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Abstract 
Organic photovoltaics (OPVs) have experienced rapid development during the past decade, showing 

great potential in the utilisation of renewable solar energy. To realise the commercially competitive 

manufacturing of OPVs, tremendous efforts have been put into the design of novel conjugated 

materials and device engineering. However, the fabrication of OPVs, especially the deposition of 

photoactive layer is mainly processed using halogenated solvents, which is counterproductive to the 

environmentally friendly goal of OPVs. The harmfulness of halogenated solvents is one of the 

hurdles to overcome before the high performing OPVs can be transferred from a lab-scale to an 

industrial scale fabrication. Hence, urgent development of green solvent processable conjugated 

systems is required to realise the environmentally benign fabrication of solar cells. 

This thesis is dedicated primarily to the study of water/ethanol processable photoactive materials in 

two main methodologies:  

1. Design, synthesis and characterisation of water/ethanol soluble p-type conjugated polymers 

based on side-chain engineering. 

2. Design, preparation and characterisation of water-dispersed conjugated nanoparticles (NPs) from 

water-insoluble donor-acceptor active materials.  

A series of new polymers were successfully synthesised utilising tertiary amine and pyridine 

substituents, presenting superb processibility using water/ethanol. The comprehensive 

characterisation of the functionalized polymers reveals the influence of side-chain properties and 

their content on the morphology of the bulk-heterojunction (BHJ) layer. The interaction between the 

functionalized polymers and fullerene derivative as well as polymer-anode interface was 

systematically studied. Among all the water/ethanol soluble p-type polymers, TQ1-50P4, which 

contains 50% of pyridine side groups, showed the most promising results, as 1.33% of PCE was 

achieved from TQ1-50P4 based OPVs.  

In order to achieve water processibility for the deposition of active layers based on existing 

conjugated materials, water-dispersed NPs were prepared using two pre-established methods 

(miniemulsion and precipitation method). Efforts have been put into the elimination and replacement 

of the commonly used insulating surfactant, aiming to improve the efficiency of NP based OPVs. An 

environmentally friendly preparation of NPs was demonstrated, which eliminates the usage of 

halogenated solvent in both NP preparation and device fabrication, presenting promising 

photovoltaic performance (1.65% PCE). The results provide a guideline for developing green 

preparation of NPs for high performing OPVs. 

Keywords: environment-friendly, conjugated polymers, side-chain engineering, water-dispersed 

nanoparticles.  
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1. Chapter One - Introduction 

1.1. Global energy overview 

Fossil fuel has served as our main energy source over several centuries. With the process of world 

industrialization, the fossil fuel share of word primary energy increased from 76% to 82% during 

1960-1985.1 Due to its low cost and beneficial physicochemical properties, the fossil fuel can be 

applied to varieties of energy systems. In 2012, the world energy consumption percentage relied on 

fossil fuel (oil, coal and natural gas) was as high as 87% (Figure 1.1).  

 

Figure 1.1 World energy consumption by sources 2012.  

However, the fossil fuel depends on exhaustible resources that have already been showing signs of 

depletion, and it will take centuries before the supply is replenished. Moreover, the energy generating 

process of fossil fuel resources has a severe impact on the environment. Currently, billions of tons 

of fossil fuel emissions pollute our atmosphere, and the influence of these emissions are reflected 

on global warming, acid rain, smog, and increased occurrences of respiratory diseases.2 One of the 

most concerning issue is the emission of greenhouse gases, especially carbon dioxide, which plays 

a vital role in global warming.3 It has been reported that global emission of carbon dioxide increased 

by 3% in the year 2011, reaching as high as 34 billion tons per year.4 Until so far, total flux of CO2 

related to human activities is around 30 gigatonnes, and total natural flux of CO2 is around 770 

gigatonnes. 90.5% of the total global CO2 emissions (excluding naturally generated emissions) were 

attributed to fossil fuel combustion.5  

1.2. Alternative energy source 

The increased concentration of carbon dioxide to the earth’s atmosphere, which is caused by the 

extensive use of fossil fuel, drives people to find alternative energy sources which are 

environmentally friendly and renewable.6-7 Renewable energy is defined as energy generated from 

Oil
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sources that can be naturally replenished on a human timescale.8 Since renewable energy resources 

do not contribute to the net increase of carbon dioxide and other kinds of greenhouse gases 

compared to fossil fuel, the global warming situation can be alleviated.7 Renewable energy sources 

can be of various kinds, such as wind, solar power, hydroelectricity, bioenergy and geothermal 

energy.9-10 A significant amount of research effort has been put in developing the technology to meet 

the increased demands of energy from renewable energy sources.9 The development in various 

research areas such as biotechnology and material science, all make great contribution to the 

renewable energy system. It is forecasted that the renewable energy share of fuels could reach 

nearly 25% by the year 2025 and dramatically rise to 40% by 2050.6 

1.3. Solar energy 

The majority of the biological processes and atmospheric processes on our planet is influenced 

directly or indirectly by various forms of solar energy input. Compared to other form of energy 

sources, solar energy is green and the process of the supply causes less pollution to our 

environment. More importantly, solar energy is an inexhaustible (at least for billions of years) and 

free source of energy. As our largest CO2-neutral energy source, the energy produced form the sun 

in one hour could support all humans’ activities in one year.7 The challenge is the utilisation of solar 

energy that reaches the earth, which needs to be in accordance with the aim of sustainable 

development.8 

The exploration of solar energy has shown a substantial growth rate over the last few decades, 

however, the exploitation is still very limited.9 This situation indicates that the technology to explore 

solar power has high potential value.  

Photovoltaic devices, which convert photon energy from the sun directly to electricity, have been 

widely used for the research in space exploration.11 Nowadays, silicon based photovoltaics have 

been already recognised for decades and they are commercially available.12-13 

1.4. Organic photovoltaics (OPVs) 

Silicon is an excellent material to be used in photovoltaics due to its semiconducting properties. 

Silicon based photovoltaics, with the maximum theoretical power conversion efficiency (PCE) of 

29.8%14 and commercial devices reaching PCE of over 23%,15 have covered most of the market of 

photovoltaics. However, the complexity of manufacturing process and high production cost of silicon 

based inorganic photovoltaics give people motivation to develop alternative photovoltaic techniques. 

In the last three decades, tremendous efforts have been put into organic photovoltaic devices.16-18 

An organic photovoltaic is defined as a photovoltaic that uses organic materials to generate electricity 

from incident light, in which the active materials are mainly semiconducting polymers. Compared to 

silicon based photovoltaics, OPVs enjoy some obvious advantages in terms of light-weight, low-cost 
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and facile fabrication. It has been reported that solar cell devices based on the bulk-heterojunction 

(BHJ) active layer have obtained a photo-conversion efficiency of more than 9%,19-23 and an even 

higher PCE of 14.6% was reported recently.24 Meanwhile, polymer tandem photovoltaics with two or 

more cells stacked on top of each other to absorb broader range of solar radiation25 to further 

minimizing the thermalization loss of photon energy,26-27 reach a PCE over 17%.28 However, the high 

PCEs were only obtained in small-scale laboratory devices and PCE in large arrays is still inferior 

compared to silicon-based counterparts, reaching a PCE of around 3%.29-30 This indicates that there 

is still significant potential for improving the OPV performance in the future. 

1.5. Pathway to the green fabrication of OPVs 

Currently the most employed technique to manufacture organic photovoltaics is spin-coating on 

small-scale rigid substrates18, 31-33, which runs in the opposite direction of the low-cost, large-volume 

and flexibility target.34 Furthermore, the preparation process of photoactive layers and interface 

layers are mainly based on the use of harmful halogenated solvents, which is incompatible with the 

environmentally friendly aim of organic solar devices.35 In recent years, significant amount of 

research has been focussed on developing alternative OPV fabrication methods, which are scalable 

at low costs such as roll-to-roll printing.36-39 Roll-to-roll printing technique is under extensively 

developing and remarkable progress has been achieved in printing OPVs on flexible substrates.34, 

40-41 However, most of the active materials used for printing are still processed from harmful 

halogenated solvents such as ortho-dichlorobenzene (o-DCB).41 The large amount of halogenated 

solvents being used is detrimental to the health and environment and increases the costs of large-

scale fabrication, due to the necessity of using expensive solvent recovery system. It is thus urgent 

to develop green fabrication methods without introducing harmful solvents before lab-scale OPVs 

can be transferred to commercial products without causing negative influence to the environment 

during manufacturing.  

To realise the green fabrication of organic photovoltaics, the use of harmful solvent during processing 

needs to be eliminated. Thus, innovative water/ethanol processable BHJ systems are crucial and 

need to be developed, considering water and ethanol have the least hazardous effect to organic 

lives.  However, the presence of water in the OPV devices have been shown to be one of the major 

problems for long-term stability, and the diffusion of water into the underlying layer could affect the 

workfunction of the interlayer, further influence the device performance.42-43 In addition, aqueous 

processing requires high energy for water to evaporate during large-scale fabrication of OPVs using 

printing technique, which originates from the high heat capacity and low vapour pressure of water. 

A blend of water and ethanol as the processing solvent can potentially overcome this problem. 

However, to date only a limited number of publications have described green deposition of the active 

layer using truly green solvent, i.e. water and ethanol44-46, indicating that there is high potential in the 

exploration of new processing method and novel materials. 
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1.6. Aim of thesis 

The studies presented in this thesis are mainly focused on the design, synthesis and characterisation 

of water/ethanol processable conjugated polymers that can be applied in polymer photovoltaics. One 

approach describes the synthesis of conjugated polymers based on side chain modification,47 which 

exhibit water/ethanol solubility and could be potentially processed from aqueous solution for the 

application in organic electronics (Chapter 4 and 5). The influence of introduced functional side 

chains to the chemical and physical properties of the target polymers was systematically studied. 

The morphology between new p-type conjugated polymers and fullerene derivatives was carefully 

studied and correlated to the properties and loading of functional side chains, to understand its 

influence on the solar device performance.  

Another approach to realise the green fabrication of OPVs is presented in Chapter 6 and 7, which 

describe the conversion from water-insoluble conjugated materials into water-dispersible conjugated 

nanoparticles (NPs) using two pre-established methods (miniemulsion48 and precipitation49 method). 

The experimental parameters that could influence the size, stability and morphology of NPs have 

been thoroughly investigated, and OPVs fabricated using aqueous NP ink showed promising results. 

In order to replace or eliminate the commonly used stabilizing agent, which is an insulating and ionic 

surfactant, new polymers described in Chapter 4 and 5 have been introduced as conjugated 

polyelectrolytes to achieve surfactant-free NPs.  

The water processable conjugated materials achieved from both approaches for the active layer in 

OPVs provide a pathway to realise the environmentally friendly fabrication of OPVs. 
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2. Chapter Two - Organic Photovoltaics 

This Chapter describes the development and the working principles of organic photovoltaics (OPVs). 

2.1. Conjugated polymers 

The development of OPVs is built on the foundation of the discovery of conjugated structures. 

Conjugated polymers, or often referred as semiconducting polymers, contain loosely bonded 

electrons in their backbones, which have attracted research effort during the last 40 years.1-4 This 

field started to emerge since 1977 when Shirakawa, MacDiarmid, and Heeger demonstrated that the 

conductivity of conjugated polymers can be controlled by doping,5 for which they were awarded 

Noble Prize in Chemistry in 2000.1, 6-7 

Conjugated polymers exhibit alternating single bond-double bond structure of sp2-hybridized carbon 

atoms. The electrons in the pz orbitals of each sp2-hybridized carbon atom form collectively the π 

band of the conjugated polymer.  Due to the single-double bond alternation in the polymer backbone, 

conjugated polymers exhibit strong light absorption. Since the electrons in these delocalized systems 

are easily polarized by an external electric field such as that found in light, these type of polymers 

have also attracted interest for their nonlinear optical properties.8 Figure 2.1 shows the structures of 

some well-known conjugated polymers. 

 

Figure 2.1 Chemical structure of several common conjugated polymers. 

Upon light absorption of conjugated polymers, electrons may be excited from the ground states to 

the excited states. The absorption onset at low-energy region corresponds to the first optical 

excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO).9 The energy difference between the HOMO and LUMO energy levels is defined as 

the band gap or energy gap of a conjugated polymer. As the band gap of a conjugated system 

depends on the conjugation size,10 any disturbance of planarity of the conjugation along the 

polymer’s backbone will change the local HOMO and LUMO positions.11-12 Due to the fact that 
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conjugated polymers have the immense advantages of facile tailoring to alter their band gaps, and 

their potential of providing environmentally friendly, lightweight, flexible and inexpensive electronics, 

they have attracted appreciable attention.13 Conjugated polymers have been widely studied and 

successfully used in organic light-emitting diodes (OLEDs)14-17 and organic photovoltaics (OPVs).18-

19 

TQ1, which is an easily synthesised quinoxaline-thiophene based conjugated polymers, has already 

been extensively studied in OPVs20-21 and electrochromic devices.22 The synthesis work presented 

in this thesis discusses the modification of the side chain attached to the quinoxaline unit, aiming to 

achieve water/ethanol soluble TQ1 derivatives. The chemical structures of TQ1 and the quinoxaline 

unit are shown in Figure 2.2. 

 

Figure 2.2 Chemical structure of TQ1 polymer and quinoxaline unit. 

2.2. Acceptor materials 

The first fullerene structure of C60 was found by Harold Kroto et al. at 1985, for which they were 

awarded the 1996 Nobel Prize in Chemistry.23 In 1992, Sariciftci et al. reported that photoinduced 

electron transfer from the excited state of a conjugated polymer onto C60.24 The high electron affinity 

of fullerenes makes fullerene derivatives great candidatures for electron acceptors in OPVs. To 

improve the solubility of fullerene, their derivates are used for better solution-processibility. Thus, 

[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)25 and [6,6]-phenyl-C71-butyric acid methyl ester 

(PC71BM)26 were developed and well-studied.27-29 The commercial availability of PC61BM and 

PC71BM makes them the most commonly used small molecular acceptors with conjugated polymeric 

donors to fulfil photo-harvesting in OPVs. In single-junction polymer solar cells, PCE of over 10% 

was reported using PC71BM as acceptor.30-31  

To further enhance the light absorption of photoactive layer and to improve the device performance 

of OPVs, conjugated non-fullerene small molecules have been developed as promising acceptors 

recently.32-34 Remarkably 13% PCE was reported using conjugated polymer donor with non-fullerene 

small molecule acceptor.35  

2.3. Photocurrent generation in OPVs 
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The process of the generation of photo-induce current in an OPV can be simplified in the following 

steps, shown in Figure 2.3. (a) After the absorption of a photon in the donor material (light can also 

be absorbed in the acceptor), an electron is excited from the HOMO into the LUMO, which leads to 

the creation of the bound electron-hole pair (singlet exciton); (b) Exciton diffuses from the donor 

polymer to the interface of the acceptor; (c) Exciton dissociation occurs by an electron transferring 

to the LUMO of the acceptor material, leaving a hole in the HOMO of the donor; (d) By virtue of the 

electric field or material disorder, the still Coulomb-bound electron-hole pair is separated, producing 

free charge carriers. The free charge carriers are transported through their phase respectively to the 

electrodes in order to be extracted. Possible recombination mechanisms are illustrated as (e) exciton 

decay, geminate recombination of bound electron-hole pairs, and (f) bimolecular recombination of 

free charge carriers. Finally, charge carriers are extracted from the device through two electrodes to 

generate photocurrent. 

 

Figure 2.3 Schematic of photocurrent generation in OPVs. 

Donor Acceptor

LUMO

HOMO

LUMO

HOMO

Diffusion

(a)

Donor Acceptor

LUMO

HOMO

LUMO

HOMO
(b)

Bound pair

Donor Acceptor

LUMO

HOMO

LUMO

HOMO

Charge transfer

Dissociation

(c)

Donor Acceptor

LUMO

HOMO

LUMO

HOMO

Charge transport

(d)

Donor Acceptor

LUMO

HOMO

LUMO

HOMO

Exciton decay

(e)

Donor Acceptor

LUMO

HOMO

LUMO

HOMO

Recombination to 
bound pair and decay

(f)



 

11 

To achieve efficient generation of photocurrent in OPVs, it is crucial to choose appropriate donor-

acceptor pair for efficient exciton dissociation.36  

2.4. The development of OPVs 

Currently, the photovoltaic techniques based on crystalline silicon are on the dominating position in 

the field of solar cells, showing the power conversion efficiencies (PCEs) of approximately 25%.37 

However, the high energy-demand, the complex production process and high manufacturing cost of 

these silicon solar cells requires the development of alternative photovoltaic technologies.38 

Compared to silicon solar cells, OPVs own the advantages of lightweight, flexibility, ease of 

manufacturing and less negative impact to the environment.39 The main disadvantages of organic 

photovoltaic devices are that the PCE is not high enough compared to inorganic photovoltaic cells 

and the lifetime is limited by the stability of the active materials, which is related to the chemical and 

physical properties of conjugated molecules. Tremendous efforts have been putting into the design 

of novel materials21, 30, 34, 40-42 and optimisation of organic photovoltaic devices,43-46 accelerating the 

development of OPVs.  

2.4.1. Single layer OPVs 

The first generation of OPVs had the structure with one single active layer material between the 

anode and the cathode.47 When the incident light is absorbed by the active layer, singlet excitons 

(strongly coulomb-bound electron-hole pairs) are created, which need to be separated to generate 

photocurrent. Hence overcoming the exciton binding energy is necessary in single layer OPVs. It 

can be accomplished by relying on the thermal energy or dissociating the exciton at the contacts of 

electrodes.48 However, under the operating conditions of solar cells, the temperature is insufficient 

to dissociate the excitons. Furthermore, the thickness of the active layer is considerably higher 

compared to the diffusion length of excitons.49 The difficulty of the diffusion and dissociation of 

excitons resulted in low PCEs of the single layer devices, which was far below 1%.47 This highlights 

the advantage of having a donor-acceptor heterojunction in the active layer of an OPVs.50 

2.4.2. Bilayer OPVs 

The second generation of solar cells are bilayer OPVs, which were first published by Tang in mid-

1980s.51 In this type of device, two conjugated small molecules are sequentially stacked on top of 

each other. The donor material is usually a hole conducting small molecule such as phthalocyanine 

derivatives,52 while the acceptor material chosen was strongly electronegative.53 In a bilayer device, 

the junction between donor and acceptor materials is planar.52 The photogenerated singlet excitons 

in a donor material diffuse towards the interface to an acceptor material, which provides the energy 

for the singlet exciton to be separated. After the dissociation of the exciton, the hole remains in the 

HOMO of donor whereas the electron moves to the LUMO of acceptor.47 
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The PCE of bilayer OPV devices is about 1%,54 which is mainly limited by the insufficient charge 

generation at the donor-acceptor interface.55 In order to achieve a full absorption of the incident light, 

the thickness of the photoactive layer is around 100 nm, which is one order of magnitude higher than 

the diffusion length of the excitons (below 20 nm).19, 49, 56-57 Hence, only a small number of excitons 

could reach the donor-acceptor interface to dissociate into charge carrier pairs. Due to the low PCE 

of bilayer OPVs, the exploitation of the bilayer devices faced difficulty to move forward.  

2.4.3. Bulk-heterojunction (BHJ) OPVs 

The invention of the bulk-heterojunction for OPVs in the early 1990s18-19 overcame the exciton 

diffusion bottleneck and the generation of charge could be achieved efficiently in the whole volume 

of the active layer. The configuration of BHJ device is shown in Figure 2.4. In an active layer of BHJ 

device, donor and acceptor interpenetrate into each other; thus, the interface between two materials 

is spatially distributed instead of being planar. It can be achieved by co-evaporation of conjugated 

small molecules,53, 58 spin coating,59-60 spontaneous spreading61 or inkjet printing62-65 an donor-

acceptor blend. Conjugated polymer-fullerene based solar cells were among the first to utilise this 

BHJ concept.18, 36, 66-67 

 

Figure 2.4 Sketch of a bulk heterojunction. 

Since the generated exciton diffusion lengths are only approximate 10 nm68 while the dissociation 

only occurs at the donor/acceptor interface, and the BHJ solar cells offer enormously increased 

(orders of magnitude) interfacial area,36, 47, 54 any absorbing site in the composite is ideally within a 

few nanometers of the interface.36 This facilitates further enhanced quantum efficiency of charge 

separation,69 which is the most remarkable advantage of BHJ device. Furthermore, the morphology 

of BHJ layer can be optimised utilising solvent additive70 and annealing subsequently,44, 71-72 realising 

the feasible tuning of interface property. 

2.5. BHJ device architectures 

The general BHJ OPVs are fabricated in sandwich geometry,73 the device structure of a conventional 

and an inverted BHJ solar cells are pictured in Figure 2.5. Glass or transparent polymer could be 

used as a substrate, upon which is commonly coated with ITO (indium tin oxide) acting as an 

electrode.74 Due to its electrically non-blocking properties,47 transparency and the commercially 
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availability of ITO coated glass/plastic substrate,67 ITO has been widely used in both small-scale and 

roll-to-roll printed BHJ devices.75-76  

2.5.1. Conventional device structure 

In a conventional solar cell structure, ITO is used as the anode to collect holes. A layer of poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) blend is commonly applied 

between the anode and the active layer,77 modifying the work function of the anode. It serves as the 

hole-transporting layer (HTL) as well as smoothens out the ITO surface, and keeps anode electrode 

material from diffusing into the photoactive layer, which can lead to unwanted trap sites or create 

shorting.50 The introduction of PEDOT:PSS has been reported to improve the performance of OPV.78-

80 Prior to the deposition of BHJ layer, PEDOT:PSS undergoes thermal annealing to remove the 

moisture, and optimal annealing temperature has been reported to be essential to achieve high 

conductivity and photo-conversion efficiency.81 

The BHJ layer is commonly processed by spin-coating active material blend on top of PEDOT:PSS. 

A low work function (compared to ITO) metal such as aluminium is applied as cathode to collect 

electrons. Between BHJ layer and cathode, a thin layer of material such as lithium fluoride (LiF) or 

calcium (Ca) is commonly used as a cathode buffer layer, which further enhances the device 

performance.82  

The conventional solar devices, in which PEDOT:PSS is commonly used as the HTL, have shown 

the problem of long-term stability due to the hydroscopic and acidic properties of PEDOT:PSS.83-84 

  

Figure 2.5 Schematic of a conventional and an inverted device structure. 

2.5.2. Inverted device structure 

Compared to conventional structure, inverted structure has shown to enhance the interfacial stability 

of devices in the absence  of PEDOT:PSS layer.85 An inverted device structure is presented in Figure 

b a 



 

14 

2.5b, in which Ag is often used as the anode due to its high work-function.86 Meanwhile, high work-

function transition metal oxides, such as molybdenum oxide (MoOX) and vanadium pentoxide (V2O5), 

are applied to further improve the work-function of anode and serve as HTLs.87-88 On the opposite 

role of ITO in the conventional solar devices, ITO acts as the cathode in the inverted geometry. To 

lower down the work-function of ITO cathode, a thin layer of metal oxide, such as zinc oxide (ZnO) 

,85, 89 cesium carbonate (Cs2CO3)90 and titanium oxide (TiOX),91 is used as a cathodic buffer 

layer/electron transport layer (ETL). The introduction of ETL plays a role in the enhancement of 

charge extractions and transportation of electrons from active layer to the cathode.92 The interlayer 

could, to some extent, change the surface and morphological properties.93 There are various 

parameters that need to be taken into consideration when choosing materials used for the interfacial 

layer, such as surface energy, HOMO and LUMO energy level alignment with active materials as 

well as solvent processibility.94-96 

2.6. Characterisation of OPVs 

To evaluate the performance of OPVs, lab-scale fabricated OPVs are normally tested under a solar 

simulator lamp with a standardized air-mass coefficient (AM) of 1.5 solar irradiance spectrum, which 

corresponds to 100 mW/cm2.97 The power conversion efficiency (PCE) is the ratio of maximum power 

converted into electricity (Pmax) to the power of incident light on the device (Pin). Under the illumination 

of solar cells, Pmax can be detected by plotting the photocurrent density versus voltage (J-V) and 

power versus voltage (PV curve) (Figure 2.6). The open-circuit voltage (VOC), short-circuit current 

(JSC) and fill factor (FF), which are key parameters to evaluate the solar cells, can be determined 

from the J-V characterisation. 

 

Figure 2.6 Current density-voltage curve of a solar cell under illumination (black solid line) and in the 
dark (red dashed line). Power density-voltage curve (blue solid line) illustrates the maximum power 
point. The rectangle with diagonal pattern represents maximum power from solar cell.  
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In OPVs, maximum VOC is found to be linearly dependent on the charge transfer state (CTS) energy, 

which is related to the offset between the LUMO level of the acceptor and HOMO of the donor 

polymer.78, 98 Theoretically lower HOMO level of donor polymers leads to higher maximum VOC. 

However, the LUMO level difference between donor and acceptor is desired to be at least 0.2-0.5 

eV, which is necessary to dissociate exciton in the donor-acceptor interface.99 The LUMO-LUMO 

offset inevitably results in a loss of VOC, which could also be ascribed to the charge transfer (CT) 

state and local geometry.69, 100 There are also other factors that can significantly influence VOC, such 

as non-radiative recombination loss between the donor and acceptor, built-in field and charge 

mobility.101 Optimisation of the electrode and interlayer materials based on appropriate tuning the 

work functions have been intensively investigated, leading to desirable build-in field, and have shown 

to improve the VOC of OPVs.102 Nowadays, extensive research has been carried out to the 

suppression of recombination losses in order to achieve high VOC.103 

The JSC is the photocurrent that a solar cell with a defined area is able to generate at short circuit 

(zero bias). The JSC was found to be highly dependent on the amount of photon absorption, which is 

affected by the energy gap of conjugated polymer and the thickness of active layer.42, 99 In order to 

enhance the light absorption, narrowing the energy gap of polymers is the first issue taken into 

consideration.57, 104 However, narrowing the bandgap of a donor could result in the decrease of VOC, 

and eventually decrease the PCE. Moreover, narrowing energy gap alone is inadequate to achieve 

high JSC, and it has already been shown that intermolecular interaction, active material packing and 

crystallinity all remarkably affect JSC.101 Hence, chemical structure of conjugated materials used in 

the active layer should be carefully tuned to increase the solid state packing for efficient charge 

transfer. For a give donor-acceptor active system, to achieve high JSC, efficient charge generation 

and extraction are required.105-106 Since the exciton dissociation only occurs at the interface between 

donor and acceptor materials, a good control of film morphology with nano-scale phase separation 

can significantly increase the JSC, hence improving the device performance.107   

Fill factor (FF) is a parameter that is calculated by the ratio between maximum power (rectangular 

areas depicted in Figure 2.6) and the theoretical power that is the product of JSC and VOC.  

𝐹𝐹𝐹𝐹 =
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

𝐽𝐽𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑂𝑂𝑂𝑂
 

Using these three parameters, the PCE is characterised as:  

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑖𝑖𝑖𝑖

=
𝐹𝐹𝐹𝐹 × 𝐽𝐽𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑂𝑂𝑂𝑂

𝑃𝑃𝑖𝑖𝑖𝑖
 

FF is used to evaluate the quality of a solar cell, and represents the effectiveness of charge 

generation and collection.108 In order to achieve highly efficient solar cells, the improvement is FF is 

also very important. However, FF can be affected by many factors, which adds the difficulty for the 
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improvement of it. In general, FF is mainly determined by the competition between charge exaction 

and recombination, both of which are highly influenced by the properties of active layer and 

interlayers.109 Alternation of the active layer morphology is one strategy to enhance FF, which can 

be achieved by choosing appropriate processing solvent,110 thermal annealing111 and solvent 

annealing.44 Furthermore, optimisation of the interlayers to improve the charge extraction at the 

interface between active layer and interlayer is another strategy for the enhancement of FF.  
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3. Chapter Three - Research Methodology 

This chapter will provide the research methodology utilised to design and prepare water/alcohol 

processable conjugated materials for OPVs. Brief descriptions of the characterisation techniques 

employed by the candidate to characterise material properties will be presented in this chapter.  

3.1. Introduction 

During the last decade, intensive research has been progressed on the design and synthesis of 

photoactive materials for OPVs, achieving remarkably high efficiency in the last three years.1-4 The 

design of donor materials is one of the most important area in the research of OPVs. 

Fullerene derivatives, for example, PC61BM and PC71PM, are commonly used as electron acceptors 

for high efficiency BHJ solar cells due to their advantageous electron mobility as well as commercial 

availability.5-6 Their relatively low LUMO energy level makes PCBM thermodynamically favorable to 

accepting electrons from excited donor material.7 However they are not perfect due to that the 

commonly used fullerene derivatives typically have limited light absorption in the visual region,8-10 

explaining the extensive efforts in exploring novel donor material which has a broad absorption 

spectrum. Furthermore, extensive use of harmful halogenated solvent to deposit active layer in OPVs 

is the one of the main hindrance for up-scaling. Hence, the study of green solvent processable 

conjugated materials presented in this thesis provides important guide for the further design of 

conjugated materials and the optimisation of OPV fabrication in an environment-friendly way. 

3.2. Design of conjugated polymers for OPVs 

3.2.1. Design of donor polymers 

The desired properties of conjugated polymers for OPVs have been described above. One of the 

key steps in photon harvest is the absorption of incident light by active materials.11 Most of the 

photons within the solar spectrum are located in the range of 400-1000 nm. Hence, to ensure the 

sufficient generation of exciton under illumination, low bandgap conjugated polymers have been 

widely used as the donor materials for OPVs. 

The bandgap of conjugated polymers can significantly influence PCE of solar devices.12 There are 

several structure factors that affects the modification of the band gap of a conjugated polymer 

(Figure 3.1). These factors work together instead of individually on the bandgap of a given polymer, 

which also have influence on other chemical and physical properties. One straightforward way to 

narrow the bandgap of a given polymer is to increase the conjugation length on the backbone, in 

other way, increasing the molecular weight (MW). However, when the effective conjugated length 

reaches saturation value (number of repeating units goes above a certain value, approximate 6-10 
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aromatic rings), the bandgap reaches its threshold.7 That is to say, the bandgap could only get limited 

reduction through manipulating the molecular weight.  

Substituents attached to the backbone, such as alkyl chains and alkoxy chains improve the solubility 

of polymers in solvents, which can lead to high molecular weight during polymerisation. What’s more, 

substituents can alter the HOMO and LUMO energy level through inductive effect.13 For example, 

electron rich substituents raise the HOMO level while electron deficient ones attribute to the 

decrease of LUMO level. 

 The dihedral angle (θ), in other word, coplanarity (Eθ) of the backbone have strong effect on the 

conjugation length of polymers. With high coplanarity, the delocalization of electron along the 

conjugated backbone is enhanced, resulting in low bandgap. The coplanarity of polymers can be 

achieved via utilisation of fused units, which have shown to improve the charge generation and 

transfer.14-16 Alternatively, unsubstituted 5 member rings such as thiophene can be used.17 
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Figure 3.1 Parameters influencing the bandgap (Eg) of π-conjugated polymers:    Molecular weight (Mw), 
intermolecular interaction (Eint), substituents (Esub), dihedral angle (θ), coplanarity (Eθ), aromatic 
resonance energy (Eres) and bond length alternation (Ebla).  

Intermolecular interaction (Eint) takes place between polymer chains. Through intermolecular 

interaction, the delocalizing of π-electron can be enhanced. The increased interaction occurs via 

aggregation and/or orderly π-π* transitions in solid state, leading to a smaller bandgap. This could 

be reflected on the UV-vis spectra of polymer in solution and in solid state. A significant red-shifted 

absorption onset in solid state of polymer indicates lower optical bandgap obtained.18 

The polymers used as donor materials for OPVs commonly consist of aromatic units. The aromatic 

resonance energy (Eres) is defined as the energy difference between aromatic structure with confined 

π-electron and delocalization of the π-electron along the conjugated chain.13  The difference in the 

length between adjacent single and double carbon-carbon bonds is depicted as the bond length 

alternation (Ebla). Delocalized electrons could be increased by suppressing the difference between 
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the length of single and double bonds. Therefore the bandgap could be control efficiently through 

the manipulation of Ebla.13  

To manipulate the bond length between the aromatic units, the conversion between aromatic form 

and quinoidal form needs to be taken into account, which is shown in Figure 3.2. In the aromatic 

form, each benzene or thiophene unit maintains its aromaticity and π-electrons are restricted, while 

in the quinoidal form, π-electrons are delocalized along the conjugated backbones. Since 

establishing a quinoidal structure needs to decrease the aromaticity and the stabilization energy will 

decrease during this process, the quinoidal form of a polymer has a narrower bandgap.19 With the 

increasing ratio of aromatic form of a given polymer, the difference of bond length is increased 

accordingly. That is to say, increasing quinoidal character can effectively narrow the bandgap of a 

given polymer. It could be deduced that one approach to get low bandgap can be achieved via 

stabilizing the quinoidal form of conjugated polymers.20  

 

Figure 3.2 Aromatic and quinoidal resonance forms of (a) PPP, (b) PT, (c) PITN. (d) Chemical structure 
of thienothiophene moiety. 

As shown in Figure 3.2a, the benzene ring has a high aromatic character and is twisted, which can 

be reflected from the high bandgap of polyphenylene (PPP). Compared to PPP, polythiophene (PT) 

is planer and easier to adopt a quinoidal resonance form due to the lower aromaticity of thiophene 

ring and, resulting in a lower bandgap of 2.1eV (Figure 3.2b). By fusing an aromatic benzene ring 

on the thiophene, a low bandgap polymer polyisothionaphtalene (PITN) is obtained (Figure 3.2b), 

which resulted from that aromatic resonance energy of benzene is much higher than that of 

thiophene. The backbone of PITN has high tendency to adopt the quinoidal form to preferentially 

keep the aromaticity of benzene ring. Based on the concept of quinoidal structure being stabilized 

by introducing thieothiophene moiety (Figure 3.2d), narrow bandgap donor material was designed, 

which gave high performance in OPVs.20 
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 Another methodology to achieve low bandgap conjugated polymer is so-called donor-acceptor (D-

A) approach.21 The concept of D-A approach was first introduced by Havinga et al. in 1992.22 The 

principle of this concept is combining the electron-rich (donor) and electron-deficient (acceptor) 

moieties as repeat units, through which the intramolecular charge transfer (ICT) is created (Figure 

3.3). The intramolecular charge transfer can result in a broadening of the valence and conduction 

bands, which is favorable to the reduction of bandgap.23-24  

 

Figure 3.3 Simplified orbital interaction between donor and acceptor units and the obtained lower 
bandgap [Eg(D-A)]. 

As depicted in Figure 3.3, the HOMO of the donor unit and HOMO of the acceptor unit interact with 

each other and two new HOMOs are generated for the D-A polymer. Meanwhile two new LUMOs 

are generated in the same way. Then electrons reallocate from original orbitals to the hybridized 

orbitals of polymer, hence a lower LUMO and a higher HOMO are established, which results in small 

bandgap in D-A polymer.7 

For D-A polymer, HOMO energy level is mainly governed by the donor moiety and the LUMO energy 

levels by the acceptor moiety. Theoretically we can easily tune the bandgap by choosing different 

donor and acceptor building blocks.24 For example, a D-A polymer namely TQ1 with an optical 

bandgap of 1.7 eV had been designed and successfully synthesised utilising electron-rich thiophene 

unit and electron-deficient quinoxaline unit, which achieved the highest efficiency of 6% in OPVs 

when blended with PC71BM.25 The quinoxaline moiety has the advantages of the ease of structural 

modification and relatively uncomplicated synthetic procedure.17 Moreover, the low-lying HOMO 

energy level of polymers based on quinoxaline moieties enhances the stability against oxidation,26 

which is ideal for large-scale fabrication of OPVs in ambient condition. Hence, a range of quinoxaline 

based donor polymers was designed and have shown high photovoltaic performance.27-29 Another 

D-A polymer based on quinoxaline donor moiety was reported by Chen et al. in 2012,30 through 

manipulating fluorine substitution on the benzene ring of quinoxaline. This so called PBDT-TFQ 
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donor polymer gave a high PCE of 8% with PC71BM as acceptor in BHJ polymer solar cells. In 2016, 

a polymer (PBQ-4F) utilised benzodithiophene (BDT) and quinoxaline units was applied in BHJ solar 

cell, which achieved over 9% efficiency.31 The chemical structures of PBDT-TFQ and PBQ-4F are 

shown in Figure 3.4. 

  

Figure 3.4 Chemical structure of PBDT-TFQ and PBQ-4F. 

3.2.2. Design of water/ethanol soluble polymers 

So far, highly efficient OPVs have been successfully achieved based on the development of 

interfacial and donor-acceptor materials as well as morphological control of the functional layers.1-2, 

32-34 In spite of the great achievements in the area of OPVs, most of the reported BHJ layer in organic 

photovoltaic devices were possessed from non-environmentally friendly solvent, such as 

chlorobenzene (CB)35 and o-DCB.34 To fulfil the environmental-friendly target of OPVs, green 

fabrication of efficient and stable OPVs is the ultimate goal to reach. In 2011, a polymer solar cell 

fabricated using aqueous processing for all layers in ambient condition was reported,36 which shows 

the possibility and potential of green fabrication. 

One approach to realise the green fabrication of OPVs is based on the design of water soluble donor 

and acceptor materials. This method allow the active layer to be fabricated directly from aqueous 

solution. Due to the highly conjugated planar backbone and low polarity of p-type polymers, most of 

the materials used in solar cells can only be dissolved in halogenated and/or aromatic solvents. 

Since superior organic photovoltaic devices are highly dependent on the decent π-orbital interactions 

between donor and acceptor, the design strategy of water soluble photoactive materials should not 

interrupt the conjugation. As discussed above, one design rule to ensure the solubility of conjugated 

polymers in organic solvents is to attach substituents such as alkyl chain to the conjugated 

backbone. Hence, the technique to achieve water soluble conjugated polymers can be briefly 

described as side chain modification. By introducing highly polar and hydrophilic substituents to the 

conjugated polymer backbone instead of hydrophobic aliphatic alkyl chains, the solubility of targeting 
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polymers can be tuned without strongly impact to the π-conjugated system. Recently ethanol-soluble 

donor polymer and fullerene derivative acceptor have been reported, which introduced oligoethylene 

glycol (OEG) side chains to increase the polarity of active materials.37 Based on OEG modified donor 

and acceptor, ethanol-processed photovoltaic devices achieved best PCE of 0.75%.  

As mentioned earlier, quinoxaline moieties can be easily modified with different types of substituents 

and well established synthetic procedure exists.17 The design of water soluble conjugated polymers 

presented in this thesis was carried out by attaching side chains with polar pendant end groups, such 

as tertiary amine and pyridine, onto the quinoxaline monomers (Figure 3.5). The polymers were 

subsequently polymerised from modified quinoxaline monomer and another monomer with electron-

rich unit, such as thiophene.  
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Figure 3.5 Structure of quinoxaline monomer with modified side chain. 

In the neutral state, the polymers are not water soluble, which is beneficial for the subsequential 

purification. Due to the localization of the lone pair of electrons on the nitrogen atoms in the tertiary 

amine and pyridine ring, the polymers can be easily protonated by using volatile acid, such as acetic 

acid and formic acid (Figure 3.6). Hence, the polymer/molecules designed can be dissolved in water 

or alcohol in the presence of acid. Compared to pyridine, the quinoxaline unit exhibit much weaker 

basicity,38 thus, the protonation cannot take effect on the polymer backbone. The active layer based 

on the materials with functional side chains could be processed from aqueous solution with trace 

amount of volatile acid. The protonated polymers/molecules in the thin active layer after deposition 

can be deprotonated by thermal annealing to offer their neutral precursors. Furthermore, the 

quaternization of the tertiary amine attached to the given polymer could be another option to fulfil 

water solubility of the polymers.39  
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Figure 3.6 Protonation of tertiary amine and pyridine, and reversible deprotonation by heating. 

3.3. Synthesis of conjugated polymers for solar cells 
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The synthesis of D-A conjugated polymers strongly depends on the formation of efficient carbon-

carbon single bond between two unsaturated carbons in the donor and acceptor moieties.7 Since 

1980s, powerful methods for the synthesis of π-conjugated polymers were developed based on 

electrochemical synthesis40 and chemical oxidation polymerisation.41-42 In addition to these useful 

synthetic methods, transition-metal-catalyzed cross-coupling reactions provide an outstandingly 

efficient and powerful tool for Csp2-Csp2 and Csp-Csp2 bond formation and experienced remarkable 

development over the last decades.43 Palladium-based complexes are the most commonly utilised 

transition-metal catalysts for the polymerisation of conjugated polymers. A typical catalytic cycle of 

a transition-metal-catalyzed cross-coupling reaction is shown in Figure 3.7, which involves (a) 

oxidative addition reaction across carbon-halide bond of an electrophile to give an intermediate, (b) 

transmetalation with an organometallic nucleophile and (c) reductive elimination reaction to form 

single carbon-carbon bond coupled product and regenerate metal (0) catalyst. By consecutive 

transition of the catalytic cycle, conjugated length of a targeting polymer can be extended. 
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Figure 3.7 Typical catalytic cycle of a transition-metal-catalyzed cross-coupling reaction. 

Due to the prominent advantages of mild reaction condition and high tolerance with many functional 

groups, transition-metal-catalyzed cross-coupling reactions enjoy the dominating roles in the 

synthesis of conjugated polymers for OPVs. Two types of palladium-catalyzed cross-coupling 

reactions employed to synthesis conjugated polymers presented in the thesis are Stille44 and 

Suzuki45 coupling reactions. Moreover, a possible green alternative to transition-metal-catalyzed 

cross-coupling reaction would be direct C–H arylation polymerisation, which eliminates the using of 

toxic organic tin compound.46-47 

The Stille coupling is a palladium-catalyzed cross-coupling reaction between an organostannane 

and an organic halide or pseudo-halide while Suzuki reaction couples an organoboronic acid or ester 
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with an organic halide or pseudo-halide catalyzed by palladium. Compared to Stille reaction, Suzuki 

reaction shows lower cost and less toxicity due to the absence of organostannane. However, the 

reaction condition for Suzuki reaction requires the using of aqueous base solution, which is not 

applicable for the monomers with functional groups that are water and/or base sensitive. 

Furthermore, the stannyl groups attached to the benzene ring of the monomer shows insufficient 

reactivity with aryl halides under Stille reaction conditions. Hence, the Suzuki reaction was used for 

the synthesis of polymers from monomers with the boronic groups substituted on the benzene ring. 

In the case of thiophene-containing polymers, Stille reaction is used for polymerisation from 

monomers with stannyl groups on the thiophene ring. 

3.4. Preparation of water dispersible nanoparticles for OPVs 

In 2002, Landfester et al. reported aqueous dispersions of conjugated polymer nanoparticles 

prepared with surfactant using a miniemulsion method,48 presenting the possibility to process 

semiconducting polymer nanospheres from water. Based on this miniemulsion method, water-

dispersed NPs were successfully prepared from PBDTTPD:PC71BM and subsequently applied to 

form active layer in OPVs, which achieved PCE of 3.8%.49 Furthermore, another surfactant-free 

method so-called precipitation method was reported by Yamamoto et al.,50-51 who prepared poly(3-

hexylthiophene) (P3HT) colloidal alcoholic dispersions. Following work have been carried out on 

using P3HT NPs prepared through precipitation method in the organic field effect transistors 

(OFETs),52 predicting the potential of these NPs for the fabrication and optimisation of OPVs. The 

first working OPVs with active layer formed from precipitated P3HT:PCBM nanoparticles was 

reported in 2011 by Darwis et al..53 Although at that time only 0.018% of PCE was achieved, the 

optimisation of the deposition and annealing of NP layers leads to over 4% of PCE.54  

3.4.1. Miniemulsion method 

A typical procedure of miniemulsion method used to prepare NPs is depicted in Figure 3.8 and can 

be simply described as below:  

1) Emulsification of macroemulsion formed by blending organic phase containing active 

materials with aqueous phase containing surfactant through high shearing force, i.e. 

ultrasonication, to generate miniemulsion; 

2) Continuous heating of the mixture to remove the miniemulsion dispersed phase solvent; 

3) Dialysis of the water dispersion to remove excess surfactant. 

To support the formation of nano-droplet in the miniemulsion and stabilize the nanoparticles in the 

prepared dispersion, surfactant is noticeably important, which effectively prevents the aggregation 

and/or coalescence of NPs in water prior to the deposition. The most commonly used surfactant to 

make semiconducting material NPs in water is sodium dodecyl sulphate (SDS), though other 

surfactant may also be applied. However, it is reported that the sulphate groups and sodium ions 
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remaining in the NP films may act as charge traps, resulting in the decrease of charge mobility.55 In 

Chapter 6 presented in this thesis, efforts have been put to study the using of alternatives to SDS 

in the preparation of NPs.  

 

Figure 3.8 Schematic overview of NP preparation using miniemulsion method. 

The miniemulsion dispersed phase solvent used in this method should meet the requirements: a) 

immiscibility with water; b) acceptable solubility of photoactive material; c) relatively high vapour 

pressure under the boiling point of water. Hence, as a superb low boiling solvent for conjugated 

polymer, chloroform has been widely used in the preparation of NPs in miniemulsion method.56  

The removal of organic solvent described in this thesis was achieved by thermally heating the 

miniemulsion in ambient condition. Though other methods, such as rotary evaporation, may also be 

used. When organic solvents with high boiling point (>100 °C) was applied as the miniemulsion 

dispersed phase solvent, temperature applied to convert miniemulsion into aqueous dispersion was 

chosen based on the vapour pressure (P) calculation from Antoine equations.57 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐴𝐴 − 𝐵𝐵
𝑡𝑡+𝐶𝐶

, 

where the P term is in pound per square inch (psi), t term is the temperature in degree Celsius and 

A, B and C are component-specific constants. The Antoine equation constants for the solvents used 

in the work is listed in Table 3.1 below. 

Table 3.1 Antoine equation constants and boiling point at 1 atm for different organic solvents.57 

Solvent A B C Boiling point (°C) 

o-Xylene 6.9989 1474.68 213.69 144 

Anisole 7.0526 1489.99 203.57 153.8 

 

One crucial point to achieve stable aqueous dispersion is to avoid or reduce the material aggregation 

during the removal of organic solvent. Although the miniemulsion dispersed phase solvents used 
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may have higher boiling point compared to water, their intrinsic high vapour pressure in the 

temperature range between 60°C and 90 °C (Figure 3.9) facilitate the evaporation of organic 

solvents at the temperature below the boiling point of water (100 °C). Hence using mild heating 

together with introduction of extra water into the mixture can effectively convert miniemulsion to 

dispersion without aggregation of NPs. 

 

Figure 3.9 Vapour pressure of organic solvents and water as a function of temperature. 

To minimize the unwanted effect introduced by ionic surfactant, the excess of free surfactant is 

removed from the formed dispersion by dialysis, which can be done by adding NP dispersion in a 

dialysis tube placing in large quantities of pure water58-59 or more efficiently performed by centrifugal 

dialysis.60-61 The extra centrifugal dialysis steps used also concentrate the final NP ink to the 

desirable concentration for active layer deposition. 

The NPs prepared through miniemulsion method have the advantage of decent stability in water. 

Combining with other water/alcohol processable interfacial materials and vacuum deposition of metal 

electrode, the utilisation of water-dispersed NPs to form active layer eliminate the usage of harmful 

organic solvents, especially halogenated solvents in the fabrication of OPVs. However, the 

miniemulsion processed NPs also have significant disadvantages, such as, the morphology within a 

single nanoparticle observed to have core-shell structure56, 58, 60 and the preparation procedure 

requires additional surfactant. The core-shell structure of NPs, which normally composes of 

fullerene-rich core and polymer-rich shell (Figure 3.10), will affect the charge transport when given 

NPs are applied as active layer.62 Hence, appropriate annealing is required to coalesce the NPs in 

the solid state applied as active layer in OPV to modify the morphology, which directly attributes to 

enhanced exciton dissociation and charge transport.60, 63 
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Figure 3.10 Schematic showing the core-shell structure of NPs prepared using miniemulsion method. 

3.4.2. Precipitation method 

Due to the insulating property of surfactant used in the miniemulsion method and core-shell structure 

of the prepared NPs described above, precipitation method was developed to eliminate the negative 

effect of ionic surfactant as well as to increase the intermixing between donor and acceptor materials 

on the nanoscale.64 A typical precipitation method is depicted in Figure 3.11: the active components 

are first dissolved in a solvent followed by injection of the solution into another solvent that exhibits 

poor solubility of hydrophobic conjugated materials. But the two solvents used need to be miscible. 

The injection step is commonly performed rapidly into a vigorously stirred solvent in order to 

effectively achieve precipitated nanoparticles, which is a straightforward single-step process.63 

The solvent applied to disperse particles, so called non-solvent, can be water or alcohol, such as 

ethanol and methanol. In the case of making aqueous dispersed NPs, a photoactive material blend 

is initially dissolved in an organic solvent which is miscible with water, such as THF. Whereas using 

alcohol as non-solvent expands the varieties of applicable solvents to dissolved conjugated 

materials. Therefore, alcohol dispersed NPs can be prepared from active materials that are not 

soluble in THF. 
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Figure 3.11 Schematic overview of NP preparation using precipitation method. 

So far, this method only worked well in the preparation of P3HT NPs, based on which the highest 

PCE of 4% have been obtained in an inverted device structure.54 Compared to P3HT:PCBM NPs 

prepared from miniemulsion method, precipitated P3HT:PCBM NPs were reported to exhibit more 

uniformly blended morphology, leading to improved device performance.62 Nevertheless, one of the 

greatest challenges in the application of NPs prepared from precipitation method is to find the 

knowhow about stabilizing NPs in the dispersion. Another difficulty comes from the fabrication of 

active layer from precipitated NPs due to their low concentration compared to NP dispersion made 

from miniemulsion method. Hence, multiple deposition or using other depositing methods are 

essential to reach decent thickness of the active layer. Recently, Prunet et al. reported aqueous 

PCDTBT:PC71BM NPs made by precipitation method and subsequently used in OPVs, showing 

power conversion efficiency of only 0.33% in the best cell.63 In their work, it is claimed that 

aggregation starts to take place as soon as the final solid concentration in water reaching 0.4 mg/mL, 

which might explain the reason for the unsatisfactory photovoltaic performance of these NPs.  

Despite the intrinsic instability of NPs in the absence of surfactant, the precipitation method was 

shown to be an efficient tool to tune the morphology of the active layer in OPVs.62, 64 Furthermore, 

since the precipitation method do not require high energy-consuming ultrasonication process, it is 

more suitable to upscale the preparation of NPs, especially in the case of serving as active layer in 

large-scale printed OPVs. 

The methods developed to disperse photoactive materials in water or alcohol expands the varieties 

of possible donor/acceptor candidatures to fulfil the green deposition of active layer in polymer solar 

cells. 

3.4.3. Stabilisation of nanoparticles 

Two methods used to prepare conjugated NPs have been intensively investigated in the field of 

application in organic electronics. However, a fundamental understanding of the factors influencing 

the stability of NPs is required in order to achieve stable NP ink for the fabrication of active layer. 
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The aggregation of particles, which is often observed when precipitating a polymer organic solution 

to an anti-solvent/non-solvent, can be explained by the van der Waals interaction between the 

particles.65 Therefore, necessary repulsive force is required to separate particles in the dispersed 

medium.  

In the case of ionic surfactant, such as SDS, being used to stabilise polymer NPs, negative charge 

of the sulfonate ion is closely bound to the particle, and sodium counterions line up parallel to the 

negative charge, forming a double layer of charges (Figure 3.12a). The electrostatic attraction 

between the two opposite and separated charges cause an electrical field to be established across 

the interface, and an electrical double layer (EDL) is formed around the particle surface. The EDL 

consists an inner layer called the Stern layer, where ions are strongly bound to the particle surface, 

and an outer layer called diffuse layer, where ions are less associated. The repulsive effect of EDL 

is responsible for the stability of particles. As illustrated in Figure 3.12a, the potential energy 

decreases linearly from the thermodynamic surface potential to the Stern potential, then decays 

exponentially to the zeta potential, which is defined as the potential difference between the diffuse 

layer and the dispersion medium. The zeta potential is an important parameter to characterise the 

stability of a formed NP dispersion. For the negatively charge particle surface, the lower negative 

potential indicates more stable colloid or NP dispersion.66 

To characterise or predict the stability of a colloidal system, DLVO theory67 was established 70 years 

ago, which combines the van der Waals attraction with the EDL repulsive force to result a total 

interaction potential as shown in Figure 3.12b. The maximum of the curve in the total interaction 

potential represents the aggregation barrier that two particles have to overcome to form aggregate. 

Any disturbance to the EDL repulsive force will lead to the decrease or increase of the aggregation 

barrier, thus, resulting in different stability of the NP suspension. 

There are different factors that can influence the repulsion introduced by EDL, such as the ion 

strength of the suspension, value of the surface potential and the particle size. For example, high 

ion concentration in the disperse medium can lead to smaller EDL, hence, resulting in reduced 

repulsive force. In contrast, the van der Waals attraction is relatively independent of the ion strength, 

but is highly dependent on the size and surface area of a NP.  
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Figure 3.12 (a) Schematic of the electrical double layer around a NP and the potential energy 
corresponds to the different position of a NP in a suspension. Illustration of the potential energy 
between two particles based on DLVO theory (b) and DLVO theory with an extended steric repulsion 
(c).  

If the electrostatic repulsion is sufficiently high, high aggregation barrier can be achieved, thus, 

aggregation of particles can be effectively suppressed.68  

In the case of non-ionic surfactant being introduced to the preparation of NPs, these non-ionic 

species serves as a protective layer to increase steric repulsion (e.g. hydration force) between 

particles.65 Hence, the interaction potential in the DLVO theory can be extended by the addition of a 

term describing the force due to the steric stabilisation (Figure 3.12c). In this case, the repulsive 
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force introduced by EDL could be too weak to overcome the van der Waals attraction. However, if 

the steric repulsion established between the conjugated polymer/molecule particles can overcome 

the van der Waals attraction between particles, stable NP ink can be obtained with high aggregation 

barrier between particles.  

In order to obtain stable NP suspension prepared by the precipitation method without an addition 

surfactant, the EDL repulsive force and steric stabilisation force in the polymer colloidal system have 

to overcome the van der Waals attractive force. Otherwise, surfactant is required to enhance the 

repulsion between particles, and the repulsive strength introduced by the additional surfactant needs 

to be carefully studied. Furthermore, conjugated polymers with charged side groups or hydrophilic 

side chains (i.e. oligoethylene glycol) are potential candidates to increase the repulsive force 

between particles in a colloidal system, and the possibility of NP formation using functionalized 

polymers will be investigated.  

3.5. Characterisation techniques 

3.5.1. UV-Vis Spectroscopy 

The light absorption is one of the key properties for conjugated polymers and active material blend, 

which can effectively influence the photovoltaic performance of the given solar devices. To 

characterise the optical property of synthesised material, UV-vis spectroscopy is an important and 

straightforward analytical tool to detect the absorption spectrum and optical bandgap (Egopt). Egopt is 

the energy threshold for photons to be absorbed by conjugated materials and can be inferred from 

the absorption onset (λonset) at low-energy region of the solid state UV-vis spectrum (shown in Figure 

3.13). Hence,  Egopt can be calculated by the formula 𝐸𝐸𝑔𝑔
𝑜𝑜𝑜𝑜𝑜𝑜 = ℎ𝑐𝑐/𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, in which h is the Planck 

constant, c is the speed of light in vacuum. The photoactive material used for superior performance 

of OPVs should not only have a preferable optical band gap between 1-2 eV,69-71 but also show 

broad range of absorption in the solar radiation spectrum,72 which is favourable for maximizing the 

utilisation of solar energy. 
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Figure 3.13 A typical UV-vis spectrum of a conjugated polymer film, the red-dashed lines illustrate the 
determination of absorption onset from the intersection of line with greatest slope. 

3.5.2. Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) spectroscopy is a non-destructive method for the investigation of the 

electronic structure of semiconducting materials14, 73 and can be applied to probe the efficiency of 

exciton dissociation in BHJ active layer.74  

In a typical PL measurement, a conjugated polymer is excited upon the illumination providing 

photons with energy larger than its bandgap energy, leading the movement of electrons from the 

ground state to the permissible excited states (formation of exciton). The excited electrons then 

undergo the non-radiative relaxation to the lower excited state, prior to the return to their ground 

state (in the absence of electron acceptor), releasing the excess energy through photon emission. 

The release of excess energy may also be a non-radiative decay, which would not result in the 

emission of light. Due to the delocalization of electrons presented in the conjugated backbone of a 

donor polymer, typical PL spectrum of a conjugated polymers shows significant emission peak at 

the photon energy region below the bandgap.75  

By virtue of the electron-affinity of acceptor molecules, the excited electrons from a donor polymer 

upon illumination may transfer to the LUMO of the acceptor, leading to the exciton dissociation. 

Hence PL quenching of the blend film can be observed in the emission spectrum. To achieve 

superior performance of organic photovoltaics, improving short-circuit current is one important issue, 

which strongly depends on the efficient exciton dissociation. PL quenching can directly provide 

information about the dissociation of excitons.74 

3.5.3. Cyclic voltammetry 
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As described earlier, HOMO and LUMO energy level of a given donor polymer are key parameters 

in determining the performance of resulting photovoltaic devices. The HOMO and LUMO of a 

conjugated polymer represent the energy required for the initial injection of holes and electrons, 

respectively, hence can be deduced from the estimation of redox potentials. One of the widely used 

methods to investigate the electrochemical behaviors of conjugated polymers is cyclic voltammetry 

(CV),76 which is performed by cycling the potential of a working electrode against a reference 

electrode. 

Through CV measurements electrochemical redox waves can be obtained, from which we can 

estimate the onset of oxidation and reduction potentials of a given polymer. The CV measurements 

presented in this thesis were calibrated using an internal reference of ferrocene/ferrocenium (Fc/Fc+). 

The energy level of HOMO (EHOMO) and LUMO (ELUMO) of the polymers were estimated from the peak 

onset potentials by setting the oxidative potential of Fc/Fc+ vs. the normal hydrogen electrode (NHE) 

to 0.630 V, and the NHE vs. the vacuum level to 4.5 V.70, 77 Hence, the respective energy levers can 

be calculated based on formulas:  𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  −(𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑡𝑡 + 5.13) 𝑒𝑒𝑒𝑒, 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  −(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 5.13) 𝑒𝑒𝑒𝑒 , 

where 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the onset oxidation potential and 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 the onset redox potential of polymers against 

reference electrode.70, 75, 77 The determination of onset potentials from a cyclic voltammogram is 

shown in Figure 3.14.  The electrochemical bandgaps of donor polymers can be acquired for the 

estimation of energy alignment with acceptor materials. 

 

Figure 3.14 A typical cyclic voltammogram of a conjugated polymer, the red-dashed lines illustrate the 
determination of onset potentials. 

3.5.4. Thermal gravimetric analysis (TGA) 

To achieve long-lasting organic photovoltaic devices, polymers applied as photoactive materials 

should ideally exhibit superior thermal stability. The evaluation of thermal stability of a given material 
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is normally carried out through thermal gravimetric analysis (TGA), which studies the mass of a 

sample over time as a function of temperature.  

As mentioned earlier in the design of water soluble conjugated polymer, solid films of tertiary amine 

or pyridine side-chain substituted polymers can be processed from aqueous solution after the 

protonation of side chains with the presence of volatile acid. To deprotonate the polymers in the solid 

state, thermal annealing of the solid film on substrates is a straight-forward way. TGA is effectively 

used to estimate the deprotonation temperature and time require for water soluble conjugated 

polymers. 

3.5.5. Differential scanning calorimetry (DSC) 

DSC is a thermoanalytical technique applied to measure the heat flow difference between a sample 

and a reference as a function of temperature and characteristic temperatures of a reaction or 

transition.78 This technique has been widely used to investigate the phase transitions of a given 

material under the heat flow, for example melting (endothermic process) and crystallization 

(exothermic process). The work presented in the thesis was using conventional DSC to probe the 

phase behavior of PCBM with polymers to study the miscibility between acceptor molecules and 

side-chain modified TQ1 derivatives. 

3.5.6. Dynamic mechanical thermal analysis (DMTA) 

In order to gain better control of the processing parameters and to achieve the optimal morphology 

of the active layers, the glass transition temperature (Tg) of conjugated polymers needs to be 

carefully studied.79-80 Although DSC has been widely applied to estimate the Tg of materials81, using 

DSC to determine the Tg of conjugated polymers faces a lot of difficulties due to that only the 

amorphous fraction of polymers shows a glass transition. Furthermore, the β transition, which is 

often associated with the side chain movements and can be related to the stiffness of a polymer,82 

is too faint to be detected in DSC.83 Hence, DMTA has been used in strain-controlled mode to probe 

the thermal transition of conjugated polymers presented in this thesis.  

In a typical DMTA measurement, a complex dynamic modulus (E*), a storage modulus (E’) and a 

loss modulus (E”) are calculated from the material response to an oscillating force.83 The ratio 

between E’ and E” is the tan 𝛿𝛿, the peak temperature of which is commonly used to define Tg of a 

measured sample.84 Although DMTA is a powerful and direct technique to probe the thermal 

transitions of polymers, its application for conjugated polymers has been limited. The biggest 

problem originates from the sample preparation, which requires free-standing film of reasonable 

thickness. Due to the frangibility of the most conjugated polymers, it is unpractical to prepare a thick 

free-standing film for DMTA measurement. Hence, we have developed a woven glass fibre based 

technique to prepare the DMTA samples, which is shown in Figure 3.15. The sample preparation is 

performed by drop casting a polymer solution on to a pre-cut glass fibre (Figure 3.15c), which should 
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have the strands on 45 ° bias to avoid any continuous fibre being connected between two clamps 

and contributing to the DMTA signal. The prepared sample supported by the glass fibre mesh 

(Figure 3.15d) should be uniformly covered by the polymer, which is required to be less than 5 mg. 

This technique has successfully solved the problem of sample preparation, and the thermal 

transitions of conjugated polymers can be detected with high sensitivity.85 

 

Figure 3.15 (a) Schematic depicting a woven glass fibre supported sample mounted between the 
clamps for DMTA measurement. (b) Optical image of woven glass fibre. Pictures of (c) uncoated glass 
fibre and (d) glass fibre coated with a conjugated polymer.85 

3.5.7. Scanning electron microscopy (SEM) 

One useful tool to characterise nanoparticles forming active layer is SEM,86 which produces images 

of NP samples by scanning the surface with focused beam of electrons. Due to the semiconductive 

property of the active materials used in NP OPVs, the NP specimens may collect charge when 

exposing under the electron beam with high accelerating voltage, resulting in image artefacts. 

Furthermore, the energy accumulated on the NP surface after long-time scanning could fuse the 

NPs and create holes on the film. To avoid the image artefacts and/or the destruction of the 

topography of NP samples, low accelerating voltage (1-2 kV) is utilised in imaging. The most 

important information obtained from topographic SEM images of NP active layer is the degree of 

phase separation upon annealing, shape of particles and size distribution. The size distribution of 

NPs in the solid state is calculated by applying a circular Hough transform algorithm60 to the SEM 

image. 

In addition to SEM, energy-dispersive X-ray spectroscopy (EDS)87 is used with the electron beam of 

SEM to analyse the elemental composition in the NP films. As described earlier in 3.4, the 

preparation of NPs using miniemulsion method requires the presence of surfactant to form 

miniemulsion as well as to stabilize active material NPs in water. Through EDS analysis sodium 

concentration can be deduced, which is originated from the surfactant SDS. We could directly study 

the effectiveness of different method applied to the removal of SDS.  

c d a b 
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4.1. Abstract 

To fulfil the goal of environmentally friendly fabrication of organic photovoltaics (OPVs), two series 

of p-type conjugated polymers were designed and synthesised based on poly[2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) polymeric backbone utilising polar 

pendant groups, i.e. tertiary amine and pyridine, to achieve switchable solubility in water/ethanol. 

Protonation of the functionalized polymers using volatile acid achieves aqueous processibility for 

deposition, and after mild thermal annealing uncharged films that are insoluble in water are formed. 

The molar ratio between the functional polar side groups and the octyl groups in the target polymers 

have been carefully tuned to achieve water and ethanol solubility as well as functional devices based 

on the new polymers. The new polymers exhibit nearly identical UV/vis-absorption properties in the 

solid states compared to the reported TQ1 without functional groups. The photovoltaic performance 

of the amino/pyridine-functionalized polymers was evaluated using organic solvent by incorporating 

PC61BM due to the unavailability of water/alcohol soluble acceptor. Both amino and pyridine 

functionalities on the polymers were found to significantly reduce the MoO3 work function in an 

energetically unfavourable way for functional devices, as seen from UPS studies. To reduce the 

unwanted interaction between functional polar groups with the MoO3 interlayer, the devices were 

systematically engineered by inserting a buffer layer consisting N,N'-bis(3-methylphenyl)-N,N'-

bis(phenyl)-benzidine (TPD) between the active layer and the MoO3 hole transport layer. The TPD 

buffer layer enhanced the device performance of ethanol soluble amino polymer TQ1-50A and 

pyridine polymer TQ1-50P4, resulting in a maximum power conversion efficiency (PCE) of 0.82% 

and 1.33%, respectively. Our work demonstrated the possibility of substituent modification for high 

performing conjugated polymers using tertiary amine and pyridine groups to achieve functional donor 

materials for green solvent processable OPVs.  
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4.2. Introduction 

Organic photovoltaic (OPV)1-3 is an attractive renewable energy technology with the potential of low-

cost and high-throughput printing.4-5 The power conversion efficiencies (PCE) of OPVs have already 

been reported to exceed 14%,6 making them more viable for commercial production than ever. 

However, the fabrication of OPV devices generally involves harmful, halogenated solvents such as 

chloroform, chlorobenzene or ortho-dichlorobenzene (o-DCB). Using these type of solvents are 

undesirable for large-scale printing of OPV due to the large quantities of solar ink required,7-8 and 

diverges from the environmentally friendly aim of OPV.9-10 Recent research activities have studied 

more environmentally benign solvents such as anisole,11 o-xylene12-13 and 2-methyl-tetrahydrofuran 

(Me-THF)14 for the OPV manufacturing, achieving comparable device performance to the OPVs 

fabricated using halogenated solvents. However, these non-halogenated solvents still pose a health-

risk to the ecosystem and are cost-ineffective due to their high price and the necessary solvent 

recovery system.  

Using water or ethanol as basis for solar inks is an ideal solution to fulfil the aim of green and low-

cost processing of OPVs. One solution is offered through water dispersed nanoparticles (NPs) based 

on conjugated materials to realise the fabrication of OPVs from the most ideal eco-friendly solvent, 

water. The use of NP inks additionally circumvents the tedious development of water-soluble 

semiconducting donor and acceptor pairs with high PCE.15-17 The fabrication process of NP-inks is 

however not without issues, as the NP preparation via miniemulsion method is a time-consuming 

process and requires both insulating surfactants and chlorinated precursor solvents18 while NPs 

made by precipitation method19 suffer from high instability of the final solar ink.20 

Alternatively, water/alcohol soluble conjugated polymers (WSCPs) have been investigated as active 

layer materials for water/alcohol-based solar inks. Through the side-chain engineering,10, 21-25 i.e., 

replacing the hydrophobic aliphatic substituent with hydrophilic polar side groups,  for example, ionic 

moieties (e.g. sulfonate groups,26 quaternary ammonium salt23) and non-ionic functional groups (e.g. 

tertiary amine,27-31 oligoethylene glycol9, 32). However, the ionic moieties have been reported to act 

as charge carrier traps/recombination site,33 and the WSCPs designed based on this approach have 

only been successfully applied as interface layer materials for OPVs.22, 24, 34  OPVs based on active 

layer fabricated from WSCP elaborated with tertiary amine functionalities showed no photovoltaic 

response.27 So far, the highest photovoltaic performance was reported by Nguyen et al,32 achieving 

0.75% PCE with an oligoethylene glycol-functionalized WSCP. 

In this work, we have modified the polymer, poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-

thiophene-2,5-diyl] (TQ1),35-36 by complete or partial replacement of the aliphatic solubilizing side-

chains with side groups having tertiary amine and pyridine groups. In this way, a series of new 

polymers were obtained that allowed us to study the effect of functional group loading on the solubility 

in green solvents and their photovoltaic performances. For polymers containing tertiary 
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amine/pyridine-functionalized side-chains of 50% and higher, we find that using small amounts of 

formic acid (FA) (3%) switches the property of our conjugated polymer being water/ethanol soluble 

due to the protonation of lone-pair nitrogens in the functional groups. Furthermore, the reversed 

deprotonation process could be achieved by mildly heating the acidified water/ethanol processed 

polymer in the solid state, thus, uncharged neutral polymer was regenerated. This highly reversible 

process is depicted in Scheme 4.1, showing the protonation and deprotonation process of pyridine-

functionalized polymer TQ1P4. Hence, the utilisation of tertiary amine and pyridine functionalities 

provide switchable, water/ethanol processable p-type conjugated polymers.  
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Scheme 4.1 Protonation of pyridine-functionalized polymer TQ1P4 using formic acid and the 
deprotonation process to remove formic acid under heating. 

The evaluation of the photovoltaic performance revealed that using less basic polar functionality 

(pyridine) and decreasing the functional group loading to 50% or lower resulted in improved 

photovoltaic performance, up to 1.6% of PCE. The improved device performance was partly resulted 

from the lower miscibility between polymer and fullerene in the photoactive layer, with replacing 

tertiary amine with pyridine or lowering the loading of amino groups in donor polymer. Our results 

show that pyridine pendant groups can give green solvent processibility and decent photovoltaic 

performance, which will be beneficial for environmentally friendly fabrication of OPVs in future. 

4.3. Experimental 

All reactions were performed under nitrogen protection unless otherwise stated. Chemicals were 

commercially available from Sigma-Aldrich and used without further purification. 5,8-Dibromo-2,3-

bis(3-(octyloxy)phenyl)quinoxaline and 2,5-bis(trimethylstannyl)thiophene were purchased from 
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Solarmer Energy, Inc., and the latter was purified by recrystallisation from methanol. All solvents 

were used as obtained from supplier except toluene, which was dried and distilled prior to the 

polymerisation reactions. The structures of the small molecular compounds synthesised were 

confirmed by 1H-NMR spectra measured on Bruker 300 MHz NMR spectrometer. The 1H-NMR 

spectra of all polymers were measured on Bruker 600 MHz NMR spectrometer. The recorded 1H 

NMR were referred to tetramethylsilane (TMS) as internal standard. 

4.3.1. Material characterisation 

Gel-permeation chromatography (GPC) measurements were performed at 35 °C on an Agilent PL-

GPC 220 equipped with a differential refractive index detector. Dimethylformamide (DMF) was used 

as eluent at a flow rate of 1.0 mL/min, and the solvent DMF as well as sample solutions were filtered 

through a filter with the pore size of 0.45 μm (Nylon, Millex-HN 13 mm Syringes Filters, Millipore, 

US). The number average molecular weights (Mn) and polydispersity index (PDI) were calculated 

using a calibration curve based on polyethylene glycol (PEG) standards. 

The ultraviolet-visible (UV-vis) study was performed on a Perkin Elmer UV-vis-NIR Lambda950 

spectrophotometer.  

Thermal gravimetric analysis (TGA) measurements were performed on TA instruments Discovery 

TGA series TGA1-0288, with the temperature range of 25 - 400°C under nitrogen gas flow, and the 

heating ramp of 10 °C/min. The acid treated polymer samples were prepared by dissolving polymer 

in ethanol with 3% formic acid prior to drop casting on freshly cleaned glass substrate, followed by 

dying in air and then collected with a scalpel. Prior to the TGA measurements, the collected solid 

samples were further dried overnight in a vacuum oven at room temperature. The isothermal 

treatment of FA protonated samples was conducted in the TGA at 120 °C for TQ1A and 110 °C in 

the case of TQ1P4 under a nitrogen gas flow of 25 mL/min.  

Differential scanning calorimetry (DSC) measurements were perfomed on Discovery DSC from TA 

instrument, with temperature range -20-300°C, heating/cooling ramp 10°C/min under nitrogen gas 

flow. The sample to be measured was prepared by drop casting a polymer:PC61BM solution 

(chloroform blended with o-DCB) on a freshly cleaned glass slide followed by solvent evaporation 

before the solid mixture being removed collected using a scalpel. The sample was dried in a vacuum 

oven overnight prior to the DSC measurement. 

Cyclic voltammetry (CV) measurements were performed using a 0.1 M solution of 

tetrabutylammonium hexafluorophosphate (Bu4NPF6) in anhydrous acetonitrile as the supporting 

electrolyte and a Ag/Ag+ quasi reference electrode. The ferrocene/ferrocenium (Fc/Fc+) reference 

was used to calibrate the measurements. The highest occupied molecular orbital energy levels 

(EHOMO) and the lowest unoccupied molecular orbital energy levels (ELUMO) were estimated from the 
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onset potentials by setting the oxidative potential of Fc/Fc+ vs. the normal hydrogen electrode (NHE) 

to 0.630 V, and the NHE vs. the vacuum level to 4.5 V.37-38 

4.3.2. Device fabrication 

Inverted solar cells with the structure ITO/ZnO/BHJ/MoO3/Ag or ITO/ZnO/BHJ/N,N'-bis(3-

methylphenyl)-N,N'-bis(phenyl)-benzidine (TPD)/MoO3/Ag were fabricated using fixed weight ratio 

of 1:2.5 donor-polymer:PC61BM in the active layer. Patterned ITO-coated glass substrates (10 Ω/sq, 

purchased from Xin Yan Technology Ltd) were cleaned using the procedure published elsewhere.36 

ITO-coated glass substrates were cleaned by soaking in a 5% detergent solution (pyroneg from 

Johnson Diversey) at 90 °C for 20 minutes and then rinsing in deionized (DI) water, before sonicating 

in DI water, acetone and isopropanol for 10 min each. Substrates were then cleaned in UV-ozone 

for 20 minute immediately before spin coating the ZnO layer. ZnO sol-gel39 on the cleaned ITO 

substrate was thermally annealed at 280 °C for 10 minute in air to yield a 25 - 30 nm thick film. The 

BHJ layers were spin-coated in the glove box to give approximate 80 nm thickness. In the case of 

TPD being introduced in the device, a TPD buffer layer (3 nm) was thermally evaporated on top of 

the BHJ layer (using a Covap system supplied by Angstrom Engineering) before depositing 12 nm 

of MoO3 hole transport layer. Finally, the Ag electrode (80 nm) was deposited by thermal evaporation 

through a shadow mask, which defined the active area to be 0.1 cm2. 

4.3.3. Device characterisation 

Photovoltaic properties of solar cells were measured in air by an Oriel solar simulator fitted with a 

150 W xenon lamp (Newport), filtered to give an irradiation of 100 mW/cm2 at an atmospheric mass 

(AM) of 1.5 and calibrated using a silicon reference cell with NIST traceable certification. The 

photocurrent–voltage (I-V) characteristics of the devices were measured through a Keithley 2400 

source meter unit.  

Atomic force microscopy (AFM) (supplied by Bruker, Billerica, MA) was performed in tapping mode 

using silicon tips. The films were spin-coated from the same solutions used for active layer forming 

in device fabrication on freshly cleaning ITO-glass. 

4.3.4. Electron spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed under an ultra-high 

vacuum (UHV) apparatus build by SPECS (Berlin, Germany) using a low intensity UV light source 

(HeI) with an excitation energy of 21.21 eV, to measure the work functions as described elsewhere.36 

The UPS samples were prepared by thermally evaporating MoO3 (12 nm) on freshly cleaned glass 

substrates in a vacuum deposition chamber followed by spin-coating polymer solution (1 mg/mL o-

DCB) at 500 rpm for 60 s and 3000 rpm for 30 s in a glove box under nitrogen. The prepared samples 

were transferred from the glove box to the load lock for UPS measurements using a nitrogen filled 

zip-lock bag.  
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4.4. Results and discussion 

4.4.1. Material synthesis 

Due to the flexibility of quinoxaline moieties for substituent modification,40 the design of green solvent 

soluble polymers was carried out on substituting the quinoxaline unit with polar side-chains 

containing hydrophilic pendant end groups. 

 

 

 

Scheme 4.2 Synthetic route for quinoxaline monomers with amino side groups and pyridine side 
groups. 

The synthesis procedures to obtain amine and pyridine functionalised quinoxaline monomers are 

shown in Scheme 4.2. Through reduction of 4,7-dibromobenzo[c][1,2,5]thiadiazole with NaBH4, 

diamine compound 4-1 was prepared in a quite mild condition, which was used in further 

condensation to afford monomer for TQ1A. Compound 4-2 was prepared through benzoin 
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synthesis compound 4-3 without further purification. Oxidation was performed in DMSO as the 

solvent and HBr as the oxidizing agent instead of using ammonium nitrate and copper (II) acetate41, 

simplifying the purification of the crude product using one step recrystallisation. Purified compound 

4-3 was reacted with HBr in acetic acid under reflux to generate compound 4-4, which showed a 

good yield of 94.67%. The Williamson etherification between compound 4-4 and 3-dimethylamino-

1-propylchloride hydrochloride led to compound 4-5 as yellow oil after purification via column 

chromatography. Although different parameters such as temperature, solvent and the purity of 

starting materials had been taken into consideration to improve the reaction yield, the Williamson 

reaction performed under different conditions yielded only about 14% conversion. Better yield was 

achieved in the synthesis of TQ1A monomer 4-6. The monomer was prepared through condensation 

of compound 4-5 and 4-1 followed by purification via column chromatography and recrystallisation, 

and the pale yellow monomer 4-6 was obtained in 87.4% yield. 

To prepare quinoxaline monomer with pyridine side groups, firstly 3,3'-(5,8-dibromoquinoxaline-2,3-

diyl)diphenol (compound 4-7) was synthesised by condensation reaction from compound 4-1 and 4-
4 in acetic acid under mild condition. Compound 4-8 was synthesized from commercially available 

4-pyridinepropanol by reacting with HBr under reflux overnight. It is worth noting that 4-(3-

bromopropyl)pyridine was intrinsically unstable and protonation of the compound with HBr was 

necessary to be able to isolate the compound. The TQ1P4 monomer 4-9 was synthesized through 

Williamson etherification between compound 4-7 and compound 4-8 in refluxed acetonitrile (MeCN). 

The detailed synthesis procedures can be found in Appendix A. 

The molecular structures of the quinoxaline monomers attached with tertiary amine side groups and 

pyridine side groups were confirmed by 1H NMR spectroscopy (Appendix B, Figure B1). 

 

Scheme 4.3 Synthetic route for polymers with amino side groups and pyridine side groups. 

The structure and synthesis procedures of polymers are shown in Scheme 4.3. Polymer TQ1A was 

synthesized via Stille coupling by copolymerising monomer 4-6 and 2,5-
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bis(trimethylstannyl)thiophene using freshly distilled toluene as the reaction solvent. Significant 

amount of precipitate was observed over the course of the reaction when using pure toluene to 

synthesis TQ1P4. The influence of different solvents used during the polymerisation on the 

properties of TQ1P4 has been studied, details can be found in Chapter 5. Hence, a polar solvent 

blend of dry toluene/DMF (4:1 volume ratio) was used to increase the solubility of pyridine polymer 

during the polymerisation reaction. The copolymers TQ1-50A, TQ1-20A, TQ1-50P4 and TQ1-20P4 

were polymerised using three monomers with different molar ratio to obtain the products with 

different loading of functional groups attached to the polymer backbone. The ratio between the 

functional polar groups and octyl groups in the polymers was confirmed by their accordant 1H NMR 

spectra (Appendix B, Figure B2 and Table B1). The detailed synthesis procedures of 

polymerisation can be found in Appendix A. 

The number average molecular weights (Mn) of TQ1P4 and TQ1-50P4 were measured to be 9.6 

kg/mol and 8.6 kg/mol with the PDI of 2.7 and 4.3, respectively. The low Mn and high value of PDI 

could be a result from the limited solubility of oligomer/polymers in the toluene/DMF reaction solvent, 

which impeded the chain growth during the coupling reaction. The molecular weights of amino 

polymers and TQ1-20P4 could not be measured properly due to their limited solubility in DMF and 

tetrahydrofuran (THF). In addition, 1,2,4-trichlorobenzene (1,2,4-TCB) has also been tried as the 

eluent for GPC measurements of amine-functionalized polymers, but no response was observed, 

which was probably caused by the adhesion of the amino groups to the columns and the metal 

tubing. 

4.4.2. Optical properties and switchable solubility in green solvents  

We first probed the solubility of the synthesised polymers in ethanol and water acidified with formic 

acid (FA), to have an indication how their solubility depends on the concentration of functional 

groups.  
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Figure 4.1 Normalized UV-vis absorption spectra of (a) TQ1A, (b) TQ1-50A, (c) TQ1P4, (d) TQ1-50P4, (e) 
TQ1-20A and TQ1-20P4 in different solvents and in the solid state. Photographs of (f) polymer in water 
+ 3% FA solution, (g) polymer in EtOH + 3% FA solution. 

The amine-functionalized polymer TQ1A and TQ1-50A showed good solubility in water and ethanol 

with a small amount of FA (3% v/v), due to the protonation of tertiary amine forming conjugated 

polyelectrolyte TQ1A-FA and TQ1-50A-FA, respectively. Similarly, attributing to the localization of 

the lone-pair electrons on the nitrogen atoms in sp2 orbital, pyridine can also be easily protonated by 

FA to generate a pyridinium salt TQ1P4-FA. Hence, TQ1P4 was found to be soluble in acidic 

water/ethanol in concentration that is typical for solar cell ink, and TQ1-50P4, containing 50% 

pyridine in the quinoxaline unit, can be dissolved in ethanol (EtOH) with FA. The UV-vis spectra of 
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these two new series of polymers in chloroform and green solvents were compared with the solid 

states, and the polymer solutions in water and ethanol are shown in Figure 4.1. The ethanol and 

water solution of TQ1A-FA revealed an enhanced absorption (Figure 4.1a), which could have 

resulted from the ion introduced electrostatic perturbation.22 However, the TQ1-50A-FA (Figure 
4.1b) water solution exhibits reduced absorption in the low-energy band while opposite behaviour 

being observed in the ethanol solution, which could be explained by the influence of solvent on the 

charge transfer state or different degrees of torsion/planarity in polymer backbone using different 

solvents.41 

The UV-vis absorption of the pyridine polymers in the solid states are virtually identical to the amino 

analogues. The absorption bands of TQ1P4 film (Figure 4.1c) were enhanced and red-shifted in the 

long wavelength region compared to the chloroform solution, which presumably due to the higher 

intermolecular interaction and/or better packing in the solid condition. Red-shifted absorption spectra 

were also found in the water and ethanol solutions of protonated polymer compared to the neutral 

polymer in chlorinated solvent, indicating multichain aggregation42 or solvatochromic effects resulted 

from the polar solvent.22, 43 Similar absorption behaviour was also found in the UV-vis spectra of 

TQ1-50P4 (Figure 4.1d). 

We found that TQ1-20A and TQ1-20P4 could not be dissolved in EtOH + 3% FA (Figure 4.1g) due 

to the low content of the tertiary amine or pyridine substituent in the conjugated polymer structure. 

The large number of octyl groups inhibits the switching of polymer solubility assisted by acid. The 

UV-vis spectra of TQ1-20A and TQ1-20P4 in chloroform solutions and in the solid state (Figure 
4.1e) present similar absorption properties compared to TQ1A and TQ1P4, respectively.  

Since ionic side groups presented in photoactive layers are known to be unfavourable for efficient 

charge transfer,32-33 it is important to study the possibility of regenerating neutral polymers after 

acidified water/ethanol processing. 

The TGA measurements were performed on TQ1A-FA and TQ1P4-FA with neat polymer samples 

as references, respectively (Figure 4.2), revealing FA release under heating, as significant weight 

losses from about 100 °C to 150 °C were observed in protonated samples. However, the weight loss 

of TQ1A-FA was calculated to be higher than the weight of formic acid required to completely 

protonate TQ1A, which could be a result from trapped free acid and/or water in the TQ1A-FA sample.  

Upon 120 °C isotherm were performed on TQ1A-FA, the sample did not exhibit any obvious weight 

loss before degradation, which is above 300 °C (Figure 4.2a). Due to the weaker basicity of pyridine 

compared to tertiary amine, it was suspected that pre-drying TQ1P4-FA under vacuum have already 

released part of the binding acid, thus the weight loss of TQ1P4-FA is comparably less than the 

amino counterpart (Figure 4.2b). The TGA results reveal a mild thermal treatment (120 °C for TQ1A 

and 110 °C for TQ1P4) on the solid state of the protonated polymers could effectively release FA 

and regenerate neutral polymers. Furthermore, we found that the deprotonation procedure under 
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isothermal process was completed in about 10 min for bulk material as shown in Figure 4.2c&d. 

Hence, it is possible to process functional polymers from green solvents in the presence of volatile 

acid and achieve neutral polymer films in the fabrication of OPVs under mild condition. This 

switchable solubility observed in tertiary amine/pyridine-functionalized polymers could also be 

beneficial for various electronic applications.44-45 

  

 

Figure 4.2 TGA plots of (a) TQ1A-FA  thermally annealed at 120°C for 10 min, with neat TQ1A and TQ1A-

FA as references and (b) TQ1P4-FA thermally annealed at 110°C for 10 min, with neat TQ1P4 and 

TQ1P4-FA as references. (c) TQ1A-FA and (d) TQ1P4-FA weight change as a function time in the 120 
°C and 110 °C isothermal process, respectively. 

4.4.3. Electrochemical properties 

The electrochemical properties of new polymers presented in this chapter were investigated by cyclic 

voltammetry (CV), and cyclic voltammograms are shown in Figure 4.3. Compared to the reported 

TQ1,35 the tertiary amine or pyridine functionalized polymers in the solid states all exhibit near-

identical optical bandgaps and energy levels (Table 4.1), indicating that the modification of 

substituents attached to the quinoxaline backbone have negligible influence on the conjugation of 

the resulting polymers. 
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Figure 4.3 Cyclic voltammograms of the polymers. 0.1 M solution of Bu4NPF6 in anhydrous acetonitrile 
as the supporting electrolyte and a Ag/Ag+ quasi reference electrode. Calibrated using the 
ferrocene/ferrocenium (Fc/Fc+) reference. Scan rate of 100 mV/s. 
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Table 4.1 UV-vis absorption, electrochemical properties and energy levels of polymers. 

Polymers λmax (nm) λonset 
(nm) 

Eg
opt 

(eV) 
𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 

(V) 
𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 

(V) 
EHOMO 
(eV) 

ELUMO 
(eV) 

Eg
CV 

(eV) 

TQ1A 361  606 730 1.70 0.34 -1.29 -5.47 -3.84 1.63 

TQ1-50A 358  609 719 1.73 0.40 -1.61 -5.53 -3.52 2.01 

TQ1-20A 358  610 709 1.75 0.43 -1.60 -5.56 -3.53 2.03 

TQ1P4 361  610 720 1.73 0.32 -1.41 -5.45 -3.72 1.73 

TQ1-50P4 361  618 723 1.72 0.44 -1.48 -5.57 -3.65 1.92 

TQ1-20P4 361  624 725 1.72 0.47 -1.46 -5.60 -3.67 1.93 

EgCV = (ELUMO – EHOMO) 

It has been previously reported that amino groups are potential hole traps in the BHJ devices 

containing amine-functionalized active materials, due to that the highest occupied molecular orbital 

(HOMO) level of p-type polymer lies below the ionization state of amine.30 Hence, electrochemistry 

was also performed on triethylamine to compare its oxidation process with amine-functionalized 

TQ1A. Furthermore, since we are the first to report pyridine substituted polymer as electron-donor 

in the BHJ system, the oxidation process of pyridine was carefully studied to compare with that of 

TQ1P4. The CV oxidation curves of amino compounds are presented in Figure 4.4a, showing an 

onset oxidation potential of TQ1A conjugated backbone to be 0.34 V vs. Fc/Fc+, which is similar to 

the onset oxidation potential of triethylamine (~0.32 V). Thus, the HOMO of TQ1A lies very close or 

slightly below the ionization state of amine side groups. This result raised our concern about the 

viability and effectiveness of utilising amine-functionalized p-type polymers in OPVs. Nevertheless, 

the onset oxidation potential of pyridine was measured to be ~1.0 V, which is far above the value of 

TQ1P4 backbone (0.32 V) (Figure 4.4b), revealing the low-lying ionization state of pyridine groups 

compared to the pyridine-functionalized polymer. Hence, theoretically the introduced side-chain with 

pyridine pendant group should not affect hole transfer in the pyridine-functionalized polymer.30 
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Figure 4.4 Cyclic voltammetry (CV) oxidation curves of (a) TQ1A in the solid state and triethylamine in 
solution, (b) TQ1P4 in the solid state and pyridine in solution. 

4.4.4. Interfacial engineering 

Materials with amino and pyridine functionalities have been previously reported as interface layers 

to reduce the electrode work function,22, 27, 36 the origin of which is related to the presence of nitrogens 

with free electron pair in these material. Since tertiary amines and pyridine groups are well known 

for reducing the work function of the underlying metal oxide electrodes,30, 46-47 studying these donor 

polymers in devices with an inverted structure (ITO/ZnO/BHJ/MoO3/Ag) would be ideal as the work 

function of the underlying cathode layer would be further altered in an energetically favourable 

direction. However, it is equally important to also understand the interaction of the amine/pyridine 

groups of the donor polymer with the top anode interface, due to its potential to influence the 

energetics at the BHJ-MoO3 interface. 

First, water contact angle measurements were carried out on neat TQ1A, PC61BM and blend 

TQ1A:PC61BM films. The water contact angle value of neat TQ1A (60°) and TQ1A:PC61BM blend 

(60°) films were found to be similar (detailed information can be found in Chapter 5), indicating a 

high content of amino polymer on the top surface of the BHJ layer (towards the air interface) post 

spin-coating. Presence of amino groups towards the air interface makes the potential interaction 

between amines and MoO3 layer highly likely in an actual device.  

Therefore, to gain more insight into the work function modification of MoO3 as a result of its 

interaction with the tertiary amine or pyridine groups in working devices, UPS measurements were 

performed on evaporated MoO3 with a thin layer of spin-coated functional polymer. The work function 

of freshly evaporated pristine MoO3 sample was found to be 5.4 eV (Figure 4.5a). Since the polymer 

films were deposited from o-DCB solution, work function of MoO3 washed with o-DCB was also 

measured to study any changes in the MoO3 work function due to surface treatment with o-DCB.  

The work function of o-DCB treated MoO3 was found to slightly reduce to 5.3 eV and was used as a 

reference for MoO3 in this study. The difference in the absolute work function value of MoO3 
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measured in this study (5.4/5.3 eV) as compared to 6.7 eV reported in literature48-49 can be attributed 

to slight air exposure during the sample transfer and mounting. 

Modification of the MoO3 surface with a thin layer of TQ1-50A and TQ1-20A was found to markedly 

reduce the work function of MoO3 by around 1.0 eV, as seen by the shift in the secondary electron 

cut off from 5.3 eV to 4.3 eV (Figure 4.5b). Furthermore, the work function of MoO3 was significantly 

shifted from 5.3 eV to 3.0 eV upon coating an extreme thin layer of TQ1A. While these results shows 

the strong ability of amino polymers to alter the surface properties of transition metal oxides, it also 

opens up the possibility of selectively tuning their electronic functionalities, i.e. being switched from 

being an anode layer to a cathode layer. Our UPS findings showed significant change in the MoO3 

work function post modification with amino polymer and its possible utilisation as a bi-functional 

interlayer was validated by the photovoltaic response measured from solar cells incorporating these 

interlayers (ITO/MoO3/TQ1A/BHJ/MoO3/Ag) (Table 4.2). It should be noted that the lower 

performance presented in Table 4.2 compared to the reported values36 resulted from the 

unoptimised BHJ layer morphology possibly due to the o-DCB redissolving the TQ1A interlayer and 

introducing defects in the active layer. 

 

  

Figure 4.5 UPS spectra of (a) pristine MoO3 and o-DCB washed MoO3 reference sample, (b) thin layer 
of amino polymer coated MoO3 samples and (c) thin layer of pyridine polymer coated MoO3 with o-DCB 
washed MoO3 reference. The red arrow in (a) indicates 0.15 eV of work function change after washing. 
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TQ1P4 and its analogues were also found to significantly reduce the work function of MoO3 as seen 

from a shift of ~ 0.7 eV in the secondary electron cut-off of the spectra (Figure 4.5c). However, the 

relatively smaller shift in the case of TQ1P4 as compared to TQ1A indicates that the interaction 

between pyridine and MoO3 is weaker as compared to tertiary amine.   

Table 4.2 Photovoltaic performance parameters of o-DCB processed TQ1:PC71BM (1:2.5) BHJ OPVs 
using the inverted device structure of ITO/MoO3/TQ1A/BHJ/MoO3/Ag, with mean values ± standard 
deviation from eight devices in parentheses. 

BHJ JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

TQ1:PC71BM 
4.69 

(4.48 ± 0.19) 
48 

(49 ± 3) 
0.59 

(0.55 ± 0.03) 
1.31 

(1.19 ± 0.06) 

 

4.4.5. Photovoltaic performance 

To evaluate the photovoltaic properties of tertiary amine/pyridine-functionalized polymers in solar 

cell devices, a typical fullerene derivative PC61BM was used as an acceptor due to the lack of a 

readily available water or ethanol soluble acceptor material in this study. Thus, we used o-DCB and 

anisole to process solar inks containing PC61BM for BHJ OPVs. Anisole, which has also been used 

in some recent studies,11, 50 was selected as a relatively greener solvent of choice compared to its 

halogenated counterparts. In addition, anisole was utilised to process the TQ1P4 and TQ1-50P4 

containing active layer due to the limited solubility of these two pyridine polymers in o-DCB, revealed 

from large polymer aggregations in o-DCB processed films (Figure 4.6).  

   

Figure 4.6 3 × 3 µm AFM images of (a) neat TQ1P4, (b) TQ1P4:PC61BM blend films processed from o-
DCB solutions. 

Devices based on TQ1A:PC61BM BHJ layer and an inverted structure (ITO/ZnO/BHJ/MoO3/Ag) 

showed very limited PCE of 0.07%, with JSC of 0.93 mA/cm2 and VOC of 0.18 V (Table 4.3). The 

significate voltage loss could be a result from the unwanted interaction between tertiary amine 

a b 
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groups and MoO3, or the complex formed between tertiary amine and PC61BM, which could lead to 

severe charge recombination.51 To improve the device performance, the BHJ and the anode 

interface was carefully engineered by inserting an additional thin layer of TPD52-53 between the BHJ 

and the MoO3. A thin layer of TPD was utilised to not only reduce the unwanted interaction between 

polar pendant groups and MoO3 as seen from UPS studies, but it has previously been shown to 

enhance the blocking of electrons at the anode interface.52, 54 Upon applying a thin layer of TPD (3 

nm), the VOC was marginally improved to 0.34 V, leading to an efficiency of 0.13%. Although the 

devices based on TQ1A showed photovoltaic response, the PCE is much lower compared to that of 

TQ1:PC61BM devices,41 which could be due to the charge traps formed by the amino groups, 

indicated from the electrochemistry results.30
 

To further understand the OPV devices containing amine-functionalized donor polymer, polymers 

substituted with 50% and 20% amine groups were studied subsequently. For the optimised device 

structure with an additional TPD passivation layer, replacing TQ1A with TQ1-50A and TQ1-20A 

resulted in enhanced PCEs of 0.82% and 1.06%, respectively. While the JSC was increased from 

0.93 mA/cm2 (TQ1A) to 4.17 mA/cm2 (TQ1-50A) and 3.95 mA/cm2 (TQ1-20A), the VOC also saw an 

improvement from 0.34 V (TQ1A) to 0.46 V (TQ1-50A) and 0.58 V (TQ1-20A). These results show 

a strong dependence of the JSC and VOC on the tertiary amine content in donor polymers, in particular 

for devices without TPD. It is worth noting that with the decrease of amine content in the BHJ layer, 

the difference in the average photovoltaic performance with and without TPD becomes less 

significant (Figure 4.7, Table 4.3) and is in agreement with the UPS results showing the interaction 

between the amine-functionalized polymer and MoO3 became weaker with less tertiary amine 

loading.  

Devices with BHJ composed of TQ1P4:PC61BM having the same inverted structure 

ITO/ZnO/BHJ/MoO3/Ag were found to have a maximum JSC of 1.53 mA/cm2, FF of 36% and VOC of 

0.47 V, resulting in a the PCE of 0.24%, which is notably higher compared to their TQ1A 

counterparts. The PCE was further improved to 0.57%, with an enhancement of FF to 43%, VOC to 

0.6 V and JSC to 2.19 mA/cm2, when an additional TPD layer was used. For optimised devices with 

BHJ composed of TQ1-50P4:PC61BM and TQ1-20P4:PC61BM, the PCEs were found to increase to 

1.33% (JSC = 4.23 mA/cm2, FF of 54 %) and 1.75% (JSC = 5.67 mA/cm2, VOC of 0.65 V) respectively 

(Figure 4.7, Table 4.3). As seen in the case of the pyridine-functionalized polymers, the JSC is 

increasing significantly with the decrease of pyridine content in the polymer structure (Figure 4.7d), 

while VOC was found to be less dependent on the pyridine content (Figure 4.7e).  

While polymers substituted with 50% and 100% of tertiary amine and pyridine side groups show 

excellent solubility in ethanol, the PCE of the pyridine based polymer (TQ1-50P4) was found to be 

62% higher as compared to that of TQ1-50A. Thus utilising materials such as TQ1-50P4 for polymer 
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solar cells may be a good compromise between the green solvent solubility and decent photo-

conversion efficiencies. 

Table 4.3 Photovoltaic performance of the best BHJ OPVs based on TQ1A, TQ1-50A, TQ1-20A, TQ1P4, 
TQ1-50P4 and TQ1-20P4 with PC61BM (fixed Donor:Acceptor 1:2.5 weight ratio) blends with device 
structure of aITO/ZnO/BHJ/TPD/MoO3/Ag and bITO/ZnO/BHJ/MoO3/Ag. 

Polymer Device 
structure 

BHJ 
solvent JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

TQ1A 
a 

o-DCB 
0.94 43 0.34 0.13 

b 0.93 39 0.18 0.07 

TQ1-50A 
a 

o-DCB 
4.17 43 0.46 0.82 

b 3.37 43 0.41 0.59 

TQ1-20A 
a 

o-DCB 
3.95 46 0.58 1.06 

b 3.94 46 0.54 0.97 

TQ1P4 
a 

Anisole 
2.19 43 0.60 0.57 

b 1.53 36 0.47 0.26 

TQ1-50P4 
a 

Anisole 
4.23 54 0.59 1.33 

b 5.07 43 0.51 1.11 

TQ1-20P4 
a 

o-DCB 
5.67 47 0.65 1.75 

b 5.79 47 0.62 1.69 
 

 

 

Figure 4.7 Device characteristics as a function of tertiary amine (a-c) and pyridine content in the 
quinoxaline unit of polymers (d-f). 
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4.4.6. Active layer morphology 

To understand the reason of the low photovoltaic performance found in devices based on tertiary 

amine/pyridine-functionalized polymers, TQ1 with comparably low molecular weight (LMW) (Mn = 

10.8 kg/mol, PDI = 2.0) was synthesised and evaluated in BHJ devices incorporating PC61BM with 

the same device geometry (Table 4.4). The maximum PCE of OPV based on LMW-TQ1:PC61BM 

was found to be 2.55% (JSC = 5.77 mA/cm2, VOC = 0.85 V and FF = 52%), which is comparably lower 

than the high molecular weight counterpart.41 Hence, the low PCEs observed in amine/pyridine 

polymer based devices could be partly explained by the low molecular weight of our polymers.  

Table 4.4 Photovoltaic performance of BHJ OPVs based on low molecular TQ1 (LMW-TQ1) with PC61BM 
(D:A 1:2.5 weight ratio) blends with device structure of aITO/ZnO/BHJ/TPD/MoOX/Ag and 
bITO/ZnO/BHJ/MoOX/Ag. The mean values ± standard deviation from eight devices are shown in 
parentheses. 

Polymer Device 
structure 

BHJ 
solvent JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

LMW-TQ1 

a 

o-DCB 

5.25 
(4.98 ± 0.21) 

44 
(45 ± 1) 

0.88 
(0.88 ± 0.01) 

2.04 
(1.97 ± 0.07) 

b 
5.77 

(5.66 ± 0.17) 
52 

(51 ± 1) 
0.85 

(0.84 ± 0.02) 
2.55 

(2.43 ± 0.07) 

 

To further understand the lower photovoltaic performance of these functional polymers compared to 

their unfunctionalized counterpart TQ1, atomic force microscopy (AFM) was performed to investigate 

the surface topography of blend films with different donor polymers.  

The AFM image of TQ1A:PC61BM blend film (Figure 4.8a) reveals an extremely smooth surface with 

the root-mean-square roughness (Rq) value of only 0.5 nm, indicating highly miscible morphology. 

The lack of phase separation between donor-rich phase and acceptor-rich phase could be resulted 

from the strong interaction between tertiary amine and the fullerene,51 which could lead to high 

degree of charge recombination. In the case of lower content of tertiary amine, an increase in Rq 

was observed as well as more phase separated feature being indicated (Figure 4.8b,c).  

To further probe the extent of miscibility between amine-functionalized polymer with PC61BM, 

differential scanning calorimetry (DSC) was performed on amino polymer:PC61BM blends with 

different donor:acceptor (D:A) weight ratios and a TQ1:PC61BM blend as the reference(Figure 4.9). 

As amorphous polymers, TQ1, TQ1A and its derivatives do not exhibit melting behaviour before 

decomposing. The thermogram of TQ1:PC61BM (1:1) blend shows two endothermal peaks, which is 

attributed to the melting of PC61BM in the blend.55 Interestingly, no melting behaviour of fullerene 

could be observed in the case of TQ1-20A:PC61BM at 1:4 ratio. The results indicate strong interaction 
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between amino polymers with PC61BM or new complex forming51, and highly intermixed morphology 

of these blends even with small content of amine side groups in the polymer. In the case of TQ1-

50A:PC61BM blend with varied donor:acceptor ratio, only one melting peak with a small area can be 

observed upon the ratio decreased to 1:6. Furthermore, TQ1A:PC61BM blend do not exhibit the 

melting behaviour of PC61BM until the mass concentration of fullerene was increased to 88.9% (1:8 

ratio). This interesting results suggested that TQ1A was intimately mixed with PC61BM at the ratio 

used (1:2.5) to process active layer in OPVs, and possibly formed homogenous phase or new 

complex55, hence there was no pure PC61BM phase that could melt under the DSC measurement 

condition. A clear trend can be observed that the miscibility between amino polymer and PC61BM 

decreased with the lower content of tertiary amine in the polymers, agreeing with more phase 

separation indicated from Figure 4.8b and Figure 4.8c compared to Figure 4.8a. Therefore, the 

improved performance of amino polymer based OPVs observed with lower content of tertiary amine 

substituents could be explained by the enhanced phase separation between donor and acceptor. 

 

   

   

Figure 4.8 5 × 5 µM AFM images of (a) TQ1A:PC61BM, (b) TQ1-50A:PC61BM, (c) TQ1-20A:PC61BM, (d) 
TQ1P4:PC61BM, (e) TQ1-50P4:PC61BM and (f) TQ1-20P4:PC61BM films processed the same solution as 
device fabrication. 

The blend film containing TQ1P4 (Figure 4.8d) or TQ1-50P4 (Figure 4.8e) shows more phase 

separated morphology compared to TQ1A:PC61BM film, which could explain the improved 

photovoltaic performance upon the alteration of donor material from tertiary amine functionalized 

polymer to TQ1P4 and its analogues in the devices. The TQ1-20P4:PC61BM film exhibits smoother 

surface compared to other films containing pyridine polymers, resulting from different processing 

a c b 

Rq = 0.5 nm Rq = 0.8 nm Rq = 0.9 nm 

d e f 
Rq = 2.0 nm Rq = 2.2 nm Rq = 0.9 nm 
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solvent. However, the Rq of it is comparable with TQ1-20A:PC61BM film, indicating similar degree of 

phase seperation. Further evidence of the phase separation between TQ1-20P4 and PC61BM was  

revealed from the DSC result, which clearly shows melting behaviour of  PC61BM in the blend with 

D:A ratio of 1:2.5 (Figure 4.9). Photoluminescence quenching studies have also been perfomed to 

study the miscibility between the amine/pyridine functionalized polymer and PC61BM. However, 

completed quenching results were found for all systems with the D:A ratio of 1:2.5. Therefore, the 

high degree of miscibility between polar group functionalized polymer and fullerene derivative has to 

be overcome to achieve sufficient phase separation for OPV operation.   

 

 

 

Figure 4.9 DSC thermograms of amino polymer:PC61BM blends in varied weight ratios and TQ1:PC61BM 
(1:1) blend as the reference. DSC thermogram of TQ1-20P4:PC61BM in 1:2.5 weight ratio. 
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4.5. Conclusions 

Two series of p-type conjugated polymers were successfully synthesised incorporating tertiary amine 

and pyridine pendant groups. TQ1A, TQ1-50A, TQ1P4 and TQ1-50P4 showed outstanding 

switchable solubility in water/ethanol, indicating the potential of processing photoactive materials in 

an environmentally friendly way. The electrochemical properties of tertiary amine/pyridine-

functionalized polymers indicate the possibility of hole trapping in the case of amino polymers, and 

OPV devices based on TQ1A:PC61BM were found to have a PCE of 0.07%. TQ1A was also found 

to remarkably reduce the work function of anode interlayer MoO3, partly explaining the unsatisfactory 

performance of the inverted OPVs. On carefully passivating the BHJ-MoO3 interfaces with an 

additional TPD layer, the PCE was found to increase to 0.13% for TQ1A based OPV and 0.82% for 

TQ1-50A. The low performance of TQ1A based solar cells was also a result from the high miscibility 

of fullerene in the donor polymer. Hence, using non-fullerene acceptors is a potential method to 

overcome the high miscibility between amine functionalized donor polymer and accepter, and will be 

investigated in the future.  

Solar cells fabricated from TQ1P4:PC61BM achieved a maximum PCE of 0.57%, which was further 

increased to 1.33% for TQ1-50P4.  In this case, the phase separation is too large compared to 

optimal surface morphology, which could potentially be optimised in future to improve the 

photovoltaic performance. Moreover, further investigation is required to understand the device 

behaviour, such as studying the interface dipole in the donor:acceptor interfaces and the charge 

mobility is these amine/pyridine polymer based OPVs. OPVs based on lower content of 

functionalized group substituted polymers TQ1-20A and TQ1-20P4 offered highest efficiencies of 

1.06% and 1.71%, respectively, but their insolubility in ethanol or water impedes the continuous 

study for green solvent processed OPVs. It can be concluded that the ratio between polar 

substituents and hydrophobic alkyl groups need to be well balanced to achieve water/alcohol soluble 

p-type conjugated polymers as well as decent photovoltaic performance.  
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5. Chapter Five - Green Solvent Soluble 
Conjugated Polymers Based on Side Chain 
Modification with Tertiary Amine, Pyridine and 
Oligoethylene Glycol 

5.1. Introduction 

Recently, water-soluble conjugated polymers (WSCPs) based on side chain modification with tertiary 

amine or quaternary amine groups have been reported,1-2 which were successfully applied as green 

solvent processed electron transport layer (ETL)3 for efficient polymer solar cells. Meanwhile, 

conjugated polymers equipped with pyridine groups have been recently reported to be used as an 

alcohol processable cathode interface layer4 and donor polymer to form nanoparticles5 for OPVs. 

PCBM derivative modified with pyridine pendant groups has also been investigated, which improved 

the thermal stability of ternary blend BHJ layer in devices.6 Compared to tertiary amine side groups, 

pyridine exhibits slightly lower basicity and is an alternative candidature of substituents to design 

new water/alcohol soluble conjugated polymers based on side chain engineering.7-8 Furthermore, 

another possible candidate of side groups is oligoethylene glycol (OEG), conjugated polymer based 

on which was processed from ethanol to form active layer that achieved 0.75% of PCE.9 Until so far, 

most of the photoactive BHJ layers were still fabricated using harmful organic solvent,10 and the 

investigation of WSCPs serving as photoactive materials requires urgent development to fulfil the 

goal of green fabrication of OPVs.9  

In this chapter, more polymers that can be applied in green fabrication of OPVs are presented. A 

new polymer TQ1-5A was synthesised by reducing the content of amino side chains in the polymeric 

repeating unit to investigate the influence of amino content on the polymer properties, as compared 

to amino polymers presented in Chapter 4. The quinoxaline structure used in polymer TQ111 has 

also been modified by replacing the aliphatic solubilizing side chains with different tertiary amine side 

chain or alkyl chain that contains different pyridine pendant groups. Furthermore, OEG group was 

introduced as the solubilizing groups on quinoxaline unit, and a new polymer TQ-OEG was 

successfully synthesised by Stille coupling polymerisation. The optical and electrochemical 

properties as well as water/ethanol-solubility of new polymers were carefully studied and correlated 

to the properties of different functional groups. Interestingly, the OEG modified polymer presents low 

stiffness at room temperature, which could be potentially applied in flexible electronic device. 

More photovoltaic characterisation of OPVs based on amino polymer containing active layer has 

been presented in this chapter, showing inferior performance compared to the unfunctionalized 

counterpart on varied device structure.4 To further understand the influence of amino groups to the 

morphology of BHJ layer, which could be the reason of unsatisfactory performance, differential 
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scanning calorimetry (DSC) and atomic force microscopy (AFM) measurements were employed to 

study the donor-acceptor phase property. Furthermore, Fourier transform photocurrent spectroscopy 

(FTPS) measurement was performed to study the charge-transfer (CT) state energy in amino 

polymer based devices. 

The photovolatic properties of pyridine or OEG modified polymers were evaluated using PC61BM as 

the charge acceptor in aromatic solvent processed BHJ OPVs. The morphology of active layers has 

been investigated using AFM.  

In order to expand the application of tertiary amine functionalized polymers, electrochromic devices 

were fabricated that showed electro-switching property between intensive blue colour in the neutral 

state and transmissive yellow in the oxidized state. A methanol processed amino polymer device 

displayed fastest response times at the high switching speed, showing the potential of using green 

solvent in the preparation of electrochromic devices.  

Based on manipulating the donor-accepter (D-A) approach, wide bandgap conjugated polymers 

were synthesised using tertiary amine functionalized quinoxaline moiety and fluorene units, which 

are potential ethanol processable interface materials. The quaternization of tertiary amine modified 

polymer offered a new ammonium-functionalized derivative, which was evaluated as a cathode 

interlayer in OPVs.  

The amine, pyridine or OEG functionalized polymers presented water/alcohol processibility, which 

could realise the green fabrication of interfacial layer and photoactive layer for OPVs without using 

harmful solvent upon incorporating with appropriate water/alcohol soluble accepter materials in 

future.  
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5.2. Materials synthesis 

5.2.1. Amino polymers 

 

Scheme 5.1 Synthesis rout of polymer TQ1-5A and TQ6A.  

The synthesis procedure of polymer TQ1-5A and TQ6A is shown in Scheme 5.1. Polymer TQ1-5A 

was synthesised by Stille coupling copolymerisation from monomer 4-6, 5,8-dibromo-2,3-bis(3-

(octyloxy)phenyl)quinoxaline and 2,5-bis(trimethylstannyl)thiophene following the similar procedure 

described in Chapter 4. Polymer TQ6A was polymerised via Stille coupling from monomer 5,8-

dibromo-2,3-bis(3-(diethylamino)hexyloxy)phenyl)quinoxaline (5-1) and 2,5-bis(trimethylstannyl) 

thiophene. During the purification step, polymer TQ6A was found to have limited solubility in CHCl3, 

but most of it can be dissolved well in methanol. It was assumed that polymer could be protonated 

post polymerisation and an additional washing with KOH aqueous solution was performed to the 

methanol solution of TQ6A. However, this washing step did not completely change the solubility of 

TQ6A in chloroform and concentrated TQ6A solution precipitated into hexane resulted in extremely 

fine particles, which was impossible to filter for the collection of the polymer solid. After purification, 

the methanol soluble fraction of the polymer was collected by evaporating solvent. Dark blue/black 

polymer was obtained after drying in a vacuum oven at r.t. overnight. The detailed synthesis 

procedure can be found In Appendix A. 

 

 

 

5.2.2. Pyridine and OEG polymers 
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Scheme 5.2 Synthesis route of polymer TQ1P3 and TQ-OEG. 

The synthesis procedure of targeting polymer TQ1P3 and TQ-OEG is shown in Scheme 5.2. 

Compound 5-2 was synthesised from 3-pyridinepropanol by reacting with HBr under reflux overnight. 

Similarly to 4-(3-bromopropyl)pyridine presented in Chapter 4, 3-(3-bromopropyl)pyridine was also 

intrinsically unstable and protonation of the compound with HBr was necessary to be able to isolate 

the compounds for the next alkylation step. It is worth to note here that the trial of the Williamson 

etherification between compound 4-4 and 5-2 could not afford the target compound. Hence, the 

Williamson etherification between compound 4-7 and 5-2 was performed, offering TQ1P3 monomer 

compound 5-3. The monomer 5-3 was copolymerised with 2,5-bis(trimethylstannyl)thiophene via 

Stille coupling copolymerisation, to afford polymer TQ1P3. Polymer TQ-OEG was synthesised by 

Stille coupling from quinoxaline monomer 5-4 with OEG side groups and 2,5-

bis(trimethylstannyl)thiophene. The detailed synthesis procedure can be found in Appendix A. 
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5.2.3. Influence of solvent polarity on molecular weight of pyridine functionalized 
polymer. 

To achieve high performing p-type conjugated polymer, molecular weight of it is very important, 

which has direct influence on the polymer bandgap and charge transfer property.12 It has been 

discussed in Chapter 4, that using pure toluene as the polymerisation solvent for TQ1P4 led to 

significant amount of aggregates. Hence, different solvents were utilised in the Stille Coupling 

polymerisation to study their influence on molecular weight of pyridine functionalized polymer.  

The polymerisation solvent used to synthesis TQ1P4 was initially chosen as toluene, which is most 

commonly used reaction solvent in Stille Coupling.13 However, the first batch polymerisation yielded 

large amounts of precipitated solids in the reaction mixture. The undissolved solid was proven to be 

polymer TQ1P4, which has bad solubility in commonly used solvent with low polarity, i.e. toluene. 

After the solubility test performed with different solvent, it was found that TQ1P4 has relatively good 

solubility in anisole and DMF, which exhibit higher polarity compared to toluene. However, the 

synthesis of TQ1P4 with anisole as solvent still resulted in material precipitating, which hindered 

continuous growth of the polymer chain in the solvent environment. It has been reported that using 

a blend solvent containing DMF could accelerate the Stille polymerisation.14 Therefore a solvent 

mixture with toluene:DMF 1:1 volume ratio was utilised to increase the polarity of reaction 

environment for the synthesis of polymer TQ1P4 and TQ1P3. The three batches of TQ1P4 

synthesised using different solvents were characterised through size exclusion chromatography 

(SEC), showing that higher molecular weight was achieved using toluene:DMF (1:1) mixture (Table 
5.1). 

Table 5.1 Molecular weight of TQ1P4 synthesised in different solvent. 

TQ1P4 Mn (kg/mol) Mw (kg/mol) PDI 

Batch 1: Toluene 6.23 16.34 2.62 

Batch 2: Anisole 8.26 17.74 2.15 

Batch 3: Toluene:DMF 1:1 9.61 26.27 2.73 

 

UV-vis and cyclic voltammetry (CV) was performed to compare the energy level difference of the 

three batches of TQ1P4. The UV-vis spectra of the polymers are presented in Figure 5.1 and Figure 
5.2 shows the cyclic voltammograms of the batch 1 and batch 3 TQ1P4. The batch 2 and 3 show a 

slightly red-shifted absorption spectra and higher intensity of the peaks in the long wavelength region 

compared to the batch 1, indicating longer conjugated length was achieved in the batch 2 and 3. The 

bandgap estimated by CV shows that batch 3 has lower bandgap compared to batch 1. The UV-vis 
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and CV results agree with the molecular weight results (Table 5.1), suggesting that using the solvent 

mixture of toluene:DMF could offer higher molecular weight of conjugated polymers containing polar 

side groups. 

 

Figure 5.1 Normalized UV-vis absorption spectra of TQ1P4 synthesised with different solvent. 

  

Figure 5.2 Cyclic voltammograms of the two batches of TQ1P4. 

Based on the formula 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  −(𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 5.13) 𝑒𝑒𝑒𝑒,𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  −(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 5.13) 𝑒𝑒𝑒𝑒 , HOMO and 

LUMO level energy of the two batches TQ1P4 were estimated and presented in Table 5.2. 

Table 5.2 Electrochemical properties of the polymers. EgCV was calculated by ELUMO - EHOMO. 

Polymers 𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (V) 𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (V) EHOMO (eV) ELUMO (eV) Eg
CV (eV) 

TQ1P4-batch 1 0.47 -1.28 -5.60 -3.85 1.75 

TQ1P4-batch 3 0.49 -1.22 -5.62 -3.91 1.71 
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5.3. Material characterisation 

5.3.1. Optical and electrochemical properties 

The UV-vis spectra of TQ1-5A, TQ6A, TQ1P3 and TQ-OEG films are shown in Figure 5.3, with TQ1 

film as the reference. Compared to unfunctionalized polymer TQ1, near-identical UV-vis absorption 

properties were suggested in the case of TQ1-5A, indicating that the modification of side groups with 

5% tertiary amine did not affect the conjugation of the polymer backbone. The long wavelength peak 

is attributed to the localized intramolecular charge transfer between thiophene moieties and 

quinoxaline units in the polymer backbone, while the short wavelength peak owing to the delocalized 

π-π* transitions.15 Compared to TQ1 and TQ1-5A, TQ1P3 film showed decreased relative absorption 

intensity in low-energy region than that in high-energy area, indicating that compared to octyl side 

groups, the pyridine side groups slightly weakened the electron-withdrawing property of quinoxaline 

units.16 The TQ6A film was found to show intense absorption in the high energy region, which could 

be a result from the low molecular weight oligomers that cannot be removed during the purification 

post polymerisation. In the case of TQ-OEG, bathochromic shift of the absorption spectrum is found 

compared to TQ1, and slight vibronic peaks is observed at high wavelength region as well as a 

feature near the absorption onset, indicating some degree of aggregation and ordering of TQ-OEG 

in the solid state. 

The photophysical characteristics of these functional polymers are listed in Table 5.3. The optical 

bandgap (Egopt) of the polymers is determined by its absorption spectrum in the solid state. The Egopt 

is calculated by the formula 𝐸𝐸𝑔𝑔
𝑜𝑜𝑜𝑜𝑜𝑜 = ℎ𝑐𝑐/𝜆𝜆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, in which h is the Planck constant, c is the speed of 

light in vacuum and λonset is the wavelength of the onset absorption at low-energy region in the solid 

state.  
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Figure 5.3 Normalized UV-vis absorption of polymers as thin films.  

It can be concluded from the UV-vis data that introducing pyridine or OEG side groups to thiophene-

quinoxaline based polymer did not result in the blue-shifted absorption onset, i.e. increase of the 

optical bandgap. 

Table 5.3 Optical characteristics of polymers. 

Polymers λmax (nm) λonset (nm) Eg
opt (eV) 

TQ1-5A 362  614 717 1.73 

TQ1P3 361  615 725 1.72 

TQ6A 602 715 1.73 

TQ-OEG 364  646 769 1.68 

TQ1 361  618 711 1.75 

 

HOMO and LUMO energy levels of TQ1-5A and TQ6A were estimated from the oxidation and 

reduction onset potential of polymers, respectively, from the cyclic voltammetry (CV) measurements, 

and are shown in Table 5.4.  
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Table 5.4 Electrochemical properties of TQ1-5A and TQ6A. EgCV was calculated by ELUMO – EHOMO. 

Polymers 𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (V) 𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (V) EHOMO (eV) ELUMO (eV) Eg
CV (eV) 

TQ1-5A 0.42 -1.30 -5.55 -3.83 1.72 

TQ6A 0.48 -1.16 -5.58 -3.97 1.73 

 

5.3.2. Solubility in green solvents 

Due to the low content of functionalized tertiary amine groups in polymer TQ1-5A, this polymer did 

not show any solubility in acidified water/ethanol as compared to TQ1A (Chapter 4). It is interesting 

to find that polymer TQ6A can be dissolved in methanol and benzyl alcohol in the neutral state. 

TQ1P3 can be protonated by formic acid to offer conjugated polyelectrolytes and TQ1P3-FA , which 

is soluble in water, methanol (MeOH) and ethanol (EtOH), while the large OEG side groups endows 

the polymer TQ-OEG being soluble in methanol and ethanol without introducing any acid. Figure 
5.4 presents the UV-vis absorption spectra of TQ6A, TQ1P3 and TQ-OEG in different solvents and 

in the solid states. Compared to the TQ6A solution, the long wavelength absorption bands were 

enhanced and red-shifted in the solid state (spin-coated from 10 mg/mL methanol solution), which 

is attributed to the higher intermolecular interaction in the solid film. The absorption bands of TQ1P3 

film were enhanced and red-shifted in the long wavelength region compared to the chloroform and 

o-DCB solution, which was a result from the higher intermolecular interaction in the solid state. Red-

shifted absorption spectra was also found in the alcohol/water solution of TQ1P3-FA compared to 

TQ1P3 in chlorinated solvent, indicating multichain aggregation or solvatochromic effects caused by 

polar solvent.1 The light absorption properties of TQ1P3 in different conditions is similar to that of 

TQ1P4 (presented in Chapter 4), indicating no influence on the conjugation using different 

substituent positions on pyridine rings. The room temperature TQ-OEG ethanol solution exhibits 

similar feature near the long-wavelength absorption onset as the film, while this feature is absent in 

methanol solution, indicating some aggregation formed in the case of using ethanol as the solvent. 

Hence, varied temperature (25 °C to 75 °C) UV-vis study was performed on TQ-OEG ethanol solution 

and the corresponding UV-vis spectra are shown in Figure 5.4d. Blue shifted absorption spectrum 

can be clearly observed when the temperature was increased, revealing the suppression of 

aggregation upon heating. 

The green solvent solubility found from these polymers makes them very promising for the 

application in environment-friendly fabrication of OPVs. 
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Figure 5.4 (a) Normalized UV-vis absorption spectra of (a) TQ6A, (b) TQ1P3 and (c) TQ-OEG in different 
condition. (d) Normalized UV-vis absorption profiles of TQ-OEG EtOH solution at varied temperatures. 
The photo images next to the UV-vis spectra present polymer solutions. 

5.3.3. Thermal stability and property 

Thermal stability of active materials is crucial to achieve thermally stable OPVs, which could reach 

temperature of 85 °C in working condition.17 Hence, the thermal stability of tertiary amine, pyridine 

and OEG functionalized polymers was evaluated using TGA under nitrogen gas flow. The 

temperatures which polymers underwent 1% weight loss and 5% weight loss are listed in Table 5.5 

(including polymers presented in Chapter 4). It can be observed TQ-OEG exhibit 1% weight loss at 

137 °C and started major degradation at 340 °C. The weight loss at low temperature could be 

explained by the thermocleavable property of the OEG side groups.18 Considering 5% weight loss 

temperature to be the start of the main degradation, all polymers exhibit ideal thermal stability to 

meet the requirement for OPV operating condition (85°C)19. 
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Table 5.5 Thermal stability of amine, pyridine and OEG containing polymers. 

TGA TQ1A TQ1-50A TQ1-20A TQ1-5A TQ1P4 TQ1P3 TQ-OEG 

1% weight 
loss (°C) 133 279 338 347 340 381 137 

3% weight 
loss (°C) 359 346 409 417 401 417 340 

 

To further investigate the thermal property of TQ-OEG, dynamic mechanical thermal analysis 

(DMTA) was performed using the sample preparation technique described elsewhere.20 The DMTA 

temperature scan of TQ-OEG coated on the glass fibre mesh is shown in Figure 5.5a, and the DMTA 

scan of TQ1 is shown is Figure 5.5b as a comparison. A broad tan 𝛿𝛿 peak was observed at -25 °C 

accompanied by a remarkable storage modulus (E’) over one order of magnitude in TQ-OEG 

sample, which could be attributed to the β transition of TQ-OEG. Since TQ-OEG is equipped with 

very large OEG groups, the relaxation of OEG groups could affect the stiffness of polymer to a great 

extent. A prominent tan 𝛿𝛿 peak was found at 60 °C, which is primarily attributed to the glass transition 

(Tg) of polymer. Due to the continuous decrease of the sample stiffness, the TQ-OEG coated glass 

fibre mesh fell apart at 104 °C during the measurement. It was suspected that TQ-OEG was in the 

viscous flow state beyond 104 °C; however, the differential scanning calorimetry (DSC) analysis of 

TQ-OEG did not show any thermal transition signal. Differently, the DMTA measurement of TQ1 

could probe the thermomechanical properties of it until ~300 °C, further proves the low stiffness of 

TQ-OEG in nature. There are two tan 𝛿𝛿 peaks can be observed from the DMTA scan the TQ1 below 

200 °C, which are attributed to the beta transition (10 °C) and glass transition (95 °C) of TQ1.20 The 

DMTA result reveals that the OEG functionalized polymer has low stiffness at room temperature, 

indicating the potential to apply TQ-OEG in flexible electronic device.  

  

Figure 5.5 DMTA temperature scans of (a) TQ-OEG and (b) TQ1. 
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5.4. Photovoltaic performance of amino polymers 

In order to evaluate the photovoltaic performance of TQ1A processed from green solvent, a 

water/alcohol soluble fullerene derivative, namely PCBDAN21 was introduced and the structure is 

shown in Figure 5.6. Amine-functionalized PCBDAN has been reported to form a self-assembled 

cathode interface layer22 and also been applied as an electron-acceptor with P3HT donor, which 

achieved PCE of 3.1%23. However, the reported OPVs still consisted of active layers fabricated from 

halogenated solvents, which is divergent to the purpose of structure modification with water/alcohol 

solubilizing amine groups. 

O

O
N

N

 

Figure 5.6 Chemical structure of PCBDAN.  

Inverted devices with the structure of ITO/ZnO/BHJ/MoOX/Ag were fabricated using ethanol with 

acetic acid (3%) to process the TQ1A:PCBDAN active layer. Disappointingly, the solar cells 

fabricated with ethanol processed BHJ layer did not show any photovoltaic response. One of the 

possible reasons could be the ester bond in the molecular structure of PCBDAN being hydrolysed 

in acidic condition. The BHJ film showed high degree of visible aggregations, indicating the 

deteriorated morphology of the active layer. To circumvent the problem of inferior morphology in 

active layer, OPVs were subsequently fabricated with TQ1A:PCBDAN active layer processed from 

o-DCB solution. The o-DCB processed device only showed 0.02% of PCE, which is far below the 

efficiency of TQ1:PC61BM based devices.  

To exclude the interference introduced by PCBDAN and to study the influence of amino groups 

attached to donor polymer on OPVs, PC61BM or PC71BM was subsequently used as the acceptor to 

fabricate BHJ devices with TQ1A using chlorinated solvents. Meanwhile, ternary-blend active layer 

consisting TQ1:TQ1A:PCBM (4:1:12.5 weight ratio) was evaluated to investigate if amine groups 

can form charge-trap sites.24 To avoid any unwanted interaction between amine groups and interface 

layers, different buffer layer materials were introduced, including TPD,25 PEI,26-27 PEIE27-28 and C60 

in both the inverted geometry and conventional structure.  

Photovoltaic characteristics of amino polymer based OPVs are listed in Table 5.6 and different 

device structures (described below Table 5.6) were employed to optimise the device configuration, 

aiming to improve the performance.  
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Table 5.6 Photovoltaic performance of TQ1A:PCBM (1:2.5) BHJ solar cells and TQ1:TQ1A:PCBM 
(4:1:12.5) BHJ solar cells. 

Active layer JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

TQ1A:PC61BMa 0.91 39 0.19 0.07 

TQ1A:PC61BMb 2.20 45 0.36 0.30 

TQ1A:PC61BMc 1.56 45 0.33 0.23 

TQ1A:PC61BMd 1.40 45 0.30 0.19 

TQ1A:PC61BMe 1.53 41 0.39 0.25 

TQ1A:PC61BMf 1.47 43 0.34 0.22 

TQ1A:PC71BMd 1.65 41 0.40 0.27 

TQ1A:PC71BMg 1.78 40 0.50 0.35 

TQ1A:PC71BMh 1.83 42 0.49 0.38 

TQ1:TQ1A:PC71BMa 4.71 54 0.70 1.79 

TQ1:TQ1A:PC71BMb 4.02 57 0.78 1.76 

TQ1:TQ1A:PC71BMc 4.68 52 0.73 1.78 

TQ1:TQ1A:PC71BMd 4.64 54 0.78 1.95 
o-DCB as BHJ processing solvent; Device architecture: aITO/ZnO/BHJ/MoOx/Ag, 
bITO/ZnO/BHJ/TPD/MoOx/Ag, cITO/ZnO/PEI/BHJ/TPD/MoOx/Ag, 
dITO/ZnO/PEIE/BHJ/TPD/MoOx/Ag, eITO/MoOx/BHJ/LiF/Al, fITO/MoOx/TPD/BHJ/LiF/Al, 
gITO/MoOx/BHJ/C60/LiF/Al, hITO/MoOx/TPD/BHJ/LiF/Al. 

Though lots of efforts have been put in the device engineering, maximum PCE value of 0.38% was 

achieved from OPV based on TQ1A:PC71BM active layer and 0.30% in the case of TQ1A:PC61BM. 

The devices with TQ1A as the sole donor all showed very poor JSC and VOC. However, the devices 

containing ternary blend with 20% of TQ1A achieved approximate 2% of PCE, accompanying with 

VOC of 0.78 V, which is comparable to TQ1:PCBM devices.16 Therefore, the low PCE of 

TQ1:TQ1A:PCBM based OPVs was mainly driven by the low JSC, which could be a result from the 

undesirable morphology of active layer.29 

Further device engineering was carried out by utilising Poly(9-vinylcarbazole) (PVK), which has been 

reported as a hole-transporting and electron-blocking material.30 The introduction of PVK is to avoid 

the direct interaction between amine groups and MoOx, which could otherwise reduce the work 

function of the anode interface.28, 31 To have a direct comparison of OPVs based on TQ1 and TQ1A, 

conventional solar cells with TQ1:PC61BM and TQ1A:PC61BM active layer were fabricated 

respectively, with the same geometry using a thin layer of PVK in between the BHJ layer and 

underlying MoOX. Compared to TQ1 based device, OPV with TQ1A as the donor material still 

presented very low PCE of only 0.32% (Table 5.7). 
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Table 5.7 Device characteristics of TQ1A:PC61BM (1:2.5) BHJ layer solar cells and TQ1:PC61BM (1:2.5) 
BHJ solar cells. 

Active layer JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

TQ1A:PC61BM 1.98 39 0.40 0.32 

TQ1:PC61BM 2.60 54 0.82 1.17 
o-DCB as BHJ processing solvent; Device architecture ITO/MoOx/PVK/BHJ/LiF/Al 

Furthermore, ternary blends consisting TQ1:TQ1A:PC61BM with different loading of TQ1A were 

processed as active layers respectively in the inverted OPVs to evaluate their photovoltaic 

performance as a function of TQ1A content. The representative J-V curves are shown in Figure 5.7. 

It can be observed that both JSC and VOC showed the trend of decrease with the increase of TQ1A 

content in the ternary blend. However, with 10% of TQ1A content in the active layer, effective 

photovoltaic response with the PCE of 1.23% was achieved, which is inconsistent with the results 

reported from p-type conjugated polymers modified by amino groups.24 

 

Figure 5.7 J-V curves of TQ1:PC61BM device (black line), TQ1A:PC61BM device (green line) and 
TQ1:TQ1A:PC61BM devices with different load of TQ1A in the active layers. 

To investigate the reason of insufficient photovoltaic performance in TQ1A containing organic solar 

cells, different characterisation was performed. 

5.4.1. Miscibility of the polymers and PC61BM 

Amine containing materials have been reported to increase the intermixing between TQ1 and 

PCBM,6 and DSC results presented in Chapter 4 showed TQ1A was intimately mixed with PCBM. 

To investigate the miscibility between PCBM with TQ1-5A, which is only equipped with 5% amino 
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side chains, DSC measurements were performed on TQ1-5A:PCBM blend as well as TQ1:PCBM 

as the reference. The DSC thermograms are shown in Figure 5.8. 

  

 

Figure 5.8 DSC thermograms of TQ1-5A:PC61BM blends in varied weight ratios and TQ1:PC61BM (1:1) 
blend as the reference. A plot showing the critical mass percentage of PC61BM in the blend above 
which the melting peak of PC61BM could be observed as a function of molar percentage of amino 
groups in the polymer structure (The DSC data of other amino polymers can be found in Chapter 4). 

Interestingly, no melting behaviour of fullerene could be observed in the case of TQ1-5A:PC61BM at 

1:2 weight ratio, indicating that even a small number of amino side groups in the polymer can 

introduce strong interaction between the polymer and PC61BM. The miscibility between amine-

functionalized polymer and PC61BM was found to increase with the increased amount of tertiary 

amine in the polymer structure. The high extent of miscibility between TQ1A and PCBM (presented 

in Chapter 4) could partially explain the low photovoltaic performance presented in the TQ1A based 

OPVs, as the phase separation between donor and acceptor is essential for charge separation.32 

5.4.2. Morphology 

The DSC results showed the highly intermixed behaviour between amine-functionalized polymer and 

PCBM. To further understand the surface property of amine containing photoactive layer, atomic 

force microscopy (AFM) measurement was performed on binary blend systems containing amine-

functionalized materials processed from different solvents as well as unfunctionalized TQ1:PC61BM 
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films as the references. The AFM topographical images of the measured films are shown in Figure 
5.9. 

Modifying the BHJ processing solvent and using co-solvent/additive have been known to be an effect 

way to modify the active layer morphology.33-35 Since chloroform and o-DCB are among the most 

commonly used solvents for conjugated materials due to their good solubility in these solvents, the 

films for AFM study were spin-coated from chloroform and o-DCB solutions, respectively. In the case 

of chloroform being used as the processing solvent, large domain features or phase separation were 

suggested from both TQ1:PC61BM and TQ1A:PC61BM surface topographical images. In contrast, 

finer interpenetrating or more intermixed morphology was obtained from o-DCB processed 

TQ1A:PC61BM film compared to the TQ1 counterpart, indicating insufficient phase separation for 

efficient exciton dissociation,36 and the results are in accordance with the DSC results. Moreover, 

when PC61BM was replaced with PCBDAN in the blend, aggregation (bright spots on AFM images) 

appeared on the sample surface either processed from chloroform or o-DCB, which could be resulted 

from the inferior solubility of PCBDAN in chlorinated solvent compared to PC61BM. The results from 

the AFM study indicated that chloroform results in large phase separation in TQ1A:PC61BM film 

morphology while too fine intermixing in the case of processing from o-DCB. 
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Figure 5.9 AFM topographical images (5×5 µm) of different polymer:acceptor (1:2.5 weight ratio) blend 
spin coated from chloroform and o-DCB. 

TQ1:PC61BM (o-DCB) TQ1A:PC61BM (o-DCB) 

TQ1:PCBDAN (o-DCB) TQ1A:PCBDAN (o-DCB) 

TQ1:PC61BM (CHCl3) TQ1A:PC61BM (CHCl3) 

TQ1:PCBDAN (CHCl3) TQ1A:PCBDAN (CHCl3) 
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Finely intermixed morphology with nanoscale phase separation is known to be essential for high 

performing OPVs,29 therefore, solvent vapour (SV) annealing37 was introduced to amino polymer 

containing films that were deposited using o-DCB to study if nanoscale phase separation could be 

achieved. 

The SV annealing experiment was performed by putting the polymer:fullerene films separately in a 

closed chamber with saturated chloroform vapour. During SV annealing, all films were kept in a 

closed desiccator for 2 hours, then dried in a vacuum oven at r.t. overnight before AFM 

measurement. AFM topographical images of SV annealed films are shown in Figure 5.10. The 

TQ1:PC61BM film (Figure 5.10a) showed the formation of large aggregation (bright spot at top-left 

corner) after SV annealing. Compared to the TQ1:PC61BM film, gross phase separation was 

revealed from the topographical images of amine-functionalized polymer based films. Large gaps 

between disconnected materials was suggested from Figure 5.10b&c, forming deteriorated film 

morphology. The SV annealed TQ1A:PC61BM film (Figure 5.10d) presented massive material 

agglomeration and pinhole formation on the surface. This SV annealing experiment turned out to be 

unsuccessful, as macroscale phase separation was observed instead of nanoscale. 

     

Figure 5.10 2x2 µm AFM topographical images from solvent vapour annealed films of (a) TQ1:PC61BM, 
(b) TQ1-20A:PC61BM, (c) TQ1-50A:PC61BM and (d) TQ1A:PC61BM, respectively. 

5.4.3. Surface energy 

It is presented in the device characteristics that using a thin layer of TPD in the inverted device 

structure could slightly improve the JSC and VOC, which was assumed to be the suppression of 

unwanted interaction between tertiary amine and MoOX. Since the tertiary amine side groups in 

TQ1A significantly improved the hydrophilicity of the conjugated polymer compared to TQ1, which 

only substituted with hydrophobic alkyl side groups. Contact angle measurements were carried out 

to understand the distribution of amino materials on the top surface of the blend film, which is in 

direct contact with a hole transport layer in an inverted OPVs. 

From the result of contact angle measurement (Table 5.8), it can be found that the contact angle of 

the blend film TQ1A:PC61BM is nearly identical compared to the value of neat TQ1A film, revealing 

high content of TQ1A on the top surface post spin-coating. Hence, in a conventional device structure, 

TQ1A has high possibility to interact with a cathode, which would induce an electron extraction 

barrier and further reduce the built-in electric field. In the inverted devices based on TQ1A:PCBM, 

b c d a 
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tertiary amine groups could interact with the MoOx layer and reduce the work function of anode 

interface (presented in Chapter 4).  

Table 5.8 Contact angle (water) results of neat and blend films on ITO coated glass. 

Pure film Contact angle (°) Blend film Contact angle (°) 

TQ1 83 TQ1:PC61BM 83 

TQ1A 60 TQ1A:PC61BM 60 

PC61BM 78 TQ1:PCBDAN 82 

PCBDAN 69 TQ1A:PCBDAN 66 

 

The results from contact angle measurements of blend films are accordant with the device results 

that using a TPD as a passivation layer, slightly improved photovoltaic performance was achieved. 

In the case of TQ1:PC61BM film, no clear conclusion could be draw due to the relatively similar 

surface energy between TQ1 and PC61BM, while TQ1A:PCBDAN films shows higher hydrophilicity 

compared to films without amine-functionalized groups. Furthermore, TQ1:PCBDAN film shows high 

content of TQ1 on the top surface, indicating high content of PCBDAN underneath, which is agreeing 

with the reported self-organization behaviour of PCBDAN.22 

Because of the property of amino side chains, the molecular weights of tertiary amine functionalized 

polymers could not be detected by size exclusion chromatography (SEC) (explanation can be found 

in Chapter 4). Hence, the influence on the photovoltaic performance introduced by different 

molecular weight cannot be studied. 

5.4.4. Energy losses 

Excessively intermixed morphology revealed from experimental results descried above could 

possibly lead to more charge recombination, explaining low short-circuit current in TQ1A:PCBM 

based OPVs compared to TQ1:PCBM counterpart. But the origin of low VOC in the amino material 

containing OPVs cannot be simply imputed to the undesirable active layer morphology. Since 

charge-transfer (CT) state energy determines the value of VOC38-39, highly sensitive EQE 

measurements by Fourier transform photocurrent spectroscopy (FTPS)40 was performed to estimate 

the energy of CT state (ECT) according to Marcus theory, as shown in eq 1.41  

𝐸𝐸𝐸𝐸𝐸𝐸(𝐸𝐸) =
𝑓𝑓

𝐸𝐸√4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
exp �

−(𝐸𝐸𝐶𝐶𝐶𝐶 + 𝜆𝜆 − 𝐸𝐸)2

4𝜆𝜆𝜆𝜆𝜆𝜆
�                      (1) 
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where f is the oscillator strength, proportional to the D/A (CT state) interface area and the D/A 

interaction strength; λ is a reorganisation energy associated with CT absorption process; k is the 

Boltzmann constant and T is absolute temperature.  

Through fitting the EQE-FTPS curve (Figure 5.11) in the sub-bandgap region, ECT, λ and f of different 

binary blend system were extracted and listed in Table 5.9.  

 

Figure 5.11 EQE-FTPS for inverted solar cells with different active layer. The amino containing device 
used TPD in between the active layer and MoOX. 

Table 5.9 Parameters extracted by fitting the sub-bandgap EQE-FTPS curves with Marcus theory. 

Parameters TQ1:PC61BM TQ1:PCBDAN TQ1A:PC61BM TQ1A:PCBDAN 

ECT (eV) 1.472 1.465 1.439 1.425 

λ (eV) 0.392 0.491 0.334 0.382 

f (eV) 0.020 0.055 0.006 0.012 

 

Since ECT of TQ1A:PC61BM based device extracted through the fitting is similar to that of 

TQ1:PC61BM reference device, the voltage loss must be associated with charge recombination. 

Furthermore, the work function of the eletrodes are easily modified by amine-functionalized 

polymer,28 the weak built-in field and strong diffusion losses are most likely to be the reason for the 

low VOC. The other reasons of the weak photovolatic effect observed in amino active material based 

OPVs are still not clear and under investigation. 
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5.5. Photovoltaic performance of TQ1P3 and TQ-OEG 

To evaluate the photovoltaic performance of donor polymer modified with pyridine/OEG side chains, 

TQ1P3 and TQ-OEG were tested with PC61BM as an acceptor, from which the blend was processed 

using organic solvent anisole and o-DCB, respectively. To reduce any unwanted interaction between 

pyridine groups and MoO3 interface, N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-benzidine (TPD)25 

was utilised as a hole transport and buffer layer between BHJ and MoO3 interlayer. An inverted 

device structure of ITO/ZnO/BHJ/TPD/MoO3/Ag or ITO/ZnO/BHJ/MoO3/Ag was used in the device 

fabrication for the evaluation of the functionalized polymers. 

It was observed that the introduction of the TPD buffer layer in the TQ1P3 based OPVs only slightly 

improved the device performance, and the effect of TPD was comparably lower that in the TQ1P4 

based devices (presented in Chapter 4). The similar PCEs achieved in the TQ1P3 devices with and 

without introducing TPD could be explained by the reduced interaction between nitrogen groups and 

MoO3 in the case of the meta-substituent pyridine compared to the para-substituent one. Since the 

meta-position substituent could result in the delocalization of the lone-pair electrons on the nitrogen 

as well as create more steric hindrance.  

The devices based on TQ-OEG:PC61BM BHJ layer achieved higher PCE (0.51%) compared to the 

TQ1P3 based devices (PCE of 0.41%) using the same geometry, showing the potential of side chain 

engineering with OEG side groups on different polymer backbone. 

Table 5.10 Photovoltaic performance of BHJ OPVs based on Donor polymer:PC61BM (1:2.5 weight ratio) 
blends with device structure of aITO/ZnO/BHJ/TPD/MoO3/Ag and bITO/ZnO/BHJ/MoO3/Ag. 

BHJ 
Device 

structure 
JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

TQ1P3:PC61BM 
a 

2.17 
(2.12 ± 0.07) 

49 
(48 ± 2) 

0.46 
(0.46 ± 0.00) 

0.49 
(0.47 ± 0.01) 

b 
2.05 

(1.98 ± 0.04) 
48 

(48 ± 1) 
0.42 

(0.42 ± 0.00) 
0.41 

(0.40 ± 0.01) 

TQ-OEG:PC61BM b 
1.87 

(1.54 ± 0.15) 
46 

(45 ± 1) 
0.59 

(0.60 ± 0.01) 
0.51 

(0.42 ± 0.04) 

 

To study the active layer morphology containing functional donor polymers, atomic force microscopy 

(AFM) was performed on films spin-coated from the same solutions used for device fabrication. 

Figure 5.8a shows the AFM topographical image of TQ1P3:PC61BM, revealing smooth surface with 

a root-mean-squared roughness (Rq) of 1.71 nm. Whereas, the TQ-OEG:PC61BM film exhibits large 

phase separation (Figure 5.8b), and highly rough surface with Rq of one magnitude higher than that 
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of the TQ1P3 counterpart. The gross phase separation observed in film containing TQ-OEG could 

be a result from the low miscibility between TQ-OEG and PCBM induced by different surface energy, 

since OEG side groups endows highly hydrophilic property of TQ-OEG as opposing to the 

hydrophobic PCBM.  

 

 

 

Figure 5.12 5×5 µm AFM images of (a) TQ1P3:PC61BM film processed from anisole and (b) TQ-
OEG:PC61BM film processed from o-DCB. 

5.6. Electrochromic Properties of amino polymers 

Conjugated polymers are candidates for electrochromic switching applications, such as camouflage 

and smart windows.42-43 It has been reported that TQ1 film shows excellent electrochromic switching 

performance from dark blue in the reduced state to transmissive yellow upon oxidation.42 As 

described above, TQ1A and its derivatives exhibit low oxidation potentials and solution processibility, 

which are essential requirements for electrochromic application.44 To investigate the optical 

switching properties of TQ1A and its derivatives, electrochemical and spectroelectrochemical 

measurements have been performed. Chloroform and a green solvent, methanol with formic acid 

were used respectively to spray coat TQ1A and TQ1-50A films while TQ1-20A and TQ1-5A were 

processed from chloroform only. In the case of methanol with a small amount of formic acid being 

used for processing, the formed films were annealed at 130 °C to deprotonate amine and regenerate 

neutral polymers. 

5.6.1. Spectroelectrochemistry 

Spectroelectrochemistry of amino polymers (Figure 5.13) shows that all polymers switched from a 

neutral state to a transmissive oxidized state. Upon +1 V vs. Ag/Ag+ applied potential, the colour of 

all polymer films were switched from intensive blue to faint yellow. With the increase of the applied 

a b Rq = 1.71 nm Rq = 15.3 nm 
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potential, the oxidized polymers showed the depletion of the original absorption peaks in the low 

energy region, which is associated with the new polarons forming in the near infra-red (NIR) region. 

The new charge carriers prompt the formation of quinoidal geometry in the polymer backbone and 

lowers the bandgap of polymer. Hence the absorption in the visible light region was suppressed in 

the oxidized state.  

 

 

 

Figure 5.13 Spectroelectrochemical measurements on amino polymers, using 0.1 M NBu4PF6 in 
anhydrous acetonitrile as supporting electrolyte. Films were switched between 0 and +1.0 V. 

New absorption peak at 505 nm was observed in TQ1A sample upon oxidation, the origin of which 

is unclear. It is interesting to find that the peak around 505 nm became less pronounced with the 
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decrease of the content of amine side groups in the polymer structures. Hence, the new absorption 

peak could be associated to the oxidation of tertiary amine containing quinoxaline repeating unit. 

The optical contrasts (ΔT) of all polymers were evaluated from the transmittance change at the low 

energy absorption maxima (623 nm) and are listed in Table 5.11. The lowest optical contrast of only 

28% for TQ1-5A among all the chloroform processed films was observed, which might be resulted 

from the difference in film thickness compared to other polymer films. Reduction of the optical 

contrast was observed in TQ1A sample when altering the processing solvent from chloroform to 

methanol. The reduced ΔT in the methanol processed samples were possibly attributed to the poor 

adhesion of polymer film to the substrate or undesirable film quality after thermal annealing. 

Table 5.11 Optical contrast of amino polymers at the low energy absorption maxima. 

Processing 
solvent TQ1A ΔT (%) TQ1-50A ΔT (%) TQ1-20A ΔT (%) TQ1-5A ΔT (%) 

CHCl3 40 37 34 28 

Methanol 20 34   

 

5.6.2. Kinetic study 

The response times of amino polymers were studied by measuring the difference in the 

transmittance at 623 nm under an applied potential as a function of time. The kinetic measurements 

are shown in Figure 5.14 with the pulse duration of the applied potential decreasing from 10 s to 0.5 

s successively to analyse the switching speed. 
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Figure 5.14 Kinetic measurements on amino polymer films. Films were switched between 0 and +1.0 
V. 

It is disappointing to find that after the first oxidation was performed to chloroform processed TQ1A 

film, no returning in transmittance was observed, which is possibly a result from the positive charge 

trap generating from amino groups.24 The methanol processed TQ1A film shows the fast response 

times with 15% of the transmittance modulation maintained at 0.5 s switching duration. The reason 

for the improvement in the switching reversibility is still unclear. Comparing the TQ1-50A films 

processed from different solvents, similarly fast response times were presented with 70% for 

chloroform and 76% for methanol of the maintained transmittance modulation at 0.5 s of the 

switching time. This result opens the possibility of utilising green solvent in the preparation process 
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of electrochromic devices. TQ1-20A and TQ1-5A displayed insufficient response compared to TQ1-

50A at faster switching speed, which could be resulted from the more packed film morphology 

impeding the ion transport during oxidation.45  

5.7. Interface materials with amino side groups. 

It has been reported that conjugated polymers with amino side groups are interesting candidates for 

cathode interface layer due to their ability to modify the work function of electrode and superb 

processibility using green solvents, i.e. ethanol (EtOH) and water.1, 8, 27 New polymers were 

synthesised coupling the amine modified quinoxaline and fluorene, and optical, electrochemical as 

well as photovoltaic properties were studied. 

5.7.1. Suzuki coupling polymerisation 
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Scheme 5.3 Suzuki coupling copolymerisation to synthesis polymer QFA and QFA-Si. Quaternization 
of QFA to synthesis QFA-Br.  

TQ1A monomer 4-6 was reacted with fluorene monomers via Suzuki cross-coupling polymerisation 

to afford light green polymer QFA (43.9%) and QFA-Si, respectively, shown in Scheme 5.3. The 

polymerisation to synthesise QFA-Si only obtained less than 10% yield. The structure design of the 

polymer QFA and QFA-Si is aiming at green solvent processable cathode interface material. The 

tertiary amine side groups make these two polymers being soluble in ethanol in the presence of a 
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small amount of volatile acid, similarly to TQ1A. Quaternization of polymer QFA were performed by 

reacting QFA with excess of bromoethane in THF/DMF solvent blend at room temperature to afford 

QFA-Br, which showed remarkable solubility in ethanol but is insoluble in halogenated solvent. 

Hence, the solubility of QFA-Br realised the orthogonal solvent processibility in organic solar device 

fabrication.1, 4 The detailed synthesis procedure can be found in Appendix A. 

5.7.2. Optical and electrochemical properties 

The UV-vis spectra and photoluminescence (PL) spectra of QFA and QFA-Si in the solid state are 

shown in Figure 5.15a and b.  

  

 

Figure 5.15 Normalized UV-vis absorbance spectra and (b) PL spectra of polymer films from QFA and 
QFA-Si, respectively. (c) Normalized UV-vis absorbance spectra of QFA in different solvent and QFA-
Br ethanol solution. 

Both QFA and QFA-Si have absorption peak at high-energy region, which is attributed to the 

delocalized π-π* transitions in polymer chains. With silicon atom replacing carbon in the fluorene 

unit in the polymer backbone, PL intensity of QFA-Si at the peak of emission spectra is much higher 

compared to the intensity of QFA, which was possibly resulted from the difference of molecular 

weight and crystallinity in these polymers. The bathochromic shift of QFA in acidified ethanol solution 

(Figure 5.15c) compared to the choloroform one was possibly attributed to the multi-chain 

aggregation of polymers in ethanol, similar spectrum was also found in QFA-Br ethanol solution.  
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The oxidation and reduction potentials of QFA and QFA-Si were measured by CV, giving the value 

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜= 0.74 V, 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜= -1.58 V vs Fc/Fc+ for QFA and 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜= 1.01 V, 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜= -1.45 V vs Fc/Fc+ for 

QFA-Si. Based on the formula 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  −(𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 5.13) 𝑒𝑒𝑒𝑒,𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  −(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 5.13) 𝑒𝑒𝑒𝑒, HOMO 

and LUMO level energy of polymer QFA and QFA-Si are listed in Table 5.12 below. The large 

bandgap and deep lying HOMO levels of these two polymers indicates the potential of utilising QFA 

or QFA-Si as a cathode interlayer in OPVs. However, the superb solubility of QFA in commonly used 

halogenated solvent resulted in the solvent erosion problem during the fabrication of inverted solar 

cells, in which QFA was applied as an electron transport layer in between ITO and BHJ layer. Hence, 

QFA-Br with quaternary amine side groups was used as an alternative of QFA in the device 

fabrication process.  

Table 5.12 Optical and electrochemical properties of QFA and QFA-Si. 

Polymers λmax
f (nm) λonset (nm) Eg

opt (eV) Eg
cv (eV) EHOMO (eV) ELUMO (eV) 

QFA 328 424 491 2.53 2.32 -5.87 -3.55 

QFA-Si 320 427 489 2.54 2.46 -6.14 -3.68 

 

Furthermore, due to the difficulty of CV measurement resulted from the ammonium-functionalized 

QFA-Br being soluble in the used electrolyte, Ultraviolet photoelectron spectroscopy (UPS) and 

inverse photoelectron spectroscopy (IPES) measurements were performed on QFA-Br film to probe 

the HOMO and LUMO energy level of the quaternary amine polymer. The UPS and IPES spectra 

are shown in Figure 5.16, where IP is the ionization potential and EA is the electron affinity. Hence, 

HOMO and LUMO energy levels as well as the bandgap calculated by ELUMO - EHOMO are estimated 

and listed in Table 5.13. It is worth to note that the UPS and IPES probes the electronic energy state 

of the material surface, while CV measures the bulk property. Therefore, the energy level of QFA 

measured by CV is not comparable to that of QFA-Br, which is analysed by photoelectron 

spectroscopy. 
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Figure 5.16 UPS and IPES spectra of QFA-Br. 

Table 5.13 Electronic properties of QFA-Br measured by UPS and IPES. 

Polymers Eg (eV) EHOMO (eV) ELUMO (eV) 

QFA-Br 2.5 -5.3 -2.8 

 

UPS measurement was also performed on thin layer of QFA-Br coated ITO-glass to investigate the 

work function modification of ITO surface. Figure 5.17 shows the vacuum level shift in the secondary 

electron cutoff in the UPS spectra of QFA-Br coated ITO, revealing the work function modification of 

ITO by QFA-Br. Compared to pure ITO-glass, which has the work function of 4.6 eV, QFA-Br 

significantly reduced the work function to 3.5 eV. The work function modification is attributed to the 

presence of nitrogen and Brˉ in the quaternary amine pendent groups inducing dipole formation at 

the interface of amine-based material and ITO28, which is also reported by other researchers.1, 4 
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Figure 5.17 UPS spectra of ITO and thin layer of QFA-Br coated ITO. 

5.7.3. Device performance 

QFA-Br was successfully applied as an electron transport layer in the inverted OPVs with PTB7-

Th:PC71BM46 as the active layer, which achieved decent photovoltaic performance. The device 

characteristics are shown in Table 5.14. The QFA-Br layer was processed from ethanol, while active 

layer was spin-coated from o-DCB with 3% 1,8-diiodooctane. 

Table 5.14 Device performance of PTB7-th:PC71BM devices with QFA-Br as electron transport layer 
and buffer layer. 

ETL JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

QFA-Br 17.13 48 0.79 6.52 

ZnO:QFA-Br 16.76 53 0.79 7.08 
device structure: ITO/ETL/PTB7-th:PC71BM/MoOX/Ag. 

5.8. Experimental 

5.8.1. Materials 

All reactions were performed under nitrogen protection unless otherwise stated. Chemicals were 

commercially available from Sigma-Aldrich and used without further purification. 5,8-Dibromo-2,3-

bis(3-(octyloxy)phenyl)quinoxaline and 2,5-bis(trimethylstannyl)thiophene were purchased from 

Solarmer Energy, Inc., and the latter was purified by recrystallisation from methanol. All solvents 

were used as obtained from supplier except toluene, which was dried and distilled prior to the 
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polymerisation reactions. The structures of the small molecular compounds synthesised were 

confirmed by 1H-NMR spectra measured on Bruker 300 MHz NMR spectrometer. Detailed synthesis 

procedures can be found in Appendix A. 

The OEG modified quinoxaline (5-4) and 5,8-dibromo-2,3-bis(3-

(diethylamino)hexyloxy)phenyl)quinoxaline (5-1) were synthesised in our lab by a previous group 

member Desta. 

5.8.2. Material characterisation 

Gel-permeation chromatography (GPC) measurements were performed at 35 °C on an Agilent PL-

GPC 220 equipped with a differential refractive index detector. Dimethylformamide (DMF) was used 

as eluent at a flow rate of 1.0 mL/min, and the solvent DMF as well as sample solutions were filtered 

through a filter with the pore size of 0.45 μm (Nylon, Millex-HN 13 mm Syringes Filters, Millipore, 

US). The number average molecular weights (Mn) and polydispersity index (PDI) were calculated 

using a calibration curve based on polyethylene glycol (PEG) standards. 

Cyclic voltammetry (CV) measurements were performed using a 0.1 M solution of 

tetrabutylammonium hexafluorophosphate (Bu4NPF6) in anhydrous acetonitrile as the supporting 

electrolyte and a Ag/Ag+ quasi reference electrode. The ferrocene/ferrocenium (Fc/Fc+) reference 

was used to calibrate the measurements. The highest occupied molecular orbital energy levels 

(EHOMO) and the lowest unoccupied molecular orbital energy levels (ELUMO) were estimated from the 

onset potentials by setting the oxidative potential of Fc/Fc+ vs. the normal hydrogen electrode (NHE) 

to 0.630 V, and the NHE vs. the vacuum level to 4.5 V.47-48 

The room temperature ultraviolet-visible (UV-vis) study was performed on a Perkin Elmer UV-vis-

NIR Lambda950 spectrophotometer.  

Varied temperature UV-vis study was performed on a Cary 60 UV-vis spectrophotometer (Agilent 

Technologies) with a heating block attached to the cuvette holder. 

The photoluminescence (PL) measurements were performed on a Varian Cary Eclipse fluorescence 

spectrophotometer at the excitation wavelength of 550 nm for polymer TQ6A and 450 nm for polymer 

QFA and QFA-Si. 

Thermal gravimetric analysis (TGA) measurements were performed on TA instruments Discovery 

TGA series TGA1-0288, with the temperature range of 25 - 400°C under nitrogen gas flow, and the 

heating ramp of 10 °C/min. 

Water contact angle measurements were performed using a PAT-1 tensiometer supplied by 

Sinterface Technologies (Berlin, Germany). The contact angle values are average values measured 

on 4 different spots on the same film. 
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Dynamic mechanical thermal analysis (DMTA) samples were prepared by repeatedly drop-casting 

the TQ-OEG or TQ1 chloroform solution onto a 20-30 mm long, approximately 5 mm wide piece of 

glass fibre mesh, as described elsewhere20, followed by drying under ambient condition until a 

uniformly fully covered film on the glass mesh was obtained. The samples were stored in a vacuum 

oven overnight to remove the solvent before performing DMTA measurements. DMTA 

measurements were carried out on a TA Q800 DMA in strain-controlled mode at a frequency of 1 Hz 

and an amplitude of 5 µm. The samples were measured under a continuous flow of nitrogen gas 

with a heating rate of 3 °C per minute. The first run was performed from room temperature up to 80 

°C for further drying the sample, followed by a second run from -110 °C to 300 °C. The data from the 

second run was utilised to study thermomechanical properties of polymer TQ-OEG in this study. 

Differential scanning calorimetry (DSC) measurements were perfomed on Discovery DSC from TA 

instrument, with temperature range -20-300°C, heating/cooling ramp 10°C/min under nitrogen gas 

flow. The sample to be measured was prepared by drop casting a TQ1-5A:PC61BM or TQ1: PC61BM 

solution (chloroform blended with o-DCB) on a freshly cleaned glass slide followed by solvent 

evaporation before the solid mixture being removed collected using a scalpel. The sample was dried 

in a vacuum oven overnight prior to the DSC measurement. 

Atomic force microscopy (AFM) (supplied by Bruker, Billerica, MA) was performed in tapping mode 

using silicon tips. The films were spin-coated from the polymer:PCBM or polymer:PCBDAN blend 

solution on freshly cleaning ITO-glass. SV annealing was conducted by keeping the polymer:PCBM 

blend films in a closed desiccator for 2 hours. The annealed samples were then dried in a vacuum 

oven at r.t. overnight before AFM measurement. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed under an ultra-high 

vacuum (UHV) apparatus build by SPECS (Berlin, Germany) using a low intensity UV light source 

(HeI) with an excitation energy of 21.21 eV, to measure the work functions as described elsewhere.4 

The UPS samples were prepared by spin-coating polymer solution on to a silicon substrate to form 

polymer films. 

5.8.3. Device fabrication 

ITO-coated glass substrates were cleaned by soaking in a 5% detergent solution (pyroneg from 

Johnson Diversey) at 90 °C for 20 minutes and then rinsing in deionized (DI) water, before sonicating 

in DI water, acetone and isopropanol for 10 min each. Substrates were then cleaned in UV-ozone 

for 20 minute prior to the deposition of different interlayers. 

Inverted device with the structure of (a) ITO/ZnO/BHJ/MoOx/Ag, (b) ITO/ZnO/BHJ/TPD/MoOx/Ag, (c) 

ITO/ZnO/PEI/BHJ/TPD/MoOx/Ag and (d) ITO/ZnO/PEIE/BHJ/TPD/MoOx/Ag for TQ1A containing 

BHJ OPVs, the ZnO layer was prepared by spin-coating the ZnO sol-gel49 on the cleaned ITO 

substrate, followed by thermal annealing at 280 °C for 10 minute in air to yield a 25 - 30 nm thick 
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film. The BHJ layers were deposited in a glove-box by spin-coating TQ1A:PC61BM/PC71BM (1:2.5 

weight ratio), or TQ1:TQ1A:PC71BM (4:1:12.5) o-DCB solution (25 mg/mL) on ZnO coated ITO-glass. 

MoO3 (12 nm) was thermally evaporated (using a Covap system supplied by Angstrom Engineering) 

on top of the active layer to serve as a hole transporting layer. In the case of TPD being introduced 

in the device, a TPD buffer layer (3 nm) was thermally evaporated on top of the BHJ layer at 2×10-6 

torr before the deposition of MoO3. In the case of PEI and PEIE being used in the device fabrication, 

PEI or PEIE layer was deposited by spin-coating PEI (0.4 mg/mL) or PEIE (0.4 mg/mL) 2-

methoxyethanol solution respectively at 5000 rpm for 1 min, prior to the evaporation of MoO3. Finally 

the Ag electrode (80 nm) was deposited by thermally evaporating through a shadow mask, which 

defined the active area to be 0.1 cm2. 

Device with the structure of (a) ITO/ZnO/BHJ/MoOx/Ag, (b) ITO/ZnO/BHJ/TPD/MoOx/Ag for TQP3 

or TQ-OEG based OPVs were fabricated follow procedures described above. The BHJ layers were 

deposited in a glove-box by spin-coating TQ1P3:PC61BM (1:2.5) anisole solution (35 mg/mL), or TQ-

OEG:PC61BM (1:2.5) o-DCB solution (29.4 mg/mL) on to ZnO interface layer coated ITO-glass.  

Conventional device with the structure of (e) ITO/MoOx/BHJ/LiF/Al, (f) ITO/MoOx/TPD/BHJ/LiF/Al, (g) 

ITO/MoOx/BHJ/C60/LiF/Al, (h) ITO/MoOx/TPD/BHJ/LiF/Al and ITO/MoOx/PVK/BHJ/LiF/Al for TQ1A 

containing BHJ OPVs were fabricated by first thermally evaporating MoO3 (12 nm) on pre-cleaned 

ITO substrates. In the case of TPD being used, a TPD buffer layer (3 nm) was thermally evaporated 

on top of the MoOx prior to the deposition of the active layer. In the case of PVK being applied as an 

anode buffer layer, a thin layer of PVK was spin-coated from 0.9 mg/mL PVK solution using a blend 

solvents of THF:acetone (7:4 volume ratio) at 5000 rpm for 1 min. Then the active layers were spin-

coated from TQ1A:PC61BM/PC71BM (1:2.5) or TQ1: PC61BM (1:2.5) o-DCB solution (25 mg/mL) on 

top of MoOx, or TPD, or PVK layer. LiF (~1nm) layer was thermally evaporated on top of the BHJ 

layer followed by thermally evaporating Al (80 nm) electrode through a shadow mask, which defined 

the active area to be 0.1 cm2. In the case of C60 was used, 10 nm of C60 layer was thermally 

evaporated on top of active layer before the deposition of LiF. 

Inverted device with the structure of ITO/ETL/PTB7-th:PC71BM/MoOX/Ag was fabricated follow the 

described procedure above in the case of the deposition of ZnO and MoOX layer and the Ag 

electrode. The QFA-Br layer was spin-coated from QFA ethanol solution (1 mg/mL) at 3000 rpm for 

1 min on the ITO or ZnO coated ITO. The active layer was spin coated from 25 mg/mL PTB7-

th:PC71BM (1:1.5 weight ratio) chlorobenzene solution (containing 3% 1,8-diiodooctane) at 2000 rpm 

for 1 min. 

5.8.4. Device characterisation 

Photovoltaic properties of solar cells were measured in air by an Oriel solar simulator fitted with a 

150 W xenon lamp (Newport), filtered to give an irradiation of 100 mW/cm2 at an atmospheric mass 

(AM) of 1.5 and calibrated using a silicon reference cell with NIST traceable certification. The 
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photocurrent–voltage (I-V) characteristics of the devices were measured through a Keithley 2400 

source meter unit. 

5.9. Conclusions 

A series of polymers were synthesised with tertiary amine and quaternary amine functional side 

groups, which endows the green solvent solubility for most of the new polymers. Side chain 

engineering has been proven to be an efficient tool to modify the polymer structure, and 

water/ethanol soluble polymer TQ1P3 was successfully synthesised using pyridine polar side chain. 

By introducing OEG side groups, TQ-OEG was synthesised that showed remarkably solubility in 

ethanol. The TGA measurements performed on amine, pyridine or OEG functionalized polymers 

revealed their decent thermal stability, which is crucial for the long term stability of OPVs. The 

morphology of amino polymer:PCBM blend films was investigated, and insufficient phase separation 

was found in TQ1A:PCBM film, which is part of the reasons for the low PCE of TQ1A based OPVs. 

The other reasons of unsatisfactory photovoltaic performance in TQ1A containing OPVs could be 

strong charge recombination and is still under investigation. The opto-electronic properties of the 

new amino polymers were systematically studied, showing the potential of fabricating electrochromic 

devices using green solvent. The ethanol soluble polymer QFA-Br presented promising results when 

applied as a cathode interface layer in the inverted solar cells, resulting from the remarkable 

reduction of the ITO work function. In future, by incorporating with water/ethanol soluble acceptor 

materials, we can realise the environment-friendly fabrication of OPVs using truly green solvent. 
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6. Chapter Six - Water Processable 
Conjugated Nanoparticles for OPVs 

6.1. Introduction 

OPVs with active layers deposited from water or alcohol dispersed nanoparticles (NPs) have been 

reported recently, which overcome the solubility bottleneck of conjugated polymers and fullerene 

derivatives in water or ethanol for green fabrication.1-4 To form NPs from donor-acceptor material 

blends, generally two methods have been employed, which are miniemulsion method5 and 

precipitation method.6 The NPs prepared using miniemulsion method show excellent reproducibility 

and stability, which are supreme for up-scaling the fabrication of OPVs without using harmful organic 

solvent for active layer deposition. Furthermore, NPs made from photoactive materials expand the 

candidates of materials that can be deposited as active layer from green solvents. 

In this chapter, the parameters in the procedure of making NPs have been studied to understand 

their influences on the particle size and NP-OPV devices. Different miniemulsion dispersed phase 

solvents and solvent additive have been utilised in the preparation of nanoparticles to study the 

photovoltaic performance of OPVs based on NP forming active layers.  

To achieve efficiently working solar cells with NP as active layer, the coalescence of NPs in the solid 

state to form homogenous film is essential. Different methods were investigated to compare their 

effectiveness in coalescing particles and the quality of treated films.  

To eliminate the unwanted effect of sodium dodecyl sulphate (SDS) on OPVs, which is caused by 

the mobile ionic species, water/alcohol-soluble functionalized conjugated polymers and fullerene 

derivatives are used to successfully prepare aqueous NP dispersion through miniemulsion method 

in the absence of SDS. Besides functionalized conjugated materials, alternative ionic surfactants as 

well as non-ionic surfactants to avoid the influence of ions were studied to understand their feasibility 

to help the formation of miniemulsion and to stabilize NPs from active materials. Moreover, efforts 

have been put in to remove SDS in the final NP dispersion or reduce the SDS concentration post 

preparation of NPs stabilized with SDS. 

The precipitation method was studied on different conjugated systems to obtain water/alcohol 

dispersed particles. Parameters in the preparation procedure were adjusted aiming to achieve stable 

NP inks with high solid loading for OPVs. An inclusion of extra stabilizing agent has been presented, 

and NPs formed have been characterised, showing the potential to optimise the preparation 

procedure of NP via precipitation method. 
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6.2. Parameters in the preparation procedure and their influence in 
the particle size and photovoltaic performance 

The ultimate goal to prepare NPs from photoactive material blend is to apply NPs in an active layer, 

which can be considered as a nano-BHJ layer in a solar device. Compared to traditional BHJ films 

directly processed from organic solvent, of which the morphology is influenced by processing 

solvent7 and post-treatment,8 the morphology of NP forming film is not only dependent on the post-

treatment of cast film9-10 but also affected by the size and nanomorphology of the NPs.11 Suppression 

of the size of NPs would theoretically result in less pin holes in the films and smaller donor and 

acceptor domains, which is beneficial for efficient exciton diffusion to the donor-acceptor interface. 

Hence, the parameters in the NP preparation procedure needs to be studied to find out the knowhow 

to achieve ideal NP size. 

The utilisation of miniemulsion method to prepare NPs is not a straightforward technique and 

involves several steps, among which the formation of miniemulsion is the key procedure. The 

parameters in the formation of miniemulsion that can be varied includes: concentration of surfactant, 

miniemulsion dispersed phase solvent, concentration of active materials in organic phase, ratio of 

organic solvent to water and power used to form miniemulsion. However, due to the limited time the 

influence of the ratio between organic solvent and water was not studied. 

6.2.1. The influence of initial SDS concentration on particle size 

One important property of surfactants is their critical micelle concentration (CMC), above which 

micelles start forming and the concentration of free surfactant in an aqueous solution remains 

constant.12 SDS has been widely studied and commonly used in the preparation of NPs for OPVs, 

the CMC value of which at 25 °C is approximate 8.0 mM.13 Hence, in order to achieve stable aqueous 

NPs through miniemulsion method, the concentration of SDS in the miniemulsion is required to be 

above 8.0 mM. Colberts et al. reported that the when the initial concentration of SDS was increased 

from 10.2 mM to 41.2 mM, the size of NPs prepared from a donor polymer and PCBM blend showed 

the reduction accordingly.14  

When controlling the other experimental parameters to be exactly the same, we found that the size 

of TQ1:PC71BM NPs was measured to be 153 ± 52 nm when initial concentration of SDS used in the 

miniemulsion was 1.0 mM, which decreased to 37 ± 7 nm when the concentration of SDS was 

increased to 34.1 mM. The SEM images of TQ1:PC71BM NPs prepared with these two different 

concentrations of SDS were shown in Figure 6.1. Since the size of NPs is crucial for high performing 

OPVs based on NP active layer, the result showing in Figure 6.1b presents small NPs ideal for solar 

cell fabrication. What’s more, to gain better understanding of other parameters in the NPs 

preparation, the initial concentration of SDS in the miniemulsion is controlled to be 34.1 mM for all 

NP studies discussed in this chapter. 
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Figure 6.1 SEM images of TQ1:PC71BM NPs prepared with SDS concentration of 1.0 mM (a) and 34.1 
mM (b), respectively. 

6.2.2. The influence of shearing force on particle size 

As described in Chapter 3, the formation of a miniemulsion is highly dependent on the shearing force 

introduced to the aqueous-organic mixture, which is generated by ultra-sonication in the work 

presented in this Chapter. The size of oil droplet in the miniemulsion directly determines the size of 

the formed NPs after the removal of organic solvent. Considering the size of NPs influences the 

morphology of NP forming active layer, the power/amplitude of ultra-sonication and the duration that 

a mixture exposed to ultra-sonication should be carefully controlled to achieve small size as well as 

narrow size distribution. Furthermore, the ultra-sonication process is conducted in ambient 

atmosphere, excessively high amplitude or long duration could possibly degrade the photoactive 

materials. In order to find ideal working condition of probe sonicator, TQ1:PCBM (1:2.5) NPs were 

prepared under varied amplitude and duration. Figure 6.2 shows the SEM images of TQ1:PCBM 

NPs, indicating higher amplitude resulted in smaller size while longer duration offered uniform size.  

   

Figure 6.2 SEM images of TQ1:PCBM NPs underwent 20% amplitude and 2 min (a), 30% amplitude and 
2 min (b) and 30% amplitude and 3 min sonication, respectively. Scale bars are 400 nm. 

6.2.3. The influence of solvent additive on the morphology and photovoltaic performance 
of NPs 

1-Chloronaphthalene (CN) has been used as a solvent additive to process BHJ layer, and has been 

reported to ideally tune the morphology of BHJ active layer as the donor and acceptor materials have 

different solubility in it.15-17 As an easily synthesised polymer, TQ1 has been widely studied as a 

a b c 
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donor material in BHJ OPVs,18-19 which used CN as the solvent additive to improve the morphology 

of active layer,15 and also been reported in water-dispersed NP solar cells.20 However, due to the 

observed core-shell structure of particles,20 further annealing is required to convert the 

nanoparticulate film into finely smoothed film. The aim of this study with additive, i.e. CN, was to 

understand whether CN could optimise the internal morphology within the single nanoparticle, ideally 

increase the intermixing between TQ1 and PC71BM, which could be beneficial for the enhancement 

of device performance with NP active layer.  

TQ1:PC71BM nanoparticles were prepared using the weight ratio of 1:2.5 through miniemulsion 

method. The weight ratio was chosen based on the best performing BHJ devices from TQ1:PC71BM 

blend without solvent processing additive pre-studied in our group. TQ1:PC71BM blends without 

additive were initially dissolved in chloroform to prepare NPs as control experiment, while 2% CN 

was mixed with chloroform to dissolve material blends for additive study. As shown in SEM images 

(Figure 6.3), with 2% CN in miniemulsion dispersed phase solvent, the NPs obtained were distinctly 

spherical with no aggregation of materials or increase in particle size. The scanning transmission X-

ray microscopy (STXM) measurements (Figure 6.4) indicate that the NPs prepared from chloroform 

are identical core-shell structure, with a polymer-rich shell and PCBM-rich core, which is in good 

agreement with the literature.20 However, additional 2% CN introduced in the miniemulsion dispersed 

phase solvent mixture also resulted in core-shell structure measured by STXM.  

 

 

Figure 6.3 TQ1:PC71BM NPs SEM images, circle identification output using a circular Hough transform 
algorithm and size distribution of NPs. Scale bars are 200 nm. Top images are NPs without CN, bottom 
images are NPs with CN. 

31±7 nm 

34±10 nm 

Without CN 

2% CN 
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Figure 6.4 STXM fractional composition maps showing the concentration of (a, c) TQ1 and (b, d) 
PC71BM of TQ1:PC71BM nanoparticles without using CN (a & b) and using CN in the preparation (c & 
d). All scale bars are 0.5 µm. The colour contrast is scaled such that light colours correspond to higher 
component concentrations. Minima and maxima for the colour scale bar in (a) and (b) are black = 0 and 
white = 100%.  

In order to study the influence of solvent additive on the morphology of NP film after thermal 

annealing to coalesce NPs, atomic force microscopy (AFM) measurements were performed. Upon 

annealing at 140 oC for 4 min, the NP film cast from the ink without solvent additive were observed 

to be mildly smoothed (Figure 6.5a), whereas the counterpart with 2% CN in the procedure showed 

higher degree of phase separation and pin-holes forming(Figure 6.5b). Due to its intrinsic high 

boiling point (259 °C), CN could not be effectively removed from the active material mixture under 

the solvent evaporating condition used for chloroform. Hence, the large phase separation detected 

in the NP forming film may result from the escape of residual CN from the cast film during thermal 

annealing. 
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Figure 6.5 AFM topographical images (5×5 µm) of 140 °C annealed TQ1-PC71BM NPs (a) without CN and 

(b) with 2% CN. 

To study the influence of solvent additive on NP based device performance, OPVs were fabricated 

using TQ1:PC71BM NPs with the conventional structure of ITO/PEDOT:PSS/NPs/Ca/Al. The device 

characteristics of additive-free NP OPVs are listed in Table 6.1 and Table 6.2 shows the device 

performance of CN containing NPs. Without using solvent additive in the synthesis of NPs, the NP 

device gave best performance when the NP film was thermally annealed at 140 °C, with maximum 

PCE of  1.49% (JSC = 4.76 mA/cm2, VOC = 0.68 V and FF = 46%). The NPs synthesised with 2% CN 

blended with chloroform resulted in poorer photovoltaic performance, giving highest value of PCE = 

0.37% (JSC = 4.94 mA/cm2, VOC = 0.25 V and FF = 31%) upon thermal annealing of NP film at 130 

°C. The major difference of device characteristics between two batches of NP devices is open-circuit 

voltage, only 0.25 V was reached in CN introduced NP devices. The insufficient VOC might be caused 

by the residual CN in water dispersion diffused into PEDOT:PSS layer under the NPs. But we don’t 

have a clear evidence to explain the loss of VOC. The unsatisfactory photovoltaic performance of 

TQ1:PC71BM NPs with CN as the solvent additive could also be resulted from the large phase 

separation upon annealing observed in AFM images (Figure 6.5b). However, using other solvent 

additives might be more beneficial for the NP film morphology and device performance. 
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Table 6.1 Photovoltaic performance of OPVs based on active layer of TQ1:PC71BM NPs prepared from 
CHCl3 without additive, best device for varied NP film annealing temperature with average ± standard 
deviation in parentheses. 

Annealing 
condition JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

110 °C 4 min 
3.15 

(2.83 ± 0.28) 
36 

(35 ± 1) 
0.56 

(0.52±0.05) 
0.64 

(0.51 ± 0.08) 

120 °C 4 min 
4.61 

(4.59 ± 0.15) 
36 

(35 ± 1) 
0.48 

(0.44 ± 0.02) 
0.79 

(0.71 ± 0.04) 

130 °C 4 min 
4.36 

(4.74 ± 0.30) 
37 

(36 ± 1) 
0.52 

(0.47 ± 0.04) 
0.84 

(0.80 ± 0.04) 

140 °C 4 min 
4.76 

(4.77 ± 0.10) 
 46 

(40 ± 3) 
0.68 

(0.60 ± 0.04) 
1.49 

(1.16 ± 0.18) 

150 °C 4 min 
4.40 

(4.16 ± 0.33) 
39 

(37 ± 1) 
0.62 

(0.58 ± 0.04) 
1.06 

(0.90 ± 0.11) 
 

Table 6.2 Photovoltaic performance of OPVs based on active layer of TQ1:PC71BM NPs prepared from 
CHCl3 with 2% CN, best device for varied NP film annealing temperature with average ± standard 
deviation in parentheses. 

Annealing 
condition JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

110 °C 4 min 
2.55 

(2.33 ± 0.45) 
30 

(28 ± 1) 
0.29 

(0.23 ± 0.06) 
0.22 

(0.15 ± 0.03) 

120 °C 4 min 
3.1 

(3.35 ± 0.70) 
29 

(28 ± 1) 
0.21 

(0.18 ± 0.03) 
0.19 

(0.16 ± 0.02) 

130 °C 4 min 
4.94 

(3.81 ± 0.78) 
31 

(30 ± 1) 
0.25 

(0.27 ± 0.05) 
0.37 

(0.30 ± 0.04) 

140 °C 4 min 
3.45 

(3.32 ± 0.22) 
30 

(29 ± 1) 
0.24 

(0.19 ± 0.04) 
0.25 

(0.18 ± 0.05) 

150 °C 4 min 
1.92 

(1.45 ± 0.54) 
26 

(25 ± 2) 
0.45 

(0.37 ± 0.09) 
0.22 

(0.14 ± 0.06) 
 

Figure 6.6 shows the trend of average values in device characteristics with varied annealing 

temperature. The trend in the performance of solar devices based on NPs synthesised with CN is 

not accordant with the control devices, which might be resulted from different degree of phase 

separation formed upon annealing when CN was utilised. 
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Figure 6.6 Average device characteristics with standard deviations presented by error bars at varied 
thermal annealing temperature. 

6.2.4. The influence of final concentration of surfactant in water dispersed NPs prepared 
from green solvent 

The final concentration of surfactant, SDS, remaining in the NP ink prior to the active layer deposition 

plays different roles, such as stabilizing the NPs to avoid large agglomerates, and facilitating the film 

wetting during processing.14 Hence, studying the final loading of SDS in the NP ink could be 

beneficial to control the quality of NP active layer and to understand its influence on the NP based 

OPVs. 

Chloroform is the most commonly used miniemulsion dispersed phase solvent in the preparation of 

water dispersed NPs from conjugated materials due to its low boiling point and good dissolubility for 

wide range of photoactive materials.20-21 Other organic solvents can also be used to prepare NPs, 

such as o-DCB, chlorobenzene and o-xylene. Considering the upscaling of NPs, the hazard of 

solvents used need to be taken into account. By comparing the hazard rating of some organic 

solvents used in miniemulsion method in Table 6.3, it can be noticeably found that anisole exhibits 

minimum hazard rating in both toxicity and chronic effect. Furthermore, anisole is biodegradable22 

and enjoys ideal dissolubility of commonly used conjugated donor polymers and fullerene 

derivatives, i.e., PCBM. 
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Table 6.3 ChemWatch hazard ratings of different solvent used as miniemulsion dispersed phase 
solvent. 

Solvent 
ChemWatch hazard rating 

Toxicity Chronic 

Chloroform 2 3 

Chlorobenzene 2 0 

o-DCB 2 2 

o-Xylene 2 0 

Anisole 0 0 

0 = Minimum, 1 = Low, 2 = Moderate, 3 = High, 4 = Extreme 

To eliminate the usage of harmful halogenated solvent in the preparation procedure, anisole was 

applied as the miniemulsion dispersed phase solvent to produce TQ1:PC71BM NPs. The density of 

anisole is 0.995 g/cm3, which is very close to the density of water. Hence, during the preparation of 

macroemulsion prior to the ultrasonication, organic phase showed outstanding intermixing with 

aqueous phase compared to other miniemulsion dispersed phase solvents used, such as chloroform 

and o-xylene. The excellent dispersity observed in anisole-water system directly contributes to the 

suppression of material loss during ultrasonication. The subsequential evaporation of organic solvent 

in order to convert miniemulsion into dispersion is conducted by heating in ambient condition. 

Although anisole exhibits a boiling point of 153.8 °C, its high vapour pressure enables the removal 

of anisole from water without resulting in severe water loss. The removal of anisole in this NP 

preparation procedure required higher temperature and longer time compared to the removal of 

chloroform. Hence, during the heating process additional water was added to the system to 

compensate the water loss. The TQ1:PC71BM NPs prepared from anisole were measured to have 

mean diameters of 26.6 ± 9.3 nm in the solid state. The particle size was measured through a circular 

Hough transform algorithm to SEM images of NP film. The circle identification overlaid SEM image 

as well as the original SEM image used for calculation are show in Figure 6.7.  
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Figure 6.7 (a) SEM image of TQ1:PC71BM NPs prepared using anisole showing size distribution, (b) 
circle identification output using a circular Hough transform algorithm. Scale bars are 400 nm. 

As described earlier, initial concentration of surfactant in the miniemulsion determines the size of 

NPs, which should not change after the removal of free surfactant.14 Even though the surfactant, i.e. 

SDS is crucial to stabilize NPs from photoactive materials in water, SDS is undesired in the complete 

NP solar cells due to its insulating property. The concentration of surfactant in the final ink directly 

influences the film quality of NP forming active layer, relating to the photovoltaic performance. The 

removal of free surfactant was carried out by repetitive centrifugal dialysis with adding water in 

between. Theoretically, more steps of dialysis results in lower concentration of SDS. It has been 

observed that the NP forming film shows unwanted aggregation at high concentration of SDS (less 

steps of dialysis), whereas film dewetting at low concentration (more steps dialysis). The water-

dispersed TQ1:PC71BM NPs prepared using anisole as miniemulsion dispersed phase solvent were 

dialyzed with different repetitive steps, resulting in different concentration of SDS in the final inks. 

The photovoltaic performance of the solar cells based on TQ1:PC71BM NPs was characterised and 

best performing device characteristics are shown in Table 6.4. With 5 dialysis steps performed on 

NP dispersion, the best performing OPV base on NPs forming active layer was achieved with PCE 

of 1.42%. Compared to 5 steps dialyzed NPs, only 0.89% efficiency was obtained in OPV based on 

3 steps dialyzed NPs and similar PCE of 0.84% from the 7 steps counterparts. The inferior 

performance of solar devices based on 3 steps dialyzed NPs was resulted from the solid state 

aggregations formed during spin-coating as well as the high concentration of insulating SDS 

remained in the photoactive layer. Moreover, the 7 steps dialyzed NP dispersion led to film dewetting 

on ZnO coated substrates, affording heterogeneous forming of active layer, which is reflected from 

the low JSC.  

Figure 6.8 compares the average device characteristics of NP-active layer forming OPVs as a 

function of different steps of dialysis accomplished to NP dispersion. I can be noticeably observed 

that 5 steps dialysis leads to highest average JSC and PCE, though more steps of dialysis to NPs 

contributes to the increase of FF and slight decrease of VOC. Hence, it can be concluded that the 

b a 
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final concentration of SDS in water-dispersed NPs needs to be carefully controlled before the 

deposition of NP active layer in order to achieve high efficiency.  

Table 6.4 Photovoltaic performance of OPVs based on active layer of TQ1:PC71BM NPs (prepared using 
anisole as miniemulsion dispersed phase solvent) under different steps of dialysis. 

Dialysis steps JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

3 7.18 17 0.71 0.89 

5 7.17 28 0.72 1.42 

7 4.35 30 0.64 0.84 

Device architecture: ITO/ZnO/NPs/MoO3/Ag. NP layer thermally annealed at 140 °C for 4 min. 

Complete devices post-annealed at 140 °C for 4 min.20 

  

Figure 6.8 Average device characteristics with standard deviations presented by error bars for 
TQ1:PC71BM NP (anisole batch) OPV. 

6.2.5. The influence of molecular weight of donor polymer on particle size 

Holmes et al. reported that the molecular weight of semicrystalline polymer, P3HT, exhibits an 

influence on the size of P3HT:PCBM NPs.23 To study the influence of molecular weight of amorphous 

donor polymer to the NP size, two batches of TQ1 were synthesised and blended with PC71BM to 

prepare NPs through miniemulsion method. The molecular weight data of high molecular weight 

(HMW) TQ1 and low molecular weight (LMW) TQ1 are shown in Table 6.5.  

Table 6.5 Molecular weight characterisation data for two batches of TQ1. 

Polymer Mn (g/mol) Mw (g/mol) PDI 

HMW-TQ1 53,100 131,900 2.5 

LMW-TQ1 10,800 21,800 2.0 
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The SEM images of TQ1:PC71BM NPs prepared using HMW-TQ1 and LMW-TQ1, respectively, were 

depicted in Figure 6.9. By comparing the size distribution in Figure 6.9c, it can be observed that 

NPs prepared from LMW-TQ1 show less population of particles with diameter beyond 40 nm. The 

HMW-TQ1:PC71BM (1:3 weight ratio) NPs were measured to have mean diameter of 31.7 ± 14.7 

nm, while LMW-TQ1:PC71BM (1:3 weight ratio) NPs show smaller size of 26.4 ± 13.0 nm. It should 

be noted that the experimental parameters were kept constant for these two batches of NP 

preparation. Hence it can be concluded that high molecular weight of amorphous polymer results in 

slightly larger size of NPs. The sizes of NPs have been calculated from several different SEM images 

and HMW-TQ1 containing NPs all clearly showed slightly bigger size. 

  

 

Figure 6.9 SEM images of HMW-TQ1:PC71BM NPs (a) and LMW-TQ1:PC71BM (b). Scale bars are 400 nm. 
(c) Size distribution of NPs calculated by a circular Hough transform algorithm to the SEM images. 
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6.3. Methods to coalesce NPs in the solid state 

The polymer:PCBM NPs prepared via miniemulsion method were measured to be core-shell 

structure, which show the donor polymer-rich shell and PCBM-rich core. The core-shell structure 

reported create hindrance for efficient charge generation due to the larger-scale phase separation 

in the NP forming film compared to the solution processed BHJ layer.24 Moreover, the discrete 

structure of NP forming film could introduce pinholes in the active layer, which is responsible for the 

shorting in complete devices. Hence, methods used to coalesce NPs in the solid state were 

developed and studied. 

6.3.1. Thermal annealing 

Thermal annealing is one of the most commonly applied treatments to both BHJ layer possessed 

directly from organic solution25-26 and NP forming layer.6, 10 The utilisation of thermal energy to 

coalesce NPs is largely affected by the thermal transition temperature of the polymer. To find out the 

optimal thermal annealing temperature applied to coalesce NPs in the solid state, glass transition 

temperature (Tg) of donor polymer and thermal transition of fullerene required to be taken into 

account. When a given polymer is heated so that it pass through its glass transition temperature, it 

changes from glassy to the rubbery state.27 In the case of polymer-fullerene NPs, only when the 

polymer is in the rubbery state, can the polymer-rich shell be softened to form a continuous polymer 

matrix (Figure 6.10).20, 23 Hence, PCBM in the core are able to diffuse in the polymer matrix and form 

connection, which is crucial for electron to transfer to the electron transport layer for charge collection 

in the electrode. However, if the annealing temperature went beyond the thermal transition 

temperature of fullerene-rich phase in the NP film, large crystals will form and result in large phase 

separation, which deteriorate the morphology of NP active layer. 

                                        

Figure 6.10 Schematic of donor polymer:PCBM NPs behaviour upon thermal annealing. 

For amorphous polymers with the same backbone and identical side groups, a polymer with less 

repeating units should exhibit Tg at lower temperature compared to its high molecular weight 

Thermal annealing 
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counterpart.27-28 The influence of molecular weight on Tg is simplistically described by Flory-Fox 

equation 𝑇𝑇𝑔𝑔 = 𝑇𝑇𝑔𝑔,∞ − 𝐾𝐾
𝑀𝑀𝑛𝑛
�  , where 𝑇𝑇𝑔𝑔,∞ is the maximum glass transition temperature at a theoretical 

infinite molecular and K is an empirical parameter related to the free volume of a given polymer.28 

Hence, the Tg of polymer-rich shell and thermal transition temperature of fullerene-rich core should 

both shift to lower temperature with the decrease of Mn of the polymer.  

Two batches of TQ1:PC71BM NPs prepared using HMW-TQ1 and LMW-TQ1, respectively, to study 

their morphological change upon thermal annealing. As described in 7.2.5, the NP as spun films 

show clearly discrete NPs. After thermally annealed at 140 °C for 4 min, the HMW-TQ1:PC71BM NP 

film (Figure 6.11a) shows a mildly smoothed feature, presenting discrete particles haven’t been 

sintered on the top surface. While the LMW-TQ1:PC71BM NP film (Figure 6.11b) treated the same 

way reveals a much finer morphology with well-established connections. When 160 °C thermal 

annealing was applied, HMW-TQ1:PC71BM NP film (Figure 6.11c) indicates the aggregation of 

materials, which is observed to be more severe in LMW-TQ1:PC71BM NP film (Figure 6.11d). The 

large agglomeration detected in LMW sample reveals the fullerene-rich core passing through its 

thermal transition, resulting in the crystallization of PC71BM, which will be explained below. 

  

  

Figure 6.11 SEM images of 140 °C thermally annealed (a) HMW-TQ1:PC71BM NP film and (b) LMW-
TQ1:PC71BM NP film; 160 °C thermally annealed (c) HMW-TQ1:PC71BM NP film and (d) LMW-
TQ1:PC71BM NP film. Scale bars are 400 nm. 

a b 
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To further probe the morphological changes and thermomechanical behaviour of these NPs, 

dynamic mechanical thermal analysis (DMTA) measurements29 were performed on thin films cast 

from HMW-TQ1:PC71BM NPs and LMW-TQ1:PC71BM NPs, respectively. The tan 𝛿𝛿 in the DMTA 

temperature scan of NP film was shown in Figure 6.12. For both samples, two distinct thermal 

transition temperatures are revealed from the tan 𝛿𝛿 peaks, which is in accordance with the core-shell 

structure measured. The tan 𝛿𝛿 peak at approximate 134 °C presented in HMW sample is attributed 

to the glass transition of TQ1-rich shell and peak located at 160 °C is primarily attributed to the 

thermal transition of fullerene-rich core. It can be clearly observed the Tg of TQ1-rich shell in LMW 

sample is only 111 °C, while the thermal transition temperature of fullerene-rich core were measured 

to be 152 °C. The thermomechanical behaviour of these two batches of NPs further explains the 

difference of film morphology upon annealing at 140 °C for 4 min (Figure 6.11a and b). It should be 

noted that the thermal annealing of NP film was performed by heating the thin film on silicon substrate 

with temperature controlled on the hotplate, whereas the temperature of DMTA scan shows the real 

temperature of the atmosphere surrounding NP film. Hence the actual temperature of film undergoes 

thermal annealing should be lower than 140 °C in the microscopy study. At 140 °C annealing, the 

TQ1-rich shell in LMW NPs was already in its rubbery state and the coalescence of particles was 

completed in a short time frame. However, the shell in HMW sample was experiencing glass 

transition around 140 °C, resulting in incomplete sintering after only 4 min annealing at 140 °C. The 

thermal transition of fullerene-rich core at 152 °C for LMW sample illustrates the severe aggregation 

of LMW NP film upon 160 °C annealing. The DMTA result is supportive well with our observation 

through SEM.   

 

Figure 6.12 DMTA temperature scan of HMW-TQ1:PC71BM NPs (black solid line) and LMW-
TQ1:PC71BM NPs (red solid line) with the indication of thermal transition temperature in dash lines. 
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It can be concluded that thermal annealing is an effective method to coalesce NPs on condition that 

the temperature applied is prudently chosen based on the thermomechanical property of NPs. 

 

6.3.2. Solvent vapour annealing 

Solvent vapour (SV) annealing is another technique used to tune the morphology of BHJ films.30-31 

The purpose of SV annealing is to achieve highly ordered film with interpenetrating morphology,32 

which is beneficial for light harvesting and efficient exciton dissociation in donor-acceptor interfaces. 

However, to the best of our knowledge this technique has not been reported to be applied to NP 

forming active layer in polymer solar cells. It will be described in the Chapter 7 that in the case of 

the PTNT:PC71BM NP film, thermal annealing at 160 °C resulted in the coalescence of NPs and lead 

to the best performing NP-OPVs. Considering this high temperature used in thermal annealing is not 

applicable to large-scale printed devices with polyethylene terephthalate (PET) substrate, SV 

annealing was investigated to find out the possibility to coalesce NPs in the solid state without 

heating. Upon solvent vapour annealing with chloroform, which has high vapour pressure, for 1 hour, 

the NP films spin coated from aqueous PTNT:C60:C70 (2:1:1) NPs and PTNT:PC61BM (1:1) NPs did 

not indicate the complete coalescence of NPs shown in Figure 6.13. Furthermore, large particle 

aggregations were observed in both samples, which could be resulted from the solidification of partly 

softened materials upon SV annealing. 
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Figure 6.13 SEM images of (a) PTNT-C60-C70 NPs and (b) PTNT-PC61BM NPs upon chloroform vapour 
annealing for 1 hour. Scale bars are 500 nm. (c) Chemical structure of PTNT. 

Considering SV annealing could result in different effectiveness on NPs prepared with different 

polymers, annealing with chloroform vapour was also applied to TQ1:PC71BM (1:2.5) NPs. After 

exposing the NP film in saturated chloroform vapour for 10 min, incomplete coalescence of NPs and 

agglomeration of materials were observed (Figure 6.14a). When the duration of SV annealing was 

prolonged for 30 min, large amount of discrete NPs were still remaining on the surface (Figure 6.14b). 

  

Figure 6.14 SEM images of TQ1:PC61BM NPs upon chloroform vapour annealing for (a) 10 min and (b) 
30 min. Scale bars are 400 nm. 
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Based on this unsatisfactory result, SV annealing was not conducted on other NP films used as 

active layers in OPV study. However, other solvents might be more beneficial to the coalescence of 

NPs and will be studied in the future. 

6.3.3. Solvent blend washing 

It has been reported that washing the NP film with a solvent blend of ethanol (EtOH) and water could 

effectively remove the surfactants14 though did not result in the coalescence of NPs. Considering 1-

chloronaphthalene (CN) has a high boiling point which endows it to be an excellent solvent additive 

to process BHJ active layer, a solvent mixture of CN and EtOH was prepared to investigate whether 

NPs can be coalesced by blend solvent washing.  

TQ1:PC61BM (1:2.5) NPs were prepared through miniemulsion method as described before. The NP 

as spun film was subsequently washed by dipping in pure EtOH followed by spin coating to remove 

any residual solvent. The SEM images of the as spun film and the washed film are shown in Figure 
6.15a, b, indicating that washing the NP film with EtOH did not result in aggregation of NPs or film 

delaminating from substrate. 

  

Figure 6.15 SEM images of TQ1:PC61BM (1:2.5) NPs (a) as spun and (b) washed with EtOH. Scale bars 
are 400 nm. 

Solvent mixture containing 2%, 5% and 10% of CN in EtOH were prepared separately. The washing 

step was performed by dropping solvent mixture on NP film for 10 s, followed by spin-coating to 

remove remaining solvent. After solvent washing, EtOH was removed under spinning while trace 

amount of CN should still remain on the film to soften the polymer-rich shell. Figure 6.16a shows 

the SEM image of TQ1:PC61BM NP films washed by 2% of CN, indicating partially coalesced NPs. 

Considering the low volume of washing solvent applied, 2% of CN could possibly be inadequate to 

connect most of the NPs in the solid state, thus, higher content of CN was applied in the subsequent 

study. After washing with a 5% of CN in ethanol solution, coalesced NPs were observed (Figure 
6.16b), however, solid flakes instead of continuous film formed on silicon substrate. The formation 

of discontinuous flakes was assumed to be attributed to the remaining CN droplet on the substrate, 

which was not visibly observed. Pushing this washing step to an extreme condition by using 10% of 

a b 
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CN resulted in the appearance of holes in macro-scale (Figure 6.16c). The photo of washed NP film 

with solvent droplets is shown in Figure 6.16d, revealing that the discrete CN droplets were 

responsible for the deteriorated morphology.  

 

 

 

  

  

Figure 6.16 (a) SEM images of TQ1:PC61BM (1:2.5) NPs washed with EtOH+2% CN, (b) washed with 
EtOH+5% CN and (c) washed with EtOH+10% CN. (d) Photo of NP film on silicon substrate after 
washing with EtOH+10% CN followed by spin-coating. Scale bars are 1 µm. 

Due to the difficulty of controlling film morphology, solvent blend washing was not used in the 

fabrication of NP OPVs presented in this thesis. However, other solvent blend systems might be 

beneficial to the morphology of NP films and will be investigated in the future. 

6.4. Synthesis of nanoparticles without additional surfactant 

Most procedures describe the preparation of nanoparticles requiring the use of SDS as the surfactant 

to achieve stable emulsion and avoiding aggregation of materials in aqueous dispersion. However, 

as a non-volatile compound, SDS cannot be simply removed by thermal annealing or other 

a b 
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treatment, and remains in the active layer of OPVs after fabricating, which could influence device 

performance.14  

The work presented in this part was aiming at processing water-dispersed nanoparticles without an 

addition of surfactant. The preparation of NPs in this work was based on the utilisation of tertiary 

amine/pyridine functionalized polymer TQ1A, TQ1-50A, TQ1-20A, TQ1P4 as well as sodium 

sulfonate substituted fullerene derivative (PCSS) (Figure 6.17). Upon protonation of the 

dimethylamine side groups on polymer TQ1A, TQ1-50A and TQ1-20A, or the pyridine end groups 

attached to TQ1P4 with formic acid, the polymeric salts obtained from these polymers exhibit the 

property of micelle formation similarly to a surfactant, facilitating the formation of a miniemulsion and 

stabilizing the nanoparticles of amine or pyridine containing polymer, TQ1 and PC61BM blends. The 

sodium sulfonate substitution on PSCC also endows the modified fullerene to be able to form micelle 

in aqueous condition.  

O
SO3Na

 

Figure 6.17 Chemical structure of PSCC. 

6.4.1. SDS effect study 

To study the effect of SDS in polymer solar cells, BHJ (TQ1:PC61BM) devices were fabricated with 

a thin layer of SDS subsequently spin coated (from 1% weight SDS aqueous solution) on top of the 

electron transport layer, ZnO, followed by thermal annealing at 120 °C prior to the deposition of 

active layer. Thermal annealing of SDS layer was performed in order to remove moisture, which 

would also impact the performance of OPVs. Due to this consideration, control experiments (water-

control) were performed with only water spin-coated during fabrication of devices instead of SDS.  

As shown in Table 6.6, the presence of SDS resulted in slight deterioration in the performance of 

devices, with the decrease in VOC by 0.1 V observed, compared to the water-control devices. The 

treatment of water in the device fabrication lead to the decrease in both JSC and FF, resulting in lower 

value of PCEs compared to the reference BHJ device. The reduction of JSC in the water-control 

device could be attributed to the surface energy alteration of ZnO introduced by water, affecting the 

morphology of active layer in an unwanted aspect. It can be preliminarily concluded that the presence 

of SDS in OPV resulted in inferior photovoltaic performance. 
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Table 6.6 Device characteristics of TQ1: PC61BM BHJ OPVs with the presence of SDS, the control OPVs 
with only coated water and reference OPVs without any treatment. 

Device 
description 

JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

1% SDS 6.91 59 0.74 3.02 

Water-control 6.61 57 0.85 3.18 

Reference 8.07 68 0.86 4.74 

 

6.4.2. Preparation of NPs using polymers with functionalized side groups  

To eliminate the usage of additional SDS in the preparation procedure of NPs through the 

miniemulsion method, novel materials with functionalized side groups were carefully utilised and 

studied. The general preparation procedure of NPs without an addition of surfactant is described as 

below. Firstly material blends were dissolved in chloroform and 2% formic acid aqueous solution was 

prepared. Then formic acid aqueous solution was gently transferring into organic phase under stirring 

followed by ultra-sonication to offer the miniemulsion. Finally chloroform was removed under heating 

and water-dispersed nanoparticles were obtained.  

Figure 6.18 shows the SEM images of NPs prepared from different polymer:PCBM blends with the 

inserting pictures of NP inks. It is convincible that TQ1 derivatives with functionalized side groups 

(TQ-FSG), which were protonated by volatile acid, could effectively stabilize TQ1:TQ-FSG:PCBM 

blend NP system. Using 10wt% loading of TQ1A in the blends, TQ1:TQ1A:PC61BM (4:1:5) NPs were 

achieved with the size of 20-200 nm detected under SEM (Figure 6.18a). Larger particles were 

observed (Figure 6.18b) using TQ1-50A to form TQ1:TQ1-50A:PC61BM (4:1:5) NPs, indicating lower 

concentration of amino groups in the material blend resulting in wider size distribution of forming 

particles. Moreover, spherical NPs were successfully obtained from TQ1:TQ1P4:PC61BM (4:1:5) 

material combination (Figure 6.18c). The evidence of successfully made NPs without SDS have a 

great potential in the application of photoactive layer in OPVs. After the deposition of NP layer, 

volatile acid can be removed from the thin film under mild thermal annealing, which is also crucial to 

coalesce NPs. However, post preparation of NP dispersion, partial aggregation of the materials 

precipitated out from the water and resulted in low solid concentration in the stable water-dispersed 

NPs after filtration. Furthermore, large amount of aggregations and pinholes were observed on the 

films spin coated from these NP dispersion, which were mainly resulted from the film dewetting. 

Therefore, these SDS-free NP systems are still under optimisation before being utilised to form active 

layer in OPVs.  
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Figure 6.18 SEM images of NPs prepared from (a) TQ1:TQ1A:PC61BM (b) TQ1:TQ1-50A:PC61BM and (c) 
TQ1:TQ1P4:PC61BM in (4:1:5 weight ratio). Scale bars are 500 nm. 

Besides the preparation of NPs from TQ1:TQ-FSG:PCBM ternary blend, NPs were also synthesised 

using pure amine functionalized polymers blended with PCBM. The SEM image of film spin coated 

from TQ1-50A:PC61BM (1:2.5) NPs (Figure 6.19a) indicates the nanostructure obtained post NP 

preparation being not spherical. The crystal-like nano structures are possibly resulted from the 

aggregation of materials or the shrink of NPs during drying. In the case of 20% amine containing 

polymer used to form TQ1-20A:PC61BM (1:2.5) NPs, gross amount of aggregations in the water were 

observed (Figure 6.19b insert) after the preparation of the NP dispersion. The higher degree of 

agglomeration in the NP ink based on TQ1-20A compared to the ones containing TQ1-50A were 

attributed to the decrease of amino concentration in the dispersion, which significantly affected the 

stability of NPs. 

    

Figure 6.19 SEM images of NPs prepared from (a) TQ1-50A:PC61BM (1:2.5 weight ratio) (b) TQ1-
20A:PC61BM (1:2.5 weight ratio) with inserted photos of NP inks. Scale bars are 500 nm. 

6.4.3. NPs synthesised from TQ1 and PCSS 

NPs based on TQ1 and PCSS were prepared by first dissolving TQ1 in chloroform and PCSS in 

MilliQ water, respectively, before two phases were mixed by vigorously stirring. The miniemulsion 

was obtained after ultra-sonication followed by heating to remove chloroform, offering water 

dispersion with solid content of 0.1wt%.  The SEM image (Figure 6.20) clearly shows the spherical 

particles were obtained using PCSS. The solid state spin coated from the water-dispersed NPs gave 

the size range of approximate 60 nm to 200 nm in diameter. The solubility/dispersity of PCSS was 
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tested to be maximum of 0.53 mg/mL in aqueous solution, which hinders the realisation of NP ink 

with higher concentration for photoactive layer deposition. However, NPs containing ternary blend 

of donor polymer:PCBM:PCSS could be potentially prepared, in which PSCC might stabilize the NPs 

for OPV device fabrication. 

     

Figure 6.20 SEM images of TQ1:PCSS (1:1 weight ratio) NPs. Scale bars are 500 nm. 

6.4.4. Introduction SDS in the preparation of NPs for photovoltaic study 

Although NPs without an addition of surfactant could be successfully synthesised by miniemulsion 

method. The low solid content and unsatisfactory film quality from these water-dispersed NPs cannot 

meet the requirements for the fabrication of NP based solar cells. The OPVs based on 

TQ1:TQ1A:PC61BM NPs without using SDS did not show any photovoltaic response. However, with 

the introducing of amine functionalized polymers, the unsuccessful OPVs could also be resulted from 

the hole trap formed by amino groups.33 To exclude the interference from amino groups as the 

introduced parameter, BHJ solar cells were fabricated with TQ1:TQ1A:PC71BM (4:1:12.5) from o-

DCB as the active layer. Meanwhile NPs were prepared using TQ1:TQ1A:PC71BM (4:1:12.5) with 

additional SDS to improve the film quality as well as to reduce the aggregation in NP inks. The device 

characteristics are shown in Table 6.7.  Compare to TQ1:TQ1A:PC71BM (4:1:12.5) BHJ devices, 

which gave 1.79% of PCE, the solar cells based on NPs with SDS presented unsatisfactory 

performance, reaching only 0.19% of PCE. The low performance could be resulted from the 

undesirable morphology of NP active layer as well as the insulating surfactant remaining in the 

devices.  

Table 6.7 Device characteristics of TQ1:TQ1A:PC71BM (4:1:12.5) NPs based OPVs and BHJ OPVs with 
inverted structure ITO/ZnO/active layer/MoO3/Ag. 

Active layer JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

NPs 1.37 17 0.81 0.19 

BHJ 4.71 54 0.70 1.79 
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Research on the preparation of SDS-free NPs from materials with functionalized groups is still an 

ongoing process and all parameters in the procedure will be carefully adjusted to realise the 

fabrication of SDS-free NP based OPVs.  

 

6.5. NPs prepared with ammonium lauryl sulphate (ALS) surfactant 

ALS 30% aqueous solution was purchased from Sigma Aldrich. As an ionic surfactant, ALS is also 

a commonly applied chemical compound in commercially available detergent and has the same alkyl 

sulphonic structure (Figure 6.21a) as in SDS. Using ALS as the surfactant as the alternative of SDS 

in the preparation of NPs, the ammonium ion remaining in the NP forming film could theoretically be 

released during the thermal annealing of NP film. Hence, the potential charge traps generated by 

the ion are eliminated. But the influence of the remaining dodecyl sulphonic acid on the NP device 

performance needs to be studied. 

6.5.1. Thermal property of ALS and ALS assisted NP formation  

TGA measurement was performed on ALS 30% water solution to investigate the decomposing 

property of ALS. Due to that commercially available ALS contains large quantity of water (70%), ALS 

sample was isothermally treated at 100 °C for 10 min in nitrogen atmosphere to remove water. It can 

be observed from Figure 6.21b that ALS sample experienced continuous weight loss from 100 °C 

to approximate 140 °C, which is assumed to be the releasing of ammonium and forming of sulphonic 

acid. A major thermal decomposition occurs beyond 200 °C. The former one was confirmed by 

testing the pH level of water solution that dissolved 130 °C treated ALS, which shows to be more 

acidic (pH=1) compared to the pristine ALS solution (pH=6), indicating the conversion from ammonia 

salt to sulphonic acid.  
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Figure 6.21 (a) Chemical structure of ALS. (b) TGA curve of ALS after isothermal annealing at 100 °C 
for 10min. Scan rate is 10 °C/min. 
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To investigate the effectiveness of using ALS in the miniemulsion method to prepare NPs, TQ1 was 

dissolving in chloroform prior to mixing with diluted ALS aqueous solution, followed by ultra-

sonication and then the removal of organic solvent. After the excess of free ALS being removed via 

centrifugal dialysis, stable water dispersed TQ1 NPs were achieved. Figure 6.22 shows the 

nanoparticles of neat TQ1 polymer with spherical shape were successfully prepared using ALS.  

  

Figure 6.22 SEM image of pure TQ1 NPs prepared with ALS. Scale bar is 400 nm. 

6.5.2. Photovoltaic performance 

To study the effect of ALS on NP based OPVs with the inverted structure (ITO/ZnO/NPs/MoO3/Ag), 

NPs were prepared using TQ1:PC61BM (1:2.5 weight ratio) with surfactant ALS and SDS, 

respectively. The device characteristics are shown in Table 6.8. Thermal annealing at 140 °C was 

introduced to both NP films and the complete devices. The solar cells based on ALS batch NPs 

presented very poor photovoltaic performance, only 0.15% of maximum PCE was obtained. 

Meanwhile, solar cells incorporating SDS stabilized NPs gave 0.86% of PCE, which was fabricated 

without optimisation. One possible explanation of the poor device performance observed on ALS 

containing devices could be the sulphonic acid generated after thermal annealing of NP forming 

layer at 140 °C. The sulphonic acid could possibly interact with the MoO3 interlayer and change the 

work function of the hole transport layer. Therefore, using PEDOT:PSS as the alternative of MoO3 

might improve the device performance. Another reason could be the deterioration of the morphology 

in the active layer after thermal annealing of NP films and post-annealing.  

Table 6.8 Device characteristics of OPVs TQ1:PC61BM (1:2.5) NPs using different surfactants with 
inverted structure ITO/ZnO/NPs/MoO3/Ag. 

Surfactant Post annealing 
condition JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

ALS No 0.70 23 0.60 0.10 

ALS 140 °C, 4 min 1.24 25 0.50 0.15 

SDS No 3.80 32 0.71 0.86 

SDS 140 °C, 4 min 3.76 28 0.69 0.73 
NP film were thermally annealed at 140 °C for 5 min in the glove-box. 
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SEM images shown in Figure 6.23 indicate that after thermal annealing of NP films, which deposited 

from ALS containing NP ink, large aggregation forming on the top surface. The SDS batch NPs show 

similar surface topographic change upon annealing. The large aggregation is primarily attributed 

from the crystallization of PC61BM after thermally heated up to 140 °C. Although the large phase 

separation observed affect the charge separation in annealed NP active layer, the discrepancies of 

photovoltaic performance between ALS-NP OPV and SDS-NP OPV cannot be simply imputed to the 

unsatisfactory morphology. The effect of remaining sulphonic acid in NP active layer needs to be 

further studied. Otherwise other techniques need to be applied to remove ALS surfactant or 

sulphonic acid from NP forming active layer to eliminate its negative influence to the photovoltaic 

performance before ALS can successfully replace SDS in the preparation of NPs using miniemulsion 

method. 

  

  

Figure 6.23 SEM images of ALS batch TQ1:PC61BM NP film as-spun (a) and annealed at 140 °C for 5 
min (b); SDS batch TQ1:PC61BM NP film as-spun (c) and annealed at 140 °C for 5 min (d). Scale bars 
are 400 nm. 

6.6. Possibility of substituting SDS 

Due to the insulating property, SDS used to stabilize NPs remaining in the solar cells was reported 

to have negative influence on device performance.14, 34 The negative influence is mainly resulted 

from the ions introduced by SDS. Hence, efforts have been made trying to substitute SDS with 

cleavable and non-ionic surfactants to assist NP formation without the presence of ions in the final 
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device. In addition, post preparation of NPs incorporating SDS, different materials have been 

investigated, aiming to reduce SDS content in aqueous NP inks. 

6.6.1. Substituted surfactants  

Utilisation of cleavable surfactant35 is one possible way to synthesis NPs from conjugated materials 

for OPVs. As described earlier in this chapter, cleavable surfactant ALS has been used and 

successfully assisted the formation of TQ1:PCBM NPs. However the decomposed alkyl sulphonic 

acid couldn’t be thermal removed and remained in the complete devices, resulting in poor 

photovoltaic performance. As far as we know, surfactants that have been applied in the 

emulsification of water-oil system have chemical structure consisting hydrophobic alkyl or aryl groups 

and hydrophobic groups. Therefore, an ionic compound octylammonium formate was synthesised 

from octylamine and formic acid as shown in Figure 6.24a. Due to the weak ionic bonding and low 

boiling point of octylamine (175-177°C) and formic acid (100-101°C), octylammonium formate is 

hypothesized to be a potential cleavable surfactant that could facilitate the formation of conjugated 

NPs.  
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Figure 6.24 (a) Chemical structure of octylammonium formate. (b) Photos depicting miniemulsion 
formed with octylammonium formate and suspension after chloroform removal. (c) Chemical structure 
of octadecylammonium formate and (d) forming emulsion. 

To investigate its effectiveness of micelle formation, octylammonium formate was used in 

TQ1:PCBM (1:1) system following general miniemulsion method, but in the absence of SDS. Post 

ultra-sonication an unstable miniemulsion consisting chloroform dispersed phase TQ1:PCBM was 

obtained. However, large amount of solid aggregate was formed after the removal of chloroform as 

depicted in Figure 6.24b. The gross aggregation could be a result from the inadequate stability of 

the miniemulsion, i.e. agglomeration from dispersed droplets in the continuous aqueous phase. 

Since the alkyl group in octylammonium formate has smaller hydrophobic unit compared to that in 

SDS, octadecylammonium formate was synthesised from octadecylamine and formic acid as shown 

in Figure 6.24c, and subsequently used to emulsify TQ1:PCBM CHCl3 solution with water. Figure 
6.24d presents the TQ1:PCBM miniemulsion being successfully formed assisted by 

CHCl3 

removal 
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octadecylammonium formate. Considering the intrinsic high boiling point of octadecylamine 

(346.8 °C), this surfactant couldn’t be removed from NP system post preparation. Therefore 

continuous research were carried out on investigating other possible non-ionic surfactants. 

One challenge of the usage of non-ionic surfactants is their intrinsic low cloud point compared to the 

ionic counterpart, i.e. SDS. The cloud point is defined as the temperature an aqueous solution of a 

water-miscible surfactant starts to phase separate, which is a critical characteristic of surfactants.36 

When a given non-ionic surfactant is used in the miniemulsion method to prepare semiconductive 

NPs, the high shearing force during ultra-sonication could increase the temperature of the mixture 

to be above its cloud point. Furthermore, high temperature used to evaporate miniemulsion 

dispersed phase solvent can also reach the cloud point of the non-ionic surfactant used. Therefore, 

the instability of the surfactant used could result in the aggregation of particles. Several non-ionic 

surfactants tested in the NP preparation are shown in Figure 6.25. By checking the clarity of 1% 

aqueous non-ionic surfactant solution as a function of temperature, the approximate cloud points of 

the non-ionic surfactants tested to prepare NPs were estimated and shown in Table 6.9. 
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Figure 6.25 Chemical structure of the non-ionic surfactants. 

Table 6.9 Estimated cloud points of non-ionic surfactants. 

Non-ionic surfactants Cloud point (°C) 

IGEPAL® co-520 <4 

IGEPAL® co-630 54 

TritonTM X-100 65 

Tween® 20 76 

Tween® 80 65 
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It has been reported that IGEPAL® series surfactants can be utilised to assist the formation of metal 

oxide NPs,37-38 but only limited number of publications studied the using of non-ionic surfactants to 

synthesise NPs from conjugated polymers.36, 39 TQ1 NPs (Figure 6.26a) were prepared using 

IGEPAL® co-630 as the surfactant via miniemulsion method. But due to the large amounts of 

aggregation formation post the removal of miniemulsion dispersed phase solvent, NP ink with very 

low solid loading was obtained after filtration. Figure 6.26b shows the photo of forming emulsion 

and Figure 6.26c for the aqueous TQ1 NP ink, indicating the inadequate stability of semiconducting 

NPs using IGEPAL® co-630.  

     

Figure 6.26 (a) SEM image of TQ1 NPs prepared using IGEPAL® co-630. Scale bar is 1 µm. Photos of 
(b) TQ1 miniemulsion and (c) stable TQ1 NP ink after filtration through 0.45 µm filter. 

Furthermore, the other non-ionic surfactants listed in the Table 6.9 were tested respectively in TQ1 

chloroform-water system but unfortunately no successful miniemulsion was achieved. 

6.6.2. SDS removal post preparation of NPs 

The difficulty of achieving stable NPs using cleavable or non-ionic surfactants impedes the 

preparation of SDS-free NPs with high solid content for OPVs. Therefore, the removal of residual 

SDS post NP preparation is another possible way to eliminate/reduce the negative effect from SDS 

on NP based OPVs. In our typical preparation procedure of NPs using SDS, most of the free 

surfactant was removed from the aqueous inks by centrifuge assisted dialysis, whereas the surface-

bound surfactant couldn’t be simply detached from active material NPs without inducing 

agglomeration. Hence, introducing other stabilizing agent is one possible solution to facilitate the 

detachment of surface-bound SDS on NPs. To prove this concept, ionic compound octylammonium 

formate was added to TQ1:PC61BM NP ink prior to the centrifugal dialysis. Unfortunately this 

experiment was unsuccessful and the aggregation of particles were segregated from water shown 

in Figure 6.27. The severe phase separation was assumed to be resulted from the change of surface 

charge introduced by additional ionic compound.  

a b c 
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Figure 6.27 Photos showing TQ1:PC61BM NP inks before and after treatment with octylammonium 
formate. 

Unlike SDS, which stabilizes NPs based on the electrical forces between the negative surface 

charges, non-ionic species assist micelle or particle formation based on the hydrogen bond forming 

between their hydrophilic groups and water.40 Hence, non-ionic surfactants were tested to study 

whether they can promote the removal of SDS from NP ink. IGEPAL® co-630 was introduced to 

TQ1:PCBM NPs prepared using SDS for the purpose of replacing bound SDS without severe 

aggregation of NPs. The experiment was performed by mixing aqueous IGEPAL® co-630 solution 

with TQ1:PCBM NP dispersion, of which most of the free SDS already being removed by dialysis. 

The mixture was allowed to stir for 2 hr followed by centrifugal dialysis with IGEPAL® co-630 solution 

and then pure water. To exclude the interference from extra dialysis steps, a control experiment 

using pure water instead of IGEPAL® co-630 solution to treat the same batch of NPs was performed 

in the same approach described. 

Energy Dispersive X-ray Spectroscopy (EDS) was performed on solid film of NPs to detect sodium 

content in NP samples, which was originated from SDS. The EDS analysis reports and 

corresponding SEM images of NP films are shown in Figure 6.28. Before any treatment was 

introduced to TQ1:PCBM NPs, the Na/C atomic ratio was measured to be 2.8/78.5 (Figure 6.28a), 

which decreased to 0.2/81.3 (Figure 6.28b) after NP ink being treated by IGEPAL® co-630. 

Meanwhile the control sample was measured to have the Na/C atomic ratio of 1.2/89.0 (Figure 
6.28c), indicating that IGEPAL® co-630 promoted SDS removal post NP preparation. Compared to 

NP sample without treatment (Figure 6.28d) and the one treated with water (Figure 6.28f), the SEM 

image in Figure 6.28e shows aggregation of NPs in the solid state, further proving the concept that 

non-ionic surfactant could replace surface-bound SDS. Although most of the SDS could be detached 

from TQ1:PCBM NPs using IGEPAL® co-630, the aggregation of NPs deteriorated the morphology 

of forming film, which is unwanted for OPV fabrication. Hence, further studied need to be 

implemented on the replacement of SDS without introducing aggregations. 

Octylammonium 

formate treating 
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Figure 6.28 EDS element analysis reports (a-c) and SEM images (d-f) of TQ1:PCBM NPs without any 
treatment (a and d), treated by IGEPAL® co-630 solution (b and e) and treated by pure water as control 
experiment (c and f). Scale bars are 500 nm. 

6.7. Precipitation method 

It has been reported that nanoparticles can be successfully made from polymer P3HT and fullerene 

acceptor using precipitation method described in Chapter 3 without introducing surfactant and 

ultrasonication process.4, 24, 41 However, the inadequate stability of these surfactant-free NPs 

requires the fabrication of NP solar cells to be done immediately post preparation of NP ink. 

Moreover, the deposition of NP active layer from this kind of precipitated NP ink with low solid content 

was commonly performed by multiple spin-coating4 or spray coating6 to offer ideal thickness. Hence, 

this type of NP ink published is not suitable for industrial up-scaling in printed solar cells until we find 

out how to stabilize NPs with different donor:acceptor blends using precipitation method.  

6.7.1. Different binary system using precipitation method 

The experiments to study the possibility of using precipitation method on different conjugated 

systems including already published P3HT system have been performed. The preparation was 

following the procedure reported by Darwis et al.41 with chloroform as the solvent for active materials 

a d 

b 

c f 
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and EtOH as the non-solvent to disperse particles. P3HT, TQ1 and PTNT (structure shown in Figure 
6.29) were dissolved with PC61BM respectively in chloroform prior to the precipitation in EtOH under 

vigorously stirring at room temperature to offer EtOH ink with solid load of 0.2wt%. Unfortunately, 

rapid aggregations were formed immediately post precipitation procedure in samples containing TQ1 

and PTNT (Figure 6.30a, b). In contrast, P3HT:PCBM NPs precipitated in the same approach 

exhibited moderate stability in EtOH dispersion shown in Figure 6.30c. The SEM images of 

precipitated samples consisting TQ1:PCBM (Figure 6.30d) show large chunks of agglomerates, 

however, existence of spherical NPs was observed. Similar observation was also found in 

PTNT:PCBM samples (Figure 6.30e). It is assumed that NPs can form in different conjugated 

system using precipitation method, but the limitation of stability impedes the increase of solid 

concentration in stable NP inks. Therefore, the procedure of precipitation method needs to be 

carefully studied in order to achieve stable NPs using other conjugated polymers as an alternative 

of P3HT for OPVs. Beside the optimisation of the experimental parameters, one possible way to 

achieve stable NPs using the precipitation method is to modify the polymer structure by replacing 

the aliphatic side groups with hydrophilic side chains, such as oligoethylene glycol or end-cap the 

polymer backbone with hydrophilic unit to facilitate the self-assembly.42 Another possible method is 

to introduce additional stabilising agent, such as ionic and non-ionic surfactants to assist the 

formation of small NPs with the surface stabilised with hydrophilic groups. 
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Figure 6.29 Chemical structures of P3HT, TQ1 and PTNT. 
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Figure 6.30 Photos (a-c) and SEM images (d-f) of (a, d) TQ1:PC61BM, (b, e) PTNT:PC61BM and (c, f) 
P3HT:PC61BM particles post preparation via precipitation method. 

6.7.2. Study of the experimental parameters in the preparation procedure 

The undesirable results presented by TQ1:PC61BM and PTNT:PC61BM particles prepared using 

precipitation method indicate that the experimental parameters in this precipitation procedure needs 

to be thoroughly studied and modified. Unlike miniemulsion method, which highly depends on the 

shearing force of ultra-sonication to form miniemulsion from two immiscible phase, precipitation 

method form particles by solid precipitating out when two miscible solvents are blended. Therefore 

performing precipitated NPs could theoretically be achieved by altering the initial solvent and 

precipitated non-solvent as well as adjusting the concentration of active materials. Furthermore, 

other factors that influence the stability of NPs should also be considered, such as the surface energy 

of material used and temperature during precipitation, as high temperature will lead to high mass 

transfer and high degree of agglomeration. Since different polymers have different physical 

properties, such as viscosity, crystallinity, solubility or dispersity in different solvent systems, well-

studied amorphous polymer TQ1 was thus investigated in the precipitation method to avoid the 

interference from intrinsic properties of materials. Two batches of TQ1 with different molecular weight 

(Mn = 53 kg/mol and Mn = 10.8 kg/mol, respectively) were used to compare the influence of 

molecular weight to the NPs forming using precipitation method.  

It is already known that shearing force introduced by rapid stirring leads to different degrees of mass 

transfer when different stirring speed is used during mixing of solution.6 Moreover, different force 

distributed in the containers with different size could also result in different particle size, which directly 

influence the stability of NP ink. To gain better control of NP work presented in this thesis, experiment 

container, stirrers and stirring plate with temperature control remained constant.  

a b c 
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By varying the initial concentration of TQ1:PCBM in CHCl3 and the final concentration of the blend 

in EtOH (Table 6.10), it was disappointing to realise that even using 0.5 mg/mL CHCl3 solution, no 

stable NP ink can be achieved after the removal of chloroform. In the meantime, methanol was also 

used as a precipitation solvent and LMW-TQ1 was studied as an alternative of HMW-TQ1, but only 

aggregation was observed. Further diluting the solution to form NPs could be tested, however, the 

obtained ink cannot fit the purpose of using it for OPVs because of the ultra-low active material 

content.  

Table 6.10 Experimental parameters study in the precipitation method to prepare TQ1:PCBM NPs. All 
the conditions listed led to aggregation of materials immediately post preparation. 

Sample Initial concentration in 
CHCl3 (mg/mL) 

Final concentration in 
EtOH (mg/mL) 

1 
15 

2.010 

2 1.005 

3 7.5 1.005 

4 
3.8 

0.760 

5 0.532 

6 

0.5 

0.100 

7 0.067 

8 0.050 

 

Considering TQ1:PCBM couldn’t be well dispersed in alcohol under the experimental conditions, 

tetrahydrofuran (THF)-water solvent system were used in precipitation method. By varying the initial 

and final concentration, stable surfactant-free NPs ink was achieved with solid content of 0.05 mg/mL 

in aqueous dispersion. It should be noted that post precipitation, THF was removed by rotary 

evaporation instead of heating to avoid high temperature induced aggregation. Since this low content 

of active materials cannot meet the requirement for the deposition of active layer by spin-coating or 

roll-to-roll printing, further concentration steps were performed by centrifugal dialysis to reduce the 

volume of ink. After one step of dialysis, the solid content was increased to 0.25 mg/mL and no 

visible aggregation was found, whereas two steps of dialysis resulted in the concentration of 1.25 

mg/mL with small amount of aggregation phase-separated from water. Due to the appearance of 

agglomeration, further concentration step was discontinued. Figure 6.31 shows the SEM images of 

TQ1:PCBM NPs before and after dialysis steps. Unlike TQ1:PCBM NPs prepared using 

miniemulsion method, the nano structure of precipitated particles is not completely spherical, which 

is possibly attributed to the absence of stabilizing surfactant.  
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Figure 6.31 SEM images of TQ1:PCBM (1:2.5 weight ratio) NPs (a) without dialysis, (b) with one step 
dialysis and (c) with two steps of dialysis. Scale bars are 500 nm. 

6.7.3. Precipitation method assisted with non-ionic surfactant  

Due to the unsuccessful results obtained by using precipitation method to form surfactant-free 

TQ1:PCBM NPs with high solid content, extra stabilizing agent was subsequently used in the 

procedure aiming to achieve high concentration of NP inks. The non-ionic surfactants IGEPAL® co-

52043 and IGEPAL® co-630 were tested respectively in the precipitation method to investigate their 

effectiveness of stabilizing NPs in the concentration procedure.  

To gain a better control of the experimental parameters in the precipitation procedure, TQ1:PCBM 

(1:2.5 weight ratio) was dissolved in THF with the initial concentration of 0.5 mg/mL and equal weight 

of non-ionic surfactant compared to active material was mixed with THF solution. The THF solution 

was subsequently transferred to water under vigorous stirring to precipitate NPs followed by vacuum 

assisted rotary evaporation to remove THF, offering aqueous ink with solid content of 0.05 mg/mL. 

To concentrate the aqueous inks, continuous rotary evaporating was carried out on the dispersion. 

In the case of using IGEPAL® co-520, aggregation formed when the final concentration reached 

0.225 mg/mL. The aggregation could be attributed to the phase separation between this surfactant 

and water under water evaporation process, which was done at 40 °C and 30 mbar. When IGEPAL® 

co-630, which has cloud point above 50 °C, was utilised in the process, moderately stable NPs ink 

with approximate 30 mg/mL concentration was achieved. It should be noted the ink was concentrated 

from 0.05 mg/mL to 0.32 mg/mL via rotary evaporation followed by centrifugal dialysis to reach final 

solid content. The SEM image shown in Figure 6.32 reveals nanoparticles being successfully 

achieved by non-ionic surfactant assisted precipitation method. The particle size was estimated via 

dynamic light scattering (DLS) to be 85.2 ± 50.7 nm of the z-average diameter.  

b c a 
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Figure 6.32 SEM image of TQ1:PC61BM (1:2.5 weight ratio) NPs prepared by precipitation method with 
IGEPAL® co-630. Scale bar is 500 nm. 

To evaluate the photovoltaic performance of precipitated NPs containing IGEPAL® co-630, inverted 

device with the structure of ITO/ZnO/NPs/MoO3/Ag was fabricated. Due to the insufficient thickness 

of NP active layer by one step spin-coating, multiple coating process (4 layers) was performed with 

drying at 90 °C in between to avoid delamination of NPs. The complete active layer was thermally 

annealed at 120 °C to coalesce NPs prior to the deposition of hole transport layer and Ag electrode. 

It is found that the intrinsic high boiling point of IGEPAL® co-630 impedes the removal of it under 

vacuum and the percolation/diffusion of surfactant to the electrode altered the appearance of Ag 

electrode to be grey. Unfortunately no photovoltaic effect was observed on these NP devices, which 

could be a result from the large amount of insulating surfactant remaining in the device. Therefore 

the effect of remaining non-ionic surfactant on OPVs needs to be carefully investigated and methods 

to remove any insulating compound from photoactive layer needs to developed.  

6.7.4. NPs containing functionalized conjugated polymers using precipitation method 

It is already experimentally confirmed that conjugated NPs can be successfully prepared using 

precipitation method with additional non-ionic surfactant to offer high concentration. But the 

insulating property of introduced surfactant is unwanted in the NP based solar cells. Hence the usage 

of semiconducting stabilization agent could be one possible way to realise the NP preparation by 

precipitation method for solar cell fabrication.  

In the NP study using miniemulsion method, we already know that TQ1 derivatives functionalized 

with amino side chains assist the formation of miniemulsion and stabilize NPs in the aqueous 

dispersion. Hence, tertiary amine functionalized polymers were further studied to understand if they 

can stabilize NPs using precipitation method. Another consideration of the utilisation of amino 

polymers is that they can dissolve in alcohol after protonation with acid, offering charged species in 

the non-solvent used for conjugated NPs, which could possibly realise the preparation of NP alcohol 

dispersion using precipitation method. TQ1-50A was dissolved in isopropyl alcohol (IPA) with formic 

acid considering IPA has higher boiling point compared to THF, which was used to dissolve neat 

PC61BM. The PCBM solution was transferred to IPA solution at 60 °C under vigorously stirring to 
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precipitate particles followed by continuous heating to remove residual THF solvent. The SEM image 

shown in Figure 6.33 reveals TQ1-50A:PC61BM NPs being successfully achieved through this 

precipitation procedure, though the size is not optimised and macro-scale agglomeration was 

observed post preparation.  

 

Figure 6.33 SEM images of precipitated TQ1-50A:PC61BM NPs. Scale bar is 2 µm. 

The result opens the possibility to prepare precipitated NPs with amino polymers. 

TQ1:TQ1A:PC71BM (4:1:12.5) nanocomposite can be achieved via miniemulsion method as 

described earlier in this chapter, and OPV based on which achieved PCE of 0.19%. Therefore, 

surfactant free TQ1:TQ1A:PC71BM NPs were prepared via precipitation method following the similar 

procedure in 7.7.3 and subsequently fabricated as active layer in OPVs. To avoid aggregation during 

concentrating step, no dialysis was carried out, and the final ink was obtained with 3.5 mg/mL. Since 

large amount of defects were accumulated by the multiple steps of spin-coating, resulting in 

deteriorated morphology, no photovoltaic effect was observed on these NP OPVs. The precipitation 

procedure assisted with amino polymers is still under modification, aiming to achieve stable NP 

dispersion for efficient organic solar cells. 

6.8. Experimental 

6.8.1. Materials 

TQ1 and PTNT (Mn=55.7 kg/mol, Mw=163.2 kg/mol) were synthesised in our lab as per previously 

reported procedures.18, 44 The molecular weight was measured by size exclusion chromatography 

(SEC) using a high temperature SEC at 150 ºC in 1,2,4-trichlorobenzene and all values are relative 

to polystyrene standards. In the case of NP forming investigation, TQ1 used in the study was the 

high molecular weight batch, with Mn=53 kg/mol and PDI of 2.5. 

PC61BM, PC71BM, C60 and C70 were purchased from Solenne BV. The surfactants, such as SDS, 

ALS (30% aqueous solution), IGEPAL® co-520 and IGEPAL® co-630 were purchased from Sigma 
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Aldrich and were used without further purification. TritonTM X-100, Tween® 20 and Tween® 80 were 

obtained from collaborators and are commercially available from Sigma Aldrich. 

TQ1A, TQ1-50A, TQ1-20A and TQ1P4 were synthesised by Stille coupling polymerisation. The 

detailed synthetic procedure can be found in Appendex A. The fullerene derivative PSCC was 

synthesised in our lab by Desta.  

6.8.2. Preparation of nanoparticles 

6.8.2.1. General preparation of NPs using the miniemulsion method 
Polymer or polymer-fullerene blends were dissolved in 560 μL of organic solvent (chloroform, o-

xylene or anisole) at 35 °C with stirring at 500 rpm for 2 hours. Meanwhile the aqueous phase was 

prepared by dissolving sodium dodecyl sulphate (SDS) (33 mg) in 2.8 mL of MilliQ water. After 

ensuring complete dissolution of conjugated materials, the aqueous phase was combined with the 

organic phase under stirring at 1200 rpm. A macroemulsion was then formed by stirring the mixture 

at 1200 rpm at 30 °C for approximately 1 hr, with the initial concentration of SDS to be 34.1 mM in 

the mixture. To generate the miniemulsion, Vibra-Cell ultrasonic processor VCX 750 with 1/8” 

stepped probe was introduced to ultra-sonicate the macroemulsion at 30% amplitude for 3 min. Then 

the miniemulsion was transferred immediately to a heating block and stirred at 1200 rpm to form a 

stable water dispersion of NPs after complete removal of the residual organic solvent. For 

nanoparticles prepared using chloroform, the miniemulsion was heated at 60 °C for 3 hr to ensure 

the complete removal of chloroform whereas in the case of using o-xylene or anisole, a NPs 

dispersion was achieved by heating at 75 °C for 6 hr. Additional water was added every hour to 

compensate for the water loss, which otherwise results in aggregation of material and precipitation 

on the wall of the vials. To minimise unwanted SDS from negatively impacting the device 

performance,14 centrifugal dialysis was introduced to remove excess free surfactant in the dispersion 

as well as concentrate the active materials in the water dispersion. 20, 45 

The TQ1:PC71BM NPs with low SDS concentration (1.0 mM) were prepared with the weight ratio of 

1:2.5 through the miniemulsion method described above. The aqueous phase was prepared by 

dissolving SDS (1 mg) in 2.8 mL of MilliQ water. 

In the shearing force study, TQ1:PC71BM NPs were prepared following the described procedure 

above using TQ1 (8.6 mg) and PC71BM (21.5 mg) in 560 μL of chloroform and SDS concentration of 

34.1 mM in the mixture. In the miniemulsion generation process, Vibra-Cell ultrasonic processor VCX 

750 with 1/8” stepped probe was introduced to ultra-sonicate the macroemulsion at 20% amplitude 

for 2 min, 30% amplitude for 2 min and 30% amplitude for 3 min, respectively. 

In the solvent additive study, TQ1:PC71BM blend solution was prepared by dissolving TQ1 (8.7 mg) 

and PC71BM (21.7 mg) in chloroform (560 µL) with or without 2% CN in the organic solvents. The 
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TQ1:PC71BM NPs with or without CN additive were achieved following the described procedure 

above. 

TQ1:PC71BM NPs with or without CN additive for STXM study were prepared by initially dissolving 

TQ1 (8.2 mg) and PC71BM (20.5 mg) in chloroform (1.01 mL) with or without 2% CN in the organic 

solvents, respectively at 35 °C under stirring at 500 rpm for 2 hours. Meanwhile an aqueous solution 

of sodium dodecyl sulphate (SDS) (ρSDS ~1x10-3 M) was prepared by dissolving SDS (1 mg) in MilliQ 

water (2.8 mL). After dissolution of the active materials, the aqueous SDS solution was added to the 

organic phase under stirring (1200 rpm) at 30 °C, forming a macroemulsion after stirring for ~1 hour. 

A miniemulsion was generated by ultra-sonicating (Branson Sonifier 450 system equipped with a 

microtip for 2 min) at 24 Watts. Then, the miniemulsion was transferred immediately to a heating 

block and stirred (1200 rpm) at 60 °C for 3 hours to completely remove the organic solvent to result 

in a stable aqueous TQ1:PC71BM NP dispersion. Subsequently, centrifugal dialysis was performed 

to remove the excess of free surfactant in the dispersion as well as to concentrate the NP dispersion.  

PTNT:C60:C70 NPs were prepared using the weight ratio of PTNT:C60:C70 being 2:1:1 and o-xylene 

as the precursor solvent, following the described general procedure above. 

The TQ1:TQ-FSG:PCBM and TQ-FSG:PCBM blend NPs without additional surfactant were 

prepared by firstly dissolve all active materials in chloroform and then mixed with an aqueous solution 

containing 2% formic acid, followed by ultra-sonication and removal of chloroform as described 

above. The TQ1:PCSS NPs were prepared by mixing TQ1 chloroform solution and PCSS aqueous 

solution, followed by ultra-sonication and removal of chloroform as described above. However, no 

centrifugal dialysis were performed on these NPs to avoid the aggregation. 

The TQ1:PC61BM (1:2.5 weight ratio) NPs prepared using ALS as the surfactant were prepared 

following the described general procedure above. But 0.11 g ALS (30% aqueous solution) dissolved 

in 2.72 mL MilliQ water was used as the aqueous phase instead of using SDS aqueous solution. 

6.8.2.2. General preparation of NPs using the precipitation method 
The preparation of NPs using precipitation method was following the procedure reported by Darwis 

et al.41 with chloroform as the solvent for active materials and EtOH as the non-solvent to disperse 

particles, or THF as the solvent for active materials and water as the non-solvent to disperse 

particles. The detailed experimental parameters are presented in the 6.7 in this Chapter. 

6.8.3. Characterisation of nanoparticles 

Scanning electron microscopy (SEM) was performed using an ultra-high resolution field-emission 

gun scanning electron microscope (Zeiss Merlin) at an accelerating voltage of 2 kV with 

magnification ranges of 50,000-150,000 X. All SEM samples were spin-coated from diluted 

nanoparticle water dispersion with ~1wt% of solids content on conductive silicon substrate. The size 
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distribution of NPs prepared using miniemulsion method was characterised from SEM images with 

a circular Hough transform algorithm.20, 46 Thermal annealing was performed by keeping the NP films 

on a preheated hotplate in ambient condition. 

Solvent vapour annealing were performed by keeping PTNT:C60:C70 (2:1:1) NP films or TQ1:PC71BM 

(1:2.5) NP films in a closed desiccator with saturated chloroform vapour for given durations described 

in the discussion, then dried in a vacuum oven at r.t. overnight before SEM measurements. 

Solvent blend washing were carried out by dropping solvent mixture of ethanol containing 0%, 2%, 

5% and 10% CN, respectively, on TQ1:PC61BM (1:2.5) NP film for 10 s, followed by spin-coating to 

remove remaining solvent. 

Atomic Force Microscopy (AFM) measurements were performed using a multimode AFM (supplied 

by Bruker) in tapping mode with silicon tips. 

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy measurements were performed 

to determine key absorption energies of TQ1 and PC71BM. Measurements were performed on 

beamline 5.3.2.2 at the Advanced Light Source.47 Pristine films of TQ1 and PC71BM were prepared 

by spin-coating from chloroform solution (3000 rpm, 1 min, with acceleration of 1596 rpm/s) onto 

PEDOT:PSS (Clevios P VP Al 4083, H.C. Starck) coated glass substrates, with no thermal treatment. 

A scalpel was used to score approximately 2 x 2 mm2 sections of the film prior to floating off the film 

sections onto the water surface. The floated film sections were allowed to sit on the water surface 

for sufficient time for the PEDOT:PSS sacrificial layer to wash away before they were collected onto 

300 mesh copper grids (purchased from ProSciTech Pty Ltd, Australia) for NEXAFS measurements. 

Film thickness of pristine films were measured via a KLA-Tencor Alpha-step 500 surface profilometer 

(COE, University of Newcastle, Australia) to determine the film thickness, 120 nm for TQ1 and 93 

nm for PC71BM. Prominent peaks at 287.4 eV and 284.4 eV were identified in the NEXAFS spectra 

of TQ1 and PC71BM, respectively (Figure 6.34). Therefore, 287.4 eV was chosen to map TQ1, while 

284.4 eV was chosen for mapping PC71BM to generate scanning transmission X-ray microscopy 

(STXM) fractional composition maps. 
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Figure 6.34 NEXAFS spectra of TQ1 (blue) and PC71BM (red) with the photon energy chosen of 284.4 
eV for PC71BM and 287.4 eV for TQ1. 

The scanning transmission X-ray microscopy (STXM) measurements were performed on beamline 

5.3.3.3 at the Advanced Light Source (Berkeley).47 Representative and detailed STXM experiment 

and data analysis are reported elsewhere.23, 47-48 Image analysis was performed with the aXis2000 

package (http://unicorn.mcmaster.ca/aXis2000.html). The samples for STXM were prepared by spin-

coating 2.5 µL NP dispersion (3000 rpm, 1 min, with low acceleration of 112 rpm/s) on silicon nitride 

window substrates with silicon dioxide coating (cleaned in UV-ozone for 5 min). 

Dynamic mechanical thermal analysis (DMTA) samples were prepared by repeatedly drop-casting 

the TQ1:PC71BM (1:3) NP water dispersion onto a 20-30 mm long, approximately 5 mm wide piece 

of glass fibre mesh, as described elsewhere29, followed by drying under ambient condition until a 

uniformly fully covered film on the glass mesh was obtained. The samples were stored in a vacuum 

oven overnight to remove most of the water before performing DMTA measurements. DMTA 

measurements were carried out on a TA Q800 DMA in strain-controlled mode at a frequency of 1 Hz 

and an amplitude of 5 µm. The samples were measured under a continuous flow of nitrogen gas 

with a heating rate of 3 °C per minute. The first run was performed from room temperature up to 80 

°C for further drying the sample, followed by a second run from -110 °C to 200 °C. The data from the 

second run was utilised to study thermomechanical properties of TQ1:PC71BM NPs with different 

molecular weight TQ1 in this Chapter. 

6.8.4. Device fabrication 

http://unicorn.mcmaster.ca/aXis2000.html
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6.8.4.1. Conventional structure in additive study 
Conventional solar cells with the structure ITO/PEDOT:PSS/NPs/Ca/Al were fabricated using water 

dispersed TQ1:PC71BM NPs with or without CN additive to coat the active layer. PEDOT:PSS films 

were spin-coated (5000 rpm, 1 min, 1680 rpm/s) on pre-cleaned patterned ITO-coated glass 

substrates and annealed at 140 °C for 30 min. TQ1:PC71BM NP active layer TQ1:PC71BM NPs were 

spin-coated (1750 rpm, 1 min, 1680 rpm/s) from 6 wt% NP dispersions followed by drying in air at 

110 °C for 4 min to remove the moisture before being transferred to a glove-box. The NP films were 

annealed in the nitrogen filled glove-box at various temperatures for 4 min and then transferred to a 

vacuum deposition chamber. The cathode consists a calcium (Ca) layer (~30 nm) and a aluminium 

(Al) layer (90 nm), which were thermally evaporated on the active layers in vacuum of 2 × 10-6 torr. 

6.8.4.2. Inverted structure 
Inverted solar cells with the structure ITO/ZnO/NPs/MoO3/Ag were fabricated using water dispersed 

NPs to coat the active layer. Patterned ITO-coated glass substrates (10 Ω/sq, purchased from Xin 

Yan Technology Ltd) were cleaned using the procedure described elsewhere.15 ITO-coated glass 

substrates were first cleaned by soaking in a 5% detergent solution (pyroneg from Johnson Diversey) 

at 90 °C for 20 minute and then rinsing in deionized (DI) water, before sonicating in DI water, acetone 

and isopropanol for 10 min each. Substrates were then cleaned in UV-ozone for 20 minute 

immediately before spin coating the ZnO layer. ZnO sol-gel49 on the cleaned ITO substrate was 

heated at 280 °C for 10 minute in air to yield a 25 nm thick film. NP dispersion was filtered through 

a PTFE membrane syringe filter (pore size of 0.45 µm) prior to spin coating. Different NP films on 

ZnO/ITO glass substrates were then dried at 90 °C for 4 minute in air, before transferring to the glove 

box. Then the NP films were thermally annealed for specific time described in this Chapter inside 

the glove box with nitrogen atmosphere before a thin layer of MoO3 (12 nm) was thermally 

evaporated on top of the active layer to serve as a hole transporting layer. Finally the Ag electrode 

(80 nm) was deposited by thermally evaporating through a shadow mask, which defined the active 

area to be 0.1 cm2. 

6.8.5. J-V characterisation 

I-V properties of solar cells were measured in air by an Oriel solar simulator fitted with a 150 W 

xenon lamp (Newport), filtered to give an irradiation of 100 mW/cm2 at AM1.5 and calibrated using a 

silicon reference cell with NIST traceable certification. The photocurrent-voltage (I-V) characteristics 

of devices were measured through a Keithley 2400 source meter unit.  

 

 

 



 

152 

6.9. Conclusions 

The preparation of water or alcohol based NPs consisting donor:acceptor blend realises the 

fabrication of organic solar cells without using harmful halogenated solvent. The experimental 

parameters in the preparation procedure were systematically studies. The NPs prepared via 

miniemulsion method using SDS showed excellent stability and reproducibility, and decent 

photovoltaic performance was achieved from NP OPVs. To eliminate unwanted effect from SDS on 

photovoltaic devices, SDS-free NPs were prepared using non-ionic surfactant and functionalized 

conjugated polymers, respectively, as the stabilizing agent. The SDS-free NPs prepared using either 

miniemulsion method or precipitation method were not successfully applied as photoactive layer in 

OPVs, and the modification of NP preparation procedure as well as device fabrication will be 

continued in the future. 
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7.1. Abstract 

Aqueous nanoparticle dispersions were prepared from a conjugated polymer PTNT and fullerene 

blend utilising chloroform as well as a non-chlorinated and environmentally benign solvent, o-xylene, 

as the miniemulsion dispersed phase solvent. The nanoparticles (NPs) in the solid-state film were 

found to coalesce and offered a smooth surface topography upon thermal annealing. Organic 

photovoltaics (OPVs) with photoactive layer processed from the nanoparticle dispersions prepared 

using chloroform as the miniemulsion dispersed phase solvent were found to have a power 

conversion efficiency (PCE) of 1.04%, which increased to 1.65% for devices utilising NPs prepared 

from o-xylene. Physical, thermal and optical properties of NPs prepared using both chloroform and 

o-xylene were systematically studied using dynamic mechanical thermal analysis (DMTA) and 

photoluminescence (PL) spectroscopy and correlated to their photovoltaic properties. The PL results 

indicate different morphology of NPs in the solid state were achieved by varying miniemulsion 

dispersed phase solvent. 
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7.2. Introduction 

Ever increasing global energy consumption has led to a tremendous rise in fossil fuel emissions, 

resulting in air pollution and global warming.1 The urgent need for the development of clean and 

renewable energy sources has attracted immense attention of both scientific and industrial 

researchers.2-3 Undoubtedly, solar energy is one of the best candidates to fulfil the current and future 

energy needs.4-5 Organic photovoltaics (OPVs) enjoy significant advantages over traditional solar 

technology due to their lightweight, flexibility, ease of manufacturing, scalability and low cost.6-9 

Continued research into OPV technology has led to significant improvements in the device 

performance with power conversion efficiency (PCE) of up to 13% being reported.10 However, OPVs 

are commonly prepared via spin-coating the active materials on small indium tin oxide (ITO) coated 

glass substrates from non-environmentally friendly halogenated solvents,11 which is 

counterproductive to achieving scalable and environmentally friendly fabrication of OPVs.  

In recent years a number of publications have focussed on developing alternative OPV fabrication 

methods, which are scalable at low cost such as roll-to-roll printing.8, 12-14 Although remarkable 

success has been achieved in printing OPVs on flexible substrates, most of the best performing 

materials used for printing are still processed from chlorinated solvents such as ortho-

dichlorobenzene (o-DCB).15 The large-scale use of chlorinated solvents is harmful to human health 

and has a detrimental impact on the environment.16-17 Moreover, the usage of chlorinated solvents 

increases the cost of large-scale fabrication of OPVs, which results from expensive halogenated 

solvent recovery systems. The harmfulness and high cost of chlorinated solvents used for processing 

photoactive materials in OPV fabrication is one of the main hurdles to be overcome before the 

knowhow of fabricating high performing OPVs can be transferred from a lab-scale to an industrial 

scale fabrication. Thus, it is of utmost importance to develop green deposition methods by utilising 

benign and non-chlorinated solvents.18-20  

OPVs with active layers processed from a water or alcohol based nanoparticle dispersion has been 

reported in recent years.21-24 These nanoparticles are processed from donor-acceptor blends either 

through a miniemulsion process with the presence of surfactant25-28 or a precipitation method.21-23, 29 

Furthermore, conjugated polymer nanoparticles were also reported to be synthesised by direct 

Suzuki-Miyaura dispersion polymerisation.30-32 In the miniemulsion method, the organic solvent 

utilised to dissolve the active materials should ideally have high vapour pressure as well as be 

immiscible with water. Most procedures reported in the literature to date use harmful chlorinated 

solvents, such as chloroform (CHCl3),21, 33 chlorobenzene34 or o-DCB.26 Compared to conventional 

bulk heterojunction (BHJ) OPV fabrication, the NP method is still environmentally superior 

considering (a) the volume of chlorinated solvents utilised is comparably less; (b) the roll-to-roll 

printing of solar cells is free from chlorinated solvents as they can be removed in a closed loop 

system prior to printing. Considering that the upscaling of OPVs with NP active layers will lead to an 
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increase in the consumption of solvents used to prepare NPs, it is timely to consider the use of 

industrially relevant solvents during the preparation of the NPs of the photoactive materials in 

addition to the subsequent deposition.  

In this chapter, we report for the first time the preparation of water-dispersed nanoparticles using a 

relatively benign and industrially relevant solvent, o-xylene, as the miniemulsion dispersed phase 

solvent, and successfully demonstrate the fabrication of solar cells with comparable device 

parameters to BHJ OPVs.19 The nanoparticles were prepared from a wide bandgap semicrystalline 

conjugated polymer namely poly[thiophene-2,5-diyl-alt-5,10-bis((2-hexyldecyl)oxy)dithieno[3,2-

c:3',2'-h][1,5]naphthyridine-2,7-diyl] (PTNT)35 and PC71BM (phenyl C71 butyric acid methyl ester). 

PTNT polymer was chosen in this study as it was demonstrated to perform well in an active layer 

thickness of up to 400 nm,35 which makes it a relevant polymer for devices fabricated via printing. 

To gain a better understanding of the influence of the miniemulsion dispersed phase solvent on the 

nanoparticle properties, PTNT:PC71BM NPs prepared using chloroform as the miniemulsion 

dispersed phase solvent were also studied. Size distribution, optical, thermomechanical and 

photovoltaic properties of PTNT:PC71BM nanoparticles prepared using o-xylene (NP-xylene) were 

systematically studied and compared with those processed from chloroform (NP-chloroform). A 

maximum PCE of 1.65%, with a short circuit current density (JSC) of 4.75 mA/cm2 was achieved from 

nanoparticles prepared using o-xylene as the miniemulsion dispersed phase solvent as compared 

to a 1.04% PCE and 2.84 mA/cm2 of JSC for the dispersions prepared using chloroform as the 

miniemulsion dispersed phase solvent. 

7.3. Experimental 

7.3.1. PTNT synthesis 

Polymer PTNT (Figure 7.1) was synthesised by Stille coupling copolymerisation from monomer 2,7-

dibromo-5,10-bis((2-hexyldecyl)oxy)dithieno[3,2-c:3',2'-h][1,5]naphthyridine (dibromo-NT) and 2,5-

bis(trimethylstannyl)thiophene as previously reported.35 The molecular weight was measured by size 

exclusion chromatography (SEC) in 1,2,4-trichlorobenzene (1,2,4-TCB) at 150 °C. Mn= 55.7 kg/mol, 

Mw= 163.2 kg/mol were determined relative to polystyrene standards. Through square wave 

voltammetry, the HOMO and LUMO energy levels of PTNT are estimated to be -5.9 and -3.6 eV, 

respectively.35 Bulk heterojunction (BHJ) solar cells processed using PTNT:PC71BM (1:2 weight 

ratio) processed from o-DCB solution have been reported to achieve a PCE of 5% in a conventional 

configuration35 and 5.1% in an inverted structure.36 
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Figure 7.1 Chemical structure of PTNT. 

7.3.2. Nanoparticle preparation 

7.3.2.1. Preparation of small NPs for device fabrication 

PC71BM was purchased from Solenne BV. PTNT:PC71BM nanoparticles were prepared with the 

weight ratio of 1:2 through the miniemulsion method.33, 37 The weight ratio was chosen based on the 

best performance of BHJ devices from a PTNT:PC71BM blend without solvent additive.35 PTNT (10 

mg) and PC71BM (20 mg) were dissolved in 540 μL of organic solvent (chloroform or o-xylene) at 35 

°C with stirring at 500 rpm for 2 hours. Meanwhile the aqueous phase was prepared by dissolving 

sodium dodecyl sulphate (SDS) (33 mg) in 2.8 mL of MilliQ water. After ensuring complete dissolution 

of PTNT and PC71BM, the aqueous phase was combined with the organic phase under stirring at 

1200 rpm. A macroemulsion was then formed by stirring the mixture at 1200 rpm at 30 °C for 

approximately 1 hr. To generate the miniemulsion, Vibra-Cell ultrasonic processor VCX 750 with 1/8” 

stepped probe was introduced to ultra-sonicate the macroemulsion at 30% amplitude for 3 min. Then 

the miniemulsion was transferred immediately to a heating block and stirred at 1200 rpm to form a 

stable water dispersion of NPs after complete removal of the residual organic solvent. For 

nanoparticles prepared using chloroform, the miniemulsion was heated at 60 °C for 3 hr to ensure 

the complete removal of chloroform whereas in the case of using o-xylene, a NPs dispersion was 

achieved by heating at 75 °C for 6 hr. Additional water was added every hour to compensate for the 

water loss, which otherwise results in aggregation of material and precipitation on the wall of the 

vials. To minimise unwanted SDS from negatively impacting the device performance,27 centrifugal 

dialysis was introduced to remove excess free surfactant in the dispersion as well as concentrate 

the active materials in the water dispersion, giving the final dispersion a solids content of 6 wt% in 

0.5 mL water. 

7.3.2.2. Preparation of large NPs for morphology study 

Due to the resolution limit of scanning transmission X-ray microscopy (STXM), it is difficult to perform 

measurements on small NPs (ø≤~30 nm). Hence we prepared large PTNT:PC71BM NPs with a broad 
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size distribution and measured the particle composition for a range of particle sizes, measuring the 

same composition over a range of sizes allows us to hypothesise 30 nm nanoparticles prepared via 

the same method have a comparable interior morphology. 

First, a concentrated PTNT:PC71BM blend solution (ρblend ~ 55 g/L) was prepared by dissolving PTNT 

(10 mg) and PC71BM (20 mg) in  chloroform (540 μL) at 35 °C under stirring at 500 rpm for 2 hours. 

Meanwhile an aqueous solution of sodium dodecyl sulphate (SDS) (ρSDS ~1x10-3 M) was prepared 

by dissolving SDS (1 mg) in MilliQ water (2.8 mL). After dissolution of the active materials, the 

aqueous SDS solution was added to the organic phase under stirring (1200 rpm) at 30 °C, forming 

a macroemulsion after stirring for ~1 hour. A miniemulsion was generated by ultra-sonicating 

(Branson Sonifier 450 system equipped with a microtip for 2 min) at 24 Watts. Then, the miniemulsion 

was transferred immediately to a heating block and stirred (1200 rpm) at 60 °C for 3 hours to 

completely remove the organic solvent to result in a stable aqueous PTNT:PC71BM NP dispersion. 

Subsequently, centrifugal dialysis was performed to remove the excess of free surfactant in the 

dispersion as well as to concentrate the NP dispersion. Finally, 0.5 mL of an aqueous PTNT:PC71BM 

NP dispersion was obtained with ρNP ~60 g/L. 

7.3.2.3. Preparation of NPs for varied annealing temperature study 

QSonica Q125 sonicator equipped with 1/8” microtip probe was introduced to sonicate the 

macroemulsion at 40% amplitude for 5 min. The other preparing procedures are the same as the 

preparation of small NPs. 

The mean diameter of nanoparticles is 60 ± 21 nm for ones prepared from o-xylene and 60 ± 25 nm 

in the case of preparing from chloroform. The size of these two batches of nanoparticles was 

characterised from SEM images with a circular Hough transform algorithm, showing in Figure 7.2. 
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Figure 7.2 SEM images of PTNT:PC71BM (1:2) NPs prepared via QSonica Q125 sonicator from o-xylene 
(a) and chloroform (c). Circle identification by circular Hough transform (b is o-xylene batch and d is 
chloroform batch). Size distribution of PTNT:PC71BM (1:2) NPs prepared from o-xylene (e) and 
chloroform (f). All scale bars are 400 nm. 

7.3.3. Nanoparticle characterisation 

Scanning electron microscopy (SEM) was performed using an ultra-high resolution field-emission 

gun scanning electron microscope (Zeiss Merlin) at an accelerating voltage of 2 kV with 

magnification ranges of 50,000-150,000 X. All SEM samples were spin-coated (3000 rpm for 1 

minute) from diluted nanoparticle water dispersion with 1wt% of solids content on conductive silicon 

substrate. The size distribution of PTNT:PC71BM (1:2 weight ratio) NPs prepared from different 

organic solvents were characterised from SEM images with a circular Hough transform algorithm.37-

a b 

c d 

e f 



 

163 

38 In the varied annealing temperature study, all films were pre-dried at 90 °C for 4 min immediately 

after spin-coating for consistency with device fabrication.  

The ultraviolet–visible (UV-vis) study was performed on a Perkin Elmer UV-vis-NIR Lambda950 

spectrophotometer. The photoluminescence (PL) measurements were performed on a Varian Cary 

Eclipse fluorescence spectrophotometer at the excitation wavelength of 450 nm. The PL 

measurements of NP water dispersions were performed on diluted NP-xylene and NP-chloroform 

dispersion with the same concentration. Measurements of the solid state were performed on spin 

coated NP films from original NP dispersion. It should be noted that the study of absorbance change 

of NP film with and without annealing was measured on the same area on the same film for 

comparison. 

Dynamic mechanical thermal analysis (DMTA) samples were prepared by repeatedly drop-casting 

the PTNT:PC71BM NP water dispersion or neat PTNT chloroform solution onto a 20-30 mm long, 

approximately 5 mm wide piece of glass fibre mesh, as described elsewhere39, followed by drying 

under ambient condition until a uniformly fully covered film on the glass mesh was obtained. The 

samples were stored in a desiccator overnight to remove most of the water before performing DMTA 

measurements. DMTA measurements were carried out on a TA Q800 DMA in strain-controlled mode 

at a frequency of 1 Hz and an amplitude of 5 µm. The samples were measured under a continuous 

flow of nitrogen gas with a heating rate of 3 °C per minute. The first run was performed from room 

temperature up to 80 °C for further drying the sample, followed by a second run from -110 °C to 200 

°C. The data from the second run was utilised to study thermomechanical properties of materials in 

this study. 

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy measurements were performed 

to determine key absorption energies of PTNT and PC71BM. Measurements were performed on 

beamline 5.3.2.2 at the Advanced Light Source.40 Pristine films of PTNT and PC71BM were prepared 

by spin-coating from chloroform solution (3000 rpm, 1 min, with acceleration of 1596 rpm/s) onto 

PEDOT:PSS (Clevios P VP Al 4083, H.C. Starck) coated glass substrates, with no thermal treatment. 

A scalpel was used to score approximately 2 x 2 mm2 sections of the film prior to floating off the film 

sections onto the water surface. The floated film sections were allowed to sit on the water surface 

for sufficient time for the PEDOT:PSS sacrificial layer to wash away before they were collected onto 

300 mesh copper grids (purchased from ProSciTech Pty Ltd, Australia) for NEXAFS measurements. 

Film thickness of pristine films were measured via a KLA-Tencor Alpha-step 500 surface profilometer 

(COE, University of Newcastle, Australia) to determine the film thickness, 80 nm for PTNT and 93 

nm for PC71BM. Prominent peaks at 287.4 eV and 284.4 eV were identified in the NEXAFS spectra 

of PTNT and PC71BM, respectively (Figure 7.3). Therefore, 287.4 eV was chosen to map PTNT, 

while 284.4 eV was chosen for mapping PC71BM to generate scanning transmission X-ray 

microscopy (STXM) fractional composition maps. 
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Figure 7.3 NEXAFS spectra of PTNT (red) and PC71BM (black) with the photon energy chosen of 284.4 
eV for PC71BM and 287.4 eV for PTNT. 

The scanning transmission X-ray microscopy (STXM) measurements were performed on beamline 

5.3.3.3 at the Advanced Light Source (Berkeley).40 Representative and detailed STXM experiment 

and data analysis are reported elsewhere.25, 40-41 Image analysis was performed with the aXis2000 

package (http://unicorn.mcmaster.ca/aXis2000.html). The samples for STXM were prepared by spin-

coating 2.5 µL NP dispersion (3000 rpm, 1 min, with low acceleration of 112 rpm/s) on silicon nitride 

window substrates with silicon dioxide coating (cleaned in UV-ozone for 5 min). 

Atomic Force Microscopy (AFM) measurements were performed using a multimode AFM (supplied 

by Bruker) in tapping mode with silicon tips. 

7.3.4. Device fabrication 

Inverted solar cells with the structure ITO/ZnO/NPs/MoO3/Ag were fabricated using water dispersed 

NPs to coat the active layer. Patterned ITO-coated glass substrates (10 Ω/sq, purchased from Xin 

Yan Technology Ltd) were cleaned using the procedure described elsewhere.36 ITO-coated glass 

substrates were first cleaned by soaking in a 5% detergent solution (pyroneg from Johnson Diversey) 

at 90 °C for 20 minute and then rinsing in deionized (DI) water, before sonicating in DI water, acetone 

and isopropanol for 10 min each. Substrates were then cleaned in UV-ozone for 20 minute 

immediately before spin coating the ZnO layer. ZnO sol-gel42 on the cleaned ITO substrate was 

heated at 280 °C for 10 minute in air to yield a 25 nm thick film. The PTNT:PC71BM (1:2 weight ratio) 

NP dispersion was filtered through a PTFE membrane syringe filter (pore size of 0.45 µm) prior to 

spin coating, and resulted in approximate film thickness of 190 nm. The NP films on ZnO/ITO glass 

substrates were then dried at 90 °C for 4 minute in air, before transferring to the glove box. It should 

be noted that 4 minute thermal annealing at 90 °C did not induce NPs sintering (Figure 7.4), further 

http://unicorn.mcmaster.ca/aXis2000.html
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supporting the first run of DMTA scan did not alter the NP structure. The NP films were thermally 

annealed at 160 °C for 4 minute inside the glove box with nitrogen atmosphere before a thin layer of 

MoO3 (12 nm) was thermally evaporated on top of the active layer to serve as a hole transporting 

layer. Finally the Ag electrode (80 nm) was deposited by thermally evaporating through a shadow 

mask, which defined the active area to be 0.1 cm2. To achieve best performing devices, NP solar 

cells were post-annealed (after the electrode deposition) for 4 minute in the glove box at 140 °C or 

160 °C (as specified in the discussion). 

  

Figure 7.4 SEM images (a) NP-xylene and (b) NP-chloroform, each dried at 90 °C for 4 min, respectively. 

7.3.5. J-V characterisation 

I-V properties of solar cells were measured in air by an Oriel solar simulator fitted with a 150 W 

xenon lamp (Newport), filtered to give an irradiation of 100 mW/cm2 at AM1.5 and calibrated using a 

silicon reference cell with NIST traceable certification. The photocurrent-voltage (I-V) characteristics 

of devices were measured through a Keithley 2400 source meter unit. External quantum efficiency 

(EQE) measurements were performed by a Cornerstone 260™ motorized 1/4 m monochromator 

(model 74125, Newport) and TracQ basic software for data acquisition.  

7.4. Results and discussion 

7.4.1. Properties of nanoparticles 

To evaluate the size of prepared NPs, SEM measurement was performed on NPs in the solid state. 

SEM images presented in Figure 7.5 depict the PTNT:PC71BM nanoparticulate films for NPs 

prepared from chloroform and o-xylene, respectively. NPs were as spun from water-based colloidal 

dispersions without further treatment. The particulate shape of PTNT:PC71BM NPs was found not to 

be completely spherical, which is typical for NPs made of semicrystalline polymer.25, 27, 43-45 The size 

distribution of NPs (Figure 7.5e) was measured by applying a circular Hough transform algorithm to 

the SEM images of NP films. Since the circular Hough transform algorithm is based on circle 

calculation, the model resulted in several mismatches (Figure 7.5c, d). Nevertheless the mean 

diameter of PTNT:PC71BM NPs prepared using chloroform (NP-chloroform) was calculated to be 32 

a b 
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± 12 nm whereas the nanoparticles from the o-xylene batch (NP-xylene) had a mean diameter of 27 

± 11 nm in the solid state. Compared to NP-chloroform, NP-xylene resulted in a slightly narrower 

size distribution with the presence of fewer large sized NPs on the surface. This observation 

indicates that the higher temperature and the longer time required to convert the NP-xylene 

miniemulsion to an aqueous dispersion does not result in material aggregation or further increase in 

the particle size. 

 

 

 

Figure 7.5 SEM image of (a) NP-chloroform and (b) NP-xylene. Circle identification of (c) NP-chloroform 
and (d) NP-xylene by circular Hough transform. Size distribution of NP-chloroform and NP-xylene (e). 
Scale bars are 200 nm. 
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To achieve well performing solar devices using water dispersed NPs, it is imperative to achieve good 

morphology of the active layer.46-47 Due to the particulate shape and the core-shell structure of NPs 

prepared through miniemulsion method,25, 37 the coalescing of NPs could ideally tune the morphology 

of the active layer and is thus desirable for better charge transport and extraction.21, 48 To coalesce 

NPs without inducing defects in the film, thermal-annealing was introduced, which is widely applied 

to both NP and BHJ solar devices to improve the morphology of the active layer, therefore enhancing 

the performance of devices.48-50 The schematic shown in Figure 7.6 depicts coalescence of NPs 

upon annealing in the solid state. SEM and AFM (presented in 7.4.3) was thus used to systematically 

study the changes induced in the surface topography of the NP films as a function of annealing 

temperatures, and to find the ideal annealing temperature which resulted in best performing devices. 

 

Figure 7.6 Schematic of NP coalescing upon thermal annealing to form continuous film. 

The as spun film prepared from NP-chloroform (Figure 7.5a) shows that the separate NPs are clearly 

distinguishable. The near-edge X-ray absorption fine structure (NEXAFS) spectroscopy 

measurements (Figure 7.3) and scanning transmission X-ray microscopy (STXM) results (Figure 
7.7) reveal the core-shell structure of PTNT:PC71BM NPs without thermal annealing.  

Thermal annealing of NP-chloroform films at 100 °C (Figure 7.8a) or 120 °C (Figure 7.8b) was not 

found to make any significant changes on the surface features of the films, as a large degree of 

nanoparticulate structure was still observed by SEM. The particles were found to interconnect with 

each other (sinter) after the NP-chloroform film was annealed at 140 °C (Figure 7.8c), with some 

residual nanoparticles presented on the surface. When thermally annealed at 160 °C (Figure 7.8d), 

NPs were sintered and the relatively homogenous film was obtained, which could improve the charge 

transport45 and reduce the possibility of charge recombination in the coalesced NP active layer in 

OPVs.21 Upon annealing at 180 °C, large aggregates in the NP-chloroform film were observed 

(Figure 7.8e), which was attributed to the crystallization of PC71BM.51 The gross phase separation 

deteriorated the NP film morphology, which is detrimental for the device performance of NP solar 

devices.33, 45, 52 Thus, precise control over the thermal annealing temperature is crucial to achieve a 

homogenous active layer in OPVs as well as removing the moisture and avoiding large phase 

separation.37  
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Figure 7.7 (a) SEM image of PTNT:PC71BM NPs without thermal-annealing. STXM fractional 
composition maps showing the concentration of (b) PTNT and (c) PC71BM, with (d, e) corresponding 
STXM mass plots of PTNT:PC71BM nanoparticles as cast (no thermal treatment). The colour contrast 
is scaled such that light colours correspond to higher component concentrations. Minima and maxima 
for the colour scale bar in (b) and (c) are black = 0 and white = 100%. For (d) and (e) the colour scale 
bars indicate concentration of component in mg cm-2. Scale bars are 1 µm in STXM plots. 
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Figure 7.8 SEM images of PTNT:PC71BM (1:2) NP films cast from NP-chloroform (a-e) and NP-xylene (f-
j) thermally annealed at varied temperature for 4 min. Scale bars are 200 nm. 

Similar behaviour was also found in the case of NP-xylene films, when annealed at different 

temperatures (Figure 7.8f-j). Compared to the reported P3HT:PCBM NPs,53 which require lower 
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annealing temperature to form coalescent film, the slightly harsh annealing performed to sinter 

PTNT:PC71BM NPs could be explained by the difference in the thermal properties of the polymers 

used to form NPs as P3HT is reported to have a glass transition temperature (Tg) of 38 °C.39 

To further probe the morphological changes and thermomechanical behaviour of PTNT:PC71BM NP 

films, DMTA measurements 39 were performed on thin films cast from NP-xylene and NP-chloroform 

as well as pure PTNT (Figure 7.9). Since DMTA measures the thermal properties of materials with 

high sensitivity,39, 54-55 it further compliments the SEM study which only probes the surface 

topography. Figure 7.9a shows the storage modulus (E’) in the DMTA scan of the NP-xylene sample.  

E’ was found to drop around 100 °C with a significant loss at 160 ˚C, indicating the softening of the 

amorphous part of the PTNT-rich phase.56 Based on the STXM results (Figure 7.7), it is known that 

the nanoparticles have a core-shell structure with a PTNT-rich NP shell and a PC71BM-rich NP core. 

As such, the nanoparticles should start to coalesce only when PTNT in the polymer-rich shell reaches 

the rubbery state57 similarly to P3HT:PCBM NPs.25 Thus, the significant drop in the E’ observed 

using DMTA agrees well with the coalescence of the nanoparticles in thin films observed using SEM. 

Beyond 160 °C, the stiffness (E’) of the DMTA sample was again found to increase, which is 

attributed to the crystallization of PC71BM in the PC71BM-rich phase after the coalescence of the 

NPs, revealing the maximum temperature before detrimental crystallization occurs. This behaviour 

was also observed in SEM as drastic phase separation and coarsening of the film (Figure 7.8j). The 

DMTA temperature scan of the NPs prepared using chloroform (Figure 7.9b) shows a similar 

thermomechanical behaviour, whereas the neat PTNT DMTA scan (Figure 7.9c) did not show the 

increase of E’ above 160 °C, which further confirms the increase in stiffness being attributed to the 

PC71BM thermal transition. Since PTNT is a conjugated polymer with large side chains and more 

rigid backbones than P3HT, the onset of the decrease in storage modulus at −40 °C is attributed to 

the relaxation of the side chains, i.e. β transition. The higher β transition temperature (Tβ) of PTNT 

compared to the Tβ P3HT39, 58  also indicates higher Tg of PTNT, which further supports the higher 

temperature required to coalesce PTNT:PC71BM NPs compared to the P3HT:PCBM NPs.53  
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Figure 7.9 Storage modulus (E’) as a function of temperature in a DMTA temperature scan of (a) NP-
xylene, (b) NP-chloroform and (c) neat PTNT supported by a glass fibre mesh. 

7.4.2. Optical properties of nanoparticles 

To probe the optical properties of NPs prepared using different solvents, UV-vis and 

photoluminescence (PL) measurements were carried out on NP films as well as NP dispersions. 

Figure 7.10 shows the UV-vis absorption spectra of solid state films from both batches of NPs as 

well as the PTNT:PC71BM BHJ films processed from chloroform or o-xylene. The broad absorption 

band beyond 400 nm is attributed to the intramolecular charge transfer between donor and acceptor 

segments in the PTNT polymer backbones.35 The absorption peak below 400 nm is primarily 

attributed to the absorbance of PC71BM, while the vibronic peaks at 522 nm in the absorption spectra 

are attributed to the π-π stacking of polymer backbone35 (Figure 7.10a). It can be observed that 

after thermal annealing the absorbance of PTNT:PC71BM NP film was increased (Figure 7.10b, c). 
The increased absorption upon annealing could be due to the increased crystallinity and enhanced 

ordering of PTNT in the annealed films,22, 59 which was also observed in annealed PTNT:PC71BM 

BHJ films (Figure 7.10d, e). The thermal annealing at 160 °C for 4 min did not lead to blue-shifted 

onset or decrease of the light absorbance of the PTNT:PC71BM NP films, revealing no thermal 

degradation of materials in the NP film during short-term thermal annealing. 
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Figure 7.10 UV-vis absorption spectra of pristine PTNT, PC71BM and annealed NP-xylene films (a), 
PTNT:PC71BM NP-chloroform film (b) and NP-xylene film (c) as spun and thermally annealed at 160 °C 
for 4 min. UV-vis absorption spectra of PTNT:PC71BM BHJ films spin coated from chloroform solution 
(BHJ-chloroform) (d) and o-xylene solution (BHJ-xylene) (e) as spun and thermally annealed at 160 °C 
for 4 min. 

Figure 7.11 shows the PL spectra from both batches of NPs as well as the neat PTNT film and 

PTNT:PC71BM BHJ film processed from o-xylene. The PL spectra shown in Figure 7.11a compare 

the quenching of PL signal in NP-chloroform and NP-xylene water dispersion. A higher PL intensity 

is observed for the NP-xylene dispersion (Figure 7.11a), which was attributed to a higher degree of 

donor-acceptor material phase separation within the NPs,22, 52, 60 suggesting that larger and/or purer 
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polymer domains already existed post NP preparation. Similar to the result found in the PL of the 

aqueous dispersions, NP-xylene film as spun (Figure 7.11b) also shows lower PL quenching in the 

emission band of PTNT compared to NP-chloroform film as spun, indicating the difference in 

nanomorphology of the NPs prepared from different solvents. However, upon thermal annealing a 

lower PL signal was found in NP-xylene film compared to the annealed NP-chloroform film, indicating 

a finer intermixed morphology was achieved. The increase in PL intensity of NP films after annealing 

(Figure 7.11b) indicates an increase in crystallinity of polymer domains or a higher degree of phase 

separation, generated by PC71BM diffusion from amorphous PTNT-rich domains, resulting in lower 

PL quenching of PTNT emission upon annealing.33, 61 It must be noted that compared to the PL of 

PTNT pristine film, annealed NP film shows high degree of quenched PL signal (Figure 7.11c), 

indicating efficient photo-induced charge transfer between PTNT and PC71BM.62 

 

 

Figure 7.11 PL spectra of (a) NP-xylene and NP-chloroform dispersions, (b) NP-xylene and NP-
chloroform films as spun and annealed at 160 °C and (c) neat PTNT film, NP-xylene film and 
PTNT:PC71BM (1:2 weight ratio) BHJ film annealed at 160 °C. It should be noted that the PL results 
shown in (c) were measured using lower detecting voltage on fluorescence spectrophotometer 
compared to the voltage used in the measurements shown in main text. 

7.4.3. Photovoltaic characterisations 

7.4.3.1. Varied annealing temperature study 
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In order to test the photovoltaic properties of NPs, solar cells were fabricated and tested with the 

active layer spin-coated from NP dispersion, which has larger size of NPs (Figure 7.2) followed by 

annealing at different temperatures (Figure 7.12).  

       

     

 

    

   

Figure 7.12 SEM images of (a) PTNT:PC71BM NP (prepared with o-xylene) film without  thermal 
annealing, (b-f) NP films thermal annealed at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C for 4 min, 
respectively. Scale bars are 300 nm. AFM image of (g) PTNT:PC71BM NPs film without thermal 
annealing, (h-l) NP films thermal annealed at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C for 4 min, 
respectively.  

The spherical structure of the NP film persists for progressively higher annealing temperatures (tanneal 

= 4 min. for all experiments), until a thermal annealing temperature of 140 °C is employed. Then, the 
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sintering of nanoparticles can be observed in the SEM (Figure 7.12d) and AFM (Figure 7.12j), while 

the surface of the NP film still exhibits some particle-like features. Upon employing an annealing 

temperature of 160 °C, NPs were coalescing into a largely homogeneous film. Gross phase 

separation appeared when annealing the NP film at 180 °C, evidenced by the larger features in SEM 

image (Figure 7.12f) and increased height in AFM image (Figure 7.12l). The value of root-mean-

squared roughness (RRMS) of NP films measured via AFM is shown in Table 7.1. It should be noted 

that the NPs shown here have larger size compared to NP-xylene and NP-chloroform. 

Table 7.1 RRMS value of NP films annealed at varied temperatures. 

Thermal 
annealing 
condition 

No 
annealing 100 °C 120 °C 140 °C 160 °C 180 °C 

RRMS (nm) 6.18 7.27 7.76 7.47 7.94 16.2 

 

The device performance was found to be strongly dependant on the annealing temperature of the 

NP films (Figure 7.12, Table 7.2), with best performing devices being the ones sintered at 160 °C 

which is in good agreement with the observations made in the morphological studies with SEM and 

DMTA. 

Table 7.2 Device characteristics of PTNT:PC71BM NPs prepared using CHCl3, best device for varied NP 
film annealing temperature with average ± standard deviation in parentheses. Device structure: 
ITO/ZnO/NPs/MoO3/Ag. It should be noted that the devices were fabricated using NPs with larger size 
(60 nm). 

Annealing 
temperature 

JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

NPs annealed at 100 °C 1.48 
(1.41 ± 0.06) 

34 
(33 ± 3) 

0.93 
(0.91±0.02) 

0.46 
(0.41 ± 0.04) 

NPs annealed at 120 °C 1.54 
(1.55 ± 0.10) 

36 
(35 ± 2) 

0.91 
(0.87 ± 0.06) 

0.50 
(0.46 ± 0.06) 

NPs annealed at 140 °C 2.08 
(2.04 ± 0.05) 

41 
(40 ± 1) 

0.94 
(0.93 ± 0.01) 

0.79 
(0.76 ± 0.03) 

NPs annealed at 160 °C 2.27 
(2.22 ± 0.04) 

49 
(48 ± 1) 

0.97 
(0.96 ± 0.01) 

1.08 
(1.02 ± 0.03) 

NPs annealed at 180 °C 1.74 
(1.69 ± 0.06) 

43 
(41 ± 2) 

0.97 
(0.96 ± 0.02) 

0.73 
(0.69 ± 0.04) 
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7.4.3.2. Photovoltaic performance of NP-chloroform and NP-xylene 

The device characteristics of solar cells fabricated with NP-chloroform and NP-xylene films annealed 

at 160 °C are listed in Table 7.3.  NP-chloroform films after thermal annealing at 160 °C were found 

to result in solar cells with a maximum PCE of 0.76%, a JSC of 2.60 mA/cm2 and fill factor (FF) of 

32%. The PCE of these devices was further increased up to 1.04% accompanied by slight increase 

in JSC to 2.84 mA/cm2 and a significant increase in FF to 43% upon post-annealing the complete 

devices at 160 °C. Thermal treatment after the deposition of electrode is known to enhance the 

performance of NP based solar cells.37, 63 Although post-annealing at 160 °C resulted in a slightly 

higher PCE of 1.04% as compared to the PCE of 0.98% when post-annealed at 140 °C, the standard 

deviation in the device characteristics in the case of devices post-annealed at 160 °C was higher 

than that at 140 °C. The increase in the standard deviation could be a result of the uneven distribution 

of gross phase separation happening during post-annealing at high temperature. The representative 

J-V curves of NP-chloroform based devices with and without post-annealing are shown in Figure 
7.13a. It must be noted that the open circuit voltage (VOC) of these devices was found to be as high 

as 0.90 V, which is comparable to their BHJ counterparts processed from organic solvents (Table 
7.4).35-36 This suggests that the performance of PTNT:PC71BM NP solar cells is mainly limited by the 

lower current and lower FF, both of which can be highly dependent on the NP film morphology and 

the nature of the donor/acceptor interface.27 Furthermore, compared to solution-processed BHJ solar 

cells35, the lower performance of NP devices could be explained by the relatively isolated polymer 

and PC71BM domains with insufficient connection of fullerene-rich core, which impedes the charge 

separation64 as well as increasing the possibility of non-geminate recombination65. 

OPVs fabricated from NP-xylene films thermally annealed at 160 °C were found to have higher JSC 

of 3.91 mA/cm2 and comparable VOC of 0.88 V, resulting in a PCE of 1.3%. Post-annealing at 140 

°C after the deposition of electrode further increased the PCE up to 1.65 % with the highest JSC of 

4.73 mA/cm2, 0.89 V in VOC and 39 % in FF. Clearly, the higher performance of the NP-xylene based 

devices as compared to the NP-chloroform devices is largely due to the higher current in these 

devices, which is indicative of a relatively more favourable donor-acceptor morphology of NP-xylene 

film after thermal annealing and is consistent with the observation in the PL measurement. The 

representative J-V curves of NP-xylene based devices are presented in Figure 7.13b. External 

quantum efficiency (EQE) of NP device post-annealed at 140 °C was found to increase in both PTNT 

and PC71BM photon absorption range as compared to the non post-annealed devices (Figure 
7.13c). This could possibly be explained due to better exciton dissociation or reduced charge 

recombination resulted from the phase separation between polymer and PC71BM.66 When a higher 

post-annealing temperature (i.e. 160 °C) was applied to the device, a decline in the mean value of 

JSC was observed as well as VOC compared to the device performance without post-annealing. 

However, an improvement in FF compensated the decrease in JSC and VOC, and resulted in slightly 

improved efficiency, which is 1.33% on average, compared to the values in device without post-
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annealing. The EQE of NP-xylene based device post-annealed at 160 °C showed the contribution 

of photon harvesting property in PC71BM region (below 400 nm) was increased compared to the 

contribution from PTNT region (above 400 nm), which can be revealed from the decline of EQE 

between 450 nm to 600 nm photon wavelength (Figure 7.13c). Considering 160 °C is approaching 

the crystallization temperature of PC71BM,51 the increase in EQE in the wavelength below 400 nm 

could be attributed to the crystallization appearing in the pure PC71BM domains, which also agrees 

with the storage modulus increasing beyond 160 °C (Figure 7.9).    

Table 7.3 PTNT:PC71BM (1:2 weight ratio) NP device characteristics of best devices for varied post-
annealing condition, with average ± standard deviations over 8 devices in parentheses. (All the NP 
films were thermally annealed at 160 °C before the deposition of electrode.) 

Active 
layer 

Annealing 
condition 

JSC 
(mA/cm2) FF (%) VOC (V) PCE (%) 

NP-
chloroform 

No post-
annealing 

2.60 
(2.48 ± 0.10) 

32 
(33 ± 2) 

0.90 
(0.88 ± 0.03) 

0.76 
(0.73 ± 0.01) 

140 °C post-
annealing 

2.75 
(2.72 ± 0.10) 

39 
(39 ± 1) 

0.90 
(0.88 ± 0.01) 

0.98 
(0.94 ± 0.02) 

160 °C post-
annealing 

2.84 
(2.59 ± 0.23) 

43 
(42 ± 1) 

0.86 
(0.86 ± 0.02) 

1.04 
(0.93 ± 0.09) 

NP-xylene 

No post-
annealing 

4.00 
(3.91 ± 0.13) 

36 
(36 ± 1) 

0.89 
(0.88 ± 0.02) 

1.30 
(1.24 ± 0.05) 

140 °C post-
annealing 

4.73 
(4.58 ± 0.13) 

39 
(39 ± 1) 

0.89 
(0.87 ± 0.02) 

1.65 
(1.56 ± 0.06) 

160 °C post-
annealing 

4.15 
(3.76 ± 0.22) 

42 
(42 ± 1) 

0.86 
(0.84 ± 0.02) 

1.51 
(1.33 ± 0.10) 

 

Either with or without post-annealing, the NP solar devices fabricated from o-xylene batch 

PTNT:PC71BM (1:2 weight ratio) NPs achieved higher JSC and efficiency compared to the NP devices 

produced from NP-chloroform. However, there is no significant difference in FF and VOC between 

different batches of NPs as long as they were thermally treated in the same way. The increase in 

JSC is attributed to a finer intermixed nanomorphology in annealed NP-xylene film, which is also 

suggested by the PL of annealed NP films. The difference in the morphology of NP active layer 

indicates that post-preparation of NPs, the internal morphology of NPs was changed by altering the 

miniemulsion dispersed phase solvent from chloroform to o-xylene. The difference of the internal 
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morphology between NP-xylene and NP-chloroform was revealed from the varied PL intensity 

observed in different batches of NP dispersions.  

 

 

Figure 7.13 Representative J-V curves of devices based on (a) NP-chloroform and (b) NP-xylene 
without post-annealing and post-annealed at different temperatures. (c) EQE of NP-xylene devices 
without post-annealing and post-annealed at different temperatures. 

BHJ solar cells were also fabricated from PTNT:PC71BM (1:2 weight ratio) blends using chloroform 

and o-xylene as the processing solvents, with the same device geometry. The BHJ devices gave 

highest PCE of 1.20% with chloroform and 0.84% using o-xylene (Table 7.4), due to the 

unfavourable film quality induced by the processing solvents. The NP-OPVs based on aqueous NP-

xylene achieved comparable photovoltaic performance without using any harmful solvent during the 

device fabrication, though the efficiency of PTNT:PC71BM BHJ devices could be improved by altering 

the processing solvent and using additives.35-36 

 

 

 

a b 
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Table 7.4 Device characteristics of PTNT:PC71BM (1:2 weight ratio) BHJ solar cells fabricated using 
chloroform and o-xylene. 

BHJ solvent JSC (mA/cm2) FF (%) VOC (V) PCE (%) 

chloroform 2.55 
(2.11 ± 0.27) 

53 
(51 ± 5) 

0.89 
(0.90 ± 0.01) 

1.20 
(0.98 ± 0.19) 

o-xylene 1.96 
(1.94 ± 0.10) 

51 
(52 ± 1) 

0.84 
(0.82 ± 0.01) 

0.84 
(0.82 ± 0.02) 

Device structure: ITO/ZnO/BHJ/MoO3/Ag. 

7.5. Conclusions 

Water-dispersed NPs have been prepared from the conjugated polymer PTNT for the first time and 

non-chlorinated solvent, o-xylene, has been used in the miniemulsion method to prepare photoactive 

NPs for the first time in the NP-OPV research. The NP solar devices fabricated from aqueous 

PTNT:PC71BM nanoparticles using o-xylene as the miniemulsion dispersed phase solvent achieved 

higher PCE of 1.65%, after optimal thermal-annealing conditions were applied to both the NP layer 

and the complete device, compared to the chloroform batch counterparts. By introducing o-xylene 

as the miniemulsion dispersed phase solvent to prepare nanoparticles, a water dispersion minimized 

the amount of organic solvent required in device fabrication and eliminated the utilisation of harmful 

chlorinated solvents in the solar cell ink preparation. The study of PTNT:PC71BM NPs can potentially 

be beneficial for the up-scaling of OPV fabrication in future. Furthermore, the preparation procedure 

presented opens the possibility of using other environment-friendly solvents to achieve aqueous NPs 

for OPVs.  
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Conclusion 

The development of OPVs has been under rapid growth in the past four years, and remarkably high 

efficiency over 13% has been achieved. The design of novel low bandgap conjugated materials 

realised the efficient photon harvesting, as well as the device engineering optimizing the device 

structure to improve the photovoltaic performance. However, the large consumption of organic, 

especially halogenated solvents impedes the commercial application of the OPVs, due to their 

health-hazard to organic life and high cost associated with solvent recovery systems. Hence, it is 

urgent to develop the green fabrication of OPVs.  

This thesis presents two approaches to achieve the green deposition of active layer in OPVs by (1) 

design and synthesis of p-type conjugated polymers that exhibit green solvent solubility; (2) 

preparation of water dispersed nanoparticles from donor-acceptor material blend for water 

processable application of photoactive materials. 

The design of water/ethanol soluble conjugated polymers is based on the modification of substituent 

on well-studied TQ1 polymer. Instead of hydrophobic aliphatic side groups, tertiary amine, pyridine 

and oligoethylene glycol (OEG) functionalized groups were introduced to the quinoxaline structure, 

yielding TQ1 derivatives with respective functionalities. The amine or pyridine functionalized 

polymers showed water/ethanol solubility upon the nitrogen with lone-pair electrons being 

protonated by volatile acid, which is a reversible process without influencing the thermal stability of 

polymers. Whereas, the highly hydrophilic OEG functionalized polymer TQ-OEG realise the process 

of neutral polymer using ethanol. 

To study the effect of introduced solubilizing side groups on photovoltaic performance, Chapter 4 

presents a systematic study of tertiary amine functionalized polymers and pyridine functionalized 

polymers. The lack of green solvent soluble n-type materials impedes the evaluation of photovoltaic 

performance of tertiary amine/pyridine-functionalized polymers using water/alcohol, and organic 

solvent is used as a compromise to fabricate OPVs with fullerene acceptor. It was found that the 

amine/pyridine functionalized polymers altered the work function of MoO3 interlayer in an energetic 

unfavourable direction, and the device performance was successfully improved by interface 

engineering using a TPD buffer layer. For the optimized device structure, OPVs based on ethanol 

soluble amino polymer TQ1-50A presented PCE of 0.82%, which was further improved to 1.33% 

upon replacing TQ1-50A with pyridine-modified polymer TQ1-50P4. In general, the photovoltaic 

performance of pyridine polymers showed more promising results compared to the amino polymers, 

revealing pyridine groups being better candidature for side-chain engineering. 

In Chapter 5, more polymers functionalised with tertiary amine, pyridine or OEG side groups are 

presented. The solvent used for Stille-coupling polymerisation to synthesise polymer with pyridine 
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polar side groups was studied, and higher molecular weight was achieved by carefully choosing the 

solvent system.TQ1A and its analogues were designed as the electron-donor material for OPVs, 

which were also successfully applied in electrochromic devices using green solvent. Whereas, QFA, 

QFA-Br and QFA-Si, which are polymerised from tertiary amine substituted quinoxaline and fluorene, 

were designed as the green-solvent processable cathode interface materials. Effective photovoltaic 

response was achieved based on TQ1A as an electron donor in the BHJ OPVs, although the 

efficiency is remaining lower compared to reported TQ1 devices. The loss mechanism that results 

in inferior performance is still under investigation. The evaluation of meta-substituent pyridine 

polymer TQ1P3 showed different photovoltaic performance compared to the para-substituent 

TQ1P4, revealing that the delocalization of lone-pair electrons could suppress the interface 

interaction between pyridine and MoO3 interlayer. The OEG modified polymer TQ-OEG showed 

effective photovoltaic response when combined with PCBM to form active layer. The low glass 

transition temperature of TQ-OEG revealed from DMTA study indicates that the thermal properties 

of conjugated polymers can be tuned by side chain modification. 

In Chapter 6, the approach to realise water processable active layer was presented by the 

preparation of water-dispersed nanoparticles (NPs). Two methods, i.e. miniemulsion and 

precipitation technique, to make NPs have been performed on different conjugated materials and 

the experimental parameters in each procedure have been systematically studied. Amino and 

pyridine functional polymer as well as the functionalized fullerene derivative have been used to 

facilitate the stabilization of particles in water and to eliminate the usage of ionic surfactant, and 

nanoparticles have been successfully achieved in the absence of an additional surfactant. However, 

the procedure to make NPs without SDS by miniemulsion method is still under optimization and NP-

OPVs in the absence of SDS will be fabricated in the future. 

Due to the nature of core-shell nanostructure occurred to NPs prepared by miniemulsion method, 

precipitation method was developed aiming to achieve finer blended morphology in single particles. 

It was found that the stability of NPs is highly sensitive to the final concentration of solid in the 

aqueous ink post precipitation, and non-ionic surfactant was introduced in the procedure to facilitate 

the particle stabilization. However, the intrinsic limited stability of NPs prepared using precipitation 

method has to be overcome to achieve highly performing OPVs based on these NP active layers. 

In Chapter 7, an environmentally benign preparation of nanoparticles was presented by using o-

xylene as the precursor solvent. In this study, a conjugated donor polymer PTNT and PC71BM was 

used to form water processable nanoparticle inks for OPV fabrication. It was found that by altering 

the precursor solvent, the thermally annealed NP films showed different nanomorphology. The 

devices based on o-xylene batch NPs achieved the PCE of 1.65%, after optimal thermal-annealing 

conditions were applied to both the NP layer and the complete device. Furthermore, DMTA has been 

applied to study the thermal mechanical property of NP systems to correlate the behaviour of 
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coalescence with the thermal transition of conjugated materials. The introduction of DMTA to NPs 

compliments the commonly used technique, i.e. AFM and SEM, which only probe the surface 

topography.  

In summary, it is a long journey to achieve completely green fabrication of organic photovoltaics. 

The substituent engineering is proven to be an effective and efficient tool to tune the solubility of 

conjugated polymers being water/ethanol soluble. However, the ratio between introduced polar 

substituents and aliphatic side groups requires to be well balanced to achieve both green solvent 

solubility and decent photovoltaic performance. In addition, the substituent needs to be carefully 

chosen to avoid the charge traps created by functional groups. The conversion from organic solution 

of conjugated materials to water-dispersed conjugated nanoparticles shows very promising results, 

as the PCE achieved from NP inks is comparable with their organic solvent processed counterparts. 
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Appendix A 

1. Detailed synthesis procedure of small molecules  

3,6-dibromobenzene-1,2-diamine (4-1): 4,7-dibromobenzo[c][1,2,5]thiadiazole (13.0 g, 44.2 mmol) 

was added in a 1000 mL flask with EtOH (330 mL). After being stirred at 0 °C in an ice bath for half 

an hour, NaBH4 was added to the solution in portions. Then the reaction mixture was stirred at r.t. 

for 20 h. Through checking thin-layer chromatography (TLC), there was no starting material left, the 

reaction was quenched by adding water and then stirred for 20 min at r.t.. After that, the mixture was 

extracted with diethyl ether. The organic phase was washed with saturated NaCl (aq.) and water 

subsequently prior to being dried via NaSO4. After filtration, the solvent in filtrate was removed by 

rotary evaporation, crude product was obtained as light yellow solid. In this reaction process, the 

generated gas in the mixture caused a small explosion, and some of the mixture was lost due to the 

spilling. After recrystallisation with ethanol and water, the product was dried in a vacuum oven, 

resulting grey solid (5.7 g, 48.5%). 1H-NMR (300 MHz, CDCl3) δ 3.90(b, 4H, NH2), 6.85(s, 2H, ArH). 

2-hydroxy-1,2-bis(3-methoxyphenyl)ethanone (4-2): Thiamine hydrochloride (10 g, 29.6 mmol) 

was added to a 500 mL roundbottom flask with 200 mL EtOH, resulting a white suspension. Water 

was added under stirring until a colorless transparent solution was obtained. Then NaOH (aq. 20 

mL, 2 M, 60 mmol) was added dropwise to the solution. The color of solution turned to yellow from 

colorless, and after stirring for 2 min changed to pale yellow. Then 3-methoxybenzaldehyde (3) (50 

g, 367.2 mmol) was added and the reaction mixture was stirred at 40 °C for 20 h. Through checking 

TLC, the mixture was cooled to r.t to stop reaction. Then mixture was poured into water, and 

extracted with dichloromethane (DCM). The organic phase was washed with brine and water 

subsequently. After dried via NaSO4, filtered and removed solvent through rotary evaporator, crude 

product was obtained as orange oil (55.9 g), which was used in the next step without further 

purification. 

1,2-bis(3-methoxyphenyl)ethane-1,2-dione (4-3): The crude product (4-2) (55.9 g) from benzoin 

condensation was dissolved in 200 mL DMSO, then 115 mL HBr (48%) was added gradually under 

stirring during the period of around 50 min at r.t. After all the HBr had been added, the mixture turned 

to be less transparent and was stirred under 50 °C for 4 hours before stirred under 90 °C for 16 

hours. Then the brown reaction suspension was cooled in an ice bath, and after filtration, brown 

crystals was got as crude product. The crude product was recrystallised with EtOH and water, and 

then dried in a vacuum oven to yield product (35.6g, 64.2%), which were light yellow crystals. 1H 

NMR (300 MHz, CDCl3) δ 7.62 (t, 2H), 7.50 (m, 2H), 7.39 (t, 2H), 7.23 (dd, 2H), 3.69 (s, 6H). 

1,2-bis(3-hydroxyphenyl)ethane-1,2-dione (4-4): HBr (385 mL, 48%), acetic acid (60 mL) and 1,2-

bis(3-methoxyphenyl)ethane-1,2-dione (4-3) (35.6 g, 131.7 mmol) were added to a 1000 mL 
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roundbottom flask. After heated under reflux for 4 hours, the reaction mixture turned to dark green 

brown. Through checking TLC, the reaction was stopped by cooling to r.t and then put in an ice bath 

under stirring for 1 h prior to filter. The filter cake was washed with cold water several time, then 

dried in the vacuum oven under 40 °C, affording slight green solid product (30.2g, 94.67%). 1H NMR 

(300 MHz, DMSO-d6) δ 10.03 (s, 2H), 7.41 (ddd, J = 8.1, 7.4, 0.6 Hz, 2H), 7.30 – 7.22 (m, 4H), 7.15 

(ddd, J = 8.1, 2.5, 1.1 Hz, 2H). 

1,2-bis(3-(3-(dimethylamino)propoxy)phenyl)ethane-1,2-dione (4-5): To a 500 mL roundbottom, 

flask, 1,2-bis(3-hydroxyphenyl)ethane-1,2-dione (4-4) (5.0 g, 20.6 mmol), K2CO3 (20.7 g, 150.0 

mmol), KI (0.342 g, 2.06 mmol) was added with 200 mL DMSO. The mixture was heated up to 90 

°C under stirring. Then 3-dimethylamino-1-propylchloride hydrochloride (15.8 g, 100 mmol) was 

added in portions and the reaction mixture was stirred under 90 °C for 2 days. The reaction was 

stopped by cooling to r.t. before 200 mL of water was added. After stirring for 20 min, the mixture 

was extracted with ethyl acetate, and organic phase was separated, washed with brine and water, 

dried via NaSO4, filtered and solvent was removed under rotary evaporation to afford a brown oily 

crude product. The crude product was purified through column chromatography with DCM : methanol 

: trimethylamine = 20 : 1 : 1 as the eluent and 1.2 g product was obtained (14.1%). 1H NMR (300 

MHz, DMSO-d6) δ 7.50 (t, J = 8.0 Hz, 2H), 7.42 – 7.37 (m, 4H), 7.37 – 7.32 (m, 2H), 4.06 (t, J = 6.4 

Hz, 4H), 2.34 (t, J = 7.1 Hz, 4H), 2.13 (s, 12H), 1.90 – 1.78 (m, 4H). 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-
1-amine) (4-6): 1,2-bis(3-(3-(dimethylamino)propoxy)phenyl)ethane-1,2-dione (4-5) (1.1 g, 2.67 

mmol), 3,6-dibromobenzene-1,2-diamine (4-1) (0.645 g, 2.42 mmol) was added in a 25 mL round-

bottom flask with 10 mL acetic acid. The reaction mixture was stirred under 60 °C overnight before 

checking TLC and was found no starting materials left. Then the reaction mixture was cooled to r.t. 

and transferred into K2CO3 (aq. pH=12) solution, resulting a yellow emulsion (pH=9). The emulsion 

was extracted with chloroform, and separated organic phase was washed with brine, dried with 

NaSO4. After filtration and removal of solvent, brown oily crude product was purified through column 

chromatography with DCM : hexane : methanol : trimethylamine = 20 : 10 : 1 : 1 as eluent to afford 

yellow solid. Then the yellow solid was further purified through recrystallisation with acetone and 

water, and pale yellow crystals were obtained (1.5 g, 87.4%). 1H NMR (300 MHz, DMSO-d6) δ 8.14 

(s, 2H), 7.34 – 7.26 (m, 2H), 7.11 (dd, J = 7.1, 1.3 Hz, 4H), 7.01 – 6.96 (m, 2H), 3.88 (t, J = 6.5 Hz, 

4H), 2.28 (t, J = 7.0 Hz, 4H), 2.11 (s, 12H), 1.75 (p, J = 6.7 Hz, 4H).  

3,3'-(5,8-dibromoquinoxaline-2,3-diyl)diphenol (4-7): 1,2-bis(3-hydroxyphenyl)ethane-1,2-dione 

(4-4) (0.735 g, 3.03 mmol), 3,6-dibromobenzene-1,2-diamine (4-1) (0.807 g, 3.03 mmol) were mixed 

with 30 mL acetic acid. After the mixture was stirred at room temperature for one hour, reaction 

temperature was increased to 60 °C. And the reaction mixture was stirred for one hour at 60 °C. 

After checking TLC to confirm there is no reactants remaining, the reaction was quenched by adding 
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80 mL water to the reaction mixture. Then the mixture was cooled down to room temperature to offer 

a grey suspension. After filtering the suspension, the filter cake was washed with water several time, 

then dried in the vacuum oven under 30 °C overnight. 1.34 g grey solid product was obtained 

(93.7%). 1H NMR (300 MHz, DMSO-d6) δ 9.60 (s, 2H), 8.12 (s, 2H), 7.16 (t, 2H), 7.05-7.08 (m, 2H), 

6.85-6.91 (m, 2H), 6.79-6.85 (m, 2H). 

4-(3-bromopropyl)pyridine hydrobromide (4-8): 4-pyridinepropanol (3.35 g, 24.4 mmol) was 

added to a 50 mL round-bottom flask with 30 mL of hydrobromic acid (48 wt. % in H2O). The reaction 

mixture was heated under reflux overnight. Then the reaction was stopped by cooling to room 

temperature and neutralized with potassium carbonate solution (38.2 g in 100 mL water). The 

neutralized crude was extracted with diethyl ether and washed with water several times. After 

collecting the organic phase, Mg2SO4 was added into the solution for drying. The dried solution was 

filtered and stirred with adding 2.76 mL HBr (48 wt. % in H2O) before diethyl ether was removed 

under rotary evaporator. Then 40 mL of acetonitrile was added to the mixture to assist the 

evaporation of water before removing solvents again. This procedure was repeated two times. Then 

25 mL DCM was added to the mixture before removing solvents. This procedure was repeated two 

times to yield solid product. After keeping in the vacuum oven overnight at 30 °C, pale yellow solid 

product was obtained (5.2 g, 75.8%). 1H NMR (300 MHz, D2O) δ 8.51 (d, 2H), 7.81 (d, 2H), 3.49 (t, 

2H), 2.99 (t, 2H), 2.17-2.29 (m, 2H). 

5,8-dibromo-2,3-bis(3-(3-(pyridin-4-yl)propoxy)phenyl)quinoxaline (4-9): 3,3'-(5,8-di 

bromoquinoxaline-2,3-diyl)diphenol (4-7) (0.865 g, 1.83 mmol), potassium carbonate (1.85 g, 13.4 

mmol), 18-crown-6 (30 mg) were added with 40 mL acetonitrile into a round-bottom flask. The 

mixture was heated up to 80 °C under N2 for 1 hour. Then 4-(3-bromopropyl)pyridine hydrobromide 

(4-8) (2.571 g, 9.15 mmol) was dissolved in 7 mL acetonitrile and the solution was slowly transferred 

to the reaction mixture in portions. After all 4-(3-bromopropyl)pyridine hydrobromide was transferred, 

reaction temperature was increased to 87 °C to let the solvent reflux under N2 overnight. After the 

mixture was reacted for 24 hours, TLC was checked (ethyl acetate: DCM: methanol=12: 12: 1) to 

confirm no starting material (4-7) remaining in the reaction mixture. The reaction was stopped by 

cooling to r.t. and then removing acetonitrile under rotary evaporation. The residue was re-dissolved 

by adding chloroform and water. The organic phase was separated and washed with water for 

several times before drying with MgSO4. Then the solvent in filtered solution was removed by rotary 

evaporation to offer a brown viscous liquid crude product. The crude product was purified through 

column chromatography with ethyl acetate: DCM: methanol=14: 14: 1 as the eluent. Yellow solid 

product was obtained (0.55 g, 42.3%). 1H NMR (300 MHz, DMSO-d6) δ 8.44 (d, 4H), 8.15 (s, 2H), 

7.25-7.32 (m, 2H), 7.20 (d, 4H), 7.01-7.14 (m, 4H), 6.91-6.99 (m, 2H), 3.84(t, 4H), 2.68 (t, 4H), 1.92-

1.99 (m, 4H). 
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3-(3-bromopropyl)pyridine hydrobromide (5-2): 3-pyridinepropanol (5.19 g, 37.8 mmol) was 

added to a 100 mL round-bottom flask with 50 mL of hydrobromic acid (48 wt. % in H2O). The reaction 

mixture was heated under reflux overnight. Then the reaction was stopped by cooling to room 

temperature and neutralized with potassium carbonate solution (40 g in 100 mL water). The 

neutralized crude was extracted with diethyl ether and washed with water several times. After 

collecting the organic phase, Mg2SO4 was added into the solution for drying. The dried solution was 

filtered and stirred with adding 4.3 mL HBr (48 wt. % in H2O) before diethyl ether was removed under 

rotary evaporator. Then 40 mL of acetonitrile was added to the mixture to assist the evaporation of 

water before removing solvents again. This procedure was repeated two times. Then 30 mL DCM 

was added to the mixture before removing solvents. This procedure was repeated two times to yield 

solid product. After keeping in the vacuum oven overnight at 30 °C, pale yellow solid product was 

obtained (8.33 g, 78.4%). 1H NMR (300 MHz, DMSO-d6) δ 8.65 (d, 2H), 8.50 (d, 1H), 7.95 (t, 1H), 

3.48 (t, 2H), 2.99 (t, 2H), 2.17-2.27 (m, 2H). 

5,8-dibromo-2,3-bis(3-(3-(pyridin-3-yl)propoxy)phenyl)quinoxaline (5-3): 3,3'-(5,8-di 

bromoquinoxaline-2,3-diyl)diphenol (4-7) (1.328 g, 2.82 mmol), potassium carbonate (2.92 g, 21 

mmol), 18-crown-6 (40 mg) were added with 40 mL acetonitrile into a round-bottom flask. The 

mixture was heated up to 80 °C under N2 for 1 hour. Then 3-(3-bromopropyl)pyridine hydrobromide 

(5-2) (3.96 g, 14.1 mmol) was dissolved in 7 mL acetonitrile and the solution was slowly transferred 

to the reaction mixture in portions. After all 3-(3-bromopropyl)pyridine hydrobromide was transferred, 

reaction temperature was increased to 87 °C to let the solvent reflux under N2 overnight. After the 

mixture was reacted for 24 hours, TLC was checked (ethyl acetate: DCM: methanol=12: 12: 1) to 

confirm no starting material (4-7) remaining in the reaction mixture. The reaction was stopped by 

cooling to r.t. and then removing acetonitrile under rotary evaporation. The residue was re-dissolved 

by adding chloroform and water. The organic phase was separated and washed with water for 

several times before drying with MgSO4. Then the solvent in filtered solution was removed by rotary 

evaporation to offer a brown viscous liquid crude product. The crude product was purified through 

column chromatography with ethyl acetate: DCM: methanol=12: 12: 1 as the eluent. Pale yellow 

solid product was obtained (0.2672 g, 13.3%).  

2. Polymerisation procedure 

2.1. Stille coupling polymerisation 

Poly[3,3'-(((quinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-
amine)- alt-thiophene] (TQ1A) 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (200.9 mg, 0.3127 mmol) and 2,5-bis(trimethylstannyl)thiophene (128.1 mg, 0.3127 

mmol) were added to a dry 25 mL flask, vacuumed and then protected with Nitrogen before 10 mL 

of degassed dry toluene was added to the flask. The solution was stirred at 90 °C under N2 protection 
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for 30 min. Then catalysts, tris(dibenzylideneacetone)dipalladium(0) (6 mg) and tri(o-tolyl)phosphine 

(12 mg) was dissolved in 2 mL degassed toluene and resulting solution was added to the monomer 

solution. The colour of the mixture turned to deep blue after stirring for half an hour. Depending on 

the viscosity of the solution, the reaction mixture was stirred at 90 °C for 2 days. Then the solution 

was precipitated in hexane and filtered to collect solid. The dark blue solid was re-dissolved in 100 

mL chloroform and a solution of sodium diethyldithiocarbamate trihydrate (10%, 10 g in 100 mL H2O) 

was added to the resulting CHCl3 solution. The mixture was stirred vigorously at 60 °C for 1 h. Then 

the organic phase was separated and washed with deionized water for 5 times to remove most of 

the residual complex agent. The organic phase was concentrated to approximately 10 mL before 

precipitated in methanol. The polymer was collected by filtration through an extraction thimble, and 

Soxhlet-extracted subsequently with hexane, acetone, diethyl ether, ethyl acetate and finally 

chloroform. The chloroform fraction was concentrated to about 10 mL, and precipitated in methanol. 

The solid was collected by filtration and dried in a vacuum oven under 36 °C to afford 168.7 mg 

polymer (95.4%). 1H NMR (600 MHz, CDCl3) δ 7.81-8.31 (m, 4H), 7.31-7.49 (m, 2H), 7.11-7.23 (m, 

4H), 6.87 (s, 2H), 3.79 (bs, 4H), 2.19-2.30 (m, 4H), 2.10-2.12 (m, 12H), 1.75 (bs, 4H). 

TQ1-20A 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (37.4 mg, 0.0582 mmol), 5,8-dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline (153.4 

mg, 0.2328 mmol), 2,5-bis(trimethylstannyl)thiophene (119.3 mg, 0.2910 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (8 mg), tri(o-tolyl)phosphine (16 mg), toluene (8 mL). 

Reaction resulted in 112.3 mg (63.5%) polymer as dark blue solid. 1H NMR (600 MHz, CDCl3) δ 

7.79-8.22 (m, 10H), 7.31-7.44 (m, 5H), 7.10-7.23 (m, 10H), 6.85 (bs, 5H), 3.70 (bs, 10H), 2.19-2.24 

(m, 2H), 2.12 (bs, 6H), 1.72 (bs, 2H), 1.51 (bs, 8H), 1.12-1.26 (m, 40 H), 0.80 (bs, 12H). 

TQ1-50A 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (99.8 mg, 0.1553 mmol), 5,8-dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline (102.3 

mg, 0.1553 mmol), 2,5-bis(trimethylstannyl)thiophene (127.3 mg, 0.3017 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (8 mg), tri(o-tolyl)phosphine (16 mg), toluene (8 mL). 

Reaction resulted in 108.9 mg (59.2%) polymer as dark blue solid. 1H NMR (600 MHz, CDCl3) δ 

7.80-8.22 (m, 4H), 7.32-7.49 (m, 2H), 7.11-7.23 (m, 4H), 6.85 (bs, 2H), 3.70-3.78 (m, 4H), 2.19-2.26 

(m, 2H), 2.10-2.12 (m, 6H), 1.78 (bs, 2H), 1.12-1.27 (m, 12 H), 0.79 (bs, 3H). 

TQ1P4 

5,8-dibromo-2,3-bis(3-(3-(pyridin-4-yl)propoxy)phenyl)quinoxaline (4-9) (278.5 mg, 0.392 mmol), 

2,5-bis(trimethylstannyl)thiophene (160.6 mg, 0.392 mmol), 
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tris(dibenzylideneacetone)dipalladium(0) (11 mg), tri(o-tolyl)phosphine (22 mg), toluene (4 mL), 

DMF (4 mL). Reaction afforded 194.5 mg (78.2%) polymer as dark blue/purple solid. 1H NMR (600 

MHz, CDCl3) δ 8.30-8.55 (m, 6H), 7.97 (bs, 2H), 7.44-7.60 (m, 2H), 7.01-7.20 (m, 4H), 6.77-6.98 (m, 

6H), 3.63 (bs, 4H), 2.77-2.98 (m, 2H), 2.11-2.48 (m, 6H). 

TQ1-20P4 

5,8-dibromo-2,3-bis(3-(3-(pyridin-4-yl)propoxy)phenyl)quinoxaline (4-9)  (58.5 mg, 0.082 mmol), 5,8-

dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline (229.4 mg, 0.329 mmol), 2,5-

bis(trimethylstannyl)thiophene (168.6 mg, 0.411 mmol), tris(dibenzylideneacetone) dipalladium(0) 

(10 mg), tri(o-tolyl)phosphine (20 mg), toluene (6 mL), DMF (1.5 mL). Reaction afforded 183 mg 

(71.4%) polymer as dark blue/purple powder. 1H NMR (600 MHz, CDCl3) δ 8.36 (s, 2H), 7.89 (bs, 

6H), 7.29-7.50 (m, 4H), 7.05-7.25 (m, 14H), 6.89 (bs, 6H), 3.74 (bs, 10H), 2.43 (bs, 4H), 1.10-1.39 

(m, 48 H), 0.82-0.98 (m, 12 H). 

TQ1-50P4 

5,8-dibromo-2,3-bis(3-(3-(pyridin-4-yl)propoxy)phenyl)quinoxaline (4-9)  (108.8 mg, 0.153 mmol), 

5,8-dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline (106.7 mg, 0.153 mmol), 2,5-

bis(trimethylstannyl)thiophene (125.5 mg, 0.306 mmol), tris(dibenzylideneacetone) dipalladium(0) (8 

mg), tri(o-tolyl)phosphine (16 mg), toluene (4 mL), DMF (4 mL). Reaction resulted in 154.0 mg 

(80.4%) polymer as dark blue solid. 1H NMR (600 MHz, CDCl3) δ 8.34 (bs, 2H), 7.90 (bs, 2H), 7.40-

7.52 (m, 2H), 7.08-7.25 (m, 6H), 6.87 (m, 4H), 3.68 (bs, 4H), 2.38 (bs, 4H), 1.12-1.39 (m, 12H), 0.82-

0.96 (m, 4H). 

TQ1-5A 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (18.5 mg, 0.0288 mmol), 5,8-dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline (360.0 

mg, 0.5466 mmol), 2,5-bis(trimethylstannyl)thiophene (235.9 mg, 0.5754 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (10 mg), tri(o-tolyl)phosphine (20 mg), toluene (10 mL). 

Reaction afforded 271 mg (76.3%) polymer as dark blue/purple fibers. 

TQ6A 

5,8-dibromo-2,3-bis(3-(diethylamino)hexyloxy)phenyl)quinoxaline (5-1) (505.1 mg, 0.645 mmol), 

2,5-bis(trimethylstannyl) thiophene (264.4 mg, 0.645 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (10 mg), tri(o-tolyl)phosphine (20 mg), toluene (8 mL). 

Reaction afforded 321 mg (70.4%) polymer as dark blue solid. 

TQ1P3 
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5,8-dibromo-2,3-bis(3-(3-(pyridin-3-yl)propoxy)phenyl)quinoxaline (5-3) (266.2 mg, 0.375 mmol), 

2,5-bis(trimethylstannyl)thiophene (153.5 mg, 0.375 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (10 mg), tri(o-tolyl)phosphine (20 mg), toluene (4 mL), 

DMF (4 mL). Reaction afforded 213.4 mg (89.6%) polymer as dark blue/purple solid.  

TQ-OEG 

The monomer 5-4 (154.8 mg, 0.126 mmol), 2,5-bis(trimethylstannyl)thiophene (51.4 mg, 0.126 

mmol), tris(dibenzylideneacetone) dipalladium(0) (2.3 mg), tri(o-tolyl)phosphine (3.1 mg), toluene (3 

mL), DMF (0.6 mL). Reaction resulted in 85.1 mg (84.2%) polymer as dark blue solid. 

2.2. Suzuki coupling polymerisation 

QFA 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (403.7 mg, 0.628 mmol), 9,9-dioctylfluorene-2,7-diboronic acid bis(pinacol) ester (403.8 

mg, 0.628 mmol) and 10 mL of degassed toluene were added to a 25 mL flask. Then 

tris(dibenzylideneacetone)dipalladium(0) (10 mg), tri(o-tolyl)phosphine (20 mg) and aliquat® 336 

(583 mg, 1.44 mmol) were added to the monomer solution. The solution was stirred at 90 °C under 

N2 protection for 30 min before adding a potassium carbonate (0.43 g, 3.14 mmol) aqueous solution 

(1 mL). Depending on the viscosity of the solution, the reaction mixture was stirred at 90 °C for 1 

day. The reaction was stopped by cooling to r.t., then removing toluene by rotary evaporation. The 

crude polymers were re-dissolved in 100 mL chloroform and a solution of sodium 

diethyldithiocarbamate trihydrate (10%, 10 g in 100 mL H2O) was added to the resulting CHCl3 

solution. The mixture was stirred vigorously at 60 °C for 1 h. Then the organic phase was separated 

and washed with brine and deionized water several times to remove most of the residual complex 

agent. The organic phase was concentrated to approximately 10 mL before precipitated in hexane. 

The resulted suspension was allowed to store in a fridge for 2 days. Then the polymer was collected 

by filtration through an extraction thimble, and Soxhlet-extracted subsequently with diethyl ether and 

chloroform. The chloroform fraction was concentrated to about 10 mL, and precipitated in hexane. 

The solid was collected by filtration and dried in a vacuum oven under 36 °C to afford 240.8 mg 

polymer (43.9%) as green powder. 

QFA-Si 

3,3'-(((5,8-dibromoquinoxaline-2,3-diyl)bis(3,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-

amine) (4-6) (179.1 mg, 0.279 mmol), 9,9-dioctyl-9H-9-silafluorene-2,7-bis(boronic acid pinacol) 

ester (183.6 mg, 0.279 mmol), tris(dibenzylideneacetone)dipalladium(0) (6 mg), tri(o-tolyl)phosphine 

(12 mg), toluene (8 mL), aliquat® 336 (260 mg, 0.64 mmol), potassium carbonate (193 mg, 1.4 

mmol) aqueous solution (1 mL). Reaction resulted in 24.3 mg (9.8 %) polymer as green solid. 
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Quaternisation of the copolymer QFA-Br 

Polymer QFA (110.8 mg) was dissolved in 20 mL THF in a 100 mL flask. Excess bromoethane (200 

µL) was dissolved in 10 mL DMF, and the resulted solution were added to polymer THF mixture. The 

solution was stirred at r.t. for 2 days in darkness. Then THF and extra bromoethane were removed 

by rotary evaporation. The polymer was precipitated in ethyl acetate, collected by centrifugation 

(4400 rpm, 30 min). The collected solid was then washed with THF, dried in a vacuum oven overnight 

to afford dark green solid polymer (90 mg, yield: 65%). 
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Appendix B 

NMR spectra of quinoxaline monomers and polymers presented in 
Chapter 4 

 

 

Figure B1 1H NMR (300 MHz) spectra of (a) TQ1A monomer and (b) TQ1P4 monomer in deuterated 
DMSO. 
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Figure B2 1H NMR (600 MHz) spectra of (a) TQ1A, (b) TQ1-20A, (c) TQ1-50A, (d) TQ1P4, (e) TQ1-20P4 
and (f) TQ1-50P4 in deuterated chloroform. The side groups and arrows inserted illustrate the specific 
proton signals. 

The ratios of side groups on random polymers TQ1-20A, TQ1-50A, TQ1-20P4 and TQ1-50P4 are 

calculated based on the specific proton signal integrals as illustrated in Figure B2. 
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Table B1. Ratio of polar functional side groups to octyl side groups calculated by NMR spectra and 
estimated from monomer feed ratios. 

 TQ1-20A TQ1-50A TQ1-20P4 TQ1-50P4 

Calculated from 
NMR spectra 

1.12:4.07 
(21.6% amine) 

1.05:1.14 
(47.9% amine) 

1.02:4.09 
(20.0% pyridine) 

0.98:1.18 
(46.3% pyridine) 

Estimated from 
monomer ratio 

2:8  
(20% amine) 

5:5  
(50% amine) 

2:8  
(20% pyridine) 

5:5  
(50% pyridine) 
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