and hybrid samples contain an equivalent of 5 mg of the polymeric component assuming 100% polymer 
synthesis. Background oxygen content detected from vials only containing  5 ml of deionised H2O is presented as a 
dotted grey line in figure (b). This value is an average measurement from three vials that were also ultrasonicated and 
irradiated for the same length of time. 
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expected background levels, generating uncertainty regarding the formation of oxygen vs natural 

variation. 

 

Hybrid samples produced less oxygen than their physical mixture counterparts. In both cases, the 

amount of hydrogen produced decreased with increasing oxide content. The latter can be explained 

by considering that a smaller proportion of incident light is absorbed by the polymer int the presence 

of increasing oxide content. The former observation, however, requires further examination.  

 

When dispersed on oxide particle surfaces, it is expected that the polymer would exhibit an increased 

surface area and a reduced rate of bulk recombination events. However, these events would lead to 

the expectation of increased hydrogen production, rather than the observed reduction. If the 

hydrogen evolves from photocatalytic proton reduction (i.e. the HER), any extraction of holes by BiVO4 

would be expected to drive result in increased hydrogen content as BiVO4 acts like a hole scavenger 

and oxygen content would also increase as the polymer acts as an electron acceptor. This reduction 

in activity is therefore unlikely to result from the formation of a Z-scheme type interface.  

 

The most probable explanation for the observed results is that the hydrogen produced originates from 

polymer or impurity degradation upon irradiation, a process that occurs slower due to the synthesis 

of the polymer in the presence of BiVO4. Two immediate possible explanations arise including the 

possibility that the modified synthesis process has reduced the concentration of impurities, or that 

the oxide/polymer interface acts as an exciton trap that accelerates the rate of recombination of 

photogenerated excitons. However, further experiments would be required to validate these 

hypotheses. 

 

4.11 DBTS-BDT/BiVO4 
 

Since DBTS-DBTS/BiVO4 did not generate a successful Z-scheme photocatalyst, a hybrid based on 

DBTS-BDT was investigated. Since the LUMO of the DBTS-BDT polymer is concentrated on the BDT 

unit, and its energy lies close to the CB of BiVO4, this combination may be better suited to interfacial 

charge transfer between the organic and inorganic components. 
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Table 32: Reaction conditions and table of samples based on DBTS-BDT/BiVO4 Hybrids with various Polymer/oxide 
weight ratios.  

ID Polymer Oxide Mass (mg) solvent 
Vol 
(ml) 

Base 
Concentration  

(mol dm-3) 
Vol 
(ml) 

M208 DBTS-BDT BiVO4 0 DMF 4.5 K2CO3 2 0.5 
M209 DBTS-BDT BiVO4 20 DMF 4.5 K2CO3 2 0.5 
M210 DBTS-BDT BiVO4 40 DMF 4.5 K2CO3 2 0.5 
M211 DBTS-BDT BiVO4 60 DMF 4.5 K2CO3 2 0.5 
M212 DBTS-BDT BiVO4 80 DMF 4.5 K2CO3 2 0.5 
M213 DBTS-BDT BiVO4 90 DMF 4.5 K2CO3 2 0.5 

 

The hydrogen and oxygen gas levels in the headspace vials following one hour of irradiation are 

presented in Figures 282 and 283, respectively. These photocatalysts were tested with and without a 

0.5 wt.% Pt co-catalyst. Without Pt co-catalyst, these hybrid materials produced trace amounts of 

hydrogen gas. However, the quantities are even smaller than the residual amount detected from 

DBTS-DBTS/BiVO4 hybrids and are on the order of nanomoles, close to the limit of the BID detector. 

Hybrids containing a greater weight fraction of oxide produced the most hydrogen gas, with the 

80 wt.% sample producing the highest levels. However, once loaded with platinum the hydrogen 

concentration reduces to negligible amounts that could not easily be quantified above the background 

noise. Compared with the blank reference samples, all hybrid sample vials contained reduced amounts 

of oxygen following irradiation. Samples that consumed the most oxygen typically also produced the 

most hydrogen. The addition of platinum did not significantly inhibit oxygen consumption.  

 

 

Figure 282: Absolute concentrations of H2 detected after DBTS-BDT hybrid photocatalysts were tested for their overall 
water splitting photocatalytic activity. Samples were dispersed in 5 ml of deionised water, capped, degassed, 
ultrasonicated, and subsequently irradiated for 1 hour. Samples contain an equivalent of 5 mg of the polymeric 
component assuming 100% polymer synthesis. H2 content was also determined for the samples after photodeposition 
of 0.5 wt.% Pt.   
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Figure 283: Absolute concentrations of O2 detected after DBTS-BDT hybrid photocatalysts were tested for their overall 
water splitting photocatalytic activity. Samples were dispersed in 5 ml of deionised water, capped, degassed, 
ultrasonicated, and subsequently irradiated for 1 hour. Samples contain an equivalent of 5 mg of the polymeric 
component assuming 100% polymer synthesis. O2 content was also determined for the samples after photodeposition 
of 0.5 wt.% Pt. Background oxygen content detected from vials only containing  5 ml of deionised H2O is presented as a 
dotted grey line. This value is an average measurement from three vials that were also ultrasonicated and irradiated for 
the same length of time. 

 

These results clearly demonstrate that DBTS-BDT/BiVO4 hybrids cannot achieve overall water splitting 

from pure water. As in the case of DBTS-DBTS polymers, the hydrogen content may arise from the 

photodegradation of the polymer. Given that this increases in cases where more polymer is in contact 

with the oxide, it is possible that the polymer is degraded by the oxide component. The addition of 

platinum, therefore, may protect the polymer against photodegradation by acting as a trap for 

photogenerated electrons.  Likewise, oxygen may be depleted by various oxygen reduction reaction 

pathways that produce by-products such as peroxide species, hydroxide ions, or water. Given that the 

oxide, by itself, produces oxygen, and isolated polymer only consumes trace amounts of oxygen, these 

results suggest that the hybrid material achieves ORR more efficiently than the individual components. 

Whilst this is not a promising result for OWS, this may indicate some degree of successful interfacial 

charge transfer and suggests that these materials may work effectively in photocatalytic hydrogen 

peroxide production reactions. However, further investigations would be required to confirm this. 

 

4.12 Conclusions and Future Work 
 

In this chapter, attempts have been made to prepare organic-inorganic hybrid photocatalysts. 

Polymer-sensitised photocatalysts were prepared by pairing Al-doped SrTiO3 with DBTS-DBTS and 

DBTS-Ph. S-scheme hybrid photocatalysts based on a BiVO4 as an OEP, and either DBTS-DBTS or 

DBTS-BDT as the HEP are also prepared. Hybrids were synthesised by in-situ microwave-assisted 

polymerisation. 
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Suzuki-Miyaura polycondensation reactions require a reaction mixture involving an aqueous base and 

an organic solvent. As observed in Chapter 3, these reaction parameters can have a significant impact 

on the photocatalytic activity of the resulting polymer, even when high polymerisation yields are 

obtained across several combinations. High throughput microwave-assisted synthesis allowed several 

polymerisation reaction conditions to be screened for the synthesis of DBTS-DBTS polymer in the 

presence of small quantities of RhCrOx/Al:SrTiO3 inorganic photocatalyst. 

 

In biphasic reaction mixtures consisting of toluene and aqueous bases, hybrid particles did not form 

successfully as the organic and inorganic components had an affinity to opposite phases. Monophasic 

reaction mixtures based on water-miscible organic solvents successfully overcame this issue but 

produced polymeric photocatalysts with reduced activities. In some cases, the polymerisation reaction 

only produced lower yields and lower activities in the presence of the inorganic component, indicating 

that it may play an active role in the polycondensation reaction. 

 

The most promising results were obtained from reactions performed using DMF as the organic 

solvent. Further optimisations of the ratio of organic and aqueous components, and the overall 

concentration of base improved polymer yields and photocatalytic activities. Increased volume 

fractions of the organic phase consistently produced higher quality polymers as indicated by high 

yields, bright yellow appearance, and high photocatalytic activities. This can be attributed to the 

increased solubility of the reagents, intermediaries and products involved in the polymerisation 

reaction. Decreased miscibility arising from high concentrations of the base in the aqueous phase 

resulted in minor phase separation, and the products appeared to incorporate less of the oxide into 

the hybrid product.  

 

When using K3PO4 as the base in these reactions, the resulting DBTS-DBTS polymer exhibited higher 

photocatalytic activities despite similar yields as those synthesised in the presence of K2CO3. However, 

they also exhibited some phase separation and incomplete oxide incorporation into the hybrid 

product. As such, K2CO3 was selected for further hybrid syntheses, a decision reinforced by the poor 

performance of DBTS-PhF2a synthesised in DMF/K3PO4.   

 

Without a Pt co-catalyst, hybrid photocatalysts containing DBTS-DBTS and RhCrOx/Al:STO 

outperformed the pure DBTS-DBTS polymer when tested for sacrificial hydrogen evolution from a 

mixture of H2O, MeOH, and TEA in a 1:1:1 volume ratio under AM 1.5G solar irradiation. Though 
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enhanced, these activities remained lower than those of the pristine polymer when loaded with a Pt 

co-catalyst. Photodeposition of Pt onto the hybrid materials only marginally enhanced their 

photocatalytic activity.   

 

Whilst promising, the improved activity for oxides without Pt does not prove that the hybrids operate 

according to a polymer-to-oxide heterojunction charge transfer model. The initial screening 

experiments highlighted that in the presence of Al:STO, the resulting polymerisation yield and 

photocatalytic activity are highly sensitive to the reaction conditions. This is particularly the case with 

respect to the volume ratio of organic and aqueous solvents, the selection of base, and its 

concentration. As such, the increased activities in hybrids may only arise due to the secondary effects 

of adding oxide to the reaction mixture. These may include increased surface area, altered surface 

morphology, or a lower concentration of impurities. Furthermore, the incorporation of pre-loaded Rh 

and Cr co-catalysts from the oxide surface into the polymer matrix may have been responsible for the 

enhanced activity. Further experiments involving the preparation of DBTS-DBTS/Al:STO hybrids 

without Rh and Cr co-catalysts pre-loaded onto their surfaces would be interesting for comparison.   

 

DBTS-Ph/Al:STO hybrids were synthesised. It was hoped that the more negative LUMO of the polymer 

compared with DBTS-DBTS would enable more efficient charge transfer across the heterojunction 

interface into the CB of Al:STO. Co-catalysts were loaded via photodeposition methods following the 

in-situ polymerisation. As such, they were loaded across the organic and inorganic phases 

indiscriminately.  

 

In a 5% TEA mixture, the photocatalytic activity of the hybrid photocatalyst performed the same as 

the physical mixture and worse than the polymer by itself. Since cocatalysts are necessary for 

photocatalytic activity on the oxide surface, the samples were only compared after the 

photodeposition of Pt and Cr co-catalysts.  

 

In contrast to earlier samples of DBTS-Ph, the polymer was loaded with 0.05 wt.% Pt instead of 0.5%. 

Despite, the lower loading, the activity increased significantly. The photocatalytic activity was further 

enhanced by the sequential photodeposition of Cr2O3. Further studies are required to identify the 

optimal Pt/Cr loading concentrations on the organic polymer photocatalysts. Likewise, Rh should also 

be investigated as an alternative co-catalyst for polymeric photocatalysts. 
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Given its role as a co-catalyst on Al:STO, Cr2O3 may also prevent the oxygen reduction reaction from 

occurring on the surface of polymeric photocatalysts. DBTS-Ph is known to produce H2O2 from pure 

water. However, the polymer appears to degrade over time in the presence of this strongly oxidising 

chemical. Therefore, the presence of Cr2O3 could also improve the stability of polymeric 

photocatalysts. Although the photodeposition of 0.05% Pt, 0.1% Cr, and 0.1% Co on DBTS-Ph did not 

enable overall water splitting from pure water, it is plausible that polymers may be modified to drive 

this reaction by further optimisation of co-catalysts in various ratios.  

 

The DBTS-Ph/Al:STO-90 hybrid photocatalyst achieved overall water splitting. However, this was to a 

lesser degree than the Al:STO photocatalyst by itself. The reduction of activity of the hybrid in pure 

water compared with the physical mixture implies that charges may be transferred from the oxide 

into the organic phase, which is inactive under the same conditions. Depending on the nature of the 

heterojunction, and particularly the band bending at the interface, it is also possible that the interface 

acts as a trap and recombination centre that reduces the AQY of the inorganic component.  

 

Hybrids consisting of polymeric photocatalysts and BiVO4 were prepared with the hope of achieving 

overall water splitting via a direct heterojunction Z-scheme. However, neither DBTS-DBTS/BiVO4 nor 

DBTS-BDT/BiVO4 hybrids successfully achieved overall water splitting from pure water. In both cases, 

trace levels of hydrogen were detected in the vial headspace following irradiation, but the background 

concentration of oxygen had decreased. Evidence of charge transfer between organic and inorganic 

components was inconclusive. Further photocatalysis tests would be required to determine if co-

catalysts, co-solvents, or pH-regulating additives could enable OWS in these hybrid materials.  

 

Overall, attempts to prepare polymer-sensitised hydrogen evolution photocatalysts and 

organic/inorganic direct heterojunction Z-schemes have been unsuccessful, despite DFT calculations 

that suggest favourable band alignments. These results demonstrate that favourable redox potentials 

alone cannot predict photocatalytic activity.  

 

Future designs of direct heterojunction Z-schemes should pay particular attention to the 

semiconductor physics at the heterojunction interface. It may be possible to encourage favourable 

charge transfer by doping the individual components, applying a tertiary interfacial layer on the oxide 

surface via methods such as ALD, or modifying the side chains of the polymer backbone to mimic the 

D-π-A structures that successfully enhance charge transfer in dye-sensitised photocatalysts and solar 

cells. 
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Chapter 5: Conclusions and Future Work 
 

This thesis has focussed on the rational design and synthesis of linear conjugated co-polymer 

photocatalysts for solar-driven hydrogen production from water. Particular focus has been placed on 

the potential for bandgap engineering using fluorinated phenylene moieties as co-monomers and π-

linkers in D-π-A type co-polymers. Finally, this research has also considered how this approach could 

be used to prepare organic/inorganic hybrid Z-scheme photocatalysts for direct-heterojunction 

overall water splitting.  

 

This chapter initially summarises each chapter's content and highlights this work's primary research 

outcomes. Individual impact areas are subsequently discussed, focusing on the results obtained, their 

potential implications, and the additional work required before these results could be published. The 

potential for larger-scale, longer-term research projects based on these results is also discussed. 

 

Unfortunately, due to personal circumstances, the impact of the pandemic was acutely felt and 

substantially impacted the progress of this project. Resultingly, all of the practical work presented in 

Chapters 2 and 3 was completed within one year of study. This included four months of part-time 

work to enable the safe implementation of social distancing measures, followed by only eight months 

of full-time research. Despite the limited timeframe and starting from a position of having no prior 

research experience in organic synthesis, over 210 samples were prepared. Each sample was isolated 

and washed manually before being tested for its photocatalytic activity under various conditions.  

 

Consequently, much of the work presented only lays a foundation for future investigations and is not 

yet ready for publication. This is largely because insufficient time was available to perform the 

required measurements. In some cases, initial attempts were made to obtain particularly important 

data, but were unsuccessful. Further attempts were prevented by time constraints. Measurements 

that fall into this latter category include ICP-OES measurements for residual palladium determination 

and electrochemical measurements to determine the polymer oxidation and reduction potentials 

experimentally.  

 

The computational components of this project also arose out of a necessity to work from home for an 

additional extended period during the pandemic due to personal circumstances. This work was also 

performed without prior research experience in computational chemistry. 
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5.1 Summary of Content 
 

Chapter 1 provided the global context for this research, from the climate crisis and the role of green 

hydrogen in decarbonisation to the current state-of-the-art research developments in the field of 

organic photocatalysis. In Chapter 2, a detailed structure-activity analysis of a large pre-published 

dataset has been carried out. This sample library, consisting of 99 unique DBTS-based linear co-

polymers, contained computationally-predicted data for each polymer: ionisation energies, electron 

affinities, optical bandgaps, and oscillator strengths; and physical characterisation data: Synthesis 

yield, optical bandgap, crystallinity, transmissivity, fluorescence lifetime, residual palladium content, 

and, most importantly, photocatalytic activity. Whilst these data were previously published and 

analysed using machine-learning algorithms, in-depth structure-activity analyses were not included. 

This analysis revealed several new relationships and trends that were previously unidentified. The full 

computational results from a wider set of 704 DBTS-copolymers were subsequently screened 

according to these trends to identify which new polymers are the most promising targets for future 

investigations. 

 

Based on the new relationships identified in Chapter 2, three sets of linear co-polymers were 

subsequently selected for computational and physical investigations in Chapter 3. The first set, DBTS-

PhFx, contained a set of five DBTS-Ph co-polymers with a different number of fluorine units on the 

phenylene unit. This set also contained the DBTS-DBTS homopolymer and the DBTS-BDT co-polymer. 

All seven of these polymers were part of the initial high-throughput experiment. However, they were 

selected as reference materials, so the impact of reaction conditions on the photocatalytic activity 

could be further investigated and compared with the published HER rates. It was also hoped that a 

clearer understanding of the role of fluorine could be determined. The second set of polymers, BDT-

PhFx, contained the electron-donating BDT unit. These binary co-polymers were investigated as in 

anticipation of the third set of co-polymers, DBTS-PhFx-BDT. The purpose of investigating these ternary 

polymers was to consider the impact of introducing a π-linker to separate the donor and acceptor 

units and investigate how the band structure can be engineered by varying the substituents on this 

phenylene unit.  

 

Chapter 4 builds upon the work of Chapter 3 by selecting some of these polymers and attempting to 

prepare hybrid photocatalysts via the in-situ polymerisation method. Here, DFT calculations confirmed 

the suitability of the polymer band edge positions with regard to forming favourable heterojunction 

interfaces with Al-doped SrTiO3 and BiVO4. These two inorganic oxides were selected since they are 

cheap, stable, and have proven photocatalytic activities as overall water-splitting and oxygen-
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evolution photocatalysts, respectively. A theoretical DFT investigation was also completed into the 

impact of introducing conjugated side chains modified with oxide anchoring groups onto the BDT unit. 

Hybrid materials based on DBTS-DBTS, DBTS-Ph, and DBTS-BDT were subsequently prepared and 

tested for their photocatalytic hydrogen evolution under sacrificial conditions and their photocatalytic 

overall water-splitting activities.   

 

5.2 Research Outcomes 
 

Although no publications have currently arisen from this project, it has nonetheless contributed to the 

field. This work has introduced novel polymer design concepts, identified new structure-activity 

relationships, presented a list of promising polymers for future investigation, provided an insight into 

detrimental effects of residual palladium, identified the magnitude of impact that different high-yield 

synthesis conditions can have on the photocatalytic activities, highlighted the positive impact of using 

microwave-assisted organic synthesis to screen reaction conditions rapidly, introduced a novel 

concept for hybrid organic/inorganic photocatalysts, attempted the first known preparation of hybrids 

based on flux-synthesised Al-doped SrTiO3, made a convincing case for lowering the typical co-catalyst 

loading concentrations and investigating alternative non-platinum alternatives, and has highlighted 

the potential benefits of using sequential photodeposition of multiple co-catalysts in these 

photocatalytic systems. Overall this work has laid the foundation for several new promising research 

directions in the field of organic photocatalysts for water-splitting applications.  

 

5.3 Impact Area I: Polymer Design 
 

One of the major research outcomes of this project relates to an improved set of rules with which to 

predict DBTS co-polymers with high photocatalytic activities based on computationally predicted 

ionisation potentials (IP), electron affinities (EA), and oscillator strengths (f).  

 

5.3.1 Predicted Optical Bandgap 

Firstly, among the 99 polymers successfully synthesised, this work has highlighted that it is possible to 

correlate the computationally-determined IP and EA potentials with the measured optical bandgaps 

and, therefore, accurately predict the optical bandgaps of future linear photocatalysts to within 

±0.25 eV and a mean average deviation of just ±0.11 eV. This is unexpected since ground state IP and 

EA energies do not account for the exciton binding energies. Typically, optical bandgaps can only be 

determined by solving (or approximating) the time-dependent Schrödinger equation that allows 

computations involving the excited state.  



 

 

Ian Coates, 200840765 318 

 

The fundamental gap is given by the difference between the ionisation energy and the electron 

affinity. This value differs from the optical gap by the exciton binding energy that arises from the 

electrostatic interaction of a photogenerated electron-hole pair. This results in optical gaps that are 

approximately 0.1 – 1 eV lower in energy compared to the fundamental gap. The strength of the 

exciton binding energy in any given polymer is determined by both its physical and electronic 

structure. Exciton binding energies are determined by the spatial separation between the electron 

and hole. Co-planar polymers reduce this by giving rise to larger chromophores over which the exciton 

will delocalise, whereas Donor-Acceptor co-polymers reduce this energy by spatially separating the 

exciton pair by locating them on separate moieties.  

 

The library of polymers investigated includes pairing the DBTS-accepting monomer with a wide of co-

monomers from across the spectrum form strongly donating to strongly accepting. As such, exciton 

binding energy will predominantly be determined by the resulting electronic structure. The position 

of the IP and EA potentials calculated for the DBTS-X copolymers relative to the DBTS-DBTS 

homopolymer provides vital information regarding the strength of the electron accepting or donating 

character of the co-monomer.  

 

The fundamental gap was correlated with the optical gap by applying individual linear correction 

functions to the calculated IP and EA potentials after observing that the magnitude of the difference 

between the fundamental gap and the optical gap varies linearly with respect to each component. To 

a first approximation, this shows that the IP and EA energies calculated using the computationally-

inexpensive extended tight-binding method only differ from their true values according to a linear 

correction term. This is in agreement with the observations by Zwijnenburg et al. who showed that 

the xTB values are linearly correlated with the results predicted by the more expensive DFT methods 

using the CAM-B3LYP hybrid functionals and the large 6-31G(d,p) basis set.188 

 

However, the fact that this linear relationship holds with respect to the optical bandgap implies that 

the exciton binding energy may also vary linearly with respect to the IP and EA potentials. As such, the 

linear correction terms also account for this variation. An alternative explanation stems from the 

possibility that, for DBTS-X co-polymers, the magnitude of the exciton binding energy is relatively 

invariant with respect to the structure of the co-monomer. In this case, the IP/EA calibration terms 

would predict an average exciton binding energy for all co-polymers, and the distribution of measured 

optical gaps relative to the newly calculated ones represent the distribution of exciton binding 
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energies relative to this constant, i.e. the binding energies vary within a mean average deviation of 

just 0.07 eV.  

 

When applying these calibration equations to the results from a smaller set of non-DBTS co-polymers, 

the optical gaps were all consistently overestimated by a small amount. It is possible that this shift 

arises from different average exciton binding energies. However, these polymers included seven non-

DBTS monomers co-polymerised with a set of five co-monomers. As such, a wider range of exciton 

binding energies may have been expected. Alternatively, these differences may have arisen from 

differences in the dielectric constant inside the bulk polymer material. The DBTS monomer is the most 

polar of the set. However, IP and EA values, which are sensitive to the dielectric environment, were 

calculated by assuming a constant dielectric environment for all polymers. 

 

After calculating the optical bandgaps for each polymer, it was subsequently possible to predict the 

IP* and EA* potentials of the excited state polymers based on the predicted IP and EA potentials and 

the difference between the fundamental gap and predicted optical gap. This approach assumes that 

the Fermi potential, which lies half way between the predicted IP and EA potentials, is correctly 

determined by the xTB-IPEA calculations.  

 

Although this work only definitively shows that this approach is applicable to linear conjugated 

polymers containing the DBTS-unit, promising results from the small set of non-DBTS co-polymers 

implies that this method can likely be applied to a wider set of organic semiconductors.  However, this 

must first be confirmed on a larger set of experimental results.  

 

If proven to be applicable to a wider range of co-polymers, this approach may also be applicable to 

other conjugated organic polymers such as CMPs, CTFs, and COFs. Fast inexpensive computational 

methods with which optical bandgaps (and consequently excited state potentials) of complicated 

organic semiconductors can be determined significantly enhances the applications of high-throughput 

virtual screening. Not only could this be applied for bandgap engineering of organic photocatalysts, 

but also for alternative polymer optoelectronic systems such as OPVs, OLEDS, or organic transparent 

conductors.  

 

Future attempts to build on this calibration equation may also want to consider the incorporation of 

additional terms that reflect the differences in polarity, and hence bulk dielectric constant, of the 

polymer. Furthermore, consistent and accurate methods of optical bandgap determination are 



 

 

Ian Coates, 200840765 320 

required. As shown in Chapter 3, we recommend using the Tauc plot assuming an indirect bandgap, 

as only this method produced a linear portion of the graph for all of the polymers synthesised in that 

chapter. The exact exponent used in the Tauc analysis method used by Bai et al. is unclear. However, 

several of the optical bandgaps were incorrectly determined in their work due to poor fits of the linear 

section. 

 

5.3.2 Optical Bandgap, Fluorescence Lifetime, and Photocatalytic Activity 

 

Importantly, Chapter 2 highlighted that narrow bandgap materials exhibit significantly shorter 

fluorescence lifetimes. Short fluorescence lifetimes were also directly associated with poor 

photocatalytic performances and limited increases in photocatalytic activity after the photodeposition 

of a platinum co-catalyst. The short lifetimes are attributed to the energy-gap law which states that 

the rate of non-radiative relaxation via internal conversion to the ground state is inversely 

proportional to the energy difference between the ground and first excited state. This observation 

explains why, despite absorbing a greater proportion of incident light, narrow bandgap polymers 

exhibited lower photocatalytic activities.  

 

The most notable exceptions to this rule were the DBTS co-polymers containing thiophene-based co-

monomers. Despite having very narrow bandgaps and short lifetimes, these polymers exhibited 

reasonably high photocatalytic activities which increased moderately after photodepositing Pt. These 

exceptions are believed to arise because of their unique electronic structure. 

 

5.3.3 Acceptors, Donators and Orbital (De)localisation 

The IP and EA potentials are very closely linked to the electron donating and accepting characteristics 

of a given polymer. A good electron donator is a moiety from which a valent electron can be easily 

removed. In terms of organic monomers, 5-membered heterocycles are good electron donators since 

the heteroatom stabilises a positive charge, whilst negative charges are delocalised, as demonstrated 

by resonance structures. Consequently, electron-donating moieties have smaller ionisation energies 

(less-positive ionisation potentials). For similar reasons, these same moieties are less stable when 

negatively charged, and so have smaller electron affinities (more negative electron affinity potentials).  

 

In Chapter 2 we redefined the reference point from which to consider the calculated IP and EA 

potentials of the DBTS copolymers. Instead of reporting these values relative to the SHE, we conclude 

that more information can be gained by considering them with respect to those of the DBTS-DBTS 
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homopolymer. If the Fermi potential of the co-polymer is more negative relative to that of DBTS-DBTS, 

the co-monomer is electron donating. Likewise if the Fermi potential is more positive, then the co-

monomer is electron withdrawing.   

 

Since the IP and EA energies are largely synonymous with the HOMO and LUMO frontier orbital 

energies, the relative position of these energies with respect to those of the DBTS-DBTS homopolymer 

is shown to be particularly informative. When the LUMO is considerably higher in energy than that of 

DBTS, the electron density will be localised on the DBTS moiety. Likewise when the LUMO is lower in 

energy then electron density will be localised on the co-monomer. The closer the LUMO lies to that of 

DBTS-DBTS, the more delocalised along the polymer chain it will be. The same logic can be applied to 

the relative HOMO energies.  

 

These considerations are particularly important in the context of photocatalysis, since the excited 

state is comprised of two Singly-Occupied Molecular Orbitals (SOMOs) following the promotion of one 

electron from the HOMO into the LUMO. The rates of photocatalytic charge transfer steps, therefore, 

do not only depend on the absolute IP and EA potentials of a polymer, but also on the distribution of 

electronic charge within these two SOMOs along the polymer backbone. This hypothesis was 

confirmed using DFT frontier orbital analysis in Chapters 3 and 4. 

 

This theoretical approach can explain the different photocatalytic activities of the DBTS co-polymers 

before and after photodeposition of a platinum co-catalyst. In the absence of a platinum co-catalyst, 

charge transfer from DBTS-DBTS to residual palladium is the rate determining step for sacrificial 

photocatalytic hydrogen evolution. However, LUMO density becomes more localised onto the DBTS 

moiety in D-A co-polymers in which DBTS is the acceptor. This makes the EA potential more negative 

and introduces a greater driving force for the charge transfer reaction to take place faster and these 

polymers produce more hydrogen.  

 

However, platinum has a larger work function than palladium and therefore charge transfer to 

platinum is considerably faster than to palladium.  As such, following the photodeposition of Pt, the 

impact of increased driving force from a more negative EA in these D-A polymers is more. Resultingly 

these polymers have high photocatalytic activities using residual palladium, but this does not 

significantly increase after photodepositing Platinum.  
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The opposite trend can be seen in polymers in which the LUMO is close in energy to that of the DBTS-

DBTS homopolymer. In these cases, electron density is delocalised across both the DBTS moiety and 

the co-monomer. As such, despite having similar EA potentials, the photocatalytic rates in the 

presence of residual palladium as the only co-catalyst are distinctively varied. This is because charge 

transfer from the DBTS unit to palladium is slow, but charge transfer from the co-monomer to 

palladium is also possible. The rate of this charge transfer is highly dependent on the structure of the 

co-monomer. The high photocatalytic activity of the DBTS-PhFx polymers with residual palladium 

likely arises from this effect. 

 

Meanwhile, almost all of the polymers with LUMO energies close to that of DBTS-DBTS also exhibit 

improved photocatalytic activities after photodepositing platinum. Most notably, this includes DBTS-

DBTS itself, co-polymers containing thiophene-based monomers, the DBTS-PhFx polymers, and DBTS-

PhCN.   

 

A consequence of this observation is that future polymer photocatalyst designs should not only target 

polymers with the most negative electron affinities relative to the SHE. Instead, IP and EA potentials 

of co-polymer should be considered relative to those predicted for the two corresponding 

homopolymers. It may also be preferable to target polymers with slightly less negative EA potentials, 

since rapid charge transfer to residual palladium is not always beneficial.  

 

When residual palladium clusters are immobilised inside the bulk polymer, they may trap electrons 

and prevent those charges from being used in the hydrogen evolution reaction. Palladium has also 

been shown to be a less effective co-catalyst for hydrogen evolution than platinum. It has also been 

shown to me more effective as an oxygen reduction co-catalyst for hydrogen peroxide production 

which may inhibit these polymers from performing as overall water splitting photocatalysts. This work 

has also identified that the maximum photocatalytic activity after Pt photodeposition is limited by the 

residual palladium concentration, regardless of the LUMO energy. Furthermore, most samples also 

demonstrate shorter fluorescence lifetimes with higher palladium concentrations.  
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5.3.4 Delocalisation, Co-planarity, and Oscillator Strength 

Whilst the predicted IP and EA potentials can be useful in predicting optical bandgaps, fluorescence 

lifetimes, HOMO and LUMO orbital distributions, and how a polymer might behave with different co-

catalysts, these factors alone are not enough to identify which theoretical polymers should make 

highly active photocatalysts. For this reason, a detailed structure-activity analysis of the 99 DBTS-X 

copolymers was performed in Chapter 2.  

 

Global analysis of the full set of polymers identified a general relationship between polymers with 

large oscillator strengths and high photocatalytic activities. However, the detailed structural analysis 

allows chemists to predict which polymer designs will exhibit these large oscillator strengths based on 

structural considerations alone. Furthermore, this analysis also helps to identify which structures with 

small oscillator strengths may still be highly active, and which structures with high oscillator strengths 

will not.  

 

The first factor determining the size of the oscillator strength is the number of conjugated aromatic 

rings that lie parallel to the direction of the polymer backbone. The monomer linkage positions must 

also be arranged such that charges can be freely delocalised along the  polymer backbone, as indicated 

by resonance structures. For example, a para-linked biphenylene co-monomer will have a larger 

oscillator strength than a DBTS copolymer containing a single para-phenylene unit. A terphenylene 

monomer will give an even larger oscillator strength. However, meta-linked phenylene co-polymers 

will have smaller oscillator strengths since delocalisation of charges across both adjacent monomers 

is not allowed by resonance considerations.  

 

Despite having a larger oscillator strength the photocatalytic activity of the biphenylene co-polymer is 

not more active than the phenylene monomer. This is because of the freely-rotating dihedral angle 

around the bond connecting the two p-phenylene rings, which shortens the delocalisation length of 

the exciton along the polymer backbone. This allows up to introduce an additional constraint for 

designing active polymer photocatalysts: co-polymers with large oscillator strengths arising from 

multiple aromatic rings must also ensure that these rings are co-planar. This constraint increases 

delocalisation length whilst reducing the total number of freely-rotating dihedral bonds. 

 

Most of the top performing photocatalysts adhere to these rules: this includes the highly active DBTS 

copolymers containing carbazole, dibenzothiophene, fluorene, and polyaromatic hydrocarbon 



 

 

Ian Coates, 200840765 324 

macrocycle co-monomers.  Importantly, these rules only hold when the long axis of the polyaromatic 

monomer unit is aligned with the polymer backbone.  

 

Co-monomers containing only one aromatic ring, such as those containing only one p-phenylene 

based unit along the direction of the backbone, have smaller oscillator strengths. However, within this 

set, the same trend is observed in which larger oscillator strengths are a prerequisite for higher 

photocatalytic activities. Amongst these samples larger oscillator strengths appear to correlate with 

samples in which the EA and IP potentials are closest to  that of DBTS-DBTS.  

 

5.3.5 New Polymer Designs 

One of the major outcomes of Chapter 2 is the identification of 107 linear DBTS -based polymers with 

the most promising physical and electronic structures for highly active hydrogen evolution 

photocatalysts. Of these, 29 had been synthesised in the initial high-throughput study, 19 of which 

placed amongst the top 25 photocatalysts tested after photodeposition of platinum. Several others 

had clearly been inhibited by high palladium concentrations, low yields, or low dispersibilities. 

Furthermore, others only met the oscillator strength screening criteria because they contained 

multiple aromatic rings that were not coplanar.  

 

Resultingly, this work presents 78 brand new linear co-polymers that are expected to be highly active 

photocatalysts. These polymers are presented in Chapter 2. Some of the most promising candidates 

for further investigations are highlighted in the discussion therein.  

 

5.4 Impact Area II: Optimised Organic Photocatalysts  
 

In the work published by Bai et al. the most active DBTS-based photocatalyst following the 

photodeposition of Pt was the homopolymer DBTS-DBTS itself. However, the work outlined in Chapter 

2 identified trends associating low photocatalytic activities with high palladium concentrations and 

poor synthetic yields.  

 

Amongst the results presented by Bai et al. were several equivalent polymers synthesised by different 

conditions. Co-polymers derived from the DBTS-Br2 monomeric reagent were compared with 

structurally identical co-polymers synthesised from the DBTS-B(pin)2 monomeric reagent. The choice 

of starting material had a very dramatic effect on the final photocatalytic activity. Amongst the 



 

 

Ian Coates, 200840765 325 

characteristics recorded, the synthesis conditions influenced the synthesis yield, and the polymer 

dispersibility Residual palladium concentrations were not measured for the DBTS-Br2 polymers.  

 

It was subsequently hypothesized that modifying the reaction conditions for some of the most 

promising DBTS co-polymer photocatalysts may lead to improved photocatalytic activities exceeding 

that produced by the DBTS-DBTS homopolymer after photodeposition of platinum. This was one of 

the major focusses of Chapter 3.  

 

5.4.1 DBTS-PhFx Polymers 

DBTS-PhFx co-polymers were selected for this investigation since they have LUMO energies close to 

that of DBTS-DBTS. In the high-throughput study, some these samples exhibited high photocatalytic 

activity before Pt addition but also exhibited reasonable increases in activity afterwards. They also 

showed particularly strong sensitivity to residual palladium concentrations.  

 

Synthesis and testing conditions were subsequently optimised. Multiple reactions were rapidly 

performed using microwave-assisted polymerisation, highlighting the potential of this tool to screen 

reaction conditions and perform high-throughput sample preparation.  

 

Under optimal synthesis conditions, the photocatalytic activities of two of these polymers were found 

to exceed that of the Pt-loaded DBTS-DBTS homopolymer. These were DBTS-PhF and DBTS-PhF2b. 

Optimal photocatalytic activities were obtained by decreasing the concentration of the palladium co-

catalyst, reducing the reaction temperature from 160oC to 120oC,  changing the base from TBAA to 

K2CO3 or K3PO4, and increasing the ratio of organic solvent to water from 3:2 to 9:1. 

 

The selection of organic solvent and aqueous base proved to have a very significant impact on the 

resulting photocatalytic activities, despite obtaining the polymers in very high yields. However, 

different conditions were optimal for each polymer. For example, a biphasic reaction in Toluene/ 2M 

K2CO3 produced the most active samples of DBTS-PhF2a and DBTS-PhF2b, whereas a more active 

samples of DBTS-Ph and DBTE-PhF were obtained from a reaction mixture of DMF/2M K2CO3.  

 

DBTS-PhF2a and DBTS-PhF4 consistently underperformed relative to the other polymers in the series. 

DBTS-PhF2a was particularly sensitive to reaction conditions. It is hypothesised that this arises due to 

the amount of residual palladium trapped in these polymers. However, further experiments are 

required to prove this.  
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DBTS-PhF4 was consistently synthesised with lower yields than the other  polymers in the series. It is 

also expected to have a relatively low energy LUMO, indicating less electron density on the DBTS 

moiety. This is also expected to influence the rate at which charges are transferred from this polymer 

to either residual palladium or photodeposited platinum.  Its direct bandgap indicates wider optical 

bandgap than the other polymers, but strong and extended absorption tail below this bandgap 

indicates an extensive network of exciton states arising from considerable disorder. Resultingly its 

indirect bandgap is smaller than the other DBTs-PhFx polymers. The PhF4 unit is also considerably 

more electronegative and may result in favourable π-π stacking interactions with nearby polymer 

chains, which could influence its optical properties.  

 

Unlike PhF2a and PhF4, the PhF and PhF2b are moieties are not symmetric. This may contribute to a 

polar backbone that improves the interface with water.  This may also impact the transition dipole 

moments and influence the symmetry-driven selection rules regarding dipole allowed or dipole 

forbidden optical transitions. Alternatively, the non-symmetric nature of these units is also expected 

to introduce a broader range of conformational energies of the constituent chromophores. This may 

impact the rate at which excitons diffuse through the material.  

 

Ultimately, further characterisation is required of these samples before these findings could be 

published. Firstly, UV/Vis, steady state fluorescence, and fluorescence lifetime measurements are 

required for each sample under each set of reaction conditions are required. CHNS(F) elemental 

analysis is required to determine the purity of the polymers. Likewise, ICP-OES measurements are 

required to determine the quantity of residual palladium and/or iron in each sample. FT-IR analysis 

would provide  information about which functional groups are present. Solid-state 13C or 18F NMR 

measurements could provide additional verification of the structure. Extended photocatalysis 

measurements over 5 – 8 hours would provide information about stability. Electrochemistry 

measurements could provide information about the redox potentials and flatband potentials. Contact 

angle measurements would provide information about wettability, whereas dynamic light scattering 

measurements would provide information about particle size and dispersibility. SEM images could be 

used to investigate morphological differences based on reaction conditions. Non-linear optical 

spectroscopies such as photoinduced absorption spectroscopy, transient absorption spectroscopy, 

and transient Raman spectroscopy could provide information regarding polaron formation and charge 

transfer rates to sacrificial reagent, palladium, or platinum. Finally, since these polymers were only 

washed with water and methanol, the impact of purification by Soxhlet extraction should be 

considered. Likewise, polymer synthesis using an alternative palladium catalyst would be necessary to 
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identify any effects that may arise from residual iron resulting from using the ferrocene-containing 

catalyst, Pd(dppf)Cl2.  

 

5.4.2 Co-catalysts 

As implied by the initial study, DBTS-PhFx polymers proved to be particularly sensitive to residual 

palladium concentrations. Unexpectedly, they were also highly sensitive to the amount of platinum 

deposited as a co-catalyst. Many reports of organic photocatalysts use 3 wt.% Pt as a standard  loading 

for co-catalysts. This research shows that for DBTS-PhFx polymers, increasing platinum loadings above 

0.5 wt.% resulted in reduced photocatalytic activities. Subsequent studies in Chapter 4 indicated that 

Pt concentrations as low as 0.1 wt.% or even 0.05 wt.% may be optimal. This work also highlighted 

that alternative metals such as rhodium can also be used as hydrogen evolution co-catalysts in these 

systems.  

 

Last-minute research presented in Chapter 4 indicated that sequential photodeposition of Rh or Pt co-

catalysts followed by Cr2O3 and subsequently CoOx may lead to improved activities for polymeric 

materials. This is a particularly fascinating and promising line of research. Notably, the DBTS-PhFx 

polymers are predicted to have suitable IP levels to drive the oxygen evolution reaction. This is 

reinforced by the fact that hydrogen peroxide is produced from pure water in an oxygenated 

atmosphere. As such, identifying the correct levels of Pt (or Rh), Cr, and Co may lead to the possibility 

of enhanced overall water splitting activity, as observed in Al:STO, if the chromium oxide layer 

prevents the diffusion of oxygen to the co-catalyst surface sites.  

 

Further analysis is also required to determine which factors are the most important when driving the 

photocatalytic hydrogen peroxide production reaction. This in itself is a highly interesting field of 

research with great promise, despite the fact that this reaction competes with that of the hydrogen 

evolution reaction.  Hypothetically, reducing the amount of residual palladium may also reduce the 

rate of hydrogen peroxide production and aid the potential of these polymers to be used as overall 

water splitting photocatalysts. Likewise, IrO2 should also be investigated as an oxygen evolution co-

catalyst to be used in tandem with the others listed above. 

 

Serendipitously, a potential relationship between photodeposited platinum co-catalysts and polymer 

stability in oxygen was also identified. Due to a limited supply of disposable caps for the headspace 

vials, some samples were irradiated under an oxygenated atmospheres for the first hour before being 

degassed, irradiated for a second time, and subsequently tested for hydrogen evolution. Amongst 
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these samples, the photocatalytic activity of those without an additional platinum cocatalyst appeared 

to decrease following oxygen exposure. Why this happens is unclear. Repeat experiments with and 

without oxygen are required to confirm this relationship. ICP-OES measurements to determine 

residual palladium levels in the samples synthesised under different conditions is also necessary to 

provide more information. The low activities without platinum may result from the choice of synthesis 

conditions that led to lower residual palladium levels. However, it is also possible that photodeposited 

platinum prevents the formation of peroxides. It may also increase the polymer stability in the 

presence of peroxides. The former would be possible if charges are preferentially transferred to 

platinum over palladium and the hydrogen evolution reaction occurs faster than oxygen reduction.  

 

5.5 Impact Area III: BDT-PhFx and Ternary Polymers  

Alongside the DBTS-PhFx polymers synthesised in Chapter 3, an equivalent series of BDT-PhFx binary 

copolymers and DBTS-PhFx-BDT ternary copolymers were also prepared. Benzodithiophene (DBT)  

was selected because the DBTS-BDT copolymer synthesised by Bai  et al. in their high throughput work 

exhibited high photocatalytic activities, despite its small bandgap and short fluorescence lifetime.   

 

5.5.1 Polymer Design 

Structurally, the BDT-moiety is promising for photocatalytic activities since it is made up of three fused 

coplanar aromatic rings that run parallel to the polymer backbone axis. As such, polymers containing 

this unit are expected to have very large oscillator strengths. It is also relatively easy to modify the 

BDT unit by adding side chains. Unlike when modifying the fluorene monomer, which is a common 

practice for adding solubilising side chains, BDT units can be modified with side chains that are π-

conjugated to the polymer backbone. These can be used to improve polymer/solution interfaces, 

polymer/solid interfaces,  prevent polymer-polymer aggregation, construct 2D conjugated 

microporous  polymers, and fine-tune the electronic band structure. 

 

Furthermore, the electronic structure is also highly promising. The LUMO of the BDT-BDT 

homopolymer lies very close in energy to that of DBTS-DBTS. As such, the co-polymer LUMO is 

delocalised along the polymer backbone, which should theoretically enable almost barrier-less 

transport of photogenerated electrons. This low-level LUMO should also results in sluggish charge 

transport to palladium clusters that may act as electron traps, but rapid transfer to surface deposited 

platinum. This is a direct point of contrast to other D-A polymers containing aromatic heterocyclic 

donor moieties in which the LUMO lies at higher energies. 
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The HOMO, however, is strongly localised on the BDT unit, which may encourage charge separation 

via a charge-transfer exciton intermediate with smaller exciton binding energies. The high energy 

HOMO combined with a relatively low energy LUMO results in a small bandgap material capable of 

harnessing a greater proportion of the solar spectrum.  

 

As with the DBTS-PhFx polymers, PhFx moieties were introduced because they introduce the 

possibility of fine tuning the band edge potentials. These groups are also expected to make the 

polymer backbone more polar and enhance charge transfer rates to co-catalysts. In the context of 

ternary co-polymers, these π-linkers should also help to maximise the distance between the electron-

hole pair generated in a charge-transfer exciton, and hence minimise the exciton binding energy to 

enable rapid exciton dissociation and polaron pair generation. 

 

Frontier orbital analysis resulting from DFT studies suggests that the ternary co-polymer LUMOs are 

expected to be delocalised across all three moieties, enabling rapid electron delocalisation whereas 

the HOMO is also extended beyond the BDT unit onto the neighbouring phenylene units. The degree 

of this delocalisation can be controlled by controlling number of fluorines on the phenylene ring to 

engineer the HOMO and LUMO energies.  

 

5.5.2 DBT-PhFx Outcomes 

The optimal synthesis conditions identified for the DBTS-PhFx polymers resulted in particularly poor 

synthesis yields for the BDT-PhFx polymers. This is attributed to the protodeborylation mechanism of 

the BDT precursor and the BDT-PhFx intermediates. BDT-PhF4 was the most difficult polymer to isolate 

in reasonable yields. Screening several solvents, bases, catalysts, and additives using the high-

throughput microwave synthesis method identified that using TBAA as the base is necessary to 

stabilise the reaction and obtain reasonable yields.  

 

Photocatalytic activities of BDT-PhFx polymers was low when measuring from a sacrificial reagent 

solution containing a 1:1:1 volume ratio of H2O/MeOH/TEA. This is attributed to three factors, firstly 

the poor dispersibility and wettability of the polymer, the weak thermodynamic driving force for TEA 

oxidation, and the absence of the DBTS moiety that has repeatedly been shown to enhance 

photocatalytic rates. BDT-PhF4 produced the highest hydrogen evolution rate. This was ascribed to it 

having the most positive IP and the largest driving force for TEA oxidation.  
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When tested for photocatalytic activity using DMF as a dispersant and ascorbic acid as an alternative 

sacrificial reagent (DMF/AA), the photocatalytic activity improved. This approach should be 

investigated further for polymers with small bandgaps and weak thermodynamic driving forces for 

TEA.  

 

From the perspective of optoelectronic characterisation, BDT-PhFx polymers had wider bandgaps 

relative to the BDT-BDT homopolymer. Increased fluorine content resulted in narrower bandgaps. 

BDT-Ph and BDT-PhF exhibited remarkably short fluorescence lifetimes and their steady state 

fluorescence spectra exhibited a narrower distribution with a better-resolved fine structure and 

smaller Stokes’ shifts.  Further spectroscopic studies are required to better understand these 

observations. When combined with the poor photocatalytic activities, this indicates rapid non-

radiative relaxation to the ground state via internal conversion. However, rapid charge dissociation, 

charge transfer to residual palladium, or energy into optically silent excited states are also possible 

processes prior to relaxation to the ground state.  

 

BDT-PhF2a, BDT-PhF2b, and BDT-PhF4 all exhibited longer fluorescence lifetimes and broader steady 

state fluorescence emission spectra that are also substantially red-shifted with fluorine content. 

Although the broad, red-shifted fluorescence spectra indicate a greater degree of disorder amongst 

these polymers as the fluorine content increases, the longer lifetimes also indicate longer exciton 

diffusion lengths and potentially improved efficiency of FRET.  

 

Despite the incredibly short fluorescence lifetime of BDT-PhF, the photocatalytic activity of this 

polymer remained comparable to those of the BDT-PhFx polymers containing more fluorine atoms.  

This suggests that the fluorescence lifetime is short because of rapid transfer to palladium or rapid 

charge dissociation, rather than rapid non-radiative relaxation of a local exciton to the ground state.  

 

5.5.3 DBTS-PhFx-BDT Outcomes 

Initial attempts focussed on the structured synthesis of alternating ternary co-polymers by first 

synthesising PhFx-BDT-PhFx-Br2 intermediary monomers. Despite performing the reaction in a large 

excess of PhFx-Br2, the polymerisation appeared to progress as normal, and the BDT-PhFx polymers 

were prepared instead. Subsequently, the polymers synthesised in this study are statistical co-

polymers containing 50% DBTS-PhFx and 50% BDT-PhFx subunits.  
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DFT computations suggested that the DBTS-PhFx-BDT ternary polymers would have almost identical 

fundamental gaps as the equivalent BDT-PhFx polymers. This was confirmed by UV/Vis DRS and 

steady-state fluorescence measurements that revealed almost identical optical bandgaps between 

the two. The IP and EA potentials of the ternary polymers are only expected to be marginally more 

positive than those of the BDT-PhFx polymers. 

 

Despite the similar bend edge potentials, the ternary polymers exhibited significantly improved 

photocatalytic activities compared to the BDT-PhFx equivalents. When compared with the 

photocatalytic activities of the equivalent DBTS-PhFx polymers synthesised under the same 

conditions, the PhF and PhF4 polymers produce similar amounts of hydrogen. The ternary PhF2a 

polymer outperforms the DBTS-PhF2a equivalent. However, DBTS-Ph and DBTS-PhF2b polymers 

significantly outperform the ternary equivalents.  

 

It should be noted that Dioxane/TBAA was not an ideal reaction mixture for the synthesis of the most 

active DBTS-PhFx polymer photocatalysts. However, the fact that the ternary polymers exhibit 

photocatalytic activity on the same order of magnitude is incredibly promising, and this approach 

should be investigated further.  

 

Firstly, photocatalytic activities of the ternary polymers may be limited by poor thermodynamic driving 

forces for TEA oxidation. Measurements using ascorbic acid should, therefore, be investigated. The 

activity could also be improved by modifying the reaction conditions. As has been demonstrated in 

this thesis, solvent selection, base selection, organic-to-aqueous phase ratios, co-catalyst selection, 

monomer reagent functional leaving group selection, and reaction temperature can each influence 

the resulting polymer’s synthesis yields and photocatalytic activity independently. Purification 

methods are also likely to have an impact. 

 

Photocatalysis measurements using filtered light to excite the polymer with photon energies below 

the bandgap of the DBTS-PhFx polymer must also be made. This would ensure that activity arises from 

the combined ternary structure and is not localised on phases of the polymer matrix containing DBTS-

PhFx chromophores.  Likewise, further characterisation is also required. 

 

Beyond the 50/50 split of DBTS/BDT moieties investigated here, it would also be interesting to vary 

the feed ratio of these donor and acceptor units. Decreasing the BDT content relative to that of DBTS 

may introduce more DBTS-PhFx character without losing the D-A character and narrower bandgap 
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introduced by the BDT unit. Resultingly, these ternary polymers may lead to photocatalytic activities 

exceeding the sum of the constituent parts. For example, Ye et al. found that combining DBTS with 

just 5% perylene-containing DBTS co-monomer resulted in an optimal photocatalytic activity of 

approximately three times more active than DBTS-DBTS.165 Higher concentrations of the co-monomer 

resulted in lower activities and band gaps that were too small. However, this study was performed 

without photodepositing any additional platinum co-catalyst.  

 

From an optoelectronics perspective, not only did the optical bandgaps of the ternary polymers match 

those of the BDT-PhFx binary equivalents, but the trends in steady-state fluorescence spectra were 

also matched. The Ph and PhF ternary polymers exhibit narrow emission spectra in which the 0-0 

vibrational emission peak has a larger intensity than the 1-0 emission peak.  According to Barford et 

al., the ratio of these emission peaks provides information regarding the typical chromophore size and 

structural disorder. As such, the ternary Ph and PhF polymers are more ordered and contain larger 

chromophores. Such highly ordered chains are expected to give rise to enhanced exciton transport. 

These features may also explain why these two polymers also exhibited the highest photocatalytic 

activities of the ternary polymers.  

 

Whereas the BDT-Ph and BDT-PhF polymers also exhibited well-resolved vibrational structure in their 

fluorescence spectra, their fluorescence lifetimes are incredibly short. However, the fluorescence 

lifetimes of the ternary co-polymer equivalents are several times longer, indicating that excitons in 

these polymers may be able to diffuse longer distances.  

 

Generally, the bandgaps of the fluorinated ternary polymers decrease with increasing fluorine 

content. However, this variation is small. Chapter 2 demonstrated that wider bandgaps result in longer 

lifetimes. These ternary polymers, however, show that fluorescence lifetimes in certain polymers can 

be extended by introducing fluorine groups.  

 

These results suggest that fluorinated phenylene groups can enable fine-tuning of the electronic 

structure and may also influence polymer backbone structure, intermolecular packing structure, 

excited state lifetimes, exciton diffusion dynamics, and charge separation dynamics. Furthermore, all 

the investigated polymers demonstrated that their solid-state excitation fluorescence spectra differ 

significantly from their DRS-determined absorption spectra. Further spectroscopic studies on these 

samples could therefore be used to enhance the theoretical understanding of exciton dynamics in 

conjugated polymer photocatalysts.  
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5.6 Impact Area VI: Organic/Inorganic Hybrid Photocatalysts 

5.6.1 Hybrid Photocatalyst Design 

Chapter 4 focussed on the preparation of direct heterojunction organic/inorganic hybrid 

photocatalysts via in-situ polymerisation. This work studied two families of hybrid materials: Polymer-

sensitised oxide photocatalysts for enhanced hydrogen evolution rates based on flux-synthesised 

Al:SrTiO3, and polymer/oxide Z-scheme photocatalysts for overall water splitting based on BiVO4.  

 

DFT calculations of the polymers investigated in Chapter 2 reveal favourable band edge alignments 

with the respective oxide components. The theoretical potential for modifying the BDT moiety with 

conjugated side chains modified with oxide binding groups was also instigated in Chapter 4. This work 

was inspired by the molecular design of organic dyes used in dye-sensitised solar cells. This study 

revealed that this approach would be particularly effective for accepting photogenerated electrons 

from the CB of BiVO4, since the electron-accepting HOMO orbital extends from the BDT unit onto the 

thiophene side chains. When these are modified with dimethylamine oxide binding groups, this 

conjugation extends to the binding site. Phosphoric acid and silyl binding groups do not contain 

significant orbital density on the binding atoms but may still enable a tighter bond with the oxide 

surfaces. Anchoring groups containing carboxylic and cyano functionalities are shown to be effective 

electron-accepting groups and would be better suited to polymer-sensitised oxide hybrid 

photocatalyst systems. 

 

By coating a thin layer of polymer onto the oxide surface, it is anticipated that the rate of bulk 

recombination can be reduced. However, surface recombination bay be enhanced. Charge separation 

will also be enhanced by band bending and the formation of space charge layers within the polymer 

semiconductor at the various interfaces.  

 

5.6.2 Hybrid Preparation 

Organic polymer photocatalysts were synthesised via microwave-assisted polycondensation reactions 

in the presence of the oxide particles to generate hybrid photocatalyst particles. The resulting hybrids 

appeared to be homogeneously mixed and exhibited direct contact between the components, as 

indicated by SEM micrographs and associated EDX mapping. 

 

 XPS measurements are still required to investigate the electron binding energies of core electrons to 

confirm band bending and charge transfer at the polymer/oxide interface. These oxides would also 
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benefit from dynamic light scattering measurements, adsorption isotherms, and contact angle 

measurements to determine particle size, surface area, and wettability, respectively.  

 

To ensure a homogeneous mixture and apparent interface, it was important to perform the organic 

synthesis in a single-phase reaction mixture and hence required a water-miscible organic solvent. 

These samples were also very sensitive to the relative ratios of organic solvent to aqueous base, and 

the concentration of the aqueous base. Yields are typically correlated with photocatalytic activity, 

highlighting the requirement of optimal synthesis conditions. The best results were obtained when 

combining 4.5 mL DMF as the organic solvent with either 2M K3PO4 or K2CO3 as the selected base.  

 

5.6.3 Hybrid Photocatalysis 

Polymer-sensitised flux-synthesised aluminium-doped SrTiO3 was successfully prepared using the two 

linear conjugated polymer photocatalysts, DBTS-DBTS and DBTS-Ph. However, since both components 

are active photocatalysts under different conditions, it was challenging to identify the root cause of 

any resulting improvements in activity.  

 

SEM and EDX images of these hybrids indicated that homogeneous mixtures of oxide and polymer 

components are maintained throughout for RhCrOx@Al:STO/DBTS-DBTS hybrid photocatalyst 

samples containing different mass ratios of oxide and polymer. In the absence of photodeposited Pt, 

photocatalytic activities under sacrificial conditions increased as the ratio of oxide to polymer 

increased. Meanwhile, after the photodeposition of Pt, the hybrid containing 10 wt.% oxide behaved 

similarly to the pure polymer, but the increases in activity on hybrids with larger oxide content were 

limited. It is possible that these samples contained excess amounts of platinum.  

 

The leading hypothesis for these two sets of results relates to the fact that the oxide component had 

been pre-loaded with a RhCrOx co-catalyst prior to the in-situ polymerisation process that generated 

the hybrid system. Reaction mixtures containing increased oxide also included larger amounts of 

rhodium. Some rhodium, therefore, is likely to be incorporated into the organic phase, where it acts 

as a co-catalyst. Increases in activity due to increased surface area or charge injection from the oxide 

particles into the polymer could also not be ruled out. Electron extraction from the polymer into the 

oxide is also possible. Additionally, the presence of oxide particles in the reaction mixture can also 

impact the quality of the resulting polymeric component. As such, increased impurity concentration 

or higher residual palladium content cannot be excluded as potential explanations for their 

photocatalytic behaviour.  
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These hybrid polymers did not show signs of increased photocatalytic performance using MeOH as 

the sacrificial reagent. Irradiation of these photocatalysts dispersed in pure water resulted in trace 

amounts of hydrogen but no oxygen. In the presence of oxygen, the oxygen was reduced, and 

hydrogen peroxide was formed.  Overall these results suggest that if charge transfer occurs across the 

interface,  it occurs via a Type-I heterojunction in which both electrons and holes are injected from 

the oxide component into the polymer.  

 

DBTS-Ph/Al:STO hybrids without pre-loaded co-catalyst were subsequently prepared. Overall water 

splitting was observed in this hybrid after photodepositing Rh, Cr, and Co co-catalysts sequentially. 

However, the rate was diminished relative to physical mixtures and isolated Al:STO samples loaded 

with the same co-catalysts. HER rates from MeOH and TEA solutions were also conducted. However, 

under no conditions did the hybrid exhibit improved performances relative to the isolated organic or 

inorganic components.  

 

Polymer/BiVO4 hybrid Z-scheme photocatalysts were also prepared. However, these samples were 

not capable of achieving overall water splitting. Further refinement of the BiVO4 material, such as 

doping and selective photodeposition of appropriate co-catalysts, is likely required. 

 

Further spectroscopic measurements could be used to determine whether any heterojunction has 

been formed between the organic and inorganic components. For example, transient absorption and 

photoinduced absorption measurements could be used to identify the formation of excitons and track 

their lifetimes in pure materials relative to the hybrid system. X-ray photoelectron spectroscopy 

measurements would also provide valuable information regarding whether any band-bending due to 

charge transfer across an interface has occurred. 

 

Microwave-assisted polymer synthesis has proven that it can be used to rapidly screen different 

polymer/oxide combinations in various ratios. As such, this process could be used for a high 

throughput study in which hundreds of polymers with suitable band potentials could be screened for 

use in hybrid photocatalyst systems. As the DFT study indicated,  modifying the polymer backbones 

with side chains capable of anchoring to the oxide surfaces may also be a promising approach to 

enhance charge transfer rates across the interface.  
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5.7 Recommended Future Work 
 

This work has primarily focussed on linear conjugated co-polymers containing the DBTS moiety. 

Despite representing only a fraction of the possible organic photocatalytic systems in the literature, 

this work demonstrates that there remains a tremendous amount still to be learned regarding these 

systems. In this section, I will summarise the process that future researchers should undergo when 

designing new polymers in this family of materials.  

 

Firstly, consider performing additional high-throughput computational screening studies of novel co-

polymer designs. Importantly, these should also include ternary co-polymers. Ternary systems 

containing the DBTS unit introduce a new infinite library of potential moiety combinations. This library 

may be further proliferated by considering different ratios of each component and different sequential 

ordering of units along the backbone.  As demonstrated in Chapter 3, ternary structures enable fine 

tuning of unique optoelectronic, physical, and chemical properties that combine those of the 

individual components. 

 

When selecting which dibromide components to include in any future computational screening study, 

design elements highlighted in Chapter 2 may be used. As a general rule of thumb, dibromide 

monomers satisfying the following set of questions five should produce an effective photocatalyst 

when co-polymerised with DBTS.   

1a) Do resonance structures suggest delocalisation of electrons along the backbone of the neutral polymer? 

 
1b) If no, do resonance structures suggest delocalisation of electrons along the backbone of the charged polymer? 

                           
2) Is the angle between the two C-Br bonds 120o or greater? 

 
 

3) Does the monomer contain more than one aromatic ring? If so, are the rings fused/co-planar? 
4) Is the molecular axis of conjugation parallel to the polymer backbone?  
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Whether polymers with these underlying structures will be highly effective or not depends on the 

nature of any functional groups and the presence of aromatic heterocyclic compounds. Determining 

absolute rules regarding the impact of these factors is challenging without further information from 

computational calculations. 

 

Using the modified xTB-IPEA extended tight binding calculations outlined in Chapter 2, accurate 

optical bandgaps and approximate excited state ionisation energies and electron affinities can be 

obtained at a low computational cost. The energies of IP* and EA* of the DBTS co-polymers relative 

to those of DBTS-DBTS itself would provide the most information regarding the impact of introducing 

heteroatoms and functional groups. Samples predicted to have large oscillator strengths (f>5.5 a.u.) 

are typically expected to exhibit higher photocatalytic activities and longer fluorescence lifetimes.  

 

The colour coordinated selection of co-polymers presented in Figure 284 demonstrate how different 

functional groups and heteroatoms influence the HOMO and LUMO orbital energies (EA* and IP* 

respectively). Typically, red, grey, and purple polymers are expected to perform best as the LUMO is 

delocalised along the polymer backbone and the rate of charge transfer to residual palladium traps in 

the bulk is slow compared to the transfer of energy to photodeposited platinum. The electronic 

structure can be fine-tuned by adding or removing functional groups that are either electron donating 

(up and left) or electron withdrawing (down and right) in nature.  
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Figure 284: A selection of DBTS-X co-polymers identified as promising candidates according to the virtual screening 
criteria outlined in Chapter 2. Samples on the left have shallower HOMO levels than DBTS-DBTS, whereas those at the 
top have shallower LUMO levels than DBTS-DBTS. Likewise, the frontier orbitals of structures in the bottom right are 
lower in energy than DBTS-DBTS. Structures at the top left can be considered strong electron donors, whereas those at 
the bottom right are strong electron acceptors relative to the DBTS moiety. The orbital energies of DBTS-DBTS are 
predicted to match those of the grey samples closely.  

 

The high throughput work discussed in Chapter 2 did not investigate many samples containing 

imidazole- or thiazole-based moieties or those containing with fused 5- and 6- member rings. These 

systems, which interestingly possess both electron donating and electron withdrawing groups at the 

same time, should be thoroughly investigated. Their favourable band energetics may also lead to high 

photocatalytic activities.   

 

The work presented in this thesis, based on DBTS, BDT and PhFx moieties demonstrated that it is 

possible to produce DBTS-containing polymers with activities even greater than DBTS-DBTS when 

loaded with 0.5 wt.% Pt and tested in a 1:1:1 solution of TEA/MeOH/H2O. Exploring now co-polymer 

structures based on the methodology outlined here is highly likely to result in the discovery of 

photocatalysts with further enhanced activities.  

 

Another high throughput study similar to the work completed by Bai et al. would be very beneficial to 

the field. However, in addition to using the modified screening methodology and criteria, future 

microwave synthesis reactions should also be conducted using 4.5 ml of DMF or Toluene as the organic 
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solvent and 0.5 ml of 2M K2CO3 or K3PO4 as the base. Reaction temperatures should also not exceed 

120°C.  

 

When testing for sacrificial hydrogen evolution rates, these values should be reported as area-

normalised values. The irradiation area should be noted and polymer dispersion concentrations of at 

least 1 mg ml-1 should be used to ensure maximum absorption of light over this region. Samples should 

not be irradiated for more than 15 minutes to prevent the detrimental impacts of excessive headspace 

pressure. Pt loading concentrations may also need to be reduced further from 0.5 wt.% to 0.1 wt% for 

optimal performance.  

 

High throughput studies should also simultaneously test each photocatalyst for overall water splitting 

and hydrogen peroxide production. Further investigations into the use of a combination of Pt, Rh, 

Cr2O3, and CoOOH cocatalysts (sequentially photodeposited) should be conducted in order to 

maximise the rate of oxygen evolution and minimise that of oxygen reduction / hydrogen peroxide 

production in the case of the overall water splitting reaction.  
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