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Conjugated Polymer-Recombinant Escherichia coli Biohybrid Systems for 

Hydrogen Production 

Ying Yang 

Biohybrid photosynthesis systems, which combine biological and non-biological materials, 

have attracted recent interest in solar-to-chemical energy conversion. However, the solar 

efficiencies of such systems remain low, despite advances in both artificial photosynthesis and 

synthetic biology.  

Here, we show the potential of conjugated organic polymers as photosensitizers in biological 

hybrid systems by combining a series of polymer nanoparticles with recombinant Escherichia 

coli (E. coli) cells. Under simulated solar light irradiation, the biohybrids consisting of fluorene 

/ dibenzo[b,d]thiophene sulfone copolymer (LP41) and recombinant E. coli (i.e., a LP41/E. coli 

biohybrid) show a sacrificial hydrogen evolution rate of 3.442 mmol g-1 h-1 that is 30 times 

higher than the polymer photocatalyst alone (0.105 mmol g-1 h-1). No detectable hydrogen was 

generated from the E. coli cells alone, demonstrating the strong synergy between the polymer 

nanoparticles and bacterial cells. Photochemical activity trends were explained by differences 

in the physical interaction between synthetic materials and microorganisms, as well as redox 

energy level alignment. These results suggest that organic semiconductors may offer unique 

advantages, such as solution processability, low toxicity, and more tunable surface interactions 

with the biological components over more traditionally used inorganic materials. 

Mechanism study was conducted to explore the possible both extracellular and intracellular 

charge transfer pathways. Fluorescence lifetime and transient absorption spectroscopy studies 

suggest, although do not prove, charge transfer between the conjugated polymer and the 

bacterial cells under irradiation.  

Overall, this study adds to our fundamental understanding of this new type of organic biohybrid 

system. While these systems are far from practical, not least because of the use of a sacrificial 

hole scavenger, the results do suggest that organic semiconductors are equally viable for 

biohybrid photocatalyst manufacture and that they may offer certain advantages over inorganic 

materials, such as low toxicity, engineerable surface properties, and solution processability. 
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1.1 Renewable Energy Sources 

Substantial economic development and population growth around the globe is the reason for 

augmented energy demand.1 The energy system has transformed dramatically since the 

Industrial Revolution. We see this transformation of the global energy supply in Figure 1.1. 

Global energy consumption was over 170,000 terawatt-hours (TWh) in 2021 and has increased 

nearly every year for more than half a century.2 84.3% of the energy we use comes from fossil 

fuels. In 2019, oil was the biggest energy source (33.1%), followed by coal (27%) and natural 

gas (24.3%), as displayed in Figure 1.2. The key drawback of consuming these traditional 

resources (fossil fuels) is CO2 emissions and increased global warming.3  

Renewable energy is a collective term used to capture several different energy sources. 

‘Renewables’ typically include energy sourced from hydropower, solar, wind, geothermal, 

biomass, wave, and tidal energy.1 The increasing greenhouse gas emissions, environmental 

problems, and global temperature rise are the main reasons for the global transition from 

conventional to renewable energy resources. Renewable energy resources are among the most 

promising applicants to replace fossil fuels.4 In 2019, almost 15.7% of global primary energy 

came from low-carbon sources with 11.4% from renewables and 4.3% from nuclear (Figure 

1.2). Low-carbon sources are the sum of nuclear energy and renewables, including hydropower, 

wind, solar, bioenergy, geothermal, wave, and tidal.2 Hydropower and nuclear account for most 

Figure 1.1 Global primary energy consumption by source from 1800 to 2021. TWh: terawatt-hours. Figure 

adapted from Ref. [2]. 
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of our low-carbon energy (10.7%), and wind produces just 2.2% and solar produces 1.1% – but 

both sources are growing quickly. 

Among this, solar energy is often referred to as a ‘modern renewable’ – a couple of decades 

ago, it made only a tiny contribution to the global energy supply. Increasing global energy 

demands force us to seek environmentally sustainable alternatives to fossil fuels. In recent 

years, solar energy has become one renewable energy source that could address this need over 

the next century.5 

 

 

Figure 1.2 Global primary energy consumption by source based on global energy for 2019. Figure adapted from 

Ref. [2]. 
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1.2 Solar Energy 

1.2.1 Solar Energy for Fuel Application 

The use of solar energy requires solar capture/conversion and storage; chemical fuels 

are one sustainable solution to energy storage.6 A wide range of potential fuels can 

potentially be generated, including hydrocarbons, nitrogen-based fuels, and hydrogen.7 

Beyond the direct use of fuels, new solar-derived chemical building blocks can also play 

an important role in the chemical industry, which is still heavily dependent on non-

renewable feedstocks.8 

1.2.2 Natural Photosynthesis 

Over billions of years of evolution, photosynthetic organisms have developed the 

photosynthetic machinery to capture sunlight and convert it into organic molecules (i.e., 

biomass) to store solar energy in the form of chemical bonds.9  

Photosynthesis begins with the absorption of light by pigment molecules located in the 

thylakoid membrane, such as chlorophyll. These pigments all have in common within their 

chemical structures an alternating series of carbon single and double bonds, which form a 

conjugated π-electron system (Figure 1.3).10 

 

Figure 1.3 Major photosynthetic pigments in plants. The chemical structures of the chlorophyll and carotenoid 

pigments present in the thylakoid membrane. Figure adapted from Ref. [10]. 
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In photosynthetic systems, chlorophylls and carotenoids are found attached to membrane-

embedded proteins known as light-harvesting complexes (LHCs). Absorbed energy can be 

transferred among them by excitation energy transfer. A photosystem consists of numerous 

LHCs that form an antenna of hundreds of pigment molecules. The antenna pigments collect 

excitation energy and transfer it towards a ‘special pair’ of chlorophyll molecules in the 

reaction centre (RC) (Figure 1.4). The special pair of chlorophyll can undergo charge 

separation by returning to the ground state through the transfer of the electrons in the excited 

state to another species in an electron transport chain. High-energy electrons are then 

transferred through a series of membrane carriers, coupled to the synthesis of adenosine 

triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH).  

However, natural photosynthesis is relatively inefficient, a maximum photosynthetic efficiency 

of about 4.5% has been calculated by Thorndike.11 Normally crops produce yields of biomass 

at efficiencies less than 1%.12  

1.2.3 Artificial Photosynthesis 

Artificial photosynthesis aims to use photogenerated charge carriers for chemical 

reactions, such as hydrogen production from water or to produce other organic 

molecules, such as methanol via CO2 reduction.13 However, the solar-to-hydrogen 

efficiencies of artificial photocatalysts are much lower than those of photosynthetic 

organisms,12 even though solar light absorption can be more efficient in artificial 

semiconductors. This has prompted researchers to explore artificial photosynthetic 

systems that are inspired by natural photosynthetic machinery, intending to combine the 

advantages of biological systems with carefully designed semiconductors.  

Figure 1.4 Basic structure of a photosystem. Light energy is captured by the antenna pigments and transferred 

to the special pair of reaction centre chlorophylls which undergo a redox reaction leading to reduction of an 

acceptor molecule. The oxidized special pair is regenerated by an electron donor. Figure adapted from Ref. [10]. 
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Artificial photosynthesis mimics biological systems by using solar energy to drive a 

thermodynamically uphill reaction to generate fuels.13 It has been a long-standing 

challenge to develop practical artificial photosynthetic systems, and many different 

approaches have been used, such as photoelectrochemical systems,14 photovoltaic cells,15 

and photocatalyst materials.16,17  

Compared with natural biological systems, these artificial photosynthetic systems can 

capture sunlight and drive fuel production more efficiently, mainly because of the highly 

efficient light-absorbing materials that are available. However, there are numerous 

advantages of biological systems over artificial photosynthesis, including the ability to 

generate active multi-complex macromolecules continually and selectively and to 

facilitate electron transfer, as well as sustainable repair and physiological regulation.21 

Hence, to enhance solar-fuel conversion efficiencies, different strategies have been 

employed to interface synthetic and biological components.  

1.2.4 Semi-Artificial Photosynthesis 

This relatively new approach, often termed semi-artificial photosynthesis or biological-

chemical hybrid photosynthesis, leverages the light-absorbing ability of photovoltaics, 

photoelectrodes, and photocatalyst materials as well as the integration and dynamic regulation 

of metabolic pathways in biological systems.18  

The general process is that an irradiated solar energy capture material transfers photoexcited 

electrons to biocatalysts, including enzymes and microbes, to produce H2 or other products. 

Progress has been made in this field since the early 1980s when scientists began to combine 

inorganic semiconductors with microorganisms to increase hydrogen production,19 However, 

semi-artificial photosynthesis has only been studied more extensively since the beginning of 

this century. A range of systems that capture sunlight can be coupled with biological systems 

such as photovoltaics,20 photoelectrodes,21 and photocatalysts,22 thus allowing the construction 

of diverse hybrid photosynthetic systems. Most studies report either hydrogen or acetate as 

their product (Table 1.1). The crucial goal of biohybrid photosynthetic systems is to transform 

essentially inexhaustible atmospheric CO2, N2, or even wastewater into high-value chemicals 

with high yield and selectivity,21,23 and longer term, with high catalyst stability. 

 



7 
 

 

Table 1.1 Summary of selected cell/photosensitiser-based biohybrid systems for semi-artificial photosynthesis 

Material Microorganism Product and activity Ref. 

CdS M. thermoacetica Acetate, 0.48 mM day-1, QE: 2.14 ± 0.16% 24 

CdS, TiO2-MnPc  M. thermoacetica Acetate, 1.2 mM day-1  25 

TiO2 Engineered E. coli H2, 0.72 μmol min-1 (mg wet cell)-1 26 

Water-soluble dyes, inorganic complexes S. oneidensis 
Activity for several processes: H2 production, fumarate and pyruvate 

reduction, CO2 reduction 
27 

CdS E. coli H2, > 1.8 mmol over 3 hours 28 

CdS Engineered E. coli H2, 13.4 μmol after 6 hours, 81.8 μmol after 24 hours (108 cells) 29 

AuNCs M. thermoacetica H2, After 24 hours overall QE: 2.86 ± 0.38% 30 

PFP/PDI M. thermoacetica 
Acetic acid, 0.63 mM accumulated over a 3-day experiment, QE: 

1.6% 
31 

CdS S. oneidensis MR-1 H2, 362.44 ± 119.69 μmol mg-1 produced over a total of 72 hours  32 

CdS/CsgAA7  Engineered E. coli Formic acid, 0.84 mM within 8 hours, QE: 0.13% 33 

PFTP- PSMA D-A CPNs@ threonine 
deaminase 

Engineered E. coli 
2-Oxobutyrate, 6.0 ± 0.15 mM cumulative 

over 72 hours 
34 

La/Rh co-doped SrTiO3, Mo-doped BiVO4 Sporomusa ovata 
Acetate, Solar-to-fuel conversion efficiency of 0.7% at ambient 

conditions (298 K, 1 atm) 
35 

NPs: nanoparticles, M. thermoacetica: Moorella thermoacetica, MnPc: Mn (II) phthalocyanine, water-soluble dyes: proflavine, Eosin Y, fluorescein, inorganic complexes: 

Ru(bpy)3
2+ (bpy = 2,2′-bipyridine) and [Ru(bpy)2(4,4′-(PO3H2)2bpy)]2+ (RuP), S. oneidensis MR-1: Shewanella oneidensis MR-1, E. coli: Escherichia coli, AuNCs: gold 

nanoclusters, QE: quantum yield efficiency. PFP: poly(fluorene-co-phenylene), PDI: perylene diimide derivative, D-A CPNs@Enzyme: enzyme-modified donor-acceptor 

conjugated polymer nanoparticles, PFTP: poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as electron donor and poly(fluorene-alt-thienopyrazine), 

PSMA: poly (styrene-co-maleic anhydride); n.d. = not determined
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1.3 Hydrogen Technology 

The increase in the contribution of renewable energy sources to global energy support, would 

not be feasible without using energy storage systems.36 The major challenge for a storage 

device is to maintain the energy stored as long as needed and, when required, to be able to 

supply it as soon as possible.37 For this purpose, several studies in their effort to provide a clean 

and reliable alternative to traditional fossil fuels, which enjoy this particular feature, were led 

to hydrogen technology. 

Hydrogen is free of carbon and releases no greenhouse gases or harmful substances when used. 

Hydrogen also has a gravimetric heating value (141.9 MJ kg-1) which is much higher than that 

of traditional fuels, such as petrol (47.5 MJ kg-1) and natural gas (55.5 MJ kg-1).43 Hydrogen 

and its derivatives, therefore, should play an important role in the decarbonisation of those 

sectors where emissions are hard to abate, and alternative solutions are either unavailable or 

difficult to implement, such as heavy industry, shipping, aviation and heavy-duty transport.38  

Figure 1.5 Global hydrogen demand by sector in the Net Zero Scenario, 2019-2030. Figure adapted from Ref. 

[36]. 
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In Figure 1.5, global hydrogen demand reached 94 Mt in 2021, a 5% increase in demand in 

2020, driven mainly by the recovery of chemical and refining activity.38 Hydrogen demand 

remains concentrated in traditional applications in the refining and chemical sectors, with very 

limited penetration in new applications. By 2030 hydrogen demand will reach around 180 Mt, 

with nearly half of that demand coming from new applications, particularly in heavy industry, 

power generation and the production of hydrogen-based fuels. 

A wide variety of processes are available for H2 production, which according to the raw 

materials used, could be divided into two major categories, namely, conventional and 

renewable technologies.  

1.3.1 Hydrogen Production from Fossil Fuels 

The first category processes fossil fuels and includes the methods of hydrocarbon reforming 

and pyrolysis. In the hydrocarbon reforming process, the participating chemical techniques are 

steam reforming, partial oxidation and autothermal steam reforming.39  

Hydrocarbon reforming is a process by which the hydrocarbon fuel is converted into hydrogen 

through reforming techniques.42 It produces relatively pure hydrogen with high efficiency but 

is a slow endothermic reaction.44 In addition to the hydrocarbon, the other reactant for the 

reforming process can be either steam and then the endothermic reaction, known as steam 

reforming, or oxygen and the exothermic reaction is known as partial oxidation, as shown in 

Figure 1.6. When these two reactions are combined, it is termed the autothermal reaction.45 

Hydrocarbon pyrolysis is a process in which the only source of hydrogen is the hydrocarbon 

itself, which undergoes thermal decomposition through the following general reaction:  

Figure 1.6 Hydrogen production methods from fossil fuels. Figure reproduced from Ref. [39]. 
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CnHm → nC + 
1

2
mH2                                                                                                             1.1 

1.3.2 Hydrogen Production from Renewable Sources 

Although hydrocarbons are currently the main feedstock used for H2 production, the share of 

renewable technologies will become unavoidable and increase shortly as fossil fuels are 

declining and the Greenhouse effect is attracting greater attention.40 There are many processes 

for H2 production from renewable resources and biomass-based technologies and water 

splitting are included here in Figure 1.7.  

1.3.2.1 Biomass Process 

Biomass is a renewable source of primary energy derived from plant and animal material.41 It 

stems from plants and is organic matter in which the energy of sunlight is stored in chemical 

bonds via photosynthesis.42 Thermochemical and biological methods are the two modes for H2 

production from biomass (Figure 1.7).  

Figure 1.7 Hydrogen production methods from renewable sources. Figure reproduced from Ref. [39]. 
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Thermochemical technology mainly involves pyrolysis, gasification, combustion, and 

liquefaction. Biomass pyrolysis is the thermochemical process of generating liquid oils, solid 

charcoal and gaseous compounds by heating the biomass at a temperature of 650-800 K at 0.1-

0.5 MPa.41 Biomass gasification is the thermochemical conversion of biomass into a gaseous 

fuel (syngas) in a gasification medium such as air, oxygen and/or steam.37 Biomass combustion 

and liquefaction are two less preferable methods as they offer low H2 production with emitting 

polluting by-products and require high operation conditions of 5-20 MPa in the absence of 

air.43 

Biological methods mainly involve direct (Figure 1.8) and indirect bio-photolysis, dark and 

photo fermentation.37 Bio-photolysis is a process using the same principles found in plants and 

algal photosynthesis but adapting them for H2 generation. Green algae and blue-green algae 

can split water molecules into hydrogen ions and oxygen via direct and indirect bio-photolysis 

separately. In direct photolysis, green algae split water molecules into hydrogen ions and 

oxygen via photosynthesis.37 The hydrogen ion was then converted into hydrogen gas by 

hydrogenase. It may be represented by the following general reaction: 

2H2O 
       h𝜈      
→     2H2 + O2                                                                                                          1.2 

The sunlight represents in photochemical reactions denoted as ‘hv’, is proportional to its 

frequency (v) by a constant factor (h) known as Plank’s Constant. 

In indirect bio-photolysis, the general reaction for H2 formation from water by cyanobacteria 

or blue-green algae can be represented by the following reactions:                 

12H2O + 6CO2  
        h𝜈        
→      C6H12O6 + 6O2                                                                              1.3 

C6H12O6 + 12H2O 
         h𝜈         
→       12H2 + 6CO2                                                                          1.4 

Figure 1.8 Flow diagram of the direct bio-photolysis process. 
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Fermentations are biochemical processes that take place with or without oxygen and perform 

microbial transformations of organic feed materials producing alcohols, acetone and H2 in 

minimal amounts as well as CO2. Dark fermentation (Figure 1.9) primarily uses anaerobic 

bacteria on carbohydrate-rich substrates under anoxic and dark conditions.37 With glucose as 

the model substrates and acetic acid as the main end-product, the general reaction can be seen 

as follows44:  

C6H12O6 + 2H2O → 2CH3COOH + 4H2 + 2CO2                                                                 1.5 

Photo-fermentation (Figure 1.10) is a process conducted in deficient nitrogen conditions using 

solar energy and organic acids. Some photosynthetic bacteria due to the presence of nitrogenase 

can convert the organic acids (acetic, lactic and butyric) into hydrogen and carbon dioxide 

according to the following reaction with acetic acid as the reactant 45:  

CH3COOH + 2H2O + light energy → 4H2 + 2CO2                                                           1.6 

1.3.2.2 Water Splitting 

Water can be used for H2 production through water-splitting processes such as electrolysis, 

thermolysis, and photo-electrolysis.46 Water electrolysis uses electricity to split water into 

oxygen and hydrogen components. Although extremely pure hydrogen could be simply 

produced from water by electrolysis, the high electricity consumption by electrolysers prevents 

the production cost from competing with other large-scale technologies contributing with a 

share of about 5% to the total generation.37  

Figure 1.9 Flow diagram of the dark fermentation process. 

Figure 1.10 Flow diagram of the photo fermentation process. 
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Thermolysis or thermochemical water splitting is the process by which water is heated to a 

high temperature until decomposed to hydrogen and oxygen. The decomposition of water is 

not affected until the temperature is very high, generally over 2500 °C, for the Gibbs function 

(ΔG) to become zero and the separation of hydrogen from the equilibrium mixture to become 

feasible.38 

Photolysis, in general, is affected when the energy of visible light is absorbed with the help of 

photocatalysts and is then utilised to decompose water into H2 and O2.
38 In photo-electrolysis, 

the sunlight is absorbed through semiconducting materials and the process of water splitting is 

similar to electrolysis. The mechanism of photocatalytic water splitting and the different 

materials studied as photocatalysts are discussed in the following sections. 
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1.4 Photocatalytic Hydrogen Generation 

The seminal work of Honda and Fujishima in 1972 on photoelectrochemical water splitting 

using TiO2 electrodes built the foundations of solar photocatalysis research.47 There is 

extensive research in this direction in the following decades using inorganic heterogeneous 

photocatalysts, primarily metal oxides and chalcogenides.48,49 However, difficulties in tuning 

and adapting inorganic photocatalysts led to the development of molecular homogeneous 

systems, such as copper molecular catalysts,50 but at the expense of stability and efficiency.51 

Organic polymeric photocatalysts tend to combine the merits of homogeneous and 

heterogeneous photocatalysis, thus, constituting a promising new class of photocatalysts with 

wide molecular-level design space, owing to their molecular backbone.52  

1.4.1 Basic Principles of Photocatalytic Hydrogen Generation 

1.4.1.1 Main Process of Photocatalytic Hydrogen Generation 

Photocatalysis can be deconvoluted into four independent steps as depicted in Figure 1.11: 

light absorption leading to exciton formation; charge-carrier (electrons and holes) separation; 

charge-carrier transport to the surface catalytic centre; and the surface reaction often with the 

assistance of co-catalysts.53,54 All of these processes affect the final hydrogen generation 

efficiency.  

Figure 1.11 Processes in photocatalytic water splitting. Figure adapted from Ref. [54]. 



15 
 

When a photocatalyst absorbs light of energy larger than its optical gap (also commonly 

referred to as the absorption onset), electrons get excited from the valence band (VB) of 

inorganic semiconductors/highest occupied molecular orbital (HOMO) of organic 

semiconductors, to the conduction band (CB) of inorganic semiconductors/the lowest 

unoccupied molecular orbital (LUMO) of organic semiconductors. The amount of light that 

can be absorbed depends on the band-gap energy, the type of the band gap, and the absorbance 

of the materials. 

Light absorption leads to the generation of electron-hole pairs, which subsequently relax into 

bound excitons.55 After excitons are created, charge recombination and separation/migration 

are competitive. The separation of excited electrons and holes sometimes may need to 

overcome an energy barrier, which is the binding energy of the excited electron-hole pairs, 

excitons. Thus, the exciton binding energy and the exciton diffusion length are crucial 

parameters that are affected by particle size and morphology.52 For inorganic semiconductors, 

their experimental exciton binding energy is in the order of only tens of meV which is 

negligible, and it is assumed that excitons spontaneously dissociate.56 However, the exciton 

binding energy of organic semiconductors is not necessarily the same case. For example, for 

poly(para-phenylene) (PPP), the vertical exciton binding energy is predicted to be ≈ 1200 

meV in the middle of a polymer matrix and ≈ 170 meV on or near the interface with water.56 

These free charge carriers can drive redox reactions but also re-form excitons. Charge 

recombination reduces the excited charges by emitting light (radiative recombination) or 

generating phonons (non-radiative recombination), and the latter occurs when excess energy is 

converted into heat by phonon emission.57 Both free charge carriers and excitons can also 

become trapped on a part of the semiconductor.58 The excited electrons and holes separate and 

migrate within the limits of their diffusion length towards the surface and the catalytic centre.52 

The surface catalytic reaction is a chemical process that depends on the performance of the co-

catalysts. The absolute band positions of the photocatalyst determine the thermodynamic 

driving force for the surface catalytic reaction.59 Here, in the photocatalytic water-splitting 

reaction, they act as reducing agents and oxidizing agents to produce H2 and O2, respectively 

as depicted in Figure 1.12. Water splitting into H2 and O2 is an uphill reaction and it needs the 

standard Gibbs free energy change ΔG0 of 237 kJ/mol or 1.23 eV, as shown in Reaction 1.7.48 

H2O →  
1

2
O2 + H2                                                                                                                  1.7 
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Therefore, the band gap energy of the photocatalyst should be > 1.23 eV. Both the reduction 

and oxidation potentials of water should lie within the band gap of the photocatalyst. The 

bottom level of the conduction band has to be more negative than the reduction potential of 

H+/H2, whereas the top level of the valence band has to be more positive than the oxidation  

1.4.1.2 Evaluation of Photocatalytic Hydrogen Generation 

Two indicators should be considered in evaluating the photocatalytic hydrogen generation 

efficiency. One is photocatalytic activity, and the other one is photocatalytic stability.57 

The photocatalytic activity can be measured directly on the amount of hydrogen generated or 

indirectly on the electrons transferred from semiconductors to water within a certain time under 

light irradiation. Different photocatalytic setup configurations and light sources, such as the Xe 

lamp and Hg lamp, may give different rates of hydrogen evolution even when the same 

photocatalyst is used. This makes it difficult to compare the results across different research 

groups and measurement systems.  

For the indirect method, the overall quantum yield and apparent quantum yield are defined by 

Equations 1.8 and 1.9, respectively.60 The apparent quantum yield is estimated to be smaller 

than the overall quantum yield because the number of absorbed photons is usually smaller than 

that of incident light.  

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100%                                 1.8 

Figure 1.12 Fundamental principle of inorganic semiconductor-based photocatalytic water splitting for 

hydrogen generation. Figure adapted from Ref. [57]. 
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                1.9 

(𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡) 𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 (𝑄𝑌,%)

=  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100%                

=  
2 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100% (for H2 evolution)

=  
4 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100% (for O2 evolution) 

Besides a high photocatalytic activity or quantum yield, a good photocatalyst should also have 

good stability for H2 and/or O2 production.57 A long-time experiment or a repeated experiment 

is always necessary to test photocatalytic stability.  

1.4.2 Photocatalytic Hydrogen Generation Systems 

1.4.2.1 Hydrogen Generation Systems Containing Sacrificial Reagents 

Photocatalytic hydrogen production from water is a low-efficiency process, which is primarily 

due to a high recombination rate of photoinduced electrons and holes. Electron donors are 

usually required to act as sacrificial reagents to consume holes and prevent the recombination 

of electrons and holes. When the system is constructed in the presence of an electron donor, 

the photogenerated holes irreversibly oxidise the reducing electron donors instead of H2O.  

Organic compounds, such as alcohols (methanol, ethanol, isopropanol, etc.),61,62 organic acids 

(formic acid, acetic acid, etc.),63,64 and aldehydes (formaldehyde, acetaldehyde, etc.)65,66 have 

all been used as electron donors for photocatalytic hydrogen generation. The choice of 

sacrificial reagent can significantly affect performance. It was found that low oxidation 

potentials and high relative permittivity are desirable properties for sacrificial electron 

donors.67 The interaction between sacrificial reagents and photocatalysts surface determines 

the final availability of electron donors. It can be seen from the Gouy-Chapman theory:68 

𝜎S = 
2𝜀0𝜀R𝑇

F
sinh−1 (

F𝜓0

2R𝑇
)                                                                                                     1.10 

with the increase of dielectric constant or permittivity of the solvent, the final availability of 

electron donors increases and the trapping of holes achieves more efficiently. σs is the surface 

charge density, ε is the dielectric constant of the solvent or mixed solvent system, ε0 is the 

permittivity of free space, R is the gas constant, T is the temperature, F is Faraday constant and 

ψ0 is the potential at the solid surface. 
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Tertiary amines like triethylamine (TEA) and triethanolamine (TEOA) are commonly used 

because of the irreversibility of their degradation pathways, especially for polymetric 

photocatalysts.69  

1.4.2.2 Overall Water-Splitting System 

In photochemical overall water splitting (OWS) both water oxidation and reduction reactions 

take place on the same semiconducting photocatalysts (Figure 1.13a) - or composites of 

photocatalysts (Figure 1.13b and c). The photogenerated charge carriers (h+ and e-) should 

diffuse rapidly within their lifetimes to respective active sites on the surface of the 

semiconductor usually decorated with co-catalysts for high efficiency. 

The performance of photocatalytic water-splitting cells is most commonly quantified by the 

solar-to-hydrogen (STH) conversion efficiency (ηSTH), thus all water-splitting systems can be 

reliably compared.70,71 It is determined under standard solar irradiation generated with the Air 

Mass 1.5 global (AM 1.5 G) filter or one sun (100 mW cm-12) with no applied bias.72 The Air 

Mass quantifies the reduction in the power of light as it is passes through the atmosphere and 

is absorbed by air and dust. The standard spectrum at the Earth’s surface is called AM 1.5G, 

(the G stands for global and includes both direct and diffuse radiation). The STH efficiency is 

defined as the amount of chemical (H2) energy produced against the incident solar energy.73 

 1.11 

𝜂STH (%) =  
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
 

                   =  
𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ×  ∆𝐺

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎
 

                   =
(mmol 𝐻2 𝑝𝑒𝑟 𝑠) × (237000 J mol

−1)

𝑃Total (mW cm−2) × 𝐴𝑟𝑒𝑎 (cm2)
  

ΔG is the Gibbs free energy of hydrogen molecules (at 25 °C ∆G = 237 kJ mol−1). PTotal is the 

standard solar irradiation generated with AM 1.5 g filter. 

Recently, C3N4 has received much attention as a metal-free conjugated photocatalyst for stable 

visible light water splitting.74 With carbon dots (CDots) as a co-catalyst, a CDots–C3N4 

nanocomposite photocatalyst showed quite a high ηSTH of 2.0% with a robust stability of 4800 

h and generated H2 at a remarkable rate of 8.4 mmol h-1.74 
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A single photocatalyst for achieving OWS is extremely difficult to find, thus an ingenious 

strategy is to employ two photocatalysts to increase their overall OWS efficiency; this 

technique is inspired by natural photosynthesis and is termed Z-scheme water splitting.75 The 

photoexcited electrons and holes remain in the oxygen evolution photocatalyst (OEP) and the 

hydrogen evolution photocatalyst (HEP), respectively, and their recombination via an aqueous 

redox mediator (IO3-/I-)76 or a solid-state electron mediator ( Au metal )77 completes the 

photocatalytic cycle.  In addition, an electron-mediator-free Z-scheme photocatalytic water-

splitting was also reported by making an efficient BiVO4–Ru/Rh:SrTiO3 composite.78 

Figure 1.13 (a) One-step photoexcitation. (b) Two-step photoexcitation with an aqueous redox mediator. (c) 

Two-step photoexcitation with a solid-state electron mediator. CB, conduction band; Eg, semiconductor 

bandgap; HEP, hydrogen evolution photocatalyst; NHE, normal hydrogen electrode; OEP, oxygen evolution 

photocatalyst; Ox, oxidant; Red, reductant; VB, valence band. Figure adapted from Ref. [70]. 
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The photocatalysis (PC) system needs the smallest complexity for achieving OWS, but there 

are still many requirements for the light absorber of a proper band gap, band edge potentials, 

and stability in an aqueous medium.79 In addition, it is difficult to control the charge carriers 

since there is no applied bias.75 

1.4.3 Types of Solar-Driven Water-Splitting Devices 

Apart from particulate photocatalytic (PC) systems, photoelectrochemical (PEC) water-

splitting cells, and photovoltaic–electrochemical (PV-EC) systems are also water-splitting 

systems for sustainable solar H2 production.  

 

1.4.3.1 Photoelectrochemical (PEC) Water-Splitting Cells 

A PEC cell requires two electrodes (an anode for the oxidation reaction and a cathode for the 

reduction reaction). At least one of the electrodes is a semiconductor (n-type for photoanode 

Figure 1.14 Unassisted PEC device for solar overall water splitting. (a) Schematic representation of PEC cell 

with Co4O4/pGO/BiVO4/SnOx photoanode (front) wired to the Pt/TiOx/PIP/CuOx photocathode (behind). (b) 

UV–vis spectra of BiVO4 and PIP as light-harvesting semiconductors. (c) Schematic representation of integrated 

BiVO4-based photoanode and PIP-based photocathode. PIP: organic polymer semiconductor PBDB-

T:ITIC:PC71BM. Figure adapted from Ref. [82]. 
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and p-type for photocathode) designed to absorb the sunlight and split water directly at the 

surface (Figure 1.14b).80  

In 1972, the first unassisted photoanode–photocathode PEC cell was demonstrated with a p-

GaP/n-TiO2 tandem combination.47 Despite that it showed only a 0.25% STH efficiency with 

the unstable cell, this result inspired the idea of water decomposition without bias. Recently, 

an unassisted PEC water-splitting by coupling a Co4O4/pGO/BiVO4/SnOx photoanode and a 

Pt/TiOx/PIP/CuOx photocathode exhibited the highest STH efficiency of 4.3% for dual-

photoelectrode PEC devices to date.81 

1.4.3.2 Photovoltaic–Electrochemical (PV-EC) Systems 

Compared to the PEC devices, where a light absorber is immersed in the electrolyte, the PV-

EC devices employ a separate function of light absorption and electrolysis. Specifically, two 

well-established technologies, PV and EC, are combined. Solar energy is transformed into 

electrical power by PV devices and then transported to the electrolysers through the wires for 

water splitting.82 The PV modules and electrolysers are connected in series through wires, 

referred to as “traditional PV-EC” (Figure 1.15a). The other integrated configuration is called 

“integrated PV-EC,” the distance between the PV modules and the electrolysers is shortened 

by coating the conducting layers and electrocatalyst layers contacting the electrolyte (Figure 

1.15b).80  

Figure 1.15 Schematic of two types of PV-EC devices/systems: (a) Traditional PV-EC. (b) Integrated PV-EC. 

Figure adapted from Ref. [79]. 
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The major advantage of PV-EC in comparison to PC and PEC is that PV and water electrolysis 

are already well-established technologies and a high ηSTH of >10% is easily achievable.83 

Recently, Jia et al.84 achieved the highest ever ηSTH (>30%) with a PV-EC system of 

InGaP/GaAs/GaInNAsSb triple-junction solar cells connected to 2 polymer electrolyte 

membrane (PEM) electrolysers in series with Pt–Ir as the cathode–anode coated on a Nafion 

membrane under 42 sun. 

The PV-grade materials exhibit high efficiencies, but their higher complexity means higher 

cost. Thus, efficiency is one of the many considerations to make in the selection of solar 

hydrogen production technology. 
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1.5 Semi-Artificial Photosynthesis 

1.5.1 Different Types of Semi-Artificial Systems 

Two classes of semi-artificial systems are common: enzyme hybrids and cell hybrids; 

each has limitations and strengths.18 Examples of enzyme hybrids include direct 

immobilization of enzymes onto electrodes (Figure 1.16a), e.g., [FeFe]-hydrogenase 

adsorbed onto a carbon electrode in a dye-sensitized photoelectrochemical cell,85 and 

nanoparticulate semiconductors ([NiFeSe] hydrogenase adsorbed to particulates such as 

dye-sensitized TiO2
86, [FeFe]-hydrogenase adsorbed polymer nanoparticles87) (Figure 

1.16 b, c). While their poor scalability and inherent instability render enzyme hybrids 

impractical for commercial applications,88 these studies have advanced the fundamental 

understanding of these systems and aid in understanding the potential of future 

applications in cell hybrids. 

Figure 1.16 (a) [FeFe]-hydrogenase-catalysed H2 production in a photoelectrochemical biofuel cell, figure 

adapted from Ref. [84]; (b) polymer dots as photoactive membrane vesicles for [FeFe]-hydrogenase self-assembly 

and solar-driven hydrogen evolution, figure adapted from Ref. [86]; (c) Cartoon representation of a hybrid 

(enzyme−TiO2) nanoparticle system, figure adapted from Ref. [85]. 
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Bacterial cells have been used as biocatalysts to overcome the limitations of enzymes in 

the field of semi-artificial photosynthesis. The interactions between microorganisms and 

electrodes have been reviewed, such as microbial electrosynthesis reactors89 in 

conjunction with or without solid-state photovoltaic, microbial fuel cells 90, and 

photobio-electrochemical cells.91,92 Compared with the material-based biohybrids, these 

electrode-based systems have been more widely studied and understood in terms of their 

configuration and application. 

1.5.2 Material-Microorganism Complexes for Hybrid Photosynthesis 

1.5.2.1 Chemical-Synthetic Inorganic Nanoparticles 

Several studies have reported hydrogen production for systems consisting of TiO2 and 

cells of a gram-positive bacillus Clostridium acetobutylicum,19 cobalt phosphate, and 

genetically engineered Saccharomyces cerevisiae,93 or by using bismuth oxide or dye-

sensitized TiO2 and the purple photosynthetic bacterium Rhodopseudomonas 

capsulatus.94 (Table 1.2) Upon irradiation, photoinduced electrons generated in the 

inorganic semiconductor NPs were transferred to microbes to produce hydrogen via 

redox couples. Recently, recombinant Escherichia coli cells expressing both 

hydrogenase and maturase genes have been reported to enable photocatalytic hydrogen 

production with TiO2 NPs acting as the semiconductors (Figure 1.17).26 

 

Figure 1.17 Photocatalytic H2 production by the combination of TiO2, methyl viologen (MV), and the 

recombinant E. coli expressing [FeFe]-hydrogenase and relevant maturases, figure adapted from Ref. [26]. 
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Compared with purely artificial photocatalysts and enzyme-material-based systems, there has 

been a significant breakthrough in using whole-bacterial cells as biocatalysts. One of the 

greatest advantages is that the cells that serve as biocatalysts can be easily harvested from a 

liquid culture without the need for manipulations such as cell disruption and protein 

purification.26 Beyond this, the self-replicating nature of microorganisms grants cell hybrids 

potentially high scalability.95 Despite these benefits, a host of challenges must be overcome 

before the application in commercial solar energy conversion. We struggled to find a clear 

description of the nature of the interactions between the chemical synthetic inorganic 

semiconductors and microbes in any studies on biohybrid photosynthesis. 

1.5.2.2 Biosynthetic Inorganic NPs 

In addition to the chemical-synthetic methods for the synthesis of inorganic semiconductors, 

the use of biological organisms in this area is rapidly gaining importance, especially for CdS 

nanoparticles.96 Among them prokaryotic bacteria have been most extensively studied for the 

synthesis of inorganic materials. Recently, the bio-precipitation of CdS NPs on the surface of 

the acetogenic, thermophilic bacterium Moorella thermoacetica (M. thermoacetica) 

successfully constructed an inorganic-cell hybrid system to produce acetic acid from carbon 

dioxide.97  

E. coli has also been used to drive the production of hydrogen with precipitated CdS on the cell 

surface.28 E. coli produces cysteine from sulfides as part of its detoxification strategy through 

the expression of cysteine desulfhydrase, an aminotransferase that converts cysteine into 

pyruvate, ammonia, and hydrogen sulfide.98 This has been used by engineered E. coli to 

Figure 1.18 M. thermoacetica–CdS reaction schematics. Figure adapted from Ref. [96]. 
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overexpress cysteine desulfhydrase to facilitate sulfide production and cadmium 

precipitation.98 Also, the gene encoding serine acetyltransferase was overexpressed for the 

production of cysteine.99 In addition, E. coli mutants were constructed to express a lead-specific 

binding protein PbrR on the cell surface, permitting selective adsorption of both lead and 

cadmium ions and the formation of PbS and CdS NPs on the cell membrane.29,100 These 

genetically engineered E. coli strains showed the impressive capability of facilitating the bio-

precipitation of CdS and thus improving the hydrogen production of CdS-E. coli hybrids. 

1.5.2.3 Organic Photocatalysts 

Most of the research in this area is mainly focused on inorganic materials no matter it is 

chemical synthetic (TiO2) or biosynthetic (CdS) as discussed above and shown in Table 

1.2. However, considering the interactions between materials and microorganisms, 

polymers are ideal for bacteria adsorption due to their hydrophobic surface that reduces 

hydration and maximises adhesion.101 In addition, organic semiconductors are carbon 

based which allows the materials to be designed to be closer in terms of physio-chemical 

properties compared to inorganic materials.102 The cell surface of most prokaryotic 

organisms is associated with complex glycosylated macromolecules, secondary cell 

wall polymers, and capsular polysaccharide103 which share similar nature with organic 

polymers. Furthermore, the extracellular matrix (ECM) made by bacterial cells to form 

biofilms is a mixture of high-molecular weight polymers.104 This plays an important role 

in biohybrid systems as the surface of organic semiconductors is in the direct contact 

with biological systems, thus, it must be biocompatible with the surface.105 

Adhesion can be further increased through the modification of the polymers with 

positively charged functional groups, such as quaternary ammonium groups. As the 

surface of bacteria is negatively charged it allows for increased electrostatic interactions. 

Surface roughness can be related to the increased surface area which in turn increases 

bacteria adhesion,106 but patterning of surfaces and submicrometric roughness has been 

shown to suppress the adhesion of bacteria.107 Following primary adhesion to the surface 

mediated by nonspecific interactions such as hydrophobic and electrostatic 

interaction108 irreversible adhesion takes place forming non-equilibrium hybrids.109 

The development and advances in ‘soft photocatalysis’, using organic polymeric 

photocatalysts (Figure 1.19),110 such as carbon nitrides, π-conjugated polymers, 

covalent triazine frameworks (CTFs) and covalent organic frameworks (COFs), is 
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another driving force for the application of polymeric photocatalysts in semi-artificial 

photosynthesis field.52 

Carbon nitride is composed of alternating carbon and nitrogen atoms in the form of 

triazine or heptazine units, connected by imide bridges.52 They are powerful 

photocatalysts primarily owing to their oxidative and reductive power, high chemical 

stability and straightforward synthesis from inexpensive precursors.111 However, the 

high-temperature synthesis of carbon nitrides and the resulting inertness of their 

backbones limit the possibilities of functional-group engineering. 

π-Conjugated polymer catalysts were first reported for solar-fuel photocatalysis using 

linear poly(phenylene)-type polymers for photocatalytic hydrogen evolution reaction 

(HER).112 Opto-electronic properties of conjugated polymers can also be tuned through 

synthetic methods. This can be used to obtain materials with strong and broad absorption 

in the visible region of the solar spectrum, also tuning the band positions, charge 

separation, and charge migration efficiency.16 Furthermore, there are many widely 

available conjugated organic monomers, enabling the synthesis of a broad range of 

conjugated polymers by well-established methods. 

CTFs bridge carbon nitrides and π-conjugated polymers, with the robust triazine motif 

from carbon nitrides forming an extended conjugated framework, as is the case in 

conjugated polymers.113 Unlike carbon nitrides, CTFs possess inherent microporosity 

Figure 1.19 Overview of the different classes of polymeric photocatalysts. Figure adapted from Ref. [105]. 
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and/or mesoporosity. However, high-temperature synthesis further causes functional-

group intolerance, which considerably limits the choice of monomers. 

COFs are 2D or 3D polymers that are made by linking molecules through reversible 

reactions using thermodynamically controlled dynamic covalent chemistry.114 COFs are 

important photocatalysts because of the essentially unlimited chemical tunability of the 

parameters determining photocatalytic activity, like light harvesting, charge separation 

and charge transport.115,116 In addition, the COF backbone is crystalline, rigid and 

conjugated, which can improve light harvesting and charge transport, also by reducing 

unproductive quenching events at structural defects.117 

As discussed above, polymers have some benefits and can also be further tuned to bind 

to bacteria surfaces. This has been exploited to maximise selective and non-selective 

interactions. Positively charged polymers can bind with the negatively charged outer 

membrane of bacteria through electrostatically non-selective interactions. Specific 

biomolecular recognition units have also been utilized to obtain selective binding 

towards certain microbes, such as aptamers,118 anti-E. coli antibody,119 boronic acid 

derivatives,120 and mannose.121 The ability to copolymerize or functionalize polymers 

with the above recognition elements gives rise to specificity. Other strategies include 

the grafting of polymers to surfaces,122 cell encapsulation,123 surface-initiated 

polymerisations,124 polymerisations inside cells, and templating of polymers on cell 

surfaces to maximise interaction. 

Figure 1.20 Diagram of the PDI/PFP/M. thermoacetica photosynthesis hybrid system. Figure adapted from 

Ref. [ 31].. 
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Based on this, organic hybrid systems have been explored to combine the advantages of 

organic materials with biological systems recently. The photosensitizers consisting of 

perylene diimide (PDI) derivative and poly(fluorene-co-phenylene) (PFP) were coated 

onto the surface of M. thermoacetica to create a biohybrid system for solar-to-chemical 

conversion (Figure 1.20).31 It was found that PDI/PFP interacted with the bacteria by 

electrostatic interactions and the cationic side chains of organic semiconductors could 

intercalate into the cell membrane by hydrophobic interactions.31  
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Table 1.2 Reports on material-microorganism biohybrid systems for hydrogen production 

Material Microorganism Reaction solution Energy source Light Source Activity Ref. 

Bacterially precipitated 

CdS 
S. oneidensis MR-1 

50 mM HEPES, 50 mM NaCl, 20 mM 

sodium lactate 

Sodium lactate, 

light 

300 W Xe lamp 

with a 420 nm cut-

off filter 

362.44 ± 119.69 μmol mg-1 

hydrogen produced over 72 hours  
32 

Cu2O/Reduced graphene 

oxide 
S. oneidensis MR-1 

100 mM Tris-HCl, 150 mM NaCl, 5% (v/v) 

glycerol and 100 mM ascorbic acid 
Glycerol, light 

300 W Xe lamp 

with a 420 nm cut-

off filter 

322.0 μmol/gCu2O within 4 h 125 

Water-soluble dyes, 

inorganic complexes 
S. oneidensis 50 mM HEPES, 50 mM NaCl, pH 7 Light KL5125 cold light  

725 ± 97 nmol of hydrogen over 

30 min with sodium dithionite and 

MV 

27 

Bacterially precipitated 

CdS 
E. coli K-12 

SBC medium with 1 mM cysteine, 20 mM 

glucose 
Glucose, light 

300 W Xe lamp 

with bandpass 

filters 

> 1.8 mmol hydrogen over 3 hours 28 

Bacterially precipitated 

CdS 

Engineered E. coli 

BL21 

100 mM Tris-HCl (pH 7), 150 mM NaCl, 5% 

glycerol, 100 mM ascorbic acid, 5 mM MV 
Glycerol, light 350 W Xe lamp 

13.4 μmol at 6 h, 81.8 μmol at 24 

h by 108 cells 
29 

Bacterially precipitated 

CdS 

Engineered E. coli 

BL21 
100 mM BisTris-HCl (pH 5), 5 mM MV Light 

Monochromatic 

LED light 

AQY: 0.11, 0.10, and 0.04% at 

385, 420, and 470 nm 
126 

Bacterially 

Precipitated AgInS2/In2S3 
E. coli MG1655 

SBC medium with 1 mM 

cysteine, 20 mM glucose 
Glucose, light 300 W Xe lamp 

2.2 mmol-hydrogen/mmol-glucose 

at 2000 W m-2 
127 

Biogenic CdSexS1-x 

nanoparticles 
E. coli 

3 mL LB medium (pH 7, with 100 mM Tris-

HCl buffer), 8 g/L glucose  

LB, glucose, 

light 

300 W Xe lamp 

with a 420 nm cut-

off filter 

2.9- fold higher hydrogen 

production rate than the pure E. 

coli 

128 

Anatase TiO2 powder Engineered E. coli 

100 mM Tris-HCl (pH 7), 150 mM NaCl, 5 

mM methyl viologen, 5% glycerol, 100 mM 

ascorbic acid 

Glycerol, light Xe lamp 
0.72 μmol min-1 (mg wet cell)-1 

hydrogen 
26 

TiO2 (P-25) 
Engineered E. coli 

BL21 

100 mM Tris-HCl (pH 7), 5 mM methyl 

viologen 
Light 

300 W Xe lamp 

with bandpass 

filters 

AQY300:  26.4%, AQY350: 31.2% 129 

TiO2 E. coli K-12 

100 mM Tris-HCl (pH 7), 150 mM NaCl, 5 

mM methyl viologen, 6 mM glucose, 100 

mM ascorbic acid 

Glucose, light Xe lamp 

a 2-fold increase in the hydrogen 

production compared to that 

without TiO2 

130 

Iodine-doped 

hydrothermally 

carbonized carbon 

E. coli-K12 

(MG1655) 

Simplified BC medium, 20 mm glucose, 1 

mM cysteine 
Glucose, light Xe lamp  quantum efficiency of 9.11% 131 

S. oneidensis: Shewanella oneidensis, HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid, AQY: apparent quantum yield, MV: Methyl viologen, LB: 

Lysogeny broth, AQY300: apparent quantum yield at 300 nm.
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1.6 Experimental Techniques 

1.6.1 Particle Analysis Using Dynamic Light Scattering 

1.6.1.1 Size Analysis 

Dynamic Light Scattering (DLS) is a non-invasive technique for measuring the size and size 

distribution of molecules and particles that have been dispersed or dissolved in a liquid, 

typically in the submicron region. It measures Brownian motion and relates this to the size of 

the particles. Brownian motion is the random motion of particles which results from their 

collision with solvent molecules such as water. The rate of Brownian motion is quantified as 

the translational diffusion coefficient D and is inversely related to hydrodynamic diameter dH 

according to the Stokes-Einstein equation,132 

𝑑HH =  
k𝑇

3π𝜂𝐷
                                                                                                                           1.12 

Where: 

dH = hydrodynamic diameter 

D = translational diffusion coefficient 

k = Boltzmann’s constant 

T = absolute temperature 

η = viscosity 

In DLS measurement, when a laser is passed through a suspension, the Brownian motion of 

particles or molecules causes the laser light to be scattered at different intensities. The rate at 

which these intensity fluctuations occur will depend on the size of the particles.133 Figure 1.21 

illustrates typical intensity fluctuations arising from a dispersion of large particles and a 

dispersion of small particles. The small particles cause the intensity to fluctuate more quickly 

than for larger particles.  

The oscillating intensity signal is then converted into size information using a correlation 

function in which the time analysis is carried out with a correlator which constructs the time 
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autocorrection function of the scattered intensity.134 The correlation function contains the 

diffusion coefficient information by fitting it with a suitable algorithm. 

1.6.1.2 Zeta-Potential Measurement 

When charged nanoparticles (NPs) are dispersed in a liquid, a layer of ions of opposite charge 

is strongly bound to their surface, forming a charged thin layer, known as the “Stern layer” (see 

Figure 1.22). The Stern layer induces the formation of a second diffuse outer layer, composed 

of loosely associated ions called the “diffusive ion layer”. These two layers are collectively 

called “the electrical double layer”. When the NPs move in the liquid phase (due to gravity, 

kinetic energy, and/or under an applied electrical field),135 there exists a boundary between the 

ions in the diffuse layer that move with the particle and ions that remain with the bulk dispersant. 

The zeta potential is the electrostatic potential at this “slipping plane” boundary (Figure 

1.22).136 

During a zeta potential measurement, an electrical field is applied across the sample, inducing 

the movement of charged particles. The ratio between the NP velocity (U) and the externally 

applied field (E), known as electrophoretic mobility (𝜇e), is then measured and converted to the 

zeta potential (ζ) using the Henry equation:137,138 

𝜇𝑒 =
𝑈

𝐸
= 

2∙ϵ∙𝜁∙𝑓(𝜅∙𝛼)

3∙𝜂
                                                                                                             1.13 

Figure 1.21 Intensity fluctuations and Brownian motion. Differences in diffusion coefficient or particle size 

results in different frequency fluctuations in light intensity. Image adapted from www.atascientific.com.au. 
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Where 

ε = solvent dielectric constant 

η = solvent viscosity 

𝑓(𝜅 ∙ 𝛼): Henry function, the ratio of the particle size (α) to the Debye length (1/κ). Debye 

length represents the thickness of the electrical double layer that depends on the ionic strength 

of the medium and on the temperature of the sample. In an electrolyte or a colloidal suspension, 

the Debye length for a monovalent electrolyte is usually denoted with symbol κ-1 

𝜅−1 = √
εrε0kB𝑇

2𝑒2𝐼
                                                                                                                     1.14 

Where 

I = the ionic strength of the electrolyte 

ε0 = the permittivity of free space 

εr = dielectric constant 

kB = the Boltzmann constant 

T = the absolute temperature 

e = the elementary charge 

Henry function 𝑓(𝜅 ∙ 𝛼) is used to describe the electrophoretic mobility of spherical colloids.139 

For NPs in a polar media (e.g. NaCl > 10 mM), 𝑓(𝜅 ∙ 𝛼) is approximate to its maximum value, 

1.5, which is known as the Smoluchowski approximation;133 for non-polar media 𝑓(𝜅 ∙ 𝛼) can 

be approximated to its minimum value, 1 (Hukel Approximation).140 In most water-based 

media relevant to biological applications, the value 1.5 is the most appropriate.  

During a zeta potential measurement, the electrophoretic mobility is quantified by measuring 

the small frequency shift of the light of a coherent laser source (laser) scattered by the charged 

NPs that are moving in an external electric field. The shift in frequency is measured by a 

Doppler interferometer.138 
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Figure 1.22 Schematic representation of zeta potential definition reproduced from Ref. [104]. 
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1.6.2 Time-Resolved Spectroscopy Techniques 

1.6.2.1 Time-Correlated Single Photon Counting 

Time-correlated single photon counting (TCSCP) is a method for determining fluorescence 

lifetimes (τ). This method relies on the probability of detecting a photon at time t after the 

excitation pulse is proportional to the fluorescence intensity I(t) at that time.141  

It makes use of a pulsed excitation source (typically laser or LED), as shown schematically in 

Figure. 1.23. Production of a light pulse ‘starts’ the timing electronics. These are ‘stopped’ by 

a signal from the detector, triggered when a fluorescence photon hits the detector. The 

difference in time between these two signals is then outputted to a histogram, consisting of 

time bins, with fixed time width (Δt).142 Timing electronics in the form of a time-to-digital 

converter or time-to-amplitude converter are used to record these events in succession, until 

sufficient statistics are collected to reconstruct the decay.  

The signal is then fit to a multiexponential function to model the lifetime decay to obtain 

fluorescence lifetimes. χ2 is a goodness-of-fit parameter, and ideal χ2 value typically is 1.2 or 

less. After fitting, the average fluorescence lifetime (τavg) can be calculated according to 

equation 1 with coefficient αi of each component representing a contribution to overall 

decay.143 

𝜏avg = ∑𝛼𝑖𝜏𝑖                                                                                                                       1.15 

Figure 1.23 Schematic for TCSPC reproduced from Ref. [136]. 
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1.6.2.2 Transient absorption spectroscopy 

Transient absorption spectroscopy (TA) is a pump-probe technique used to investigate the 

excited state of molecules or materials on the ultrafast (fs to ns) and slow (µs to s) timescales.144 

Two light pulses are required: a femtosecond narrow-bandwidth pump pulse to excite the 

sample and a delayed broad-bandwidth probe pulse to measure the changes in sample 

transmittance (Figure 1.24).145 In ultrafast TA measurements, the probe beam passes through 

an adjustable delay line and is focused onto a supercontinuum medium (such as CaF2 or 

sapphire), resulting in the generation of broadband radiation, which is spatially overlapped with 

the pump beam at the sample. After transmission through the sample, the broadband probe is 

dispersed by a spectrograph and detected by an array detector.144 

The time resolution of such experiments depends mainly on the duration of the pump and probe 

pulses, that is, the pump-probe correlation function. However, due to the limited length of the 

delay line, most ultrafast TA systems have a limit on the achievable delay of <10 ns.144 

The high-intensity pump laser excites a significant percentage of the molecules in the sample 

to a higher energy level, altering the population difference and reducing the absorption 

coefficient of the transition.146 Next, a low-intensity probe laser is passed through the sample 

to measure the absorption. Based on the difference between the probe laser absorption with and 

without the pump for different pump-probe delays Δt at a given wavelength λ, the measured 

signals are usually expressed as the differential absorbance of the sample with and without the 

pump, Ap and Anp, respectively:147 

∆𝐴 (𝜆, ∆𝑡) =  𝐴𝑝(𝜆, ∆𝑡) − 𝐴𝑛𝑝(𝜆, ∆𝑡) =  − log (
𝐼𝑝𝑟𝑜𝑏𝑒 𝑝(𝜆,∆𝑡)

𝐼𝑝𝑟𝑜𝑏𝑒 𝑛𝑝(𝜆,∆𝑡)
)                                             1.16 

Figure 1.24 Basic principle of femtosecond transient absorption. Figure adapted from Ref. [140]. 
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with Iprobe p and Iprobe np the probe intensity transmitted by the sample with and without the pump, 

respectively. Measurements for different pump-probe delays and different wavelengths allow 

us to reconstruct the sequence of events leading to the formation of intermediates or the 

photoreaction products.148 A three-dimensional spectrum (ΔO.D. vs λ vs t) is then constructed 

by repeating the measurement at a range of pump-probe time delays. 

Spectrum features commonly observed in a TA spectrum (Figure 1.25) include (i) ground-

state bleach (GSB) resulting from the depopulation of the ground state by the pump laser and 

expected to have similar profiles to the steady-state UV-Vis absorbance spectrum; (ii) 

simulated emission (SE) which are resulted from excited species radiatively relaxing to their 

ground electronic state; (iii) excited-state absorptions (ESAs)/photochemical product 

absorptions149  which are formed when excited species are subsequently excited to higher level 

electronic states through the absorption of the probe light.150  

In time-resolved spectroscopic experiments, to extract valuable information, one method is a 

kinetic trace, to take one wavelength and look at its evolution in time; or a ΔA spectrum, to plot 

the signal at different wavelengths for a given point. Analysis of how these spectroscopic 

features grow in or decay over time can then be used to establish the timescales of key species 

formation, and their lifetimes, to unravel their kinetics. 

 

 

Figure 1.25 Three-state population model illustrating the formation of a transient non-emissive product in the 

singlet ground state from S1. Figure adapted from Ref. [140]. 
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1.7 Project Aims 

The core aim of this thesis is to assemble conjugated polymer - E. coli biohybrid systems for 

the evolution of hydrogen from water. As previously discussed, organic photocatalysts, such 

as conjugated polymers, are much less explored in biohybrid systems, despite their advantages 

such as the synthetically tunable optoelectronic properties and surface properties that are 

derived from a wide range of accessible monomers. 

This project will explore the potential of organic semiconductors focusing on nanoparticles of 

processable linear polymers (Chapter 2) as light absorbers in semi-artificial photosynthesis 

systems. Recombinant E. coli expressing [FeFe]-hydrogenase will be coupled with these 

nanoparticles to fabricate cell hybrids (Chapter 3) and their performance will be evaluated in 

terms of sacrificial photobiocatalytic hydrogen generation from water.  

Firstly, the optical properties of the organic photocatalyst will be tuned by using different 

building blocks in the polymer backbone, such as phenylene, thiophene, dithiophene, and 

dibenzo[b,d]thiophene sulfone, which allows the system to absorb visible light. The polarity of 

the polymer side-chains will be tuned by incorporating imidazolium or quaterinized 

ammonium groups, which will improve the surface interaction between the polymer and the E. 

coli cells. Furthermore, the processability of conjugated polymers by incorporation of 

solubilising side chains into linear polymers will open up opportunities for the processing of 

polymers into nanoparticles and films,151 which will improve photocatalytic performance152,153 

and enhance interactions further. 

Secondly, two biohybrid system assembly strategies will be studied in Chapter 3, and different 

parameters, such as irradiation time, sacrificial electron donors, reaction medium, polymer 

backbones, E. coli strains, and dye-sensitization will be explored to optimize the conjugated 

polymer-E. coli biohybrid systems. 

Lastly, a further aim of this project is to investigate the possible charge transfer mechanism in 

order to give our understanding of the extracellular/intracellular electron transfer pathways of 

this new type of organic biohybrid system. In Chapter 4, spectroscopic techniques, such as 

transient absorption spectroscopy alongside metabolic analysis will be applied to explore the 

underlying mechanism.  
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2.1 Background 

In this chapter, firstly two series of polymers with fluorene-phenylene (LP1) and 

fluorene (LP5) backbones were synthesized. For the fluorene series, the cationic group 

density (χ) was altered by the introduction of a third diluent monomer (2,7-dibromo-

9,9-bis(8-octyl)-fluorene (M1’) and 9,9-dioctyl-9H-fluorene-2,7-diboronic acid 

bis(pinacol) ester (M2’) to obtain polymer LP5_χ (χ = 0.10, 0.25, 0.50) as shown in 

Figure 2.1. Furthermore, building on experience with conjugated polymers that act as 

photocatalysts for sacrificial hydrogen production from water in conjunction with 

palladium, a series of co-polymers of bis(8-bromo-n-octyl)-fluorene with thiophene 

(LP2), 2,2’-bithiophene (LP3), and dibenzo[b,d]thiophene sulfone (LP4) were prepared. 

All the polymers were synthesized by Pd (0)-catalysed Suzuki–Miyaura-type coupling 

reactions and the products were purified by Soxhlet extraction, followed by 

reprecipitation from chloroform in methanol. Polymers produced through Suzuki 

coupling showed relatively good reproducibility which can be told from their NMR 

spectra and UV-absorption spectra, but the amount of residual of Pd might not be the 

same from different batches. Therefore, it is important to keep using the same batch of 

polymers for good comparison. The polymers were then self-assembled into polymer 

nanoparticles in water by reprecipitation methods.1,2 Photocatalytic experiments of these 

conjugated polymer nanoparticles for hydrogen evolution were then explored. 

 

Figure 2.1 Chemical structures of conjugated linear polymers in this chapter. 
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2.2 Incorporation of Cationic Property in Fluorene-Phenyl Polymer 

Photocatalysts 

2.2.1 Synthesis 

2.2.1.1 Monomer Synthesis 

The monomer 2,7-dibromo-9,9-bis(8-bromo-n-octyl)-fluorene (M1) was synthesized 

following a previously reported procedure by a nucleophilic substitution reaction (SN2).3 The 

deprotonation of dibromofluorene by NaOH formed the nucleophile ion (Nu-), and the 

nucleophile ion attacked the δ+ carbon in the electrophile and firmly attached to the carbon, 

and the bromine was expelled as a Br- ion. The Br- ion combined with Na+ ion in the reaction 

mixture to form NaBr. The electronegative atom or the leaving group of electrophiles could be 

oxygen, nitrogen, sulfur, or a halogen, and their pKb values can be used to evaluate the 

approximate leaving group ability. 

                                                                   2.1 

 

2.2.1.2 Polymer Synthesis 

Polymer LP1 was synthesized via Suzuki-Miyaura polycondensation using a literature-

reported procedure.4 Suzuki-Miyaura coupling (or Suzuki coupling) is a metal catalysed 

reaction between an aryl, alkene (vinyl), or alkyne organoborane (boronic acid or boronic ester) 

and halide or triflate under basic conditions, as described in Figure 2.2.5  

 

Figure 2.2 General reaction scheme of Suzuki coupling reaction. 

The general catalytic cycle for Suzuki cross-coupling involves three fundamental steps: 

oxidative addition, transmetalation, and reductive elimination as shown in Figure 2.3.6 The 

oxidative addition of aryl halides to Pd (0) complex gives intermediate 1 (Pd(Ⅱ) species). Under 

basic condition, an organoborane compound reacts with intermediate 1 in transmetalation to 
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give intermediate 2. And this is followed by reductive elimination to give the product and 

regenerate the original Pd (0) species. Phosphine ligands, such as PPh3, are the most popular 

Pd ligands in both the laboratory and industry. 

 

 

Figure 2.3 General catalytic cycle for Suzuki coupling reaction. 

The oxidative addition of 2,7-dibromo-9,9-bis(8-bromo-n-octyl)-fluorene (M1) to Pd(0) 

complex [Pd(PPh3)4] was the initial step to give intermediate 1, a Pd(Ⅱ) species. Under the 

participation of Na2CO3, 1,4-benzene boronic acid bis(pinacol) ester reacted with intermediate 

1 in trans-metalation to afford intermediate 2. This was followed by reductive elimination to 

give the polymer LP1 and regenerated the original Pd (0) species. Polymer LP1 was then 

modified through polymer-analogous reactions on the alkyl-bromo functional groups giving a 

trimethylammonium-substituted polymer LP11. 

Figure 2.4 Synthetic route to 2,7-dibromo-9,9-bis(8-bromo-n-octyl)-fluorene monomer (M1) and polymerisation 

of LP1 and LP11. 
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Polymer FP-Oct was a reported polymer4 and synthesized as shown in Figure 2.5. 

 

Figure 2.5 Synthetic route of polymer FP-Oct. 

2.2.1.2 Polymer Nanoparticle Preparation 

The polymers were then self-assembled into polymer nanoparticles in water through 

nanoprecipitation (or direct injection) method.1  The process generally involves three steps: (i) 

the dissolution of polymer in a good solvent (THF in this work); (ii) the addition of a poor 

solvent (normally water); (iii) the removal of the good solvent by evaporation under sonication 

or stirring.7 When the polymer-solvent solution is injected into an aqueous solution, the 

polymer becomes insoluble due to the increase of interfacial tension between the polymer and 

surrounding water molecules.8 This triggers the self-assembly of polymer particles.  Particle 

size can be controlled by changing the preparation conditions including the solution 

concentration and the mixing ratio between the good and poor solvents. Furthermore, 

hydrodynamic shear (during sonication or stirring), polymer chain conformation in the good 

solvent, and polymer precipitation rate will all affect the resulting colloidal morphologies.9 

2.2.2 Characterization 

The materials were subsequently characterized via 1H NMR, microanalysis, thermogravimetric 

analysis (TGA), gel permeation chromatography (GPC), ultraviolet-visible (UV-Vis), and 

photoluminescence spectroscopy. 

GPC results in Table 2.1 and Figure 2.6 showed their number-average molecular weight (Mn) 

of 26,400 for FP-Oct and 15,400 for LP1 with dispersity index (Ð) of 2.0 and 1.9 respectively.  

Table 2.1 GPC data for all chloroform-soluble polymer fractions. 

Polymer Mn
a / g mol-1 Mw

a / g mol-1 Đb 

FP-Oct 26,400 52,700 2.0 

LP1 15,400 30,600 1.9 

a. Obtained from gel permeation chromatography in chloroform (FP-Oct) and THF (LP1) calibrated against 

polystyrene standards; Mn: the number-weighted molecular weight, Mw: the mass-weighted molecular weight; b. 

Dispersity, Đ = Mw/Mn. 
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TGA showing the thermal decomposition of LP11 in Figure 2.7a. The polymer begins 

decomposition at around 203 °C (with a small amount of H2O loss at lower temperatures), 

leaving a ~35% residual at 600 °C. The first mass loss corresponds to the loss of methyl 

bromide,10,11 and the second (onset decomposition temperature at around 300 °C) is due to side 

chain cleavage, which is typically observed in polyfluorenes with solubilising side-chains.12,13 

Polymer FP-Oct was reported to exhibit thermal stability up to temperature over 300 °C under 

air, when decomposition starts to occur.4 The thermal stability of these polymers confirms they 

are suitable for application in the mild temperatures required for photocatalytic hydrogen 

evolution. 

In addition, the powder X-ray diffraction (PXRD) pattern of LP11 appears to be no crystalline 

in Figure 2.7b.  

Figure 2.7  (a) Thermogravimetric analysis of LP11 under nitrogen at a heating rate of 10 °C min-1. (b) PXRD 

patterns of powders of polymer LP11. 

Figure 2.6 Chromatogram of polymer (a) FP-Oct and (b) LP1. 
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The photophysical properties of these two polymers were studied by UV-vis absorption and 

photoluminescence (PL) spectroscopy as shown in Figure 2.8. The absorption band of polymer 

FP-Oct is centred at 380 nm (λmax), ascribing to π–π* transition of the polymer backbone.14 

However, when substituted by trimethylamine, the λmax of polymer LP11 blueshifts to 355 nm, 

which might correspond to a conformation change.15 It was reported that an increased torsional 

angle between adjacent rings would result in a hypochromic (blue) shift in the π–π* transition.16 

It is possible that, for polymer LP11 in chloroform, the mutual repulsion of positive charges 

housed on alternate rings leads to the lowest energy conformation where the torsional angle is 

increased.16 In addition, polymer FP-Oct and LP11 exhibit similar emission spectra in Figure 

2.8b. 

Another feature was observed in a comparison of the absorption spectra of FP-Oct in 

chloroform and the nanoparticles (CPN FP-Oct) in an aqueous solution. As indicated in Figure 

2.8c, the absorption spectrum of the nanoparticle FP-Oct blueshifted (λmax 370 nm) as 

Figure 2.8 (a) Normalised UV-vis and (b) PL spectra of polymer FP-Oct and LP11 dissolved in chloroform. (c) 

UV-vis and (d) PL spectra of polymer nanoparticle FP-Oct and LP11 in aqueous solution. 
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compared to that of polymer FP-Oct in chloroform (λmax 380 nm). The blueshifted absorption 

peak is attributed to a reduction of the conjugation length caused by kinks and bends of the 

polymer backbones as the polymer is constrained into a small volume and is believed to adopt 

a collapsed conformation.2,17 However, the λmax of the LP11 nanoparticle redshifted from 355 

nm to 370 nm which might be due to the dominant solvatochromism effect on the λmax of the 

π–π* transition. It is caused by attractive polarisation forces between the solvent (water) and 

the solute (LP11), which lower the energy level of both the excited and unexcited states. This 

effect is greater for the excited state, and so the energy difference between the excited and 

unexcited states is slightly reduced resulting in a redshift.18 This effect could also be found in 

the emission spectra in Figure 2.8d where nanoparticle LP11 showed a redshift compared with 

polymer LP11 in chloroform.  

Table 2.2 Particle average size and zeta-potential (polymer conc. 50 mg L-1) by dynamic light scattering. 

Polymer 
Average size 

/ nm 
PDIa 

Zeta-potential 

/ mV 

FP-Oct 597 0.562 n/a 

LP11 151 0.334 34.5 ± 5.76 mV 

a. PDI: polydispersity index. n/a: not applicable. 

Figure 2.9 Size distribution of nanoparticles of polymer FP-Oct and LP11 with 50 mg/L polymer concentration 

by (a) intensity and (b) number. 
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Dynamic light scattering measurements showed that nanoparticles of cationic polymer LP11 

have a much smaller average size (151 nm) compared with non-charged one FP-Oct (597 nm) 

as described in Table 2.2, which might be partly attributed to the better dispersibility of LP11 

in water.11 For the reprecipitation method, the nanoparticle size is adjustable primarily via the 

concentration of the organic polymer solution. The mechanism of the colloidal stabilization of 

the nanoparticles especially for non-charged polymers remains unclear in this particular case, 

as no surfactant was added and the polymer contains no significantly hydrophilic moieties. By 

using very dilute polymer concentration (5 mg/L), smaller polymer FP-Oct particle could also 

be obtained as shown in Figure 2.10. In addition, the charge accumulated at the particle-

dispersing medium interface may contribute to stabilization towards particle aggregation and 

coalescence. Therefore, the quaternary ammonium functional group which gives the 

nanoparticle cationic property with a zeta-potential of 34 mV could inhibit nanoparticle 

aggregation through electrostatic repulsion between each particle.19 In addition, as the polymer 

chains are suggested to possess a collapsed conformation in these particles, using this method, 

it is possible to tune the size of nanoparticles by using polymers with appropriate molecular 

weights. For example, nanoparticles were produced with a 5-10 nm diameter containing a 

single polymer chain.19 

2.2.3 Photocatalytic Hydrogen Evolution Performance 

Photocatalytic hydrogen evolution experiments were performed using ascorbic acid (0.2 M) as 

a sacrificial electron donor under irradiation of a solar simulator. The hydrogen evolution rates 

(HERs) of 0.017 and 0.298 µmol h-1 were observed for nanoparticles of FP-Oct and LP11 

respectively, as shown in Table 2.3. In comparison, FP-Oct showed a relatively lower HER, 

which can mainly be ascribed to its large particle size. A study on fluorene-type co-polymers 

Figure 2.10 SEM images of polymer FP-Oct nanoparticle with 5 mg/L polymer concentration. 
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has shown that particle size was a dominant factor of importance for their activity, with 

materials that consist of large particles being less active.20 The reason for an activity-size effect 

in polymer photocatalysts is the fact that exciton diffusion lengths are typically shorter (10 s of 

nm) than the length scales over which light can penetrate organic semiconductors (100 s of 

nm).21 In bulk materials (typically µm scale) or particles of semiconductors with a broad size 

distribution, excitons generated within the materials are further away from the interface than 

their exciton diffusion length. These excitons relax to the ground state before reaching the 

particle surface and therefore cannot contribute to catalysis.22  

Table 2.3 Dispersion in water, optical properties as well as HERs of nanoparticles of polymer FP-Oct and LP11. 

 Dispersion 

in water 

λonset
a            

/ nm 

Optical gapb 

/ eV 

HERc             

/ µmol h-1 

FP-Oct Poor 417 2.98 0.017 ± 0.01 

LP11 Good 422 2.93 0.298 ± 0.03 

a. Absorption onset wavelength of polymer nanoparticles; b. The optical gap (Eg
opt) was calculated from the 

absorption onset of polymer nanoparticles (Eg
opt = hc ≈1240/λonset, h: Planck’s constant, c: the speed of light); c. 

HERs with 0.2 M ascorbic acid as a sacrificial electron donor. Samples were illuminated for 2 h using a solar 

simulator (AM1.5G, 1 sun). 0.25 mg polymer in each sample (5.0 mL polymer nanoparticle solution with 50 mg/L 

polymer concentration). 

Polymer FP-Oct and LP1 have the same backbone structure and nanoparticles of these two 

polymers share similar absorption profiles, resulting in similar optical gaps (2.98 and 2.93 eV 

respectively, Table 2.3) and the same predicted charge carrier (IP, ionization potential; EA, 

electron affinity) potentials in Table 2.4. Therefore, the driving force for both the proton 

reduction and sacrificial electron donor oxidation is supposed to be the same for polymer FP-

Oct and LP11. The oxidation potential of ascorbic acid as the sacrificial donor was listed in 

Table 2.5. H2A designates plain ascorbic acid, and HA- is the predominant form within the 

usual pH window for a photocatalysis system (between 5 and 9). HA- is first oxidized to HA*, 

which is a much stronger acid23 than HA-, and then HA* quickly dissociates into A*- and H+.24 

A*- then disproportionates into dehydroascorbic acid (A) and ascorbate (A2-).25  

Table 2.4 Predicted charge carrier (IP, EA) potentials of polymers considered calculated through (TD-)B3LYP 

for oligomer models in water (r 80.1) and PESA (r 2). LP1 data for polymer in water taken from previous work. 

Ref. [19] 

 Water condition IP vs. 

SHE / V 

Water condition EA vs. 

SHE / V 

PESA condition IP vs. 

SHE / V 

FP-Oct/LP1 0.73 -2.38 1.19 



67 
 

 

Table 2.5 Predicted potentials for the different solution half-reactions at pH 0. Ascorbic acid* (HA*) and 

dehydroascorbic acid (A) are the one-hole and two-hole oxidation products of ascorbic acid, respectively, 

Solution half-reaction 
Potential (V vs. SHE) 

pH 0 

H+ (aq) + e- -> 1/2 H2 (g) 0 

Ascorbic acid* (aq) + H+ (aq) + e- -> Ascorbic acid (aq) 0.755a 

Dehydroascorbic acid + 2 H+ (aq) + 2e- -> Ascorbic acid (aq) 0.524a 

a. Values published vs. SCE (Saturated Calomel Electrode)26, obtained vs. SHE (Standard Hydrogen Electrode) 

by adding 0.244 V.  

2.2.4 Summary 

A hydrogen evolution rate of 0.298 µmol/h-1 was achieved under a solar simulator for 0.25 mg 

polymer LP11, which was a dramatic increase (>15 times) in comparison with polymer FP-Oct 

(0.017 µmol/h-1) with the same backbone structure. It shows that particle size is a dominant 

factor here, with materials that consist of large particles being less active. The nanoparticles of 

cationic conjugated polymer could inhibit particle aggregation through electrostatic repulsion, 

which gives a much narrower size distribution.
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2.3 Cationic Group Ratio Variation in Solution-Processable Conjugated 

Polymer Photocatalysts 

2.3.1 Synthesis 

Firstly, to explore the potential of cationic conjugated polymers as photocatalysts, another 

series of polymers with fluorene backbones was synthesized. Secondly, within this series, an 

n-octyl-trimethylamine side-chain was utilized (Figure 2.11) and the cationic group density 

was altered by the introduction of a third diluent monomer (2,7-dibromo-9,9-bis(8-octyl)-

fluorene (M1’) and 9,9-dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester (M2’) as 

shown in Table 2.6. All the polymers were synthesized by Pd (0)-catalyzed Suzuki–Miyaura-

type coupling reactions and the products were purified by Soxhlet extraction, followed by 

reprecipitation from chloroform in methanol. The polymers were then self-assembled into 

polymer nanoparticles in water by reprecipitation methods.1,2 

 

Figure 2.11 Synthetic route to polymerisation of LP5_χ. 

Table 2.6 Synthesis of LP5_χ. 

  LP5_0.10 LP5_0.25 LP5_0.50 

M1 / mmol  0.32 0.8 1.6 

M1’ / mmol  1.28 0.8 0 

M2’ / mmol  1.6 1.6 1.6 

χa  0.10 0.25 0.50 

χb  0.075 0.22 0.50 

a. molar ratio of dibromo groups to aromatic rings, χ = m/2(m+n). b. the actual molar ratio of dibromo groups to 

aromatic rings calculated by NMR. 

2.3.2 Characterization 

The polymers were subsequently characterized via 1H NMR, microanalysis, TGA, GPC, and 

UV-Vis spectroscopy.  
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GPC showed that the polymers had number weighted molecular weights between 11,400 to 

70,000 g mol-1 (Table 2.7).  

Table 2.7 GPC data for all chloroform-soluble polymer fractions. 

Polymer Mn
a / g mol-1 Mw

a / g mol-1 Đb 

LP5_0.10 11,400 18,400 1.6 

LP5_0.25 70,000 177,000 2.5 

LP5_0.50 18,300 26,000 1.4 

a. Obtained from gel permeation chromatography in THF calibrated against polystyrene standards; Mn: the 

number-weighted molecular weight, Mw: the mass-weighted molecular weight; b. Dispersity, Đ = Mw/Mn. 

The TGA thermogram for all three polymers has two major mass losses as shown in Figure 

2.13. As the first major decomposition was aligned to loss of methyl bromide,11,16 the first mass 

loss percentage of each polymer is consistent with their cationic group ratios with ~20% for 

LP51_0.50 (onset decomposition temperature ~174°C), ~10% for LP51_0.25 (onset 

decomposition temperature ~204°C), and ~6% for LP51_0.10 (onset decomposition 

temperature ~208°C). The second mass change was supposed to be due to cleavage of side 

Figure 2.12 Chromatogram of polymer (b) LP5_0.10, (c) LP5_0.25, and (d) LP5_0.50. 



70 
 

chains11,16 with onset decomposition temperatures of ~300 °C for LP51_50, ~210 °C for 

LP51_0.25, and ~260 °C for LP51_0.10 

Figure 2.13 Thermogravimetric analysis of LP51_0.50, 0.25 and 0.10 under nitrogen at a heating rate of 10 °C 

min-1 with major mass changes of (b) LP51_0.50, (c) LP51_0.25, and (d) LP51_0.10. 

Figure 2.14 PXRD patterns of powders of polymer LP51_0.10, 0.25, and 0.50. 
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The PXRD patterns of LP51 series in Figure 2.14 all appear to be non-crystalline. 

All materials absorb visible light with LP51_0.50 showing the most blueshifted absorption 

onset followed by LP51_0.25 and LP51_0.10 (Figure 2.15a) resulting from the conformation 

changes by introducing different ratios of cationic end-groups in the side chain as in LP11.16 

In addition, absorption spectra of nanoparticles blueshifted compared to that of polymers in 

chloroform solution as expected due to the decreased polymer conjugation length after 

fabrication into nanoparticles (Figure 2.15 c).17 Besides, there is a shoulder at λ = 430 nm for 

nanoparticle of LP51_0.10, which is indicative of the partial formation of β-phase and that was 

found in other polyfluorene nanoparticles as well.17,27 β-phase is a phase with extended chain 

conformation,28 and it appears to be populated by a single compact structural isomer.29 Recent 

studies have demonstrated that there are 3 distinguishable classes of conformational isomers 

with different chain torsional angles for poly(9,9-dioctylfluorene).30 These classes have been 

termed the α-phase, the β-phase and the γ-phase. The nanoparticle preparation method involves 

Figure 2.15 (a) Normalised UV-vis and (b) PL spectra of polymer LP51_0.50, 0.25, and 0.10 in chloroform. (c) 

UV-vis and (d) PL spectra of polymer nanoparticle LP51_0.50, 0.25, and 0.10 in aqueous solution. 



72 
 

the rapid addition of a dilute solution of hydrophobic conjugated polymer dissolved in a water-

miscible organic solvent (THF) to water. The addition of organic solvent to the aqueous 

suspension could result in the formation of β-phase, presumably by solvent-induced swelling, 

which facilitates the formation of the thermodynamically favoured β-phase.31  Polyfluorenes 

with poly(ethylene glycol) (PEG) side-chains have been shown to reduce the formation of a β-

phase in comparison to alkylated polymers as a result of improving compatibility with water,32 

and it might also explain why it was not observed in nanoparticles of LP51_0.25 and 0.50 that 

with higher cationic end-group ratios. All polymers and polymer nanoparticles also exhibit 

similar emission profiles and display minimal variations across both series (polymer in 

chloroform and nanoparticle in aqueous solution) as shown in Figure 2.15b, d.  

Dynamic light scattering measurements showed the average size and size distribution of 

polymer nanoparticles with varied cationic density in Table 2.8 and Figure 2.16. LP51_0.25 

was found to have the broadest size distribution (PDI 0.28) which might be attributed to its 

higher molecular weight compared with the other two polymers. Zeta-potentials were 

determined to be between +35-40 mV for all the quaternary ammonium functionalized polymer 

nanoparticles (Table 2.8) with relatively large deviations, especially for LP51_0.10.  

Table 2.8 Particle average size and zeta-potential (polymer conc. 50 mg L-1) by dynamic light scattering. 

a. PDI: polydispersity index 

Polymer Average size / nm PDIa Zeta-potential / mV 

LP5_0.10 106.7 0.198 35.0 ± 9.37 

LP5_0.25 100.5 0.282 40.3 ± 5.82 

LP5_0.50 100.9 0.132 36.6 ± 3.01  

Figure 2.16 Size distribution of nanoparticles of polymer LP51_0.10, 0.25, and 0.50 with 50 mg/L polymer 

concentration by intensity (a) and number (b). 
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2.3.3 Photocatalytic Hydrogen Evolution Performance 

Photocatalytic hydrogen evolution experiments were performed using ascorbic acid (0.1 M) 

and TEA/methanol/water (1:1:1) as sacrificial electron donors with 3.0 wt% H2PtCl6 as a 

cocatalyst under irradiation of a solar simulator. The HERs of 0.072, 0.052, and 0.064 µmol h-

1 were observed for nanoparticles of LP51_0.10, 0.25 and 0.50 respectively with 0.1 M ascorbic 

acid (AA) as a sacrificial electron donor, as shown in Figure 2.17.  

However, nanoparticles of these three conjugated polymers obtained much higher 

photocatalytic activity (>10 times) in the TEA system. In TEA system, the HER is 1.571 µmol 

h-1 for LP51_0.10, 0.576 µmol h-1 for LP51_0.25, and 0.884 µmol h-1 for LP51_0.50. 

The pH values of AA and TEA systems were around 4 and 11.5, respectively. By the Nernst 

equation, the proton reduction potential of AA and TEA systems are -0.236 V and -0.679 V 

versus SHE, respectively (Table 2.9). Besides, the one-hole oxidation potential of AA and 

TEA are 0.518 V and 0.690 V versus SHE, respectively. The difference in the proton reduction 

potentials at different pH values and sacrificial electron donor oxidation potentials might lead 

to the different driving forces for the enhancement of charge transfer. In addition, polymer 

LP51 with different cationic group ratios shares the same absorption onset (420 nm) and thus 

Figure 2.17 Hydrogen evolution rates of nanoparticles of polymer LP51_0.10/0.25/0.50 loaded with 3.0 wt.% 

platinum co-catalyst with 0.1 M ascorbic acid and TEA/methanol/water (1:1:1) over 3 hours irradiated with a 

solar simulator (AM1.5G, 1 sun). 0.225 mg polymer in each sample (4.5 mL polymer nanoparticle solution with 

50 mg/L polymer concentration). 



74 
 

has the same relatively large optical gap of 2.95 eV. It has been reported that AA is a suitable 

sacrificial donor for narrow optical gap photocatalysts and the TEA is a suitable sacrificial 

donor for wide optical gap photocatalysts owing to the existence of the optimal thermodynamic 

driving force.33  

Table 2.9 Potentials for the different solution half-reactions. Ascorbic acid* and dehydroascorbic acid are the 

one-hole and two-hole oxidation products of ascorbic acid, respectively. 

Solution half-reaction 
Potential (V vs. SHE) 

pH 0 pH 4.0 pH 11.5 

H+ (aq) + e- -> 1/2 H2 (g) 0 -0.236 -0.679 

Ascorbic acid* (aq) + H+ (aq) + e- -> Ascorbic acid (aq) 0.755a 0.518 n/a 

Dehydroascorbic acid + 2 H+ (aq) + 2e- -> Ascorbic acid (aq) 0.524a 0.286 n/a 

TERA + H+ + e- -> TEA n/a n/a 0.69026 

a. Values published vs. SCE (Saturated Calomel Electrode), Ref. [26], obtained vs. SHE (Standard Hydrogen 

Electrode) by adding 0.244 V. Potentials at pH 4.0 and 11.5 were estimated based on the Nernst equation: E = E0 

– 0.05916×pH, E0: potential at pH 0. TEAR is the deprotonated TEA radical N(Et)2CHCH3. The potential for the 

overall oxidation of TEA to diethylamine (DEA) and acetaldehyde (AcO) is not shown because it lies at a similar 

value to the H+/H2 potential; the potential for the oxidation of TEAR to DEA and AcO is not shown since it is 

more negative than −3 V, Ref. [19]. n/a, not applicable. 

When comparing their HERs in TEA system, nanoparticles of LP51_0.10 showed the highest 

photocatalytic hydrogen evolution among these three polymers. As these polymers share the 

same backbone structure, the thermodynamic driving forces for proton reduction and sacrificial 

electron donor oxidation are supposed to be the same. However, there is a shoulder at λ = 430 

nm for nanoparticle of LP51_0.10 in Figure 2.15c, which is indicative of the partial formation 

of β-phase and that was found in other polyfluorene nanoparticles as well.17,27 This more 

ordered β-phase may be beneficial for hydrogen evolution as the formation of planarized 

ladder-type structures has been shown to enhance photocatalytic performance.34 The fluorene 

oligomers have been reported with decreasing optical gaps and more negative predicted 

ionization potentials relative to their unfused equivalent phenylene, both of which could 

contribute to their higher photocatalytic hydrogen production performance.35    

2.3.4 Summary 

The cationic group density was altered by the introduction of a third diluent monomer to obtain 

polymer LP51_0.10, 0.25, 0.50 in this chapter, and the cationic group density was confirmed 

by NMR and TGA data. Polymer and nanoparticles of polymers showed almost the same UV-

vis absorption and fluorescence emission spectra except for the partial formation of β-phase in 

the nanoparticle of LP51_0.10. The photocatalytic hydrogen evolution rate in the TEA system 
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was over 10-fold higher than that of the ascorbic acid system, which could be attributed to the 

existence of the optimal thermodynamic driving force in TEA system. 
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2.4 Backbone Variation in Cationic Solution-Processable Conjugated 

Polymer Photocatalysts 

2.4.1 Synthesis 

Building on experience with conjugated polymer photocatalysts for sacrificial hydrogen 

production from water in conjunction with palladium,36,4 a series of co-polymers were 

prepared. Using Suzuki-Miyaura polycondensation reaction (Figure 2.18), co-polymers of 

bis(8-bromo-n-octyl)-fluorene with phenylene (LP1), thiophene (LP2), 2,2’-bithiophene (LP3), 

and dibenzo[b,d]thiophene sulfone (LP4) were synthesized and purified via Soxhlet extraction 

with methanol, acetone, and ethyl acetate. The polymers were then modified through polymer-

analogous reactions on the alkyl-bromo functional groups giving trimethylammonium-

substituted polymers (LP11, LP21, LP31, and LP41).  

 

Figure 2.18 Synthetic routes of monomer M1, polymer LP1, LP2, LP3, and LP4, and chemical structures of 

polymer LP11, 21, 31, and 41. 

2.4.2 Characterization 

The materials were subsequently characterized via 1H NMR, microanalysis, TGA, GPC, UV-

Vis absorption and fluorescence spectroscopy. GPC showed that the polymers have number-

weighted molecular weights between 13,900 to 125,900 g mol-1 (Table 2.10, Figure 2.19).  
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Table 2.10 GPC data for all chloroform-soluble polymer fractions. 

a. Obtained from gel permeation chromatography in THF calibrated against polystyrene standards; Mn: the 

number-weighted molecular weight, Mw: the mass-weighted molecular weight; b. Dispersity, Đ = Mw/Mn. 

TGA showed (Figure 2.20a) the onset thermal decomposition temperatures of these polymers 

to be similar to ~200 °C in nitrogen (with a small amount of H2O loss at lower temperatures). 

The first mass loss corresponds to the loss of methyl bromide,16,11 and the second (onset 

decomposition temperature at around 300 °C) is due to side chain cleavage.37,38 The PXRD 

patterns of LP11, LP21, LP31, and LP41 all appeared to be non-crystalline in Figure 2.20b.  

The optoelectronic properties of polymers were studied by UV-vis and PL spectroscopy. All 

polymers exhibited visible light absorption (> 400 nm), with the incorporation of thiophene 

units (LP2, and LP3) or dibenzo[b,d]thiophene sulfone (LP4) in place of phenylene (LP1) 

Polymer Mn
a / g mol-1 Mw

a / g mol-1 Đb 

LP1 14,000 24,700 1.8 

LP2 25,500 48,900 1.9 

LP3 125,900 219,800 1.7 

LP4 33,500 87,900 2.6 

Figure 2.19 Chromatogram of polymer (a) LP1, (b) LP2, (c) LP3, (d) LP4. 
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leading to significant redshifts of the absorption onset (Figure 2.21a). The absorption spectra 

of LP2 and LP3 showed an extended range up to 500 and 525 nm, respectively, which might 

be a result of the polymer chains with a greater variation degree in both chain and conjugation 

lengths. And the redshift of the absorption onsets of polymer LP2 and LP3 correspond to a 

reduction in the optical gap39 as the absorption onset is directly related to the optical gap40:  

Eg
opt = hc ≈1240/λonset                                                                                                                   2.2 

h: Planck’s constant; c: the speed of light. 

Figure 2.20 (a) Thermogravimetric analysis of LP11, LP21, LP31, and LP41 under nitrogen at a heating rate of 

10 °C min-1. (b) PXRD patterns of powders of polymer LP11, LP21, LP31, and LP41. 

Figure 2.21 (a) Normalised UV-vis absorption and (b) fluorescence emission spectra of polymer LP1 (λexc 370 

nm), LP2 (λexc 450 nm), LP3 (λexc 450 nm), and LP4 (λexc 400 nm) dissolved in chloroform. 
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An effective way to tune the band gap of the polymer is to give it a molecular structure in which 

an electron-rich donor (D) unit is conjugated with an electron-withdrawing acceptor (A) unit; 

this D-A conjugated structure induces intramolecular charge transfer between the D and A 

units.41 Based on the molecular perturbation theory, the highest occupied molecular orbital 

(HOMO) of the D and A units will interact to produce two hybrid HOMOs for the D-A 

conjugated polymer; similarly, two hybrid lowest unoccupied molecular orbital (LUMO) will 

arise for the D-A conjugated polymer from the LUMOs of the D and A units as shown in 

Figure 2.22.42 The redistribution of electrons from their original orbitals to the newly 

hybridized orbitals results in a higher lying hybrid HOMO and a lower lying hybrid LUMO, 

relative to that of the individual D and A units. 

Figure 2.23 Energy levels of D and A chemical units and their D–A conjugated polymer. 

Figure 2.22 Schematic representation of five energy structural factors in a D-A conjugated polymer-Eδ: bond 

length alternation energy factor, Eres: resonance energy factor, Eθ: rotational disorder energy factor, Esub: 

substituent energy factor and Eint: intermolecular interaction energy factor. 
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A deep understanding of the dependence of the band gap on the molecular structure is essential. 

The molecular design of π-conjugated systems consisting of electron donor moieties alternating 

with electron acceptors has been explored to redshift the absorption.43,44 In addition, the 

planarization of part of the conjugated backbone, e.g. by using fused π-conjugated building 

blocks, has also resulted in reduced band gaps.45 The effective conjugated band gaps are largely 

determined by the energies of five structural factors (see equation below) as shown in Figure 

2.23.46 

Eg = Eδ + Eres + Eθ + Esub + Eint                                                                                               2.3 

Eδ: bond length alternation energy factor,47 the energy difference between the average lengths 

of the nominally single and double bonds along the linear π-conjugated backbone.  

Eres: resonance energy factor, the energy required to switch from the aromatic form to the 

quinoid form through delocalization of moving π-electrons along the conjugated chain.  

Eθ: energy factor for the rotational disorder around inter-angular single bonds. 

Esub: energy factor is related to modulating the HOMO and LUMO energy levels with electron-

donating or -withdrawing substituents.  

Eint: intermolecular interactions of multiple individual polymer chains. 

Table 2.11 Photoelectron spectroscopy in air data for polymer thin films. 

a. Work functions determined using a Riken Keiki PESA spectrometer (Model AC-2) with a power 

number of 0.33. Samples were prepared on ITO glass substrates; b. Obtained using the formula: IP = work 

function - 4.44 eV. 

The ionisation potentials (IPs) of thin films of LP1-LP4 were measured using PESA, see Table 

2.11 and Figure 2.24. The IPs as measured by PESA, as well as values predicted using density 

functional theory (DFT) for oligomer models of the polymers embedded in a dielectric 

continuum typical of organic solids (r 2.0), the results of which agree well with their PESA 

counterparts in line with previous work (Table 2.12),48,4 show that LP2 and LP3 have very 

similar IP values, that LP1 has a deeper, more positive IP value, and that LP4 has the deepest, 

most positive, IP value. Similar DFT calculations but then for oligomer models in water (r 

Material 
UV Intensity 

/ nW 

Work functiona 

/ eV 

PESA-inferred ionization 

potentials vs. SHEb  / V 

LP1 20 5.77 + 1.33 

LP2 20 5.53 + 1.09 

LP3 20 5.51 + 1.07 

LP4 100 5.89 + 1.45 



81 
 

80.1), modelling the IP of the polymers when in contact with water, a regime more difficult to 

probe experimentally, taken in the case of LP1 and LP4 from previous work,20 show the same 

trend.  

Table 2.12 Predicted charge carrier (IP, EA) and excitons (IP*, EA*) potentials of polymers considered calculated 

through (TD-)B3LYP for oligomer models in water (r 80.1) and PESA (r 2). LP1 and LP4 data for polymer in 

water taken from previous work. Ref. [19]  

n/a: not applicable. 

The polymers were then used to make nanoparticles through a reprecipitation method. 

The UV-vis spectra of nanoparticles LP11 and LP41 exhibit similar profiles with 

polymer samples (LP1 and LP4), while nanoparticles of LP31 and LP41 both have 

redshifted absorption onset in Figure 2.25a. All polymer nanoparticles also exhibit 

similar emission profiles (λexc = 370 nm for LP11, and 400 nm for LP21, LP31, and 

LP41). 

 Water condition 

IP vs. SHE / V 

Water condition 

EA vs. SHE / V 

PESA condition 

IP vs. SHE / V 

Water condition 

EA* vs. SHE / V 

Water condition 

IP* vs. SHE / V 

LP1 0.73 -2.38 1.19 n/a n/a 

LP2 0.46 -2.14 1.00 n/a n/a 

LP3 0.44 -2.11 0.89 n/a n/a 

LP4 1.00 -1.92 1.55 0.92 -1.73 

Figure 2.24 PESA spectra of polymer thin films of LP1, LP2, LP3, and LP4. 
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Table 2.13 Photophysical properties of nanoparticle solution of polymer LP11, LP21, LP31, and LP41. 

 λonset
a / nm Optical gapb / eV 

LP11 417 2.97 

LP21 488 2.55 

LP31 518 2.39 

LP41 441 2.81 

a. Absorption onset wavelength of polymer nanoparticles; b. The optical gap (Eg
opt) was calculated from the 

absorption onset of polymer nanoparticles ((Eg
opt = hc ≈1240/λonset, h: Planck’s constant, c: the speed of light). 

Table 2.14 Particle average size and zeta-potential (polymer conc. 50 mg L-1) by dynamic light scattering. 

a. PDI: polydispersity index. 

Dynamic light scattering measurements showed that nanoparticles of varied sizes in a 

95-258 nm range with relatively high polydispersity were obtained, which is typical for 

conjugated polymer nanoparticles (Figure 2.26). LP41 was found to have the smallest 

particles size (95 nm). Zeta-potentials were determined to be between +28-56 mV for 

the quaternary ammonium functionalized polymer nanoparticles (Table 2.14) with 

LP41 having the highest zeta-potential value (56.1 ± 5.0 mV) within these five polymer 

nanoparticles. 

Although the particle preparation process was under the same conditions (polymer 

concentration and mixing ratio between THF and water), the polymer chain 

Polymer 
Average size 

/ nm 
PDIa 

Zeta-potential 

/ mV 

LP11 161 0.293 34.5 ± 5.8 mV 

LP21 151 0.334 39.1 ± 5.6 mV 

LP31 258 0.404 28.8 ± 1.0 mV 

LP41 95 0.364 56.1 ± 5.0 mV 

Figure 2.25 (a) Normalised UV-vis and (b) fluorescence emission spectra of polymer nanoparticle LP11(λexc 370 

nm), LP21 (λexc 450 nm), LP31 (λexc 450 nm), and LP41 (λexc 400 nm). 
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conformation in THF and their interaction with THF might be different due to their 

different molecular weights (Table 2.10) and backbone structures. These might explain 

a variable morphology with varying degrees of aggregation in the solid-state in scanning 

electron microscopy (SEM) images (Figure 2.27). 

2.4.3 Photocatalytic Hydrogen Evolution Performance 

The performance of the nanoparticles of polymers for photocatalytic hydrogen production was 

evaluated under AM1.5G solar simulator irradiation for three hours with 0.1 M ascorbic acid 

Figure 2.26  Size distribution of nanoparticle solution of polymer LP11, LP21, LP31, and LP41 by (a) intensity 

and (b) number. 

Figure 2.27 SEM images of LP11, LP21, LP31, and LP41 polymer nanoparticles. 
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and TEA /methanol/water (1:1:1) acting as the sacrificial hole-scavengers, respectively 

(Figure 2.28).  

All polymers were estimated to have a very negative electron affinity (EA) in Figure 2.29, as 

a result the polymers should have ample driving force for proton reduction in both systems. 

However, polymer LP2 and LP3 were predicted to have limited driving force for TEA 

oxidation, which might explain their limited hydrogen evolution activity in TEA system with 

only 0.142 μmol h-1 for LP21 and 0.0645 μmol h-1 for LP31.  

The predicted IP values of all polymers were positive enough for ascorbic acid oxidation, and 

one interesting finding is that nanoparticles of LP31 showed the highest hydrogen evolution 

activity (1.654 μmol h-1) with 0.1 M ascorbic acid as a sacrificial electron donor. This might 

suggest that the rate of ascorbic acid oxidation and hence the driving force for ascorbic acid 

oxidation is not the only factor that controls the hydrogen evolution rate of the LP31 polymer. 

It might also be due to the hole scavenger abilities of AA being better than TEA in this system, 

which was also reported previously for photocatalysts with narrow and similar optical gap (Eg 

2.05-2.30 V).33 Through the steady-state photoluminescence properties and time-resolved 

fluorescence decay spectra, they showed that the photoluminescence quenching of polymer 

with a narrow optical gap in the AA system was extremely stronger than that in the TEA system, 

Figure 2.28 Hydrogen evolution rates of nanoparticles of polymer LP11, LP21, LP31, and LP41 loaded with 

3.0 wt.% platinum co-catalyst in 0.1 M ascorbic acid, and TEA/methanol/water (1:1:1) over 3 hours irradiated 

with a solar simulator (AM 1.5G, 1 sun). 0.225 mg polymer in each sample (4.5 mL polymer nanoparticle 

solution with 50 mg/L polymer concentration). 
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suggesting that the recombination of photogenerated electron-hole pair in the AA system was 

significantly suppressed by comparison with the TEA system.33 Contrary to narrow optical gap 

polymer photocatalysts, wide bandgap polymer photocatalysts had opposite results. LP11 (Eg 

2.97 V) and LP41 (Eg 2.81 V) showed better hydrogen evolution performance with 1.740 μmol 

h-1 and 5.026 μmol h-1 in the TEA system compared with 0.187 μmol h-1 and 0.214 μmol h-1 in 

AA system. 

The observed hydrogen evolution rates show a clear correlation with the predicted IP values in 

the TEA system, see Figure 2.30c. This is in line with the photocatalytic results above that 

show that the oxidation of the sacrificial electron donor is required for hydrogen evolution and 

the fact that all polymers are predicted to have a sufficiently negative EA and thus a significant 

driving force for proton reduction and the predicted IP of LP1 and LP4, is positive enough to 

drive TEA oxidation. However, different from the TEA system, no clear correlation was found 

in the ascorbic acid system as shown in Figure 2.31. 

 

Figure 2.29 Predicted charge carrier potentials (IP, EA) of the polymers considered calculated through density 

functional theory (DFT) for oligomer models in water. Dashed colored lines indicate the potentials for different 

solution reactions: orange, proton reduction in TEA system of pH 11.5; red, proton reduction in AA system of pH 

4; blue, one-hole oxidation of TEA to TERA; cyan and green, two-hole (A/H2A) and one-hole (HA·/H2A) 

oxidation of ascorbic acid (see details in Table 2.9). 
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Figure 2.30 Correlation between the hydrogen production activity in TEA/MeOH/Water system and (a) EA 

values (b) zeta-potential (c) IP value (d) optical gap of polymers. 
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2.4.4 Summary 

In this chapter, a series of co-polymers of bis(8-bromo-n-octyl)-fluorene with phenylene 

(LP1), thiophene (LP2), 2,2’-bithiophene (LP3), and dibenzo[b,d]thiophene sulfone (LP4) 

were synthesized. The polymers were then modified through polymer-analogous reactions on 

the alkyl-bromo functional groups giving trimethylammonium-substituted polymers (LP11, 

LP21, LP31, and LP41). Backbone variation alters the optical gap of polymers as the 

HOMO/LUMO character of the individual monomer pairs makes up the HOMO/LUMO of the 

conjugated polymer. It was reflected on their UV-vis absorption spectra with polymer LP2 and 

LP3 showing significant redshift of the absorption onset compared with LP1 and LP4. 

The photocatalytic hydrogen evolution rate of nanoparticles of these 4 polymers was evaluated 

in ascorbic acid and TEA systems, respectively. For polymer LP11 and LP41, there were over 

Figure 2.31 Correlation between the hydrogen production activity in 0.1 M ascorbic acid system and (a) EA 

values (b) zeta-potential (c) IP value (d) optical gap of polymers. 
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10-times (1.740 μmol h-1) and 25-times (5.026 μmol h-1) higher photocatalytic activities 

observed in the TEA system than that of the ascorbic acid system while for polymer LP31 it 

showed the opposite trend. Although a full understanding of the underlying photocatalytic 

mechanism remains unclear, it might suggest that the rate of sacrificial electron donor oxidation 

and hence the driving force for ascorbic acid/TEA oxidation is not the only factor that controls 

the hydrogen evolution rates of these four conjugated polymers. It might also be due to the 

different hole scavenger abilities for different polymers in this case. 
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3.1 Background 

In this chapter, nanoparticles of conjugated linear polymers were assembled with Escherichia 

coli (E. coli) cells to develop photobiocatalytic systems for hydrogen formation. Building on 

our experience with conjugated polymer photocatalysts for sacrificial hydrogen 

production from water in conjunction with palladium in Chapter 2, a series of co-

polymers with potential as visible light photocatalysts in Figure 3.1 were synthesised. 

The use of synthetic biology allowed us to access genetically engineered E. coli that can 

express [FeFe] hydrogenase in addition to their endogenous [NiFe] hydrogenase1 while 

the use of conjugated polymers enabled us to tune the properties of the hybrids via 

synthesis. This modification significantly increases the proton reduction activity of the 

biohybrid system. The resulting biohybrid materials exhibited functional synergy 

between the two components and enhanced biohydrogen production. 

 

 

Figure 3.1 Chemical structures of conjugated polymers LP1, LP2, LP3, LP4 and LP6 with imidazolium (LP10) 

and trimethylammonium (LP11, LP21, LP31, LP41, and LP61) functionalization. 
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3.2 Conjugated Polymer-E. coli Biohybrid System Assembly 

3.2.1 Expression of Heterologous [FeFe] Hydrogenase HydA in E. coli 

Various microbial systems have been engineered for producing native and heterologous [FeFe] 

hydrogenases, such as Clostridium pasteurianum,2 E. coli,3 green algae,4 and Shewanella 

oneidensis.5 E. coli has several advantages that make it desirable for hydrogenase production. 

Firstly, it does not contain a native [FeFe] hydrogenase that needs to be knocked out to simplify 

analytical measurement; Secondly, it is capable of anaerobic respiration and heterologous 

expression techniques are well-established; Lastly, active hydrogenase production using E. coli 

has been demonstrated.6  

The [FeFe] hydrogenase from the green alga Chlamydomonas reinhardtii, HydA, is one of the 

simplest [FeFe] hydrogenases and represents the ‘minimal unit’ for biological H2 production.7 

A hyd plasmid was generated to express the following proteins: (1) algal HydA that was fused 

with algal ferredoxin (Fd); Fd serves as the native electron donor of algal HydA, and the Fd-

HydA fusion increased the rate of H2 production.8 (2) The maturase enzymes HydE, HydF, and 

HydG, are crucial for the formation and activation of HydA.9 This plasmid was transformed 

into E. coli.  

The expression of mature, functional [FeFe] hydrogenase HdyA in E. coli BL21 (DE3), as well 

as Fd, was conducted by using a procedure based on previously reported work.10 E. coli BL21 

cells containing the hyd vector were firstly grown aerobically in Lysogeny broth (LB) medium 

containing 0.2 mM ferric ammonium citrate and 50 μg mL-1 spectinomycin at 37 ℃ until OD600 

reached 0.7-0.8. Cells were then transferred to falcon tubes sealed with rubber turn-over 

closures and degassed with nitrogen for 15 mins before the addition of 0.5 mM Isopropyl β-D-

1-thiogalactopyranoside (IPTG), 0.2 mM L-cysteine, and 2.5 mM sodium fumarate for 

anaerobic treatment. Cells were then grown at 25 °C for 16 hours.  

Expression of hyd plasmid was induced by the addition of IPTG by removing a repressor from 

the lac operon. The [FeFe] hydrogenase active site cofactor, termed the H-cluster, is a complex 

iron-sulfur cluster that is stabilized by carbon monoxide and cyanide ligands as well as a dithiol 

bridging molecule.11 Ferric ammonium citrate and cysteine were added as the source of iron 

and sulfur separately for the formation of iron-sulfur clusters in HydA and its maturases. 
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Spectinomycin, an antibiotic, was added to cell culture to select the transformed cells. The 

expression of [FeFe] hydrogenase was then confirmed by Western Blotting in Figure 3.2. 

3.2.2 Assembly Strategy Ⅰ 

The reduced nature of the H-cluster and accessory iron-sulfur clusters makes them susceptible 

to damage by O2 oxidation.6 As both hydrogenase expression and hydrogen production 

measurement need to be conducted in anaerobic conditions, assembly strategy Ⅰ (Figure 3.3) 

was to conduct the [FeFe] hydrogenase expression in E. coli in the same sample vial with the 

assembly of nanoparticles of conjugated polymers with E. coli cells. In addition, assembly 

strategy Ⅰ is a relatively simple strategy by adding all components (E. coli pellet, chemicals for 

hydrogenase induction/expression, polymer nanoparticle, sacrificial electron donors) in a 

sample vial which is also potentially suitable for automatic photocatalysis measurement 

workflow.  

After a quick proliferation of E. coli cells in Lysogeny broth (LB) medium, cell pellets were 

harvested by centrifuge (5 min, 4, 000 g) and washed with Minimal 9 (M9) medium three times. 

LB medium is a nutritionally rich medium primarily used for the growth of bacteria12 but not 

a suitable reaction medium for the hydrogen performance measurement as it is not a ‘defined 

culture medium’ since the components in the medium are unknown as shown in Table 3.1. The 

M9 medium in Table 3.2 is chemically defined and was therefore used as a reaction medium. 

 

 

Figure 3.2 Western Blotting of E. coli expressing the hyd vector confirms the presence of Fd-HydA. 
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Table 3.1 Components of Lysogeny broth (LB) medium. 

Component Component Concentration 

Tryptone Peptides and amino acids 10 g / 1L H2O 

Yeast extracts Amino acids, vitamins, nucleotides and carbohydrates 5 g / 1L H2O 

Sodium chloride n.a. 10 g / 1L H2O 

            n.a. not applicable 

Table 3.2 Components of 1×M9 minimal media, per litre 

Component Amount Concentration 

Na2HPO4.2H2O 8.5 g 0.047 M 

KH2PO4 3.0 g 0.022 M 

NH4Cl 1.0 g 0.019 M 

NaCl 0.5 g 0.008 M 

100 mM CaCl2 1.0 mL 0.1 mM 

1 M MgSO4 1.0 mL 1.0 mM 

                              Adjust to pH 7.0 using 4 M NaOH. 

All components in a sample vial are listed in Table 3.3. All the components except E. coli 

pellets were added into vials and vials were capped by Chemspeed after 3-hour nitrogen 

purging. Cell pellets (100-200 µL) were then injected into vials by syringes. 

As [FeFe]-hydrogenase expression was conducted with the presence of polymers, sacrificial 

electron donors, and irradiation by a solar simulator, all these parameters might influence the 

Figure 3.3 Assembly strategy Ⅰ:  hydrogenase induction, biohybrid assembly, and hydrogen production. 
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hydrogenase expression or/and the overall hydrogen formation performance of the biohybrid 

systems. Therefore, different parameters such as irradiation time, polymers, sacrificial electron 

donors, and polymer concentration were studied separately as shown below. 

Table 3.3 Components in a sample vial under assembly strategy Ⅰ. 

Components 
Function 

Name Vol./Conc. 

Polymer nanoparticle 4.5 mL, 50 mg L-1 / 

M9 0.5 mL, 5 × Cell culture medium 

Spectinomycin 50 µg mL-1 Antibiotics 

IPTG 0.5 mM 
Induce protein expression where the gene is under the 

control of the lac operator 

Ferric ammonium citrate 0.2 mM Source of Fe for [FeFe] hydrogenase 

Sodium fumarate 2.5 mM Final electron acceptor 

Cysteine 1.2 mM 
Source of S for [FeFe] hydrogenase and sacrificial 

electron donor 

Cell pellets 100-200 µL / 

Apart from ascorbic acid and TEA introduced in Chapter 2 as sacrificial electron donors in 

photocatalytic measurements, cysteine is a very relevant monoelectronic sacrificial donor 

because of its low oxidation potential and the irreversibility of the oxidation process.13 

𝑅𝑆𝐻
−𝐻+
→  𝑅𝑆∗, 2𝑅𝑆∗ → 𝑅𝑆𝑆𝑅                                                                                                   

3.1 

The formation of the radical Cys* (RS*) occurred first, followed by dimerization to form the 

disulfide bridged dimers (RSSR).14  

LP61 as shown in Figure 3.1, with the same backbone structure with LP10, is a positively-

charged polymer and was chosen for the assembly with E. coli. Polymer LP61 and LP10 were 

characterized via 1H NMR, microanalysis, thermogravimetric analysis (TGA), gel permeation 

chromatography (GPC), ultraviolet-visible (UV-Vis), and photoluminescence spectroscopy. 

GPC results in Table 3.4 showed a number-average molecular weight (Mn) of 69,000 for with 

dispersity index (Ð) of 2.1.  

Table 3.4 GPC data for all chloroform-soluble polymer fractions. 

Polymer Mn
a / g mol-1 Mw

a / g mol-1 Đb 

LP6 69,000 144,600 2.1 

a. Obtained from gel permeation chromatography in THF calibrated against polystyrene standards; Mn: the 

number weighted molecular weight, Mw: the mass weighted molecular weight; b. Dispersity, Đ = Mw/Mn 

TGA shows the thermal decomposition of LP61 in Figure 3.4a. The polymer begins 

decomposition at around 200 °C (with a small amount of H2O loss at lower temperatures), 

leaving a ~40% residual at 500 °C. The first mass loss corresponds to the loss of methyl 

https://www.sciencedirect.com/topics/chemistry/disulfide
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bromide,15,16 and the second (onset decomposition temperature at around 300 °C) is due to side 

chain cleavage. Nanoparticles of polymer LP61 and LP10 have an average particle size around 

500 nm and 150 nm, respectively (Figure 3.5, 3.6). The photophysical properties of these two 

polymers were studied by UV-vis absorption and photoluminescence (PL) spectroscopy as 

shown in Figure 3.7 and Figure 3.8. The absorption band of nanoparticle of polymer  LP61 

and LP10 is centred at 375 nm; both polymers are emissive with a Stokes shift around 40 nm. 

 

Figure 3.5 Size distribution of polymer nanoparticle LP61 with 50 mg/L polymer concentration by (a) intensity 

and (b) number. 

Figure 3.4 Thermogravimetric analysis of LP61 and LP10 under nitrogen at a heating rate of 10 °C min-1.  
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Figure 3.7 Normalised (a) absorption and (b) emission spectrum of polymer nanoparticle LP61. 

Figure 3.8 Normalised (a) absorption and (b) emission spectrum of polymer nanoparticle LP10. 

Figure 3.6 Size distribution of polymer nanoparticle LP61 with 50 mg/L polymer concentration by (a) intensity 

and (b) number. 
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3.2.1.1 Influence of Irradiation Period 

The 5-h irradiation period was first studied. In Figure 3.9, there was around 0.30 µmol 

hydrogen produced from LP61/HydA BL21 biohybrid system after 5-h irradiation by a solar 

simulator while there was only 0.03 µmol produced from LP61 polymer alone and 0.07 µmol 

from HydA E. coli alone. 

Interestingly, the performance of the dark control of the biohybrid system showed a similar but 

a bit lower trend as the E. coli alone under irradiation, which might indicate that either the 

irradiation itself or the presence of polymer would also influence the [FeFe] hydrogenase 

induction or hydrogen production performance of E. coli. 

 

 

Figure 3.9 Hydrogen production performance of LP61/HydA BL21 biohybrid systems (irradiated and dark), E. 

coli (HydA BL21), and polymer (LP61) under 4-hour irradiation. Plots and error bars represent the averages and 

standard deviations of at least three assays. 
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Therefore, we first measured the hydrogen production performance of LP61/HydA BL21 

biohybrid system, HydA BL21, and LP61 polymer after 5 hours in dark in Figure 3.10, there 

was no detectable hydrogen produced from the polymer sample, and 0.24 µmol hydrogen was 

formed from biohybrid sample while there was 0.38 µmol produced from the E. coli alone with 

a higher production rate. It might indicate that the presence of polymer has a negative influence 

on the hydrogen production performance of HydA BL21 E. coli. After 4-hour irradiation, the 

accumulated amount of hydrogen produced by the biohybrid system was increased to 0.44 

µmol while for E. coli alone it had no obvious increase. There might be multiple reasons behind 

the ceased or step-down hydrogen formation of E. coli alone like the irradiation might have a 

native influence on [FeFe] hydrogenase expression. As there are supposed to be two pathways 

here for HydA BL21 E. coli to produce hydrogen, one is through the constructed [FeFe] 

hydrogenase,10 and the other is through the glucose fermentation pathway,17 and there is no 

clear evidence to show that which might be the dominant one. 

We further shortened the dark period time to 2 hours and extended the irradiation time to 6 

hours as shown in Figure 3.11. After 2 hours in dark and 6 hours under irradiation, the 

hydrogen production performance of the LP10/HydA BL21 biohybrid system ended up with 

0.60 µmol for biohybrid and 0.36 µmol for E. coli alone. Therefore, the hydrogen production 

Figure 3.10 Hydrogen production performance of LP61/HydA BL21 biohybrid system, E. coli (HydA BL21), 

and polymer (LP61) of 4 hours in dark and 4 hours under irradiation. Plots and error bars represent the averages 

and standard deviations of at least three assays. 
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performance of the biohybrid systems was further studied and optimized based on this 

dark/irradiation setting (2 hours in dark followed by 6 hours under irradiation). 

3.2.1.2 Influence of Different Polymers 

Nanoparticles of different conjugated polymers (LP10, LP11, LP31, LP41) were assembled 

with HydA BL21 cells in Figure 3.12. We first explored the influence of residual Pd on the 

activity of E. coli in dark. The performance of these conjugated polymers with different 

amounts of residual Pd (269 ppm/LP41, 93 ppm/LP31, 1710 ppm/LP11, 1600 ppm/LP10) 

coupled with E. coli cells was in the range of 0.73 – 0.89 μmol in dark, which shows no clear 

correlation of the amount of residual Pd in different polymers. For the biohybrid systems under 

irradiation, LP31/HydA BL21 has the highest performance with 1.82 μmol followed by 

LP41/HydA BL21 and LP11/HydA BL21 with 1.53 μmol, and LP10/HydA BL21 with 1.43 

μmol. Among all these four biohybrid systems, the hydrogen production performance of 

LP31/HydA BL21 under irradiation was increased by 2.5 times compared with its dark control 

(from 0.74 to 1.82 μmol), which is the largest increase; the LP11 biohybrid system shows 2 

times increase (from 0.73 to 1.53 μmol) followed by the LP41 biohybrid with 1.9 times increase 

(from 0.80 to 1.53 μmol), and LP10 biohybrid with 1.6 times increase (from 0.89 to 1.44 μmol). 

Figure 3.11 Hydrogen production performance of LP10/HydA BL21 biohybrid system, E. coli (HydA BL21), and 

polymer (LP10) of 2 hours in dark and 6 hours under irradiation. Plots and error bars represent the averages and 

standard deviations of at least three assays. 
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3.2.1.3 Influence of Sacrificial Electron Donors 

Different ascorbic acid concentrations (0.1 M, 0.05 M, 0.01 M, and 1 mM) were studied in 

LP41 biohybrid systems in Figure 3.13, and it turns out that 1 mM was optimal for the 

hydrogen production performance which shows 2.7 times increase from 0.89 to 2.43 μmol 

under irradiation compared with its dark control. When the concentration of ascorbic acid was 

too high reaching 0.1 M, the reaction medium would be too acidic with a pH of 2.6 (the 

experimentally measured pH of a 0.1 M ascorbic acid solution), which is not suitable for the 

growth of E. coli. E. coli can survive without growth for several hours at pH 2.0,18 and the acid 

limit for growth of E. coli is pH 4.0 in rich medium, or pH 4.5 in minimal medium.19 However, 

for LP21 biohybrid systems, it shows a different trend in Figure 3.14. 

 

 

 

 

Figure 3.12 Hydrogen production performance of biohybrid systems (under irradiation and in dark) containing 

different conjugated polymer nanoparticles (LP41, LP31, LP11, and LP10) with HydA BL21 cells with 1 mM 

cysteine as the sacrificial electron donor. The measurement was conducted after 2 hours in dark followed by 6 

hours under irradiation. Plots and error bars represent the averages and standard deviations of at least three assays 

for samples containing E. coli. 
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Among different ascorbic acid concentrations, 0.01 M ascorbic acid was the optimal one with 

2.6 times increase from 0.65 to 1.67 μmol but the polymer alone also contributed 0.37 μmol. 

When 1 mM cysteine was used, the LP21 biohybrid produced 0.82 μmol in the dark and 1.78 

μmol under irradiation, and the polymer alone produced 0.14 μmol hydrogen. Different 

preferences of sacrificial electron donors for biohybrid systems composed of conjugated 

polymers with different backbone structures might indicate different interactions between SED 

and polymers, such as their different driving forces for SED oxidation. 

 

 

Figure 3.13 Hydrogen production performance of LP41 biohybrid systems (under irradiation and in dark) and 

LP41 polymer alone with different ascorbic acid concentrations (0.1 M, 0.05 M, 0.01 M, and 1 mM) and 1 mM 

cysteine as the sacrificial electron donor. Hydrogen amounts were normalised to 1 mg polymer amount. The 

measurement was conducted after 2 hours in dark followed by 6 hours under irradiation. Plots and error bars 

represent the averages and standard deviations of at least three assays for samples containing E. coli. 
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3.2.1.4 Optimization of LP41/HydA BL21 Biohybrid System 

The LP41/HydA BL21 biohybrid system was further optimized by using 100, 50, and 25 

mg/L LP41 polymer concentrations respectively in Figure 3.15. 

By using a higher polymer concentration (100 mg/L, 0.66 mg polymer), the hydrogen 

production performance of the biohybrid system both under irradiation (1.53 μmol) and in dark 

(0.80 μmol) was almost similar to the one with 50 mg/L polymer concentration with 0.33 mg 

polymer (1.44 μmol under irradiation, 0.75 μmol in dark). It might be due to the increased 

polymer concentration contributing little to the interactions between conjugated polymer 

nanoparticles and E. coli cells. However, when decreasing the polymer concentration to 25 

mg/L, the biohybrid system produced slightly less hydrogen (1.22 μmol) under irradiation 

while more in the dark (0.92 μmol). It is consistent with previous data in Figure 3.9 which 

showed that the presence of polymers might have a negative influence on the hydrogen 

production performance of HydA BL21 cells. For polymer samples with different polymer 

concentrations, all produced around 0.07 μmol hydrogen without any significant difference. 

 

Figure 3.14  Hydrogen production performance of LP21 biohybrid systems (under irradiation and in dark) and 

LP21 polymer alone with different ascorbic acid concentrations (0.1 M, 0.01 M, and 1 mM) and 1 mM cysteine 

as the sacrificial electron donor.  Hydrogen amounts were normalised to 1 mg polymer amount. The measurement 

was conducted after 2 hours in dark followed by 6 hours under irradiation. Plots and error bars represent the 

averages and standard deviations of at least three assays for samples containing E. coli. 
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Figure 3.15 Hydrogen production performance of LP41 biohybrid systems (under irradiation and in dark) and 

LP41 polymer alone with different LP41 polymer concentrations (100, 50, 25 mg/L). The measurement was 

conducted after 2 hours in dark followed by 6 hours under irradiation with 1 mM cysteine as sacrificial electron 

donor. Plots and error bars represent the averages and standard deviations of at least three assays for samples 

containing E. coli. 

Figure 3.16 Hydrogen production performance of LP41 biohybrid systems (under irradiation and in dark) and 

LP41 polymer alone with 6-hour and 13-hour irradiation respectively. The measurement was conducted with 1 

mM ascorbic acid as sacrificial electron donor. Plots and error bars represent the averages and standard deviations 

of at least three assays for samples containing E. coli. 
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In addition, in Figure 3.16, when the irradiation time was extended from 6 hours to 13 hours, 

the hydrogen evolution activity of biohybrid in dark and polymer alone were increased from 

0.89 to 1.21 μmol and 0 to 0.20 μmol while the activity of biohybrid systems under irradiation 

was almost the same (2.43 and 2.32 μmol for 6-hour and 13-hour irradiation separately).  

Figure 3.17, summarizes the optimized hydrogen production performance of LP41/HydA 

BL21 biohybrid systems. There was 1.61 μmol hydrogen produced from the biohybrid system 

under irradiation while there was 0.59 μmol from the dark control, which shows 2.7 times 

increase. For the E. coli alone group, 0.36 μmol hydrogen was generated both in dark and under 

irradiation, which might indicate that irradiation has no obvious influence on the performance 

of the HydA BL21 sample alone. For LP41 polymer alone, there was only 0.02 μmol hydrogen 

produced. 

 

 

 

 

Figure 3.17 Hydrogen production performance of LP41/HydA BL21 biohybrid systems. The measurement was 

conducted after 2 hours in dark followed by 6 hours under irradiation with 1 mM ascorbic acid as sacrificial 

electron donor. Plots and error bars represent the averages and standard deviations of at least three assays for 

samples containing E. coli. 
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3.2 Assembly Strategy Ⅱ 

Although assembly strategy Ⅰ was a relatively simple procedure, it involves all the chemicals 

used for hydrogenase induction/expression in the reaction mixture for photocatalytic hydrogen 

measurement. This complicates the biohybrid system and makes it challenging to clarify the 

synergy between materials and microorganisms and the underlying mechanisms. Assembly 

strategy Ⅱ as described in Figure 3.18, by directly coupling the E. coli with expressed [FeFe] 

hydrogenase with polymer nanoparticles, gives rise to a much simpler biohybrid solution with 

only E. coli, polymer particle, and sacrificial electron donor involved. 

The E. coli BL21 strain was grown and enable to express [FeFe] hydrogenases using a 

procedure based on previously reported work.10 The cells were then harvested by pelleting, 

washing, and redispersion before they were used in the assembly process giving the polymer-

bacteria hybrid systems. 

Table 3.5 Components of PBS (Phosphate Buffered Saline) (1×, pH 7.4) per litre. 

Component Amount Concentration 

NaCl 8.0 g 0.137 M 

KCl 0.2 g 0.0027 M 

Na2HPO4 1.44 g 0.01 M 

KH2PO4 0.245 g 0.0018 M 

We found that the dispersion medium for the polymer nanoparticles and E. coli cells is a critical 

factor in the assembly process, along with the physio-chemical properties of the materials such 

Figure 3.18 Assembly strategy Ⅱ:  hydrogenase induction, biohybrid assembly, and hydrogen production. 
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as polymer particle size, surface charge, and surface hydrophobicity/hydrophilicity. When high 

salt content media were used, such as phosphate-buffered saline agar and M9 Minimal agar 

(Table 3.2 and 3.4), the polymer nanoparticles aggregated and the attachment efficiency to E. 

coli cells was reduced significantly, as evident in confocal microscopy when LP41/E. coli 

biohybrid samples were excited at 488 nm. For instance, using M9 minimal agar, we observed 

aggregates of LP41 nanoparticles separated from the E. coli cells, and phosphate-buffered 

saline agar resulted in aggregates of the polymer nanoparticles with bacteria cells (Figure 3.19). 

Similar aggregation was also observed previously for related polymer photocatalysts in high 

salt-content media.20 Thus, a low ionic strength medium, such as 

tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), appears to be required for the 

generation of the hybrid systems. 
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Figure 3.19 Confocal images of HydA E. coli (100 µL concentrates in 10 mM Tris-HCl) incubated with LP41 

nanoparticles (1.0 mL, 5 mg L-1) for 5 mins (λexc = 488 nm) imaged on 10 mM tris(hydroxymethyl)aminomethane 

hydrochloride (Tris-HCl)/agar, 1 ×phosphate-buffered saline (PBS)/agar, and 1 ×M9 minimal media (M9)/agar 

plates.
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Based on these observations, we assembled the recombinant E. coli (HydA BL21) with 

the polymer nanoparticles in a 10 mM Tris-HCl (pH 7) buffer with 1 mM ascorbic acid 

after nitrogen purging to give the biohybrid systems. SEM and confocal images revealed 

that the polymer nanoparticles localized on the surface of the E. coli cells, while some 

free polymer nanoparticles were also present (Figure 3.20). Although quantifying the 

attachment of the polymer nanoparticles was difficult, it is evident that LP21 attaches 

less effectively to the surface of the E. coli cells (Figure 3.21). 

 

 

 

Figure 3.20 SEM images of HydA E. coli (200 µL concentrates in 10 mM Tris-HCl) incubated with LP10, 

LP11, LP21, LP31, and LP41 nanoparticles (2.0 mL, 10 mg L-1). 
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Figure 3.21 Confocal images of HydA E. coli (100 µL concentrates in 10 mM Tris-HCl) incubated 

with LP10, LP11, LP21, L31, and LP41 nanoparticles (1.0 mL, 5 mg L-1) for 5 mins (λexc = 488 nm). 
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3.3 Photobiocatalytic Hydrogen Evolution Performance 

3.3.1 Different Conjugated Polymers 

The performance of the polymer-E. coli hybrid systems for photobiocatalytic hydrogen 

production was evaluated under AM1.5G solar simulator irradiation for three hours in Tris-

HCl buffer, using ascorbic acid acting as the sacrificial hole-scavenger. The results showed 

that E. coli (HydA BL21) alone was found to be inactive and did not produce any detectable 

hydrogen, while the polymer nanoparticles alone produced only a small amount of hydrogen 

ranging from 4 nmol h-1 for LP41 to 13 nmol h-1 for LP21 (Figure 3.22). The limited activity 

of these polymers on their own can be attributed to the cocatalytic activity of residual palladium 

in the materials that originates from the Suzuki-Miyaura polycondensation reaction. When the 

polymer nanoparticles were coupled with E. coli cells, the amount of hydrogen produced 

significantly increased. The LP41 biohybrid system produced 148 nmol h-1, which was 31 times 

more than the polymer nanoparticles alone. The LP10 and LP11 biohybrid systems also showed 

increased hydrogen evolution, producing 100 nmol h-1 and 89 nmol h-1, respectively. By 

Figure 3.22 Hydrogen production performance of five biohybrid systems with different conjugated polymer 

nanoparticles (50 mg L-1, LP10, LP11, LP21, LP31, and LP41) alongside polymer and E. coli control groups. All 

of the hydrogen production reactions were conducted in 10 mM tris(hydroxymethyl)aminomethane chloride buffer 

(pH 7, Tris-HCl) supplemented with 1 mM ascorbic acid as the hole sacrificial agent under irradiation of an AM 

1.5G solar simulator for 3 h. Biohybrid reactions consist of 4.3 mL polymer nanoparticle solution, 200 µL E. coli 

concentrates, 0.5 mL 100 mM Tris-HCl, and 50 µL 0.1 M ascorbic acid. 
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contrast, the LP21 hybrid system showed a net reduction in the amount of hydrogen produced 

(2 nmol h-1). The LP31 hybrid system showed only a small increase in hydrogen production 

(19 nmol h-1).  

Consistent with our previous findings on conjugated polymer photocatalysts, there is little 

correlation between the observed hydrogen evolution rates and the polymers' predicted EA 

values, assuming that the potentials of the LP11-LP41 photocatalysts are similar to those of 

their LP1-4 counterparts. By contrast, there is a clear correlation with the predicted IP values 

(Figure 3.23). This is because the oxidation of the ascorbic acid electron donor is required for 

hydrogen evolution. All polymers are predicted to have a sufficiently negative EA, and hence 

a significant driving force for proton reduction (Figure 3.24), while the predicted IP of 

polymers LP2 and LP3 are barely positive enough to drive ascorbic acid oxidation. There is 

Figure 3.23 Correlation between the biohybrids’ photobiocatalytic activity and the polymer fundamental gap (a) 

/ EA value (b) / IP value (c)/zeta-potential (d). 
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also an apparent correlation with the polymer particles’ zeta-potential, most likely because the 

zeta-potential of the polymer particles varies in a similar fashion to their IP values. 

Table 3.6 Predicted potentials for the different solution half-reactions at pH 0 were taken from previous work, 

potentials at pH 6.5 were estimated based on equation: E = E0 – 0.05916×pH, E0: potential at pH 0. Ascorbic acid* 

and dehydroascorbic acid are the one-hole and two-hole oxidation products of ascorbic acid, respectively. 

Solution half-reaction 
Potential (V vs. SHE) 

pH 0 pH 6.5 

H+ (aq) + e- -> 1/2 H2 (g) 0 -0.38 

Ascorbic acid* (aq) + H+ (aq) + e- -> Ascorbic acid (aq) 0.80 0.42 

Dehydroascorbic acid + 2 H+ (aq) + 2e- -> Ascorbic acid (aq) 0.40 0.015 

 

The polymer mass normalized LP41/E. coli biohybrid system has a photobiocatalytic sacrificial 

hydrogen evolution rate of 3.442 mmol g-1 h-1. Over a 36-hour period, this biohybrid system 

produced 3,334 nmol of hydrogen (Figure 3.25). Steady hydrogen production observed for 20 

hours did not exhibit any significant rate change. By contrast, E. coli (HydA BL21) alone 

produced no measurable quantity of hydrogen, while the conjugated polymer LP41 produced 

only 452 nmol. Although there are very few estimates of the generation time of bacteria in 

biohybrid systems under photocatalytic conditions, E. coli can divide every 20 min in the 

laboratory under aerobic, nutrient-rich conditions.21 This might indicate that the physical 

interactions between E. coli cells and polymer particles in the biohybrid suspension are 

Figure 3.24 Predicted charge carrier potentials (IP, EA) of the polymers considered calculated through (TD-)DFT 

for oligomer models in water. Dashed colored lines indicate the potentials for different solution reactions: red, 

proton reduction; cyan and green, two-hole (A/H2A) and one-hole (HA·/H2A) oxidation of ascorbic acid. All 

solution potentials shown are for pH 6.5, the experimentally measured pH of a 10 mM 

tris(hydroxymethyl)aminomethane chloride buffer (pH 7, Tris-HCl) supplemented with 1 mM ascorbic acid.
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dynamic. Furthermore, despite differences in growth conditions, E. coli shares the same 

sigmoidal growth curve tendency starting with a lag phase followed by a logarithmic phase, a 

stationary phase, and a death phase.22 It takes approximately 12-16 hours for E. coli to transfer 

from the logarithmic phase to stationary in optimal laboratory conditions (nutrient-rich media, 

37 °C and agitation),23 which might explain the appearance of plateaus after 20 hours in Figure 

3.25a. 

As expected, the biohybrid system did not produce hydrogen in the dark or under irradiation in 

the absence of ascorbic acid. Taken together, these results support the formation of a biohybrid 

system in which both components—the conjugated polymer and the genetically engineered E. 

coli cells—take part in a photocatalytic process. 

3.3.2 Different Reaction Medium 

Some conjugated polyelectrolytes have been shown previously to be bactericidal, both 

in the dark and under irradiation.24 We therefore investigated whether the E. coli cells 

in the biohybrid remained viable in the presence of the charged polymer nanoparticles. 

When glucose was added as an energy and carbon source to the reaction medium, E. 

coli wild-type (WT) BL21(DE3) cells were able to produce hydrogen at a rate of 10 

nmol h-1 through glucose fermentation without irradiation (Figure 3.27),25 while it 

remained inactive in the dark without glucose (Figure 3.28). For comparison, the 

hydrogen evolution rate of the LP41/E. coli biohybrid system was approximately 200 

nmol h-1 under irradiation in the presence of 100 mM Tris-HCl, 150 mM NaCl, 0.4 wt. 

% glucose, and 1 mM ascorbic acid. 

Figure 3.25 (a) The H2 formation rate by the biohybrid (10 mg L-1 LP41/HydA BL21), the polymer (10 mg L-1 

LP41), and E. coli (HydA BL21). (b) The H2 formation rate by the biohybrid (LP41/HydA BL21) and the polymer 

(LP41) with 50 and 10 mg L-1 polymer concentration, respectively.
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The biohybrid system also remained active for glucose fermentation in the dark at a rate 

of 15 nmol h-1with ascorbic acid or 10 nmol h-1 without ascorbic acid, similar to E. coli 

WT BL21(DE3) under the same conditions (around 10 nmol h-1 with or without ascorbic 

acid) (Figure 3.27, 3.28). Taken together, these results indicate that the lack of light 

energy and a carbon source in the reaction medium inhibits the fermentation pathways. 

The E. coli cells in the biohybrid system remained viable after assembly with the 

conjugated polymer and relatively stable under photocatalytic conditions, as evident 

from 36-hours irradiation experiments in Figure 3.25a.  

Figure 3.26  Hydrogen production performance of LP41 coupled with WT E. coli in 10 mM Tris-HCl with 1 mM 

ascorbic acid under irradiation with the comparison of the biohybrid system in dark and the one without ascorbic 

acid. 
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3.3.3 Variation in Sacrificial Electron Donor (SED) 

Figure 3.28  Hydrogen production performance of LP41 coupled with WT E. coli in 100 mM Tris-HCl/150 mM 

NaCl/0.4 wt. % glucose medium with 1 mM ascorbic acid as sacrificial electron donor with and without irradiation. 

Figure 3.27 Hydrogen production performance of LP41 coupled with WT E. coli in 100 mM Tris-HCl/150 mM 

NaCl/0.4 wt. % glucose medium with and without irradiation. 
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Different concentrations (0.5, 1.0, and 2.0 mM) of ascorbic acid were used in the LP41 

biohybrid system as shown in Figure 3.29. It was clear that no detectable hydrogen was 

produced when no ascorbic acid was added. The biohybrid had the highest rate of 118 nmol h-

1 when 2 mM was used while the polymer alone also had a rate of 42 nmol h-1. The biohybrid 

system produced a similar amount of hydrogen when 0.5 mM (49 nmol h-1) and 1.0 mM (54 

nmol h-1) AA were added and no measurable hydrogen contributed from the polymer alone 

group.  

 

3.3.4 Different E. coli strain 

We also explored the role of the [FeFe]-hydrogenase in E. coli BL21(DE3) in the 

biohybrid system with the LP41 polymer. When HydA BL21 without [FeFe]-

hydrogenase expression was used in the biohybrid, a reduced hydrogen evolution rate 

of 50 nmol h-1 was observed compared to the biohybrid with expressed [FeFe]-

hydrogenase (181 nmol h-1) (Figure 3.30). The hydrogen evolution rate was similar to 

the biohybrid system containing E. coli WT BL21(DE3) (64 nmol h-1) that only 

expresses relatively less effective [NiFe]-hydrogenase. We therefore infer that the 3-

time increase in hydrogen evolution activity can be attributed to the overexpressed 

[FeFe]-hydrogenases in the biohybrid system, excluding the possibility that other 

factors, such as aggregation of the conjugated polymers, might be responsible for the 

Figure 3.29 Influence of ascorbic acid (AA) concentration on hydrogen production performance. 
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increase in activity for hydrogen production and suggesting a photocatalytic process 

occurring between the conjugated polymer and E. coli cells. 

 

3.3.5 Dye-Sensitized Biohybrid Systems 

Dye sensitization is a strategy often used in photocatalysts to improve their photocatalytic 

performance by enhancing the total absorption cross-section of the system.26 However, not 

much work has been reported especially in the content of biohybrid photocatalytic systems. 

This is because catalytic performance is influenced by a host of factors, such as light absorption, 

thermodynamic driving force, exciton recombination, charge carrier mobility, physical surface 

properties, and so on. Beyond the basic question of whether a given material/dye is likely to 

absorb visible light, these factors are generally hard to predict. Also, the variables interact in 

complex ways.27 The use of automation and robotics might greatly accelerate the testing of 

large numbers of dye/polymer combination. The potential of such approaches was shown for 

Figure 3.30 Hydrogen production performance of LP41 coupled with the wide type (WT) BL21 and HydA BL21 

without [FeFe] hydrogenase expression was selected as control groups alongside LP41. Evolved hydrogen was 

normalized to same cell concentration (optical density, OD600 = 1.0) for different E. coli strains. All of the hydrogen 

production reactions were conducted in 10 mM tris(hydroxymethyl)aminomethane chloride buffer (pH 7, Tris-

HCl) supplemented with 1 mM ascorbic acid as the hole sacrificial agent under irradiation of an AM 1.5G solar 

simulator for 3 h. Biohybrid reactions consist of 4.3 mL polymer nanoparticle solution, 200 µL E. coli concentrates, 

0.5 mL 100 mM Tris-HCl, and 50 µL 0.1 M ascorbic acid. Plots and error bars represent the averages and standard 

deviations of at least two assays. 
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abiotic photocatalyst discovery27 and optimization.28 These strategies could be expanded in 

biohybrid systems to include, for example, dye-sensitization strategies and the addition of 

mediator components that might enhance charge transfer processes. The work in this section is 

a preliminary study to explore the possibilities of assembling dye-sensitised biohybrid systems 

by using robotic workflow. 

 

Figure 3.31 Chemical structures of dyes. 

Furthermore, to increase the activity of the biohybrid system by matching the absorption better 

to the solar spectrum, different dyes, photocatalytic active organic molecules, and dye-polymer 

composites were assembled with WT E. coli cells as described. Eleven water-soluble dyes:  

Reactive Black 5, Safranin O, Reactive Red 120, Congo Red, Rose Bengal, Brilliant Blue R, 

Acid Fuchsin, Sunset Yellow FCF, Methyl Orange, Rhodamine B, and 4-Nitrophenol (Figure 

3.31) were assembled with E. coli cells in 10 mM Tris-HCl (pH 7) with 1 mM ascorbic acid as 

a sacrificial electron donor to form dye/E. coli biohybrid systems and three final dye 

concentrations of 0.01, 0.02, and 0.1 mM were explored. In addition, four photocatalytic active 

organic molecules: 1,3,5-Tribenzoylbenzene, 9H-Thioxanthen-9-one, 4,4'-

Biphenyldicarboxaldehyde, and azobenzene were coupled with E. coli cells as well. By 
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following the same nanoprecipitation method for polymer nanoparticles, four dye aqueous 

solutions with a final concentration of 25 mg L-1 were prepared. Furthermore, dye-polymer 

LP41 composites were also prepared and coupled with E. coli cells with dye concentrations of 

6.25, 12.25, and 18.75 mg L-1, respectively.  

Table 3.7 Hydrogen production performance of water-soluble dye/E. coli biohybrid systems 10 mM 

tris(hydroxymethyl)aminomethane chloride buffer (pH 7, Tris-HCl) supplemented with 1 mM ascorbic acid as 

the hole sacrificial agent under irradiation of an AM 1.5G solar simulator for 3 h. Plots and error bars represent 

the averages and standard deviations of at least two assays. 

 

Dye 

 Dye concentration  

  / mM 

  0.5 0.1 0.02 

D1 Reactive Black 5 H2 / nmol h-1 0a 0a 0a 

D2 Safranin O H2 / nmol h-1 0a 0a 0a 

D3 Reactive Red 120 H2 / nmol h-1 0a 0a 5.4 ± 2.0 

D4 Congo Red H2 / nmol h-1 0a 0a 4.5 ± 3.6 

D5 Rose Bengal H2 / nmol h-1 0a 0a 0a 

D6 Brilliant Blue R H2 / nmol h-1 0a 43.5 ± 6.6 27.6 ± 19.7 

D7 Acid Fuchsin H2 / nmol h-1 0a 14.4 ± 10.2 69.7 ± 21.3 

D8 Sunset Yellow FCF H2 / nmol h-1 0a 0a 6.9 ± 0.1 

D9 Methyl Orange H2 / nmol h-1 0a 5.2 ± 7.4 22.6 ± 8.4 

D10 Rhodamine B H2 / nmol h-1 0a 0a 0a 

D11 4-Nitrophenol H2 / nmol h-1 0a 0a 0a 

                         a No hydrogen detected. 

Using water-soluble dyes (such as Reactive Black 5), no detectable hydrogen was 

produced when the dye concentration was 0.5 mM; although there was more hydrogen 

formation with reduced dye concentrations, LP41/E. coli biohybrid systems (109 nmol 

h-1) still perform better than these dye/E. coli biohybrid systems as shown in Table 3.7. 

Light-absorbing organic molecules are useful components in photocatalysts and could 

potentially be applied to fabricate with polymers to enhance the photocatalytic 

performances as dyes. Four photocatalytic active organic molecules which showed 

relatively high photocatalytic hydrogen performance (D12: 1,3,5-Tribenzoylbenzene, 

D13: 9H-Thioxanthen-9-one, D14: 4,4'-Biphenyldicarboxaldehyde, D15: 

Azobenzene)29 were fabricated into polymer solution by the same nanoprecipitation 

method and coupled with WT E. coli cells. 

As shown in Figure 3.32, there was little hydrogen produced from these dye/E. coli 

biohybrid systems with a dye concentration of 25 mg L-1, but for dye-polymer 

composites/E. coli biohybrid systems, there is an improvement in hydrogen formation 

which might be due to multiple reasons, such as an expanded absorption spectrum.29 
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Based on all these comparative study findings, the role of polymer nanoparticles in this 

biohybrid system is more than just photosensitizer although a more systematic study is 

still needed to obtain a full understanding of the improved hydrogen production 

performance for this dye-sensitized biohybrid system. 

 

Figure 3.32 Hydrogen production performance of photocatalytic active organic molecules/WT E. coli biohybrid 

systems (D12: 1,3,5-Tribenzoylbenzene, D13: 9H-Thioxanthen-9-one, D14: 4,4'-Biphenyldicarboxaldehyde, 

D15: Azobenzene). 
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3.4 Summary 

In this chapter, nanoparticles of a series of conjugated polymers with different backbone 

structures were assembled with engineered E. coli cells that express [FeFe]-hydrogenases, and 

the formed biohybrid systems were shown to be active for sacrificial hydrogen production from 

ascorbic acid solutions. The polymer/E. coli biohybrid systems were significantly more active 

than either the polymer nanoparticles or the E. coli cells in isolation under the same conditions. 

The biohybrid of LP41 (a co-polymer of fluorene and dibenzo[b,d]thiophene sulfone) and E. 

coli was the most active material studied, with an absolute hydrogen evolution rate of 148 nmol 

h-1. Compared with the other polymers in this study, LP41 had a favourable driving force for 

hole scavenger oxidation, an appropriate particle size, and a positive surface charge that 

resulted in the formation of a biohybrid system with higher activity. The study also highlighted 

the crucial role of the hydrogenase type expressed in E. coli.  

Overall, this study adds to our fundamental understanding of this new type of organic biohybrid 

system. While these systems are as yet far from practical, not least because of the use of a 

sacrificial hole scavenger, these results do suggest that organic semiconductors are equally 

viable for biohybrid photocatalyst manufacture and that they may offer certain advantages over 

inorganic materials, such as low toxicity, engineerable surface properties, and solution 

processability. 
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4.1 Background 

After the construction of the polymer/E. coli biohybrid system described in Chapters 2 and 3, 

the next step was to use and modulate the metabolic pathways of microorganisms to produce 

value-added chemicals. The multiple metabolic pathways of biological organisms ensure the 

selective generation of metabolic molecules from water, CO2, and N2. An additional energy 

source from the flow of electrons is required to perform the necessary redox chemistry, and 

much research has gone into providing needed electron flow through direct and indirect 

electrical pathways. 

In TiO2/E. coli hybrids that were developed for photocatalytic H2 production, methyl 

viologen (MV2+) was used as a redox mediator to shuttle electrons between microbes 

and inorganic photocatalysts;1 Notably, H2 formation was detected even in the absence 

of MV2+, indicating that electrons may also be transferred directly from the conduction 

band of TiO2 to the microorganism.1 Additionally, biosynthetic materials, like CdS,2,3 

were reported to be constructed cell-material hybrid systems without the addition of 

electron transfer agents. Furthermore, a dual pathway was proposed through transient 

absorption spectroscopy studies: a non-hydrogenase-mediated pathway and a 

membrane-bound hydrogenase-mediated pathway.4 

However, most research was focused on inorganic semiconductor/microorganism 

biohybrid systems, much less is known about organic semiconductor/microorganism 

biohybrid systems. Without a deeper understanding of the underlying electron transport 

mechanism, the development of hybrid photosynthesis will remain a trial-and-error 

exercise. Therefore, it is of great importance to reveal the fundamental EET process to 

optimize and advance different envisioned applications in hybrid photosynthesis.  

In this chapter, spectroscopic techniques, such as time-correlated single-photon 

counting and transient absorption spectroscopy, alongside metabolic analysis, were 

applied to study more in the context of these systems to give insights into the possible 

charge transfer. 

 

 



 

4.2 Spectroscopic Techniques 

4.2.1 Fluorescence Intensity 

To gain insight into the mechanism especially the nature of the interaction between the 

nanoparticles of LP41 and wide-type E. coli BL21 (DE3), fluorescence intensity was assessed 

as a function of the concentration of E. coli and ascorbic acid. 

Three measurement groups, (1) LP41 polymer nanoparticle solution with different amounts of 

E. coli concentrates (0, 10, 25, 50, 75, and 100 µL), (2) LP41 / E. coli suspension with different 

ascorbic acid (AA) concentrations (0, 0.2, 0.5, 1.0, 1.5, and 2.0 mM), (3) LP41 polymer 

nanoparticle solution with different ascorbic acid concentrations (0, 0.2, 0.5, 1.0, 1.5, and 2.0 

mM), were listed in Table 4.1. All the groups were in 10 mM Tris-HCl (pH 7) buffer. 

 

Table 4.1 Measurement groups for fluorescence spectroscopy. 

Group Polymer E. coli / µL Ascorbic acid / mM 

1 

10 mg/L LP41 0 0 

10 mg/L LP41 10 0 

10 mg/L LP41 25 0 

10 mg/L LP41 50 0 

10 mg/L LP41 75 0 

10 mg/L LP41 100 0 

2 

10 mg/L LP41 50 0 

10 mg/L LP41 50 0.2 

10 mg/L LP41 50 0.5 

10 mg/L LP41 50 1.0 

10 mg/L LP41 50 1.5 

10 mg/L LP41 50 2.0 

3 

10 mg/L LP41 0 0 

10 mg/L LP41 0 0.2 

10 mg/L LP41 0 0.5 

10 mg/L LP41 0 1.0 

10 mg/L LP41 0 1.5 

10 mg/L LP41 0 2.0 

 

Based on the absorption spectrum and emission spectrum of the LP41 nanoparticle solution in 

Chapter 2, the emission (λexc = 400 nm) and excitation (λem = 470 nm) spectra of these three 

groups were recorded in Figure 4.1. It was found that both E. coli and ascorbic acid could 

quench the fluorescence intensities of LP41 although in a different manner.  

 

 



 

Fluorescence quenching refers to any process that decreases the fluorescence intensity of a 

sample,5 and results in a dissipation of the fluorophore's electronic energy as heat.5 A variety 

of molecular interactions can result in quenching, including excited-state reactions, molecular 

rearrangements, energy transfer, ground-state complex formation, and collisional quenching.6 

In addition, it is worthwhile to mention that apparent fluorescence quenching can also occur 

Figure 4.1 Emission (a) and excitation (b) spectrum of LP41/E. coli biohybrid systems with different ascorbic 

acid concentrations; Emission (c) and excitation (d) spectrum of LP41/E. coli biohybrid systems with different 

E. coli amount; Emission (e) and excitation (f) spectrum of LP41 sample with different ascorbic acid 

concentrations. Excitation wavelength is 400 nm, and emission wavelength was 470 nm for all measurements. 



 

due to the optical properties of the sample; for example, high turbidity can result in decreased 

fluorescence intensities.5  

Stern-Volmer analysis was then conducted to study their fluorescence quenching mechanisms 

in Table 4.2 and Figure 4.2. Stern-Volmer equation:5 

𝐼0

𝐼
= 1 + kq𝜏0|𝑄| = 1 + 𝐾D|𝑄|                                                                               Equation 4.1 

I0: the fluorescence intensity in the absence of quencher 

I: the fluorescence intensity in the presence of quencher 

kq: the biomolecular quenching constant 

τ0: the lifetime of the fluorophore in the absence of quencher 

Q: the concentration of quencher 

KD: Stern-Volmer quenching constant, KD = kqτ0 

The Stern-Volmer plots revealed E. coli to be a more effective quencher than ascorbic acid with 

greater I0/I values for the same concentration ratio of  Cquencher/Cquencher,0. However, the turbidity 

of samples increased when more E.coli was added which might also cause decreased 

fluorescence intensities.5 When E. coli was  applied as a quencher, there is a linear relationship 

between I0/I and Cquencher/Cquencher,0, 

𝑦 = 2.4956 ∗ 𝑥 + 0.9939, 𝑟 = 0.96374                                                               Equation 4.2 

It might suggest a classic dynamic quenching originating from diffusive encounters between 

E. coli and polymer particles during the lifetime of the photoexcited states.7 However, no 

obvious linear relationship was observed for LP41/E. coli with AA and LP41 with AA (Table 

4.2), which might indicate a different quenching mechanism compared with E. coli as a 

quencher. 

 



 

 Table 4.2 Stern-Volmer analysis of three sets of samples: LP41 with different amounts of E. coli, LP41/E. coli 

with different AA concentrations, and LP41 with different AA concentrations. I0 / I: the inverse of normalized 

emission intensity at 470 nm; Cquencher/Cquencher,0: the relative equivalence of quenchers. 

Sample I0/I Cquencher/Cquencher,0 

LP41 1.000 0 

LP41/10 µL E. coli 1.273 0.10 

LP41/25 µL E. coli 1.529 0.25 

LP41/50 µL E. coli 2.058 0.50 

LP41/75 µL E. coli 3.365 0.75 

LP41/100 µL E. coli 3.225 1.0 

LP41/ 50 µL E. coli 1.000 0 

LP41/50 µL E. coli_0.2 mM AA 1.007 0.10 

LP41/50 µL E. coli_0.5 mM AA 1.922 0.25 

LP41/50 µL E. coli_1.0 mM AA 1.451 0.50 

LP41/50 µL E. coli_1.5 mM AA 1.753 0.75 

LP41/50 µL E. coli_2.0 mM AA 0.947 1.0 

LP41 1.000 0 

LP41_0.2 mM AA 1.392 0.1 

LP41_0.5 mM AA 1.580 0.25 

LP41_1.0 mM AA 1.373 0.50 

LP41_1.5 mM AA 1.678 0.75 

LP41_2.0 mM AA 1.107 1.0 

Figure 4.2 Linear relationship between I0/I and Cquencher/Cquencher,0 of LP41/E. coli biohybrid systems with 

different amounts of E. coli concentrates. Cquencher/Cquencher,0: the relative equivalence of quenchers. 



 

4.2.2 Time-Correlated Single Photon Counting 

The observation of a linear Stern-Volmer plot is generally indicative of a single class of 

fluorophore,8 but the plot alone does not prove that collisional quenching of fluorescence has 

occurred, static quenching (formation of a nonfluorescent ground-state complex between the 

fluorophore and quencher) could also result in linear Stern-Volmer plots. Their lifetime 

measurements can distinguish static and dynamic quenching. 

The Stern-Volmer equation may also be obtained by considering the fraction of excited 

fluorophores relative to the total, which is given by the ratio of the decay rate in the absence of 

quencher (γ) to the total decay rate in the presence of quencher (𝛾 + 𝑘𝑞|𝑄|):
5 

𝐼

𝐼0
= 

𝛾

𝛾+𝑘q|𝑄|
=

1

1+𝐾D|𝑄|
                                                                                            Equation 4.3 

And since collisional quenching is a rate process that depopulates the excited state, the lifetime 

in the absence (τ0) and presence (τ) of quencher are given by: 

𝜏0 = 𝛾
−1                                                                                                                Equation 4.4 

𝜏 = (𝛾 + 𝑘𝑞|𝑄|)
−1

                                                                                                                                                Equation 4.5                                                                  

Therefore, 

𝜏0

𝜏
= 1 + 𝑘𝑞|𝑄|                                                                                                        Equation 4.6                                                                                       

𝐼0

𝐼
=
𝜏0

𝜏
                                                                                                                                                                              Equation 4.7                                                                                       

 

It illustrates an important characteristic of collisional quenching, that is an equivalent decrease 

in fluorescence intensity and lifetime. The decrease in lifetime occurs because quenching is an 

additional rate process that depopulates the excited state. The decrease in yield occurs because 

quenching depopulates the excited state without fluorescence emission. Static quenching does 

not decrease the lifetime because only the fluorescent molecules are observed, and the 

uncomplex fluorophore has the unquenched lifetime τ0. 

 

 

 



 

 

Figure 4.3 Decay curves of LP41/E. coli biohybrid systems with different E. coli amounts (a) and different 

ascorbic acid concentrations (b); and LP41 with different ascorbic acid concentrations with instrument response 

function (IRF). 



 

Table 4.3 Estimated fluorescence lifetimes for biohybrid systems with different E. coli amounts and different ascorbic acid concentrations; and LP41 nanoparticle solution with 

different ascorbic acid concentrations. 

  
τ

1 
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SD1
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/ % 
τ

2  
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2  

/ % 
τ

3  

/ ns 
SD3 

/ ns 

B
3  

/ % 
χ² 

τ
AVG

b
 

/ ns 
SDc / 

ns 

LP41 0.66 0.02 59.32 2.20 0.07 32.69 11.58 0.50 7.99 1.17 2.04 0.07 

LP41/10 µL E. coli 0.56 0.02 57.73 1.85 0.06 34.05 10.04 0.36 8.23 1.24 1.78 0.06 

LP41/25 µL E. coli 0.50 0.02 61.10 1.85 0.05 32.30 10.49 0.46 6.60 1.18 1.60 0.06 

LP41/50 µL E. coli 0.45 0.01 69.09 1.66 0.06 25.73 9.11 0.48 5.18 1.14 1.21 0.05 

LP41/75 µL E. coli 0.49 0.01 80.62 1.50 0.09 15.99 7.54 0.48 3.39 1.26 0.89 0.04 

LP41/100 µL E. coli 0.40 0.01 74.51 1.46 0.06 21.92 8.42 0.53 3.58 1.30 0.92 0.04 

LP41/E. coli 0.45 0.01 69.09 1.66 0.06 25.73 9.11 0.48 5.18 1.14 1.21 0.05 

LP41/E. coli_0.2 mM AA 0.47 0.01 69.28 1.72 0.06 26.36 9.06 0.54 4.35 1.21 1.18 0.05 

LP41/E. coli_0.5 mM AA 0.33 0.01 67.45 1.18 0.04 27.75 6.68 0.32 4.80 1.26 0.87 0.03 

LP41/E. coli_1.0 mM AA 0.42 0.01 73.38 1.46 0.06 23.41 7.72 0.55 3.21 1.21 0.90 0.04 

LP41/E. coli_1.5 mM AA 0.44 0.01 77.73 1.29 0.09 18.80 5.34 0.39 3.46 1.36 0.77 0.04 

LP41/E. coli_2.0 mM AA 0.49 0.02 73.40 1.46 0.08 23.29 6.37 0.47 3.31 1.22 0.91 0.05 

LP41 0.66 0.02 59.32 2.20 0.07 32.69 11.58 0.50 7.99 1.17 2.04 0.07 

LP41_0.2 mM AA 0.69 0.01 76.55 2.39 0.10 19.63 11.45 0.75 3.83 1.24 1.44 0.06 

LP41_0.5 mM AA 0.48 0.01 64.31 1.64 0.05 31.19 8.08 0.42 4.67 1.58 1.20 0.04 

LP41_1.0 mM AA 0.34 0.02 53.05 1.17 0.04 41.18 4.73 0.25 5.77 1.26 0.94 0.04 

LP41_1.5 mM AA 0.33 0.02 56.43 1.07 0.04 37.86 4.26 0.22 5.71 1.22 0.84 0.04 

LP41_2.0 mM AA 0.38 0.02 54.33 1.16 0.04 40.57 5.47 0.25 5.09 1.29 0.96 0.04 

a. SD: Standard deviation for τ. b. Fluorescence lifetimes for all samples obtained from fitting time-correlated single photon counting decays to a sum of three exponentials, 

which yield τ
1
, τ

2
, and τ

3 
according to ∑ (𝐴 +  𝐵𝑖𝑒𝑥𝑝(

−𝑡
𝜏𝑖⁄ ))𝑛

𝑖=1 . τ
AVG

 is the weighted average lifetime calculated as ∑ 𝐵𝑖𝜏𝑖
𝑛
𝑖=1 . c. SD for τ

AVG is calculated as ∑ 𝐵𝑖𝑆𝐷𝑖
𝑛
𝑖=1 . 



 

TCSPC was then applied to obtain the fluorescence lifetimes. The estimated weighted average 

fluorescence lifetime of the nanoparticle of LP41 polymer in 10 mM Tris-HCl was reduced 

from 2.04 ns to 0.92 ns when 100 µL WT E. coli in 10 mM Tris-HCl was added (Table 4.3, 

Figure 4.3). The addition of 2 mM ascorbic acid to the LP41/E. coli biohybrids with 50 µL 

WT E. coli reduced the fluorescence lifetime from 1.21 ns to 0.91 ns. Likewise, the 

fluorescence lifetime of the conjugated polymer LP41 alone was reduced from 2.04 ns to 0.96 

ns when 2 mM ascorbic acid was added. In addition, there was no equivalent decrease in 

fluorescence intensities and lifetimes (Table 4.3) which might indicate that the decreased 

fluorescence intensities were not caused by collisional quenching (alone). 

In terms of the quenching mechanism, there are at least three mechanisms: (1) intersystem 

crossing or the heavy atom effect; (2) electron exchange or Dexter interactions; (3) 

photoinduced electron transfer.  

Quenching through intersystem crossing (ISC) (Figure 4.4) is thought to cause the excited 

singlet state to become an excited triplet state, and since the triplet states are usually long-lived 

and also quenched by oxygen, and they are likely to be quenched to the ground state by the 

quencher or return to the ground state by non-radiative decay.9 

Electron exchange or Dexter interactions (Figure 4.5) normally involves three steps: (1) the 

excited donor (DE) has an electron in the lowest-unoccupied molecular orbital (LUMO) which 

is transferred to the acceptor; (2) the acceptor (AE) transfers an electron from its highest-

occupied molecular orbital (HOMO) back to the donor; (3) the acceptor is left in an excited 

state.10 

Figure 4.4 Quenching by intersystem crossing. 



 

 

The third mechanism is photoinduced electron transfer (PET) (Figure 4.6), in which a complex 

is formed between the electron donor (DP) and the electron acceptor (AP), yielding DP
+AP

-. This 

complex can return to the ground state without the emission of a photon and the extra electron 

on the acceptor is returned to the electron donor.11 

However, it is often difficult to know the mechanism of quenching as they are not mutually 

exclusive, and quenching may occur by a combination of these mechanisms. Moreover, only 

through TCSPC results, it is difficult to identify the specific quenching mechanism for this 

polymer/E. coli biohybrid system as these mechanisms are not mutually exclusive, and many 

reports indicate that quenching occurs by a combination of different mechanisms. More 

techniques are needed to explore for further details. 

4.2.3 Transient Absorption Spectroscopy 

To gain further insight into the LP41/E. coli biohybrid system, we performed transient 

absorption (TA) spectroscopy on the LP41 polymer and the LP41/E. coli biohybrid system 

(Figure 4.7, 4.8). After excitation at 400 nm, the LP41 spectrum at 1 ps was dominated by a 

broad photoinduced absorption centred at 750 nm and a negative band at 500 nm, which is in 

 Figure 4.5 Schematic for stepwise electron exchange. 

 Figure 4.6 Photoinduced electron transfer. 



 

good agreement with the emission spectrum of the sample (Figure 4.8) and was assigned to 

stimulated emission. The decay of the broad band at 750 nm correlated with a decrease in 

stimulated emission and the growth of a band at 575 nm. We assigned the photoinduced 

absorption at 750 nm to a singlet excitonic species based on agreement with structurally related 

species12 and the correlation to the recovery of the stimulated emission band. The band at 575 

nm was assigned to a charge transfer state at early times (~1 ps) and electron polarons following 

hole scavenging, as for other similar polymers.12 Charge transfer states and polaron states such 

as polaron pairs and electron polarons are likely to have similar transient UV/visible spectra, 

making it hard to discriminate them. The 575 nm band appeared to first form within the 

instrument response function (~1 ps) and continued to grow within the first 100 ps, consistent 

with reported ultrafast kinetics of similar polymers.12 At longer time scales of 100 ps to 3 ns, 

the remaining population of the initially formed excitonic state (750 nm centre) decayed, in 

line with the TCSPC data that showed a lifetime of ~2 ns. 

The addition of ascorbic acid (dashed lines in Figure 4.8) resulted in no change of the nature 

of the photogenerated species on the picosecond timescale, with both the photoinduced 

absorptions at 750 and 575 nm, assigned to the initially formed singlet exciton and charge 

transfer/polaron state. However, the relative ratios of the 750 nm and 575 nm bands change in 

intensity in the presence of the ascorbic acid < 1 ns, with the yield of the 750 nm band being 

greater. The presence of ascorbic acid may not only introduce an electron donor but also modify 

the solvent/reaction environment with the potential for direct interactions between the ascorbic 

acid and LP41 that might give rise to changes in emission yields and lifetimes. TA spectra 

Figure 4.7 TA spectra normalized at the global maximum (∆A) for 10 mg/L LP41 polymer nanoparticle in Tris-

HCl aqueous solution (solid line) and 10 mg/L LP41 polymer nanoparticle in Tris-HCl aqueous solution with 1 

mM ascorbic acid (dashed line) at key pump-probe delays as indicated. 



 

showed that on the picosecond-timescale, ascorbic acid did not change the rate/yield of the 

charge transfer state/polaron pair species at 575 nm, but the photocatalysis data clearly showed 

that ascorbic acid is required for activity. We, therefore, conclude that ascorbic acid may play 

a role in quenching the charge transfer state to prevent recombination on the nanoscale and 

slower timescales and that electron transfer from LP41 occurs on the timescales that are slower 

than studied here. 

TA spectra were recorded for LP41/E. coli samples supported the conclusion that electron 

transfer to E. coli BL21(DE3) was slow. These showed that the photoinduced absorption at 575 

Figure 4.8 TA spectra normalized at the global maximum (∆A) for 10 mg/L LP41 polymer nanoparticle in Tris-

HCl aqueous solution (solid line) and 10 mg/L LP41 polymer nanoparticle/25 µL E. coli in Tris-HCl aqueous 

solution (dashed line) at key pump-probe delays as indicated. 

 Figure 4.9 UV-vis spectra of samples conducted for TA measurements, 10 mg/L LP41 polymer nanoparticle 

in Tris-HCl aqueous solution (with/without ascorbic acid, with/without 25 µL E. coli). 



 

nm is retained to 3 ns (the longest timescale that can be studied here) in the presence of E. coli 

BL21(DE3). 

4.3 Metabolomics Analysis 

Spectroscopic techniques discussed above were applied to explore the extracellular electron 

transfer involved in the biohybrid system. It would also be interesting to find out the 

intracellular electron transfer pathways, or how the photogenerated electrons contribute to the 

increased hydrogen production performance of the biohybrid system. This can be clarified 

through metabolomics analysis to some extent. Furthermore, it would also be worthwhile to 

know other interesting (both extracellular and intracellular) metabolites other than hydrogen, 

which might help to explain the stability of the biohybrid systems and open new avenues for 

this field. 

4.3.1 Cell Loading Amount Determination 

Metabolic analysis is typically normalised based on cell mass, and there are several methods 

for measuring cell mass, including the gravimeter method, which uses ordinary balances to 

weigh a sample (dry weight/mL) after water has been removed.13 An indirect method for 

calculating cell mass is turbidimetry. Cell cultures are turbid, and they absorb some of the light 

and let the rest of it pass through. When, a beam of light is allowed to pass through a suspension 

of bacteria, the bacteria particles coming in the path of light cause scattering and absorption of 

light depending on the cell density as per Beer-Lambert’s law.14  

𝐴 =  𝑙𝑜𝑔10
𝐼0

𝐼
=  𝜀 ∗ 𝑐 ∗ 𝑑                                                                                     Equation 4.8 

The Lambert-Beer-Law, also known as Beer’s Law, empirically relates the absorption of light 

to the properties of the sample. This law states that there is a logarithmic relationship between 

the transmission of light through a specific sample (A, absorbance, with I = intensity of 

outgoing light and Io = intensity of incoming light), the molar extinction coefficient for a 

specific compound (ε), the concentration of the absorbing species in the material (c) and the 

distance the light travels (d). 

The reduction in the amount of light transmitted light, therefore, depends on the cell density or 

cell mass in the culture suspension. It is measured as % transmittance or optical density (O.D.). 

The most common method for estimating the number of cells in a liquid suspension is the use 

of optical density measurements (OD) at a wavelength of 600 nm (OD600).
15 For turbid samples 

such as cell cultures, the major contributor for the absorbance measured is light scattering and 



 

not the result of molecular absorption following the Beer-Lambert Law. A calibration curve 

can be constructed by comparing measured OD600 to expected OD600 over a range of different 

concentrations. Expected OD600 is determined by counting cell number using an alternative 

technique (for example microscope slide method) and converting to OD600 using the rule of 

thumb that 1 OD600 = 5 * 108 cells/mL for E. coli. 

Table 4.4 Measured OD600 values for all the sample groups. Three replicates were conducted for samples 

containing E. coli. 

Polymer E. coli/µL Ascorbic acid c/µL OD600
d OD600

d OD600
d 

/ 50 50 0.2594 0.2546 0.2845 

/ 100 50 0.4895 0.5195 0.5125 

/ 150 50 0.8176 0.7734 0.7745 

/ 200 50 1.0351 0.9857 0.9701 

5 mg/L 50 50 0.2702 0.2787 0.2775 

5 mg/L 100 50 0.5094 0.5287 0.5246 

5 mg/L 150 50 0.7657 0.7626 0.7691 

5 mg/L 200 50 1.0416 1.0052 0.9677 

10 mg/L 50 50 0.2893 0.3164 0.2966 

10 mg/L 100 50 0.5410 0.5666 0.5287 

10 mg/L 150 50 0.7862 0.8238 0.7628 

10 mg/L 200 50 1.0886 1.0325 0.9683 

25 mg/L 50 50 0.3418 0.3571 0.3474 

25 mg/L 100 50 0.5912 0.6438 0.6224 

25 mg/L 150 50 0.8211 0.9070 0.8088 

25 mg/L 200 50 1.2247 1.0969 1.0497 

50 mg/L 50 50 0.4712 0.5064 0.4612 

50 mg/L 100 50 0.7005 0.7299 0.6793 

50 mg/L 150 50 0.8914 1.0286 0.9231 

50 mg/L 200 50 1.2096 1.2211 1.1640 

5 mg/L / 50 / 0.0106 0.0251 

10 mg/L / 50 / 0.0422 0.0471 

25 mg/L / 50 / 0.1270 0.1042 

50 mg/L / 50 / 0.2601 0.2312 

/ / 50 / 0.0003 0.0026 

/ / 50 / -0.0093 -0.0016 

/ / 50 / -0.0113 0.0011 

/ / 50 / 0.0012 -0.0038 



 

a: 10 mM Tris-HCl solution; b: 100 mM Tris-HCl solution; c: 0.1 M ascorbic acid; d: three biological replicates 

for samples with E. coli involved conducted in different weeks; e: 10 mM Tris-HCl/1 mM AA as blank for the 

OD600 measurements; f: water as blank for the OD600 measurements. 

To determine the actual amount of E. coli cells in polymer/E. coli biohybrid samples, we first 

explored the influence of polymer presence in biohybrid samples on OD600 values. For E. coli 

alone, there is a linear relationship between cell amounts and OD600 values: 

𝑦 = 0.00495 ∗ 𝑥 + 0.0212 , r = 0.99852                                                             Equation 4.9 

For LP41/E. coli biohybrid samples with different polymer concentrations (5, 10, 25, 50 mg/L) 

as described in Table 4.4, good linearity was also observed between E. coli amounts and total 

OD600 values of the biohybrid samples as plotted in Figure 4.10. Equations are shown below 

5 mg/L polymer concentration:  

𝑦 = 0.00487 ∗ 𝑥 + 0.03345, 𝑟 = 0.99998                                                         Equation 4.10 

10 mg/L polymer concentration: 

 𝑦 = 0.00487 ∗ 𝑥 + 0.0585, 𝑟 = 0.99998                                                           Equation 4.11 

Figure 4.10 Linear relationship between E. coli amounts and OD600 values with 0, 5, 10, 25, and 50 mg/L LP41 

polymer concentrations in LP41/E. coli biohybrid samples. Each point represents the mean value of three 

replicates. Statistics analysis was conducted for three replicates and it shows that there is no significant difference 

at the 0.05 level. 



 

25 mg/L polymer concentration: 

𝑦 = 0.0051 ∗ 𝑥 + 0.0964, 𝑟 = 0.99928                                                              Equation 4.12 

50 mg/L polymer concentration: 

𝑦 = 0.0048 ∗ 𝑥 + 0.2321, 𝑟 = 0.99967                                                             Equation 4.13 

It was found that the linearity between E. coli amounts and OD600 values for different fixed 

polymer concentrations are not the same, which might be attributed to the difference in 

turbidity for polymer solutions with different polymer concentrations. 

We, therefore, further studied the relationship between polymer concentrations and OD600 

values in polymer/E. coli biohybrid systems as plotted in Figure 4.11. It was observed that 

there is better linearity for biohybrid systems with fixed E. coli amounts of 50 and 100 µL 

compared with biohybrid systems with 150 and 200 µL fixed amounts 

50 µL E. coli: 

𝑦 = 0.0043 ∗ 𝑥 + 0.2566, 𝑟 = 0.99344                                                              Equation 4.14 

Figure 4.11 Linear relationship between polymer concentrations and OD600 values with 50, 100, 150, and 200 µL 

E. coli separately in LP41/E. coli biohybrid samples. Each point represents the mean value of three replicates. 

Statistics analysis was conducted for three replicates and it shows that there is no significant difference at the 0.05 

level. 



 

100 µL E. coli: 

𝑦 = 0.00403 ∗ 𝑥 + 0.50655, 𝑟 = 0.99627                                                          Equation 4.15 

150 µL E. coli: 

𝑦 = 0.00354 ∗ 𝑥 + 0.76397, 𝑟 = 0.97597                                                          Equation 4.16 

200 µL E. coli:  

𝑦 = 0.00427 ∗ 𝑥 + 0.99378, 𝑟 = 0.98714                                                         Equation 4.17 

As 10 mg/L LP41 polymer/100 µL E. coli was used for the biohybrid system assembly and 

metabolic analysis, the actual E. coli amounts in the biohybrid samples are supposed to be 

obtained by subtracting the OD600 value of 100 µL E. coli sample from the total OD600 value 

of the 10 mg/L polymer/100 µL E. coli biohybrid sample. 

4.3.2 Sample Preparation 

Sample preparation procedures were conducted based on ‘Laboratory Guide for Metabolomics 

Experiment’, SOP 6 ‘Quenching and extraction of microbial cells in media for metabolomic 

analysis’ written by Professor Roy Goodacre’s group. 

4.3.2.1 Quenching Procedure 

Cold (-48 °C) 60% methanol was added into experimental samples to quench internal cellular 

processes but not leech metabolites into the cell medium. After centrifugation, supernatant and 

pellet samples were obtained and ready for subsequent extraction or storage at -80 °C until 

extraction can be performed (Figure 4.12). There is also including an OD600 determination for 

Figure 4.12  Initial quenching and pelletization process. 



 

all experimental samples with replicates (n ≥ 3) in order to normalize for biomass differences 

between experimental samples.  

4.3.2.2 Removal of Polymer Nanoparticles 

The supernatant samples still contain the polymers after the initial quenching step (sample 0-

1, 0-2, and 0-3) and after the following centrifugation (sample 1-1, 1-2, 1-3) as shown in Figure 

4.13. Therefore, the polymer nanoparticles need to be removed from the supernatant solutions 

before being injected into columns. 

Pore size relates to the membrane filter’s ability to filter out particles of a certain size. For 

example, a 0.20-µm membrane will filter out particles with a diameter of 0.2 microns or larger 

from a filtration stream. With ultrafiltration (membrane with pore size within 0.01-0.1 µm), 

filter pore size is irrelevant because the pores are so small.16 These filters are rated according 

to their nominal molecular weight limit (NMWL) or their molecular weight cut-off (MWCO).17 

Centrifugal filters with 3000 and 30,000 NMWL were used for the LP41 polymer nanoparticle 

removal procedure. Figure 4.14, shows that the emission intensity of samples 1-4, 1-5, and 1-

6 (filtered by 3000 NMWL) and samples 1-7 and 1-8 (filtered by 30,000 NMWL) decreased 

Figure 4.13 Emission spectrum of untreated LP41 polymer nanoparticle solution, supernatant solutions after 

initial quenching step (sample 0-1, 0-2, and 0-3) and following centrifugation (sample 1-1, 1-2, and 1-3), 

supernatant solutions after filtration by using 3000 NMWL (sample 1-4, 1-5, and 1-6) and 30,000 NMWL (sample 

1-7 and 1-8). 



 

dramatically compared with untreated samples. It might indicate that fewer nanoparticles are 

presented in the sample solution. For the difference between these two filters, 3000 NMWL is 

too small as there was still 1.5 mL sample solution left in the concentrator while for 30, 000 

one there is around 50 µL solution left which is attributed to the dead space of the concentrator. 

 

 

 

Figure 4.14  Removal of polymer nanoparticles from supernatant samples. 



 

4.3.2.3 Extraction Procedure 

Extraction procedures were conducted by the following diagram (Figure 4.15) for supernatant 

and pellet samples separately combined with polymer removal procedures by using centrifugal 

filters. 

 

 

Figure 4.15 Extraction process of supernatant and pellet samples. 



 

4.4 Summary 

Spectroscopic techniques (time-correlated single photon counting, transient absorption (TA) 

spectroscopy) were first applied to explore the charge transfer mechanism of the LP41 polymer 

nanoparticle /E. coli biohybrid systems.  

Fluorescence lifetime and TA studies suggest slow charge transfer between the conjugated 

polymer and the bacterial cells under irradiation.  

In addition, metabolites analysis was also used to explore the electron transfer mechanism, 

especially the intracellular part. An experimental workflow based on the reported SOP was 

developed for biohybrid sample preparation for GC-MS analysis, including quenching and 

extraction steps, polymer removal, and cell mass determination. Future work will be focused 

on GC-MS data analysis and biological interpretation. 
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5.1 Summary  

In this work, a series of co-polymers of bis(8-bromo-n-octyl)-fluorene with phenylene (LP1), 

thiophene (LP2), 2,2’-bithiophene (LP3), and dibenzo[b,d]thiophene sulfone (LP4) were 

synthesized in Chapter 2. The polymers were then modified through polymer-analogous 

reactions on the alkyl-bromo functional groups giving trimethylammonium substituted 

polymers (LP11, LP21, LP31, and LP41). The photocatalytic hydrogen evolution rate of 

nanoparticles of these 4 polymers was evaluated in ascorbic acid and TEA system, respectively. 

The nanoparticles of these conjugated polymers with different backbone structures were 

assembled with engineered E. coli cells that express [FeFe]-hydrogenases, and the formed 

biohybrid systems were shown to be active for sacrificial hydrogen production from ascorbic 

acid solutions in Chapter 3. The polymer/E. coli biohybrid systems were significantly more 

active than either the polymer nanoparticles or the E. coli cells in isolation under the same 

conditions. The biohybrid of LP41 (a co-polymer of fluorene and dibenzo[b,d]thiophene 

sulfone) and E. coli was the most active material studied, with an absolute hydrogen evolution 

rate of 148 nmol h-1. Compared with the other polymers in this study, LP41 had a favourable 

driving force for hole scavenger oxidation, an appropriate particle size, and a positive surface 

charge that resulted in the formation of a biohybrid system with higher activity. The study also 

highlighted the crucial role of the hydrogenase type expressed in E. coli.  

PL lifetime and TA studies suggest, although do not prove, charge transfer between the 

conjugated polymer and the bacterial cells under irradiation.  

Overall, this study adds to our fundamental understanding of this new type of organic biohybrid 

system. While these systems are far from practical, not least because of the use of a sacrificial 

hole scavenger, the results do suggest that organic semiconductors are equally viable for 

biohybrid photocatalyst manufacture and that they may offer certain advantages over inorganic 

materials, such as low toxicity, engineerable surface properties, and solution processability. 
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5.2 Future Work 

Organic semiconductor/microorganism biohybrid systems are less explored compared with 

inorganic materials-based biohybrid systems. There are various aspects worthwhile to study 

further towards practical application in the future. 

Firstly, from the materials side, compared with linear polymers, CMPs and COFs with porous 

structures and high surface areas show greater potential in this respect. Microorganism 

immobilization has yet to be demonstrated using CMPs and COF. However, enzyme 

immobilization has been reported with COFs, which also raises another important property of 

the surfaces— the pore size. The reported chemically stable hollow spherical COF possesses 

mesoporous (2–50 nm) shells that provide adequate space for enzyme immobilisation.1 Apart 

from specific design and synthesis routes of CMPs and COFs, it was also shown that simple 

inorganic salts could alter the formation of micropores to macro-micro pores in CMPs,2 which 

might facilitate the microorganism immobilization in biohybrid applications. As such, porous 

organic materials such as CMPs and COFs with high porosity and macropores/mesopores offer 

another opportunity for the assembly of biohybrids through the immobilization of 

microorganisms. 

Secondly, it is also interesting to find out other attachment strategies other than non-covalent 

binding through electrostatic interactions. The irreversible adhesion to surfaces by forming 

covalent bonds is another promising alternative. Metal-organic frameworks (MOFs) were 

reported to uniformly wrap Morella thermoacetica bacteria for cytoprotection in artificial 

photosynthesis. The MOF-bacteria interface involves direct bonding between phosphate units 

on the cell surface and zirconium clusters on the MOF monolayer.3 Recently, a “saccharide 

bridge” has been applied to promote the accumulation of conjugated polymer nanoparticles 

around Pseudomonas aeruginosa4 and E. coli.5 Adhesive bacteria such as E. coli can express 

type 1 pili where lectin domain FimH is the contributing adhesive site,6 and mannoside have 

been shown to bind adhesion FimH on E. coli.7 Phenylboronic acid (PBA) group in conjugated 

polymers can interact with the mannotriose or lactulose on the bacterial surface through the 

high affinity between diols and PBA,8 and mannotriose, as mannose derivative, can occupy 

adhesion sites of adhesive E. coli,9 both of which promote the specific attachment of conjugated 

polymers on the bacteria together. This strategy has been applied in the antiadhesive treatment 

of bacteria and sterilization applications, and we believe that it could also provide insights into 

the assembly of material-bacteria hybrids in the semi-artificial photosynthesis field. Taking 
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fluorene-phenyl-based polymers as an example, compared with polymers FP1 and FP2 which 

mainly rely on nonspecific interactions, polymer FP3 with PBA groups could improve the 

attachment to bacterial cells through both nonspecific and specific interactions; the latter may 

also facilitate electron transfer between materials and microorganisms. Furthermore, instead of 

using PBA to interact with mannotriose that can occupy the adhesive sites on bacteria, 

mannose-substituted conjugated polymers,10 such as FP4, could also be candidates in organic 

material-based biohybrids. Furthermore, instead of particles of semiconductors, 

microorganisms can also be attached to polymer films and/or electrodes which brings about 

various configurations of biohybrid systems. 

 

Figure 5.1 Structures of polymers. 

Thirdly, other than E. coli mainly used in this project, many other microorganisms can be 

assembled with organic materials for different reactions, for example, nitrogen fixation and 

CO2 reduction, which is challenging with fully artificial systems. 

Lastly, stability is the other important indicator in evaluating the biohybrid systems, which is 

mainly limited by the activity of the microorganisms involved. Using a flow system equipped 

with automation to separate materials from biohybrid suspension and replace them with fresh 

cell culture at regular intervals might provide opportunities to address this challenge. 

Additionally, more effort should be made to gain an understanding of the underlying 

fundamental processes in these biohybrid systems. In particular, electron transport chains and 

intracellular electron transport should be studied in more detail, and spectroscopic techniques, 

such as transient absorption spectroscopy coupled with metabolic analysis, should allow further 

insight. For some redox-active materials, cyclic voltammetry11 has also been reported to 

explore the interactions between biological and artificial components.  
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Materials and Methods 
 

Section 6.1 links to all materials and methods in Chapter 2, Section 6.2 links to 

Chapter 3, and Section 6.3 links to Chapter 4. 
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6.1 Experimental Methods 

6.1.1 Monomer Synthesis 

2,7-Dibromo-9,9-bis(8-bromo-n-octyl)-fluorene 

The compound was synthesized following a previously reported procedure.1 NaOH (30 mL, 

aqueous solution 50 wt. %) was added to a solution of 2,7-dibromo-9H-fluorene (5.0 g, 15 

mmol), 1,8-dibromo-n-octane (8.5 mL, 46 mmol), and tetrabutylammonium bromide (TBAB, 

0.5 g, 1.5 mmol) in toluene (60 mL). The mixture was then heated to 60 °C for 12 h. After 

cooling to room temperature, phases were separated, and the aqueous phase was extracted with 

chloroform. The organic solution was washed with deionized water, the organic phase was then 

dried by magnesium sulfate, filtered, and concentrated in vacuo to give residues which were 

then purified by silica gel column chromatography, ethyl acetate/hexane = 1:50 by volume 

ratio, to obtain colourless solid (6.3 g, 59%). 1H NMR (400 MHz, CDCl3, δ): 7.52 (d, 2H, 3J = 

8 Hz, Ar-H), 7.46 (dd, 2H, 4J = 2 Hz, 3J = 8 Hz, Ar-H), 7.43 (d, 2H, 4J = 2 Hz, Ar-H), 3.35 (t, 

4H, 3J = 8 Hz; -CH2Br), 1.91 (m, 4H; -CH2-), 1.77 (m, 4H; -CH2-), 1.31 (m, 4H; -CH2-), 1.14-

1.05 (br, 12H; -CH2-), 0.57 (br, 4H; -CH2-). 

6.1.2 Polymerization 

Reagents and solvents were purchased from Manchester Organics, Sigma-Aldrich, Fluorochem, 

Ark Pharm, Apollo, Combi-Blocks, TCI Europe, Carbosynth and used as received without 

further purification. 

6.1.2.1 General procedure for the synthesis of polymers via Suzuki-Miyaura-type 

polycondensation 

A flask was charged with the monomers, toluene, Starks' catalyst, and an aqueous solution of 

Na2CO3. The mixture was degassed by bubbling with N2 for 30 minutes, before [Pd(PPh3)4] 

was added, and heated. The mixtures were evaporated to dryness and washed with water. The 

crude polymer was then further purified by Soxhlet extraction with methanol, acetone, and 

ethyl acetate. The high molecular weight fraction of the polymer was recovered by Soxhlet 

extraction with chloroform. The chloroform was removed and the polymer redissolved in a 

minimal amount of chloroform, precipitated into large access of methanol, filtered off, and 

dried under reduced pressure.  



163 
 

LP1: 1,4-Benzenediboronic acid bis(pinacol) ester (264 mg, 0.80 mmol), 2,7-dibromo-9,9-

bis(8-bromo-n-octyl)-fluorene (567 mg, 0.80 mmol), toluene (30 mL), Na2CO3 (10 mL, 2 M), 

Starks' catalyst (1 drops), and [Pd (PPh3)4] (18.6 mg) were used in this reaction. After 2 days 

at 110 °C the reaction was worked up as described above giving the product as a yellow solid 

in 55% yield (0.457 g). Anal. Calcd for LP1 (C35H44Br2)n: C, 67.31; H, 7.10; Br, 25.59%. 

Found: C, 67.62; H, 6.72; Pd, 0.17%. 1H NMR (400 MHz, CDCl3, δ): 7.82 (m, 6H, Ar-H), 

7.66-7.49 (m, 4H, Ar-H), 3.32 (t, 4H, 3J = 6Hz, -CH2Br), 2.09 (br, 4H, -CH2-), 1.75 (m, 4H, -

CH2-), 1.31-1.12 (m, 16H, -CH2-), 0.78 (br, 4H, -CH2-). 

LP2: 2,5-Thiophenediboronic acid bis(pinacol) ester (268.8 mg, 0.80 mmol), 2,7-dibromo-9,9-

bis(8-bromo-n-octyl)-fluorene (567 mg, 0.80 mmol), toluene (30 mL), Na2CO3 (10.0 mL, 2 M), 

Starks' catalyst (1 drop), and [Pd (PPh3)4] (18.6 mg) were used in this reaction. After 2 days at 

110 °C the reaction was worked up as described above giving the product as an orange solid in 

21% yield (0.175 g). Anal. Calcd for LP2 (C33H42Br2S)n: C, 62.86; H, 6.71; Br, 25.34; S, 5.08%. 

Found: C, 69.45; H, 6.79; S, 3.80, Pd, 0.40%. 1H NMR (400 MHz, CDCl3, δ): 7.72-7.56 (m, 

6H, Ar-H), 7.48-7.40 (m, 2H, Ar-H), 3.32 (m, 4H, -CH2Br), 2.01 (br, 4H, -CH2-), 1.75 (m, 4H, 

-CH2-), 1.28-1.09 (m, 16H, -CH2-), 0.65 (br, 4H, -CH2-). 

LP3: 2,2′-Bithiophene-5,5′-diboronic acid bis(pinacol) ester (334.5 mg, 0.80 mmol), 2,7-

dibromo-9,9-bis(8-bromo-n-octyl)-fluorene (567 mg, 0.80 mmol), toluene (30 mL), Na2CO3 

(10.0 mL, 2 M), Starks' catalyst (1 drops), and [Pd (PPh3)4] (18.6 mg) were used in this reaction. 

After 2 days at 110 °C the reaction was worked up as described above giving the product as a 

coral solid in 44% yield (0.397 g). Anal. Calcd for LP3 (C37H44Br2S2)n: C, 62.36; H, 6.22; Br, 

22.42; S, 9.00%. Found: C, 64.89; H, 6.10; S, 8.13, Pd, 0.0093%. 1H NMR (400 MHz, CDCl3, 

δ): 7.70-7.46 (m, 6H, Ar-H), 7.34-7.20 (m, 4H, Ar-H), 3.31 (m, 4H, -CH2Br), 2.01 (br, 4H, -

CH2-), 1.74 (m, 4H, -CH2-), 1.28-1.09 (m, 16H, -CH2-), 0.69 (br, 4H, -CH2-). 

LP4: 3,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzo[b,d]thiophene sulfone 

(374.5 mg, 0.80 mmol), 2,7-dibromo-9,9-bis(8-bromo-n-octyl)-fluorene (567 mg, 0.80 mmol), 

toluene (30 mL), Na2CO3 (10.0 mL, 2 M), Starks' catalyst (1 drops), and [Pd(PPh3)4] (18.6 mg) 

were used in this reaction. After 2 days at 110 °C the reaction was worked up as described 

above giving the product as a light-yellow solid in 36% yield (0.122 g). Anal. Calcd for LP4 

(C41H46Br2O2S)n: C, 64.57; H, 6.08; Br, 20.95; O, 4.20; S, 4.20%. Found: C, 65.98; H, 5.74; S, 

3.16, Pd, 0.027%. 1H NMR (400 MHz, CDCl3, δ): 8.19 (2H, s), 8.05-7.95 (m, 6H, Ar-H), 7.74-
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7.60 (m, 4H, Ar-H), 3.33 (t, 4H, 3J = 8 Hz, -CH2Br), 2.13 (br, 4H, -CH2-), 1.76 (m, 4H, -CH2-), 

1.35-1.05 (m, 16H, -CH2-), 0.71 (br, 4H, -CH2-). 

LP5_χ: 2,7-dibromo-9,9-bis(8-bromooctyl)-fluorene (m mmol), 2,7-dibromo-9,9-bis(8-octyl)-

fluorene ( n mmol), 9,9-dioctyl-9H-fluorene-2,7-diboronic acid bis(pinacol) ester ( (m+n) 

mmol), toluene (25 mL), Na2CO3 (10.0 mL, 2 M), Starks' catalyst (1 drops), and [Pd(PPh3)4] 

(18.6 mg) were used in this reaction. After 2 days at 110 °C the reaction was worked up as 

described above giving the product as a yellow solid in yield of 23% for LP5_0.10, 36% for 

LP5_0.25, and 20.6% for LP5_0.50. 

Anal. Calcd for LP5_0.10 (C58H82Br0.4) n: C, 86.59; H, 10.49; Br, 2.91%. Found: C, 86.59; H, 

10.49; Pd, 0.085%. 1H NMR (400 MHz, CDCl3, δ): 7.95-7.50 (m, 60H, Ar-H), 3.32 (t, 3H, 3J 

= 6Hz, -CH2Br), 2.12 (br, 36H, -CH2-), 1.75 (m, 4H, -CH2-), 1.14 (m, 200H, -CH2-), 0.78 (m, 

90H, -CH2CH3).   

Anal. Calcd for LP5_0.25 (C58H81Br1) n: C, 82.75; H, 9.97; Br, 7.28%. Found: C, 82.75; H, 

9.97; Pd, 0.040 %. 1H NMR (400 MHz, CDCl3, δ): 7.95-7.50 (m, 24H, Ar-H), 3.32 (m, 4H, -

CH2Br), 2.12 (br, 13H, -CH2-), 1.75 (br, 3H, -CH2-), 1.36-0.90 (m, 80H, -CH2-), 0.81 (m, 30H, 

-CH2CH3).   

Anal. Calcd for LP5_0.50 (C58H80Br2) n: C, 74.34; H, 8.61; Br, 17.05%. Found: C, 73.34; H, 

8.61; Pd, 0.150%. 1H NMR (400 MHz, CDCl3, δ): 7.95-7.58 (m, 12H, Ar-H), 3.32 (t, 4H, 3J = 

6Hz, -CH2Br), 2.37-1.70 (m, 12H, -CH2-), 1.39-1.10 (m, 40H, -CH2-), 0.82 (m, 12H, -CH2CH3).   

6.1.2.2 General procedure for the synthesis of trimethylamine substituted polymers 

General procedure for the synthesis of trimethylamine substituted polymers.2 100 mg LP1, LP2, 

LP3, LP4, and LP5 were dissolved in CHCl3 (20 mL), and then a solution of trimethylamine 

in ethanol (30 wt. %, 10 mL) was added. The reaction mixture was stirred for 48 hours at room 

temperature. The solvent was evaporated, and the product was dried under a vacuum.  

LP11: Obtained as a yellow solid in 78% yield (78 mg). Anal. Calcd for LP11 (C41H62N2)n: C, 

84.47; H, 10.72; N, 4.81%. Found: C, 63.76; H, 7.74; N, 2.88; Pd, 0.16%. 1H NMR (400 MHz, 

DMSO, δ): 8.2`0-7.40 (m, 10H, Ar-H), 3.36 (s, 4H, -CH2-), 3.22 (br, 4H, -CH2-), 3.01 (m, 18H, 

-CH3), 1.55 (s, 4H, -CH2-), 1.31-0.85 (m, 16H, -CH2-), 0.65 (br, 4H, -CH2-). 

LP21: Obtained as an orange solid in 45% yield (45 mg). Anal. Calcd for LP21 (C39H60N2S)n: 

C, 79.53; H, 10.27; N, 4.76; S, 5.44%. Found: C, 62.85; H, 7.73; N, 2.95; S, 3.37; Pd 0.43%. 
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1H NMR (400 MHz, DMSO, δ): 8.12-7.10 (m, 8H, Ar-H), 3.25-2.90 (m, 26H, -CH2-, -CH3), 

1.53 (s, 4H, -CH2), 1.21-0.85 (m, 24H, -CH2-). 

LP31: Obtained as a coral solid in 58% yield (58 mg). Anal. Calcd for LP31 (C43H62N2S2)n: 

C, 76.96; H, 9.31; N, 4.17; S, 9.55%. Found: C, 62.43; H, 7.34; N, 2.81; S, 6.91; Pd, 0.0093%. 

1H NMR (400 MHz, DMSO, δ): 8.15-7.10 (m, 10H, Ar-H), 3.36 (s, 4H, -CH2-), 3.17 (br, 4H, 

-CH2-), 2.99 (m, 22H, -CH2-, -CH3), 1.54 (s, 4H, -CH2-), 1.38-0.37 (m, 20H, -CH2-). 

LP41: Obtained as a light-yellow solid, 71% yield (71 mg). Anal. Calcd for LP41 

(C47H64N2O2S)n: C, 78.29; H, 8.95; N, 3.88; O, 4.44; S, 4.45%. Found: C, 60.67; H, 6.66; N, 

2.64; S, 3.43%; Pd, 0.021%. 1H NMR (400 MHz, DMSO, δ): 8.65-7.80 (m, 12H, Ar-H), 3.35 

(s, 8H, -CH2-), 3.16 - 2.98 (m, 18H, -CH3), 1.53 (s, 4H, -CH2-), 1.38-0.35 (m, 20H, -CH2-). 

LP51: Obtained as a light-yellow solid in yield of 36% for LP51_0.10, 38% for LP51_0.25, 

and 24% for LP51_0.50. 

Anal. Calcd for LP51_0.10 (C59H84N0.8) n: C, 88.54; H, 10.90; N, 0.55%. Found: C, 88.54; H, 

10.90; N, 0.55; Pd, 0.097%. 1H NMR (400 MHz, CDCl3, δ): 7.95-7.50 (m, 60H, Ar-H), 3.32 

(m, 13H, -CH3), 2.13 (br, 40H, -CH2-), 1.14 (m, 200H, -CH2-), 0.81 (m, 90H, -CH2CH3).  

Anal. Calcd for LP51_0.25 (C62H87N2) n: C, 87.60; H, 11.01; N, 1.38%. Found: C, 86.96; H, 

10.50; N, 2.53; Pd, 0.060%. 1H NMR (400 MHz, CDCl3, δ): 7.95-7.50 (m, 24H, Ar-H), 3.49-

3.30 (m, 18H, -CH3), 2.12 (br, 16H, -CH2-), 1.14 (br, 80H, -CH2-), 0.90-0.69 (m, 30H, -

CH2CH3). 

Anal. Calcd for LP51_0.50 (C64H98N2) n: C, 85.84; H, 11.03; N, 3.13%. Found: C, 85.84; H, 

11.03; N, 3.13; Pd, 0.209 %. 1H NMR (400 MHz, CDCl3, δ): 7.90-7.57 (m, 12H, Ar-H), 3.30 

(m, 18H, -CH3), 2.12 (br, 12H, -CH2-), 1.41-1.09 (m, 40H, -CH2-), 0.79 (m, 10H, -CH2CH3).  

6.1.3 Nanoparticle Fabrication 

Conjugated polymers were self-assembled into polymer (nano)particles in water through 

reprecipitation methods.3,4 To achieve this, the conjugated polymers (10 mg) were dissolved 

by stirring in THF (12.5 mL). 3 mL of the polymer/THF solution was added quickly to 12 mL 

of deionized water while sonicating the mixture under 30 ℃ for around 10 seconds. The THF 

was removed by partial evaporation at 65 ℃ for 5 hours. 
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6.1.4 Characterization Methods 

1H NMR spectra were recorded using a Bruker Avance 400 NMR spectrometer. CHN Analysis 

was performed on a Thermo EA1112 Flash CHNS-O Analyzer using standard microanalytical 

procedures. Single detection gel permeation chromatography (GPC) was calibrated against 

polystyrene standards (Agilent EasiCal PS-2 standards), and performed using an Agilent 1260 

Infinity II GPC/SEC system (Agilent, UK), two PLgel 5 μm MIXED-D columns and a PL gel 

5 μm guard column, with samples detected by refractive index (RI).  Powder X-ray diffraction 

(PXRD) measurements were performed on a PANalytical X’Pert PRO MPD, with a Cu X-ray 

source, used in high throughput transmission mode with Kα focusing mirror and PIXCEL 1D 

detector. Thermogravimetric analysis was performed on an EXSTAR6000 by heating samples 

at 10 °C min-1 under nitrogen in open platinum pans from 25 to 600 °C. UV-Visible absorption 

spectra of polymer nanoparticle dispersions, polymer solutions in chloroform, and thin film 

were recorded on a Shimadzu UV-2550 UV-Vis spectrometer. Photoluminescence spectra of 

the polymer nanoparticle solution and thin film were measured with a Shimadzu RF-5301PC 

fluorescence spectrometer at room temperature. Dynamic light scattering and zeta-potential 

measurements were performed on a Malvern Zetasizer Nano Particle Sizer at 25 °C. 

Inductively coupled plasma optical emission spectrometry analysis was performed on an ICP-

OES Agilent 5110 after a microwave digest of the materials in nitric acid (67-69%, trace metal 

analysis grade) to determine the palladium content. Photoelectron spectroscopy in air (PESA) 

measurements were recorded using a Riken Keiki PESA spectrometer (Model AC-2). Samples 

for PESA were prepared on ITO glass substrates. SEM measurements were performed on 

Hitachi S4800 cold field emission scanning electron microscope (FE-SEM) and imaging was 

conducted at a working voltage of 3.0 kV and a working distance of 8 mm using a combination 

of upper and lower secondary electron detectors.  

6.1.5 Photocatalysis Experiments 

High throughput hydrogen evolution experiments: The Agilent Technologies vials (crimp top, 

headspace, clear with graduation marks and write-on spot, flat bottom, 10 mL, 23 × 46 mm) 

were charged with approximately 4.5 mL of polymer nanoparticle solution. Degassed 

scavenger solutions were loaded in the robot and water from an ELGA water purification 

system was degassed with nitrogen and connected to the setup. The system was closed and 

flushed with nitrogen from the house supply for 6 hours. The automatic setup dispenses the 

requisite amount of liquids and seals the vials with Agilent Technologies caps (crimp, 
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headspace, with septum, 20 mm, silver aluminium cap with safety feature, moulded 

PTFE/butyl septum). The total volume of the reaction mixture was 5.0 ± 0.1 mL in each vial. 

The vials were illuminated with an Oriel Solar Simulator 94123A with an output of 1.00 sun 

on a Stuart Scientific Gyro rocker SRT9 for 130 minutes (classification IEC 60904-9 2007 

spectral match A, uniformity classification A, temporal stability A, 1600 W Xenon light source, 

25 × 25 cm output beam, Air mass 1.5G filter, 350-1000 nm). After photocatalysis, the amount 

of evolved hydrogen was measured on an Agilent Technologies GC 7890B connected to an 

Agilent Technologies headspace sampler 7697A. 

6.1.6 Computational Methods 

The IP and EA values of LP2 and LP3 were calculated using a previously developed 

approach5,6 based on DFT calculations on the neutral, cationic and anionic versions of 

oligomer models of the polymers. These calculations used the B3LYP7,8,9,10 density functional, 

the DZP11 basis-set and the COSMO12 implicit solvation model to describe the dielectric 

environment of the polymer (particles). All DFT calculations were performed using the 

Turbomole13,14 7.5 code and all calculations were performed on 8 phenyl equivalent long 

oligomeric models. Starting structures for the latter were obtained using a CREST/gfn2-

xTB15,16 conformer search. 
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6.2 Experimental Methods 

6.2.1 Polymer Synthesis 

Synthesis of LP10: General procedure for the synthesis of imidazolium substituted polymers.1 
0.1g LP1 (see Chapter 2 for details) was dissolved in N2 purged toluene (40 mL), and 1-

methylimidazole (2 g, 24 mmol) were added dropwise. After the reaction was stirred at 40 °C 

for 12 hours. Then MeOH (100 mL) was added to dissolve precipitated polymer and the 

reaction was stirred at 40 °C for 5 days. After the solution was concentrated in vacuo, the 

residue was poured into 100 mL ethyl acetate and precipitates were filtered, washed with 

acetone several times, and dried in a vacuum oven overnight at room temperature to obtain 

imidazolium substituted yellow solid LP10 in 74% yield (74 mg). Anal. Calcd for LP10 

(C43H50N4) n: C, 82.12; H, 8.97; N, 8.91%. Found: C, 64.61; H, 7.09; N, 2.88; Pd, 0.16%. 1H 

NMR (400 MHz, DMSO, δ): 8.10-7.60 (m, 16H, Ar-H), 4.06 (br, 4H, -CH2-), 3.81 (br, 4H, -

CH2-), 1.65 (s, 4H, -CH2-), 1.31-0.50 (m, 20H, -CH2-). 

Synthesis of LP6: 1,4-Benzenediboronic acid bis(pinacol) ester (264 mg, 0.80 mmol), 2,7-

dibromo-9,9-bis(8-bromooctyl)-fluorene (283 mg, 0.40 mmol), 2,7-dibromo-9,9-bis(8-octyl)-

fluorene (M1’, 219 mg, 0.40 mmol), toluene (10 mL), Na2CO3 (6.0 mL, 2 M), Starks' catalyst 

(1 drops), and [Pd(PPh3)4] (18.6 mg) were used in this reaction. After 2 days at 110 °C the 

reaction was worked up as described above giving the product as a yellow solid in 65% yield 

(0.498 g). Anal. Calcd for LP6 (C70H88Br2) n: C, 77.19; H, 8.14; Br, 14.67%. Found: C, 78.59; 

H, 8.12; Pd, 0.32%. 1H NMR (400 MHz, CDCl3, δ): 7.90-7.60 (m, 20H, Ar-H), 3.32 (t, 4H, 3J 

= 6Hz, -CH2Br), 2.09 (s, 6H, -CH2-), 1.75 (m, 4H, -CH2-), 1.12 (m, 42H, -CH2-), 0.78 (m, 10H, 

-CH2CH3).   

Synthesis of LP61: FP8BrFP8 were dissolved in CHCl3 (20 mL), and then a solution of 

trimethylamine in ethanol (30 wt %, 10 mL) was added. The reaction mixture was stirred for 

48 h at room temperature. The solvent was evaporated, and the product was dried under vacuum. 

Anal. Calcd for LP61 (C76H106N2) n: C, 87.13; H, 10.20; N, 2.67%. Found: C, 73.80; H, 8.33; 

N, 2.03; Pd, 0.20%. 1H NMR (400 MHz, DMSO, δ): 7.85-7.59 (m, 20H, Ar-H), 3.16 (br, 4H, 

-CH2-), 3.30 (m, 18H, -CH3), 2.15 (s, 4H, -CH2-), 1.51-1.07 (m, 48H, -CH2-), 0.74 (m, 10H, -

CH2CH3).   
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6.2.2 Generation of Constructs 

The hydA (GenBank accession code AAL23572.1) and fd (GenBank accession code 

XP_001692808.1) genes from Chlamydomonas reinhardtii were codon-optimized for 

heterologous expression in E. coli. The Fd protein was fused to the N-terminus of HydA with 

a 15 amino acid linker composed of GGGGSGGGGSGGGGS. The hydGX and hydEF genes 

from Shewanella oneidensis (GenBank accession code AE014299.2: 4070148- 4074530), 

which encode the maturases HydE, HydF and HydG were synthesized. The fd-hydA gene was 

ligated to pCDFDueT-1 linearized by EcoRI and AscI, together with the hydGX and hydEF 

gene fragments, to generate the hyd vector. 

6.2.3 Western Blotting 

Briefly, 30 μg of total protein was loaded into each well. Western Blotting was performed using 

primary mouse monoclonal anti-His (Invitrogen, dilution 1:3000), and horseradish peroxidase- 

conjugated goat anti-mouse IgG secondary antibody (Agrisera, dilution 1:10,000). Signals 

were visualized using a chemiluminescence kit (Bio-Rad). Immunoblot images were collected 

by ImageQuant LAS 4000 software version 1.2.1.119. Immunoblot protein quantification was 

performed using ImageJ software (version 1.52 h).  

6.2.4 Characterization Methods 

6.2.4.1 Scanning electron microscope (SEM) characterization of E. coli incubated with 

polymer nanoparticles 

E. coli was harvested by centrifuging at 7197 rcf (relative centrifugal force) for 5 min and 

washed with 10 mM Tris-HCl buffer 3 times. After the supernatant was discarded, the cell 

pellet was resuspended in 10 mM Tris-HCl. Then 200 µL cell suspension was incubated with 

2.0 mL 10 mg L-1 polymer nanoparticle solution for 10 mins at room temperature. To prepare 

specimen for SEM characterization, 10 µL of the mixture was pipetted on top of silica disc 

which was mounted on a metal stub by silver-containing glue. Then the dried specimen was 

coated with chromium for 15 seconds by Quorum Q150T ES. 

SEM measurements were performed on Hitachi S4800 cold field emission scanning electron 

microscope (FE-SEM) and imaging was conducted at a working voltage of 3.0 kV and a 

working distance of 8 mm using a combination of upper and lower secondary electron detectors.  
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6.2.4.2 Confocal fluorescence microscope characterization of E. coli incubated with polymer 

nanoparticles 

E. coli was harvested by centrifuging at 7197 rcf for 5 min and washed with 10 mM Tris-HCl 

buffer 3 times. After the supernatant was discarded, the cell pellet was resuspended in 10 mM 

Tris-HCl. Then 100 µL cell suspension was incubated with 1.0 mL 5 mg L-1 polymer 

nanoparticle solution for 10 mins at room temperature. To immobilize the cells for imaging 

10 µL of the mixture was pipetted on top of Tris-HCl/agar and a dried drop was cut out and 

placed against cover-slip. Live-cell confocal fluorescence imaging was performed on a LSM 

780 microscope (Zeiss) and 63× oil-immersion objective (numerical aperture: 1.46) and 

excitation at 488 nm were used in imaging. Images were processed with FIJI image processing 

package. 

6.2.5 Photobiocatalytic Hydrogen Production Measurement 

For the photocatalytic hydrogen production measurements, suspension of recombinant E. coli 

cells was prepared as follows: Cells were harvested from 20 mL cell solution by centrifugation 

(10 min, 4,000 rcf) after 16 hours of induction. After the supernatant was carefully removed by 

syringes, the cell pellet was then resuspended in 1.0 mL 10 mM Tris-HCl (pH 7) buffer after 

washing with 10 mL 10 mM Tris-HCl buffer three times.  

For high throughput solar simulator measurements, 4.3 mL 50 mg L-1 polymer nanoparticle 

solution, 0.5 mL 100 mM Tris-HCl (pH 7) buffer, and 50 µL 0.1 M ascorbic acid were added 

into headspace vials (Agilent, 10 mL, width 22.75 × height 46 mm) and purged with nitrogen 

in a Sweigher Chemspeed Technologies for 6 hours. After 200 µL collected cell suspension 

was injected into vials, all sample vials were irradiated under the solar simulator (AM1.5G, 

Class AAA, IEC/JIS/ASTM, 1440 W xenon, 12 × 12 in., MODEL: 94123A) agitated on a 

rocker/roller device. Gaseous products were analyzed on a Shimadzu GC-2010 equipped with 

Shimadzu HS-20 injecting a sample from the headspace sampler via a transfer line (temperature 

150 °C) onto a Rt-Msieve 5 Å column with He as the carrier gas at a flow rate of 30 mL min-1. 

Hydrogen was detected with a barrier discharge ionization detector referencing against 

standard gases with known concentrations of hydrogen. 
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6.3 Experimental Methods 

6.3.1 Transient Absorption (TA) Measurements 

The apparatus employed to obtain transient absorption, TA, and spectra of the CTFs of interest 

has been recently reported.17 Briefly, ~1 W from a Ytterbium laser system (PHAROS Short-

Pulse 10 W, PH1-SP-10W, Light Conversion) with an output wavelength of 1028 nm, a 

repetition rate of 10 kHz, and pulse duration of ~170 fs is used to drive an Optical Parametric 

Amplifier, OPA (ORPHEUS, Light Conversion) in tandem with a second harmonic generation 

module (LYRA, Light Conversion) in order to generate radiation centered at 400 nm with a 

bandwidth (FWHM) of 3 nm. This 400 nm output was used as the pump source for subsequent 

TA measurements, which employed a commercial TA spectrometer (HARPIA, Light 

Conversion). The probe light was a visible white light supercontinuum generated by focusing 

< 0.1 W of 1028 nm radiation onto a sapphire window. The pump and probe beams were 

focused on 1 mm and 600 μm spots in the sample. The pump laser beam was chopped, resulting 

in an effective pumping repetition rate of 5 kHz. The power of the chopped beam incident on 

the sample was 200 µW. The samples were suspensions of LP41 polymer nanoparticle 

(~10 mg L-1 LP41 polymer concentration) in 10 mM Tris-HCl buffer with/without 25 µL 

E. coli concentrates supplemented with/without 1 mM ascorbic acid, held within a quartz 

cuvette with a 10 mm path length. To maintain a stable suspension and to prevent sample 

degradation, the sample was continually stirred. The probe light was spectrally dispersed by a 

spectrograph (Kymera 193i, Andor), employing a grating of 150 lines/mm, blazed at 800 nm, 

and detected using an NMOS detector (S3901, Hamamatsu). Data were analysed using 

Carpetview software (Light Conversion); all data were normalised to the global maximum ΔA 

to account for changes in UV/Vis absorption spectra between different samples. 

6.3.2 Polymer/E. coli Biohybrid Sample Preparation For GC-MS Measurement 

6.3.2.1 Proposed polymer nanoparticle removal procedure 

Stage 1: Initial quenching and pelletisation 

1) Add 2 mL of sample to a 15 mL falcon tube. 

2) Add 4 mL of cold (-48 °C) LCMS grade 60% aqueous methanol solution to the falcon tube.  

3) Invert the falcon tube 10 times to mix content. 

4) Centrifuge samples at 4,800 g for 10min at -4 °C to pellet cellular mass and protein 

precipitate. 
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5) Decant supernatant to a labelled 15 mL falcon tube. 

6) Re-centrifuge original sample at 4,800 g for 10 min at -4 °C to further pellet.  

7) Decant residual supernatant to its labelled 15 mL falcon tube. 

8) Store the two falcon tubes – one with supernatant the other with the pellet – in a -80 °C 

freezer. 

9) Check the fluorescence of supernatant sample 0 (0-1, 0-2, 0-3) 

Stage 2: Polymer nanoparticle removal from the supernatant sample 

1) Centrifuge 6.0 mL supernatant samples (0-4, 0-5, 0-6) at 7,197 g for 10 min at -4 °C to 

pellet polymer particles. 

2) Decant supernatant to a 15 mL falcon tube. 

3) Transfer 2 mL solution to a 2 mL Eppendorf tube (labelled sample 1; 1-1, 1-2, 1-3) for 

fluorescence check. 

4) Transfer 3 mL solution to an Amicon Ultra-4 centrifugal filter units (3,000 NMWL) 

5) Centrifuge samples at 7,197 g for 10 min at -4 °C, labelled sample 1-4, 1-5, 1-6 for 

fluorescence check 

6) Transfer 3 mL solution to a VIVASPIN 6 centrifugal filter units (30,000 NMWL) 

7) Centrifuge samples at 7,197g for 10 min at -4 °C, labelled sample 1-7, 1-8, 1-9 for 

fluorescence check. 

6.3.2.2 Proposed Sample Preparation Procedure for GCMS Analysis 

Stage 1: Initial quenching and pelletisation             

1) Add 1 mL of sample to a 5 mL falcon tube. 

2) Add 2 mL of cold (-48 ° C) LCMS grade 60% aqueous methanol solution to the falcon tube.  

3) Invert the falcon tube 10 times to mix content. 

4) Centrifuge samples at 4800 g for 10 min at -8 ° C to pellet cellular mass and protein 

precipitate. 

5) Decant supernatant to a labelled 5 mL falcon tube. 

6) Re-centrifuge the original sample at 4800 g for 10 min at -8 ° C to further pellet.  

7) Decant residual supernatant to its labelled 5 mL falcon tube. 

8) Store the two falcon tubes, one with supernatant the other with the pellet in a -80 ° C freezer. 

Stage 2: Extra-cellular medium 

1) Retrieve the supernatant tube from the -80 °C freezer.  

2) Decant content into an Ultra-4 centrifugal filter unit. 
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3) Centrifuge content for 10 min at low temperature (< 4 °C) – to separate the supernatant 

containing disrupted cell biomass (post filter section of the tube) from the concentrated 

polymer nanoparticle (pre-filter section of the tube). 

4) Transfer 1mL of supernatant from the centrifuge tube to each of two 2 mL Eppendorf tubes, 

then add 100 µL of internal standard to each tube. 

5) Dry down all the samples then store in a -80 °C freezer. 

Stage 3: Intra-cellular content 

1) Retrieve the pellet tube from the -80 °C freezer. 

2) Add 500 µL of cold (-48 °C) LCMS grade 80% aqueous methanol. 

3) Suspend the pellet in the solution via vortex (to encourage separation of nanoparticle and 

biomass). 

4) Transfer the dissolved pellet in to a chilled 2 mL Eppendorf tube.  

5) Repeat steps 2-4 so that the final volume in the 2 mL Eppendorf tube is 1mL. 

6) Snap freeze 

a. Snap freeze the 2 mL Eppendorf tube in liquid nitrogen for 1 min, then allow the 

solution to “thaw” on wet ice. 

b. Vortex the tube for 30s and repeat the snap freeze process two more times. 

c. Centrifuge the solution at -9 °C, 17.0 G for 5 min. 

7) Transfer supernatant to an Ultra-4 centrifugal filter unit. 

8) To the original (now empty) 2 mL Eppendorf tube: 

a. Add 1500 µL of cold (-48 °C) LCMS grade 80% aqueous methanol. 

b. Vortex, centrifuge, and transfer. 

9) Centrifuge the Ultra-4 tube (containing ~2.5 mL of suspended pellet and extract solution) 

for 10 min at low temperature (< 4 °C) – to separate the supernatant containing disrupted 

cell biomass (post filter section of the tube) from the concentrated polymer nanoparticle 

(pre-filter section of the tube). 

10) Transfer 1 mL of supernatant from the centrifuge tube to each of two 2 mL Eppendorf tubes, 

then add 100 µL of internal standard to each tube. 

11) Dry down all the samples then store in a -80 °C freezer. 

 



174 
 

6.3.2.3 GC-MS Instrument Method 

Table 6.1 GCMS instrument method 

Instrument Method 

Instrument Agilent 8890 Gas Chromatograph and 7250 Q-ToF Mass Spectrometer 

Autosampler CTC PAL3 

Injection 1µL 100:1 split mode 

Column Agilent DB-5ms, 30m, 0.25mm, 10µm 

GC-Program 
Inlet: 280°C; Carrier gas: He 1mL/min; Column gradient: 70°C-4 min hold, 20°C/min to 

300°C-4 min hold; Transfer line: 300°C 

MS-Program Solvent delay: 3.5 min; Source: 250°C; EI: 70 eV; m/z: 20-600; Scan rate: 20 Hz 

Software PAL Sequence Assistant, MassHunter Acquisition, MassHunter Qualitative Analysis v10.0 

Running Order Randomised 

Running Time 20 min/sample 
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6.5 Appendix 

6.5.1 NMR spectra 

Figure 6.1 NMR spectra of 2,7-Dibromo-9,9-bis(8-bromo-n-octyl)-fluorene in CDCl3. 

Figure 6.2 NMR spectra of polymer LP1, LP2, LP3, and LP4 in CDCl3. 
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Figure 6.3 NMR spectra of polymer LP5_0.50, 0.25, .010 in CDCl3. 

Figure 6.4 NMR spectrum of polymer LP6 in CDCl3. 
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Figure 6.5 NMR spectra of polymer LP11, LP21, LP31, and LP41 in DMSO. 
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Figure 6.6 NMR spectra of polymer LP10 and LP61 in DMSO. 

Figure 6.7 NMR spectra of LP41 in DMSO from two batches. 


