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Abstract 

Discotic organic polyaromatic semiconducting materials have been utilized in different organic 

electronic applications, specifically as light harvesting material for organic photovoltaics (OPV), 

the development of which, alongside other alternative energy sources, plays an integral role in 

rising to the challenge of climate change. Within OPVs, the photovoltaic process heavily depends 

on the nano-structure of the light harvesting material blend; ideally the nanostructure consists of 

interconnected tendrils with clear charge transport pathways. The formation of supramolecular 

stacks, a property inherent to many discotic polyaromatics, have been shown to be useful towards 

the formation of this ideal nanostructure. This thesis focusses on the synthesis and characterisation 

of novel discotic polyaromatic compounds as well as its applications in OPVs. 

The first project attempts to combine the unique stack forming properties of discotic polyaromatic 

compounds with crosslinking techniques. Previous studies indicated that FHBC was a moderately 

successful electron donor material (PCE = 1.46%), but the devices suffered from poor efficiency 

retention over time due to changes in the nano-structure of the organic material blend. 

Crosslinking of FHBC, which has been shown to form supramolecular columns (which can also 

be described as supramolecular polymers), within the organic photovoltaic active layer was 

hypothesized to help stabilize the nano-structure. Four derivatives of FHBC containing aldehyde 

functional groups were synthesized and characterized. The aldehyde functional groups were 

reacted with diamine crosslinkers, to form crosslinked material films which demonstrated 

resilience to solvent. Photovoltaic devices were subsequently constructed but no improvement to 

the efficiency retention was observed. 

The second project aims to at the development of novel materials with supramolecular stacking 

capabilities and modern design principles. While HBC shows evidence towards the ideal 

nanostructure, the efficiency of photovoltaic devices fabricated from these materials is ultimately 

overshadowed by more recent publications. Instead HBC was imagined as a columnar scaffold to 

which chromophores can be affixed to, taking advantage of both quality chromophores and the 

self-assembly of HBC. Three FHBC derivative electron acceptors, demonstrating capability to 

form columns via NMR studies, were synthesized and characterized. Spectroscopic analysis 

showed independent photophysical properties of the HBC core and the affixed chromophore. 

Photocurrent was detected in initial photovoltaic devices (with P3HT as the electron donor 

material) with efficiencies between 0.3% and 0.5%. 

The final project details the improvement of photophysical properties to the bulk material by 

taking advantage of the strong π-π interactions which result in the self-assembly of discotic 
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polyaromatic compounds. Optimizing the absorption and emission profile of organic 

semiconducting materials is one the core tenants of research and development of organic 

electronics as a whole. Columnar stacks of materials offer unique opportunity to change 

interactions between molecules to induce different photophysical phenomena. Truxene derivatives 

were synthesized with different frontier orbital energy levels which were then shown to have 

charge transfer characteristics in bulk films when mixed. 

Overall, this thesis discusses different approaches to improving discotic polyaromatic compounds 

for OPVs focusing on the synthesis and characterisation of novel materials. 
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Designing and synthesizing compounds to control the nanostructure of materials and material 

blends is a fundamental challenge in the development and application of organic semiconductors 

which have exploded in recent times and offer a contemporary solution to contemporary 

problems. Researchers have sought to take advantage of its exciting possibilities in energy 

generation (photovoltaic devices),1-6 energy storage (supercapacitor components),7-11 lighting 

applications (light emitting diodes),12-16 medical technologies (cell imaging and sensors),17-21 security 

functions (anti-counterfeit measures)22-26 and more. The development of organic photovoltaics has 

never been in a more critical and important position as public interest in environmental 

sustainability is steadily rising around the globe as demonstrated by legislative initiatives,27 business 

interests,28-29 public protest30-32 and everything in between. 

 

1.1 Climate change and the global energy question  

The looming threat of climate change and the inevitable decline in fossil fuel extraction has left 

our generation with one of the greatest questions of the era; how will humanity manage to satisfy 

ever growing energy demands in an inexpensive yet sustainable manner? 

Indeed, worldwide energy needs are forecasted by the United States Energy Information 

Administration to grow by 23 – 35% between 2015 and 2040,33 and a 30% growth between 2017 

and 2040 has been predicted by the International Energy Agency.34 Meanwhile, average global 

temperature has been forecasted to increase by 0.9 – 2.2 °C between 2005 and 2060 by the United 

Nation’s Intergovernmental Panel on Climate Change if no actions are taken to combat climate 

change.35 Countries across the globe have made efforts under the Paris agreement of 2016 

(COP21) to keep average global temperatures to below 2 °C above pre-industrial levels, however 

there have been concerns voiced by researchers that not enough commitment has been 

undertaken.36 Nation-wide increases in energy efficiency, emissions trading schemes as well as the 

implementation of transitional energy sources, such as nuclear power, are among some of the 

strategies employed to help reduce climate change, but only with aggressive development of 

sustainable, renewable energy sources can the future of humanity be secured indefinitely and we 

must rise to the challenge of human civilizations ever growing energy demands. 

Renewable energy sources can be broadly divided into five categories: solar, wind, geothermal, 

hydroelectric and biomass. Burning biomass derived fuels can be a cheap alternative to fossil fuels 

but will nevertheless release greenhouse gases back into the atmosphere. Wind energy can 

potentially be a cheap solution but only suitable in geographic locations which provide a high 
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average yearly wind speed to maintain its cost effectiveness. Geothermal energy sources can 

provide a constant reliable stream of energy but come with a large upfront price tag. Hydroelectric 

plants can provide a large boost in energy but must be carefully located to minimise the ecological 

consequences of damming rivers.  

In the end the major drawback for wind, geothermal and hydroelectric energy sources is the 

geographic location, which determines whether such ventures are a cost-effective solution to 

energy demands. Solar energy does not have such a strict set of requirements. In fact, it is 

conservatively estimated that across the globe sunlight worth four times the annual energy 

consumption reaches the surface of the earth every year.37 This highlights the importance of solar 

energy as a key technology alongside other energy sources. 

Demand for solar energy has been increasing significantly over recent years, as demonstrated 

through an increased generation of energy by solar technologies of almost 30% between 2015 and 

2016.38 This has resulted from decreasing costs alongside public demand, positive political 

reception and savvy businesses. However solar energy technology still only represents a small 

portion, less than 20%, of total renewable energy sources, which is itself only a small portion, 

approximately 3%, of total global energy generation.38 There is still plenty of vital research and 

development necessary before solar energy technologies can truly compete with well entrenched 

energy generation industries.  

 

1.2 Brief history of photovoltaics  

Photovoltaics, more colloquially known simply as solar power, refers to the conversion of light 

into electrical current. The most basic photovoltaic device or solar cell contains three parts: a 

semiconducting material (or material blend) which can absorb light to generate free charges; and 

two electrodes, an anode and a cathode, to collect the charges and produce an electric current. The 

very first example of a photovoltaic device was demonstrated in 1954 by Chapin et al. where doped 

inorganic silicon was used to generate electricity with a power conversion efficiency (PCE), the 

efficiency of converting light energy into electrical energy, of 6%.39 

And thus, the first generation of photovoltaic technology began, with heavy interest in crystalline 

silicon wafers further assembled into larger modules which can now be found on roof tops across 

Australia and the entire globe. Silicon has proved to be an excellent material for commercial 

photovoltaics with a high natural abundance, and subsequent advances in the semiconductor 

industry (silicon semiconductors are also the basis of electronic chips found in consumer 
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electronics today) has allowed high purity silicon wafers to be produced. Altogether, this has led 

to a confirmed power conversion efficiency of 26.7% for a single junction solar cell, a solar cell 

with a single active light absorbing layer, as of the end of 2018.40-41 

By using semiconductor material with increased absorbance compared to doped silicon, 

researchers have been able to reduce the total amount of light harvesting material necessary for 

each individual solar cell device, giving rise to thin film solar cells. This type of photovoltaic 

technology incorporates materials, such as gallium arsenide and cadmium telluride, which can be 

directly deposited onto large area substrates, with confirmed recorded efficiencies of up to 29.1% 

for a single junction solar cell.40 However, due to the usage of more expensive and scarcer elements, 

these suffer from increased base costs slightly offsetting the decreased production cost. 

Additionally, the toxicity of some elements used in these solar cells, such as arsenic and cadmium, 

has raised concerns amongst researchers. Amorphous silicon has also been shown to function 

within thin film solar cells, but only at drastically lower power conversion efficiency of 10.5% 

stemming from a lower absorption capability due to the lowered thickness compared to crystalline 

silicon solar cells.40  

An alternative to inorganic semiconductors is highly absorbing organic semiconductors which 

have already been shown to be excellent in electronic applications with a vast organic electronics 

industry. Currently, no doubt, the product with the most impact would be advanced organic light 

emitting diodes (OLEDs) assembled into ultrathin displays found in smart phones, computer 

monitors and television screens across the globe. The same properties which allow organic 

materials to have such an impact in the display industries are beneficial to the development of 

advanced organic semiconductors for organic photovoltaic applications. The vast array of 

synthetic approaches to organic compounds allows for both rational design and fine tuning of 

molecular properties as well as a deep potential for blue sky research. In addition, deposition of 

organic semiconductors on flexible substrates, and the capability for low temperature processing 

correlate to simpler and cheaper production protocols while still being able to utilize complex 

techniques to maximise the potential of these photovoltaics, ultimately able to strike a balance in 

costs and efficiencies. 

The photovoltaic effect was first demonstrated with organic materials in 1958 by Kearns and 

Calvin utilizing magnesium phthalocyanine as the light harvesting material.42 But it wasn’t until 

1986 when Tang et al. demonstrated an organic photovoltaic device with a discernible power 

conversion efficiency of 1% by utilizing a blend of two different light harvesting materials, copper 

phthalocyanine and a perylene derivative (Figure 1-1).43 The field subsequently gained increased 
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traction with the development of light harvesting polymers, most notably poly(p-phenylene 

vinylene) (PPV)44-48 and poly-3-hexylthiophene (P3HT)49-53 (Figure 1-1). When 

buckminsterfullerene, C60, was shown to induce charge transfer from various conjugated polymers, 

the material was incorporated into organic solar cell devices alongside conjugated polymers 

achieving a power conversion efficiency of 0.04%.54 The major drawback to the material was its 

limited solubility, requiring it to be vacuum deposited on top of a layer of the conjugated polymer 

as an entirely separate layer. 

The bulk heterojunction (BHJ) solar cell incorporates an active light absorbing layer where two 

materials, an electron donor and an electron acceptor material, are blended in solution and 

deposited onto an electrode surface as an amorphous mixture. This type of organic photovoltaics 

has been a landmark development,55-58 and has ultimately led to many research groups around the 

world to focus on organic solar cells with large impact.59-64 The internal surface area of the two 

materials was greatly increased resulting in much more efficient charge generation and greatly 

improved power conversion efficiency.65 This development also highlighted the poor solubility of 

C60, and, as such, researchers developed soluble fullerene derivatives to allow for the incorporation 

of various fullerene derivatives into bulk heterojunction organic photovoltaics. Now, phenyl-C61-

butyric acid methyl ester (PC61BM) (Figure 1-1)55 has become one of the most widespread electron 

acceptors for organic photovoltaic applications. 

While most organic photovoltaic devices showed power conversion efficiencies of at most 1% at 

the time, Shaheen et al. demonstrated an organic photovoltaic device with power conversion 

efficiency of 2.5% using an active layer comprised of PC61BM and poly[2-methoxy-5-(3′,7′-

dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) (Figure 1-1);49 and soon after, Padinger 

et al. demonstrated an organic photovoltaic device with power conversion efficiency of 3.5% using 

an active layer composed of PC61BM and P3HT.66 To date, the combination of P3HT as the 

electron donor material and PC61BM as the electron acceptor material is one of the most studied 

light harvesting active layer combinations in the entire field of organic photovoltaics.67-68 

Subsequently, the development of novel conjugated polymers was accelerated utilizing different 

chemical and physical phenomena, such as designing molecules with electron rich and adjacent 

electron poor motifs which induce intramolecular charge transfer across the conjugated molecule 

reducing the HOMO-LUMO energy gap. In addition, quality molecular materials which exhibit 

high performances and efficiencies are becoming more common, as well as the development of 

alternative, non-fullerene acceptors. These materials will be discussed in more depth later in this 

chapter. 
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Research in organic photovoltaics started from the humble beginnings of phthalocyanine 

derivatives, with less than 1% power conversion efficiencies. Now with the development of high 

performing, conjugated organic materials combined with clever device engineering, researchers 

have been ultimately able to show a confirmed power conversion efficiency of 11.2% for single 

junction devices as of the end of the 2018,40, 69 as well as initial reports showing efficiencies up to 

15.6% for multijunction solar cells.40 

 

 

Figure 1-1: Historic organic semiconducting materials 

 

1.3 Mechanism of organic photovoltaics 

To design a high performing semiconducting material, it is important to understand the 

fundamental functionality of organic photovoltaics, this starts with how light is converted into 

electrical energy on the molecular scale. Light is first absorbed by the semiconducting material to 

excite an electron to a higher energy state in a single molecule. The coulombically bound electron 

and hole pair in an organic semiconductor, known as a Frenkel exciton (not to be confused with 

a Wannier-Mott exciton in inorganic semiconductors where the dielectric constant is large), still 

behaves as a quasi-particle which can move across molecules. Once the exciton reaches the 

interface between electron donor and electron acceptor materials, an electron can be donated from 

the donor to the acceptor material. It is possible that the electron-hole pair is still coulombically 
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bound, but the exciton quickly dissociates (Figure 1-2). Subsequently the electron and hole charge 

carriers can diffuse and be collected to the respective electrodes. Improvements to any of these 

processes, will be able to improve the overall performance of the photovoltaic. 

 

 

Figure 1-2: The photovoltaic process in OPVs 

 

 Light absorption 

In the first step of this process, light is absorbed by the semiconducting material to form an excited 

state within the conjugated material. A method of increasing the absorption of conjugated organic 

molecules is to simply increase the conjugation length of the compound. By increasing the 

conjugation length, the lowest unoccupied molecular orbital (LUMO) energy level is reduced and 

the highest occupied molecular orbital (HOMO) energy level is increased translating to an overall 

decrease in the energy gap between the two. This allows for lower energy photons to be captured 

and an overall bathochromic shift (red shift) of the absorption spectrum (Figure 1-3). 
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However, there is ultimately a limit to the extent at which the energy gap can be reduced by 

extending the conjugation. A second, complementary approach, the use of intramolecular charge 

transfer, has been implemented with great success. Materials have been designed where an 

aromatic electron rich moiety is conjugated to an aromatic electron poor moiety, to induce 

intramolecular charge transfer and decrease the energy gap further. (In literature this overall design 

and the components has been referred to as different terminologies. In this work electron poor 

and electron rich will strictly and exclusively refer to components of a molecule, polymer or system 

whereby a photophysical change is targeted or observed by combining the components. Electron 

withdrawing and donating will strictly and exclusively refer to the electronic properties with respect 

to the chemical reactivity of a molecule or functional group. And electron donor and electron 

acceptor will strictly and exclusively refer to materials which donate or accept electrons in the 

photovoltaic process, see below for further clarification.) This strategy has also been used to design 

monomers for high performance polymers.70-74 

The caveat in reducing the energy gap between the HOMO and LUMO of an organic 

semiconductor is that while more photons can be absorbed, the high energy excited states will 

thermally relax to the lowest energy excited state losing a substantial amount of energy (Figure 

1-4). This means that while more photons can be absorbed, overall power converted might be less 

due to thermal energy losses. 

It is also important to remember that in real world applications, organic photovoltaics will be used 

for absorbing light from our sun and it should match the solar spectrum at the earth’s surface (the 

spectral model for the surface solar spectrum used for testing efficiencies of solar cells is known 

as AM1.5G). Thus, the ideal energy gap has been calculated to 1.3 eV.75 

 

 

Figure 1-3: Effects of increasing conjugation length on HOMO and LUMO energies 
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Figure 1-4: Thermal losses in organic semiconductors 

 

 Exciton diffusion and disassociation 

Unless the exciton can diffuse to the interface of electron donor and acceptor materials, the exciton 

will either combine (geminate recombination) and the material will fluoresce, or other non-

radiative decay processes can occur. The exciton diffusion length in pristine semiconducting 

polymer has been measured to be on the magnitude of 10 nm in pure polymer semiconductors,76 

thus, within the active layer composition, the smallest dimension of each domain of electron donor 

material should be approximately 20 nm so that any generated exciton is at most 10 nm away from 

an interface. 

At the interface, charge transfer from the donor molecule can occur and this is primarily driven by 

the energetic difference between the LUMO energy level of the electron donor and acceptor 

materials. To induce efficient charge transfer, the energy of the LUMO on the electron acceptor 

material must be approximately 0.2 eV77 lower than that of the electron donor material, however 

if the difference is more than 0.2 eV there will be excess energy loss associated with the charge 

transfer process and the overall efficiency of the solar cell device will be lowered. 

As novel organic semiconducting materials are often blended together with commercial materials 

to be tested, it is prudent for researchers to choose the appropriate counterpart for testing their 

materials.  
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 Charge Collection 

After the formation of free charge carriers, they require a pathway to their respective electrodes. 

A charge carrier with no pathways to the electrode will eventually suffer from recombination (non-

geminate recombination) as a charge carrier of the opposite type collides with it. An indirect 

pathway will result in higher resistance from the organic materials and increase chance of 

recombination leading to losses in both voltage and current. The nanoscale structure, the 

morphology, of the active layer plays an important part in the overall efficiency of the material. As 

mentioned, excitons require small domains to induce exciton disassociation and prevent geminate 

recombination. On the other hand, free charge carriers require direct pathways to the electrode to 

facilitate efficient charge collection and prevent non-geminate recombination. Ideally the 

morphology would feature continuous percolated pathways78 (Figure 1-5, left). In addition, this an 

interlayer is often used between the electrodes and the active layer to prevent interfacial 

recombination between the organic material layer and the electrode. 

 

 

Figure 1-5: Cross-section of organic photovoltaic devices with ideal nanoscale structure (left); 
isolated semiconductor domains (centre); indirect pathways for charge extraction leading to 

increased chance of non-geminate recombination (right) 
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1.4 Light harvesting organic materials in bulk heterojunction photovoltaics 

 General design principles of organic light harvesting materials 

1.4.1.1 Molecular backbone 

The basis for all organic photovoltaics and organic electronics in general is conjugation in organic 

molecules. It is the delocalized electrons within these molecules which allow for both light 

absorption and electron mobility. 

The simplest organic backbones which can absorb light are of course linear conjugated chains, 

such as the polyethylene chain found in beta carotene. However, a basic linear conjugated 

backbone has limitations with regards to structural variety. The energy levels of the compounds 

can only be significantly changed by modifying the conjugation length, or by using electron 

withdrawing and electron donating substituents along the backbone. Very few hetero atoms can 

be introduced into the backbone to tailor the properties of such materials.  Unfortunately, the 

desired conjugation length of this type of compound requires the materials to be polymeric rather 

than discrete. This introduces somewhat common issues related to the synthesis of conjugated 

polymers such as the poor batch to batch reproducibility. To compete with more modern 

compounds, post synthetic manipulations such as chemical doping are often necessary.79 

 

 

Figure 1-6: Examples of organic chromophores and their building blocks 

 

Individual aromatic rings, such as but not limited to benzene, thiophene and pyrrole, are the 

obvious next step in the development of building blocks for organic photovoltaics. The inclusion 

of aromatic rings subsequently means that heteroatoms are more readily included into the 
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backbone structure of the molecule and the connectivity of the rings can be tailored. Thiophene 

rings are probably the most consistently used aromatic heterocycle in organic photovoltaics,80 but 

many different heterocycles have been incorporated in molecules to target desirable properties.81-

83 With multiple sites to connect to individual building blocks, tailoring the location at which both 

side chains and through which the backbone is connected can have significant effects on the 

performance of the materials in a solar cell device. Compounds with heterocycles within the  

backbone have two common issues: twisting of the backbone which breaks the conjugation and 

insolubility due to π-π stacking. The twisting of the backbone can be prevented through the fusion 

of multiple aromatic rings. Fused aromatic rings greatly increase the molecular toolbox available 

to the synthetic chemist with a large variety of fused multicyclic aromatic rings available, each 

exhibiting different properties. Not only can more simple two or three fused rings systems, such 

as diketopyrrolopyrrole; thienothiophene, benzodithiophene and fluorene, be used but very large 

acene units, such as hexa-peri-hexabenzocoronene, which will be one of the main focusses of this 

text, can be the focus of novel materials (Figure 1-6). The issues of solubility and processability is 

compounded and these backbones require a significant number of solubilizing sidechains which 

ultimately decreases the overall mass fraction of light harvesting fragments within the bulk 

material. As the complexity of the materials rises, the synthetic ease and availability also suffers, 

but this is often a necessary sacrifice to improve device performances. 

 

1.4.1.2 Tuning energy levels 

The energy levels of the organic material ultimately determine the voltage and current the resulting 

device can achieve. In simple metrics, the more light absorbed the more opportunity for photons 

to be converted into electrons and electric current. To optimize this a small HOMO-LUMO 

energy gap around 1.3 eV is desirable, with a broadened absorption spectrum to absorb visible 

photons regardless of the energy level. On the other hand, the voltage is related to the amount of 

energy the electron has which comes from the energy of the photon absorbed. Since high energy 

excited states quickly relax to lowest energy excited state before being converted into electrical 

current (and thus the energy the electron carries within the electrical current), ideally a high energy 

gap between the HOMO and LUMO is ideal for high voltages. (Of course, this depends on the 

complimentary material and the voltage will be at least 0.2 V less than the energy gap to 

thermodynamically drive the separation of the exciton into free charges.) There is no specific 

HOMO or LUMO energy levels which are required (although compounds with HOMO and 

LUMO energy levels which result in air stable materials as well as their radical anions and cations 
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are preferred), but rather energy levels need to be appropriate with regards to the complementary 

material and the remainder of the device, due to the flexibility in material choice of the entire 

device. 

Energy levels can be tuned through several ways most notably conjugation length and the use of 

electron withdrawing and electron donating substituents. While increasing the conjugation length 

is the simplest way to decrease the energy gap between the HOMO and LUMO, this tends to lead 

to polymers which are undesirable due to several factors such as the batch to batch reproducibility 

(or irreproducibility), and issues with twisting within the polymer backbone which severely limits 

the effective conjugation length, especially compare to small molecules, which suffer far less from 

the effects of backbone twisting. 

Rather than just increasing the conjugation length of materials, by utilizing different units with 

different energy levels, it is possible to synthesise molecules with a far more reduced energy gap. 

This is often broadly described as pairing an electron rich and an electron poor unit within a 

conjugated molecule. Of course, this can result in many architectures such as electron rich – 

electron poor,84-85 electron rich – electron poor – electron rich,86-87 electron poor – electron rich – 

electron poor,88-89 and any of the following repeated or polymeric. Another benefit this has is the 

increase in the strength of the transition electron dipole compared to compounds which only 

include a single unit repeated, which means that the absorption coefficient of these materials tends 

to be heightened. Furthermore, the addition of pi bridges to tune properties results in considerably 

more architectures. 

Energy levels are the most important and tuneable property of the material; other compounds 

have inherent properties which are difficult to accurately modify or in some cases modify at all. 

Flat discotic aromatics are likely to form columnar aggregates and discotic liquid crystalline 

materials, linear aromatics can form smectic liquid crystals. Often, compounds with these desirable 

properties are used as the core unit for the development of novel materials. Care needs to be taken 

when designing such materials as these effects can be disrupted in the process of designing 

compounds with appropriate energy levels. Exploiting other interactions will be discussed later in 

the chapter in more depth. 

 

 Conjugated molecular electron donor materials 

Research into the development of non-polymer donor materials, that is molecular donors, starts 

with dye based donors such as magnesium and copper phthalocyanine being some of the first 
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materials ever used in organic photovoltaics as mentioned above (Figure 1-1) .Additional studies 

into acenes have further yielded moderate results, for the time, with key structures such tetracene, 

pentacene as well as hexa-peri-hexabenzocoronene (Figure 1-7). Photovoltaic devices with un 

modified tetracene showed efficiencies of up to 2.3%90 while unmodified pentacene showed 

efficiencies of up to 2.7%91 (however it is important to note that this study was done under broad 

band light rather than the typical AM 1.5 solar spectrum). Solution processible hexa-peri-

hexabenzocoronene derivatives first showed photovoltaic response when incorporated into a 

photodiode with perylene in 2001.92 Further on, fluorenyl substituted hexa-peri-

hexabenzocoronene (FHBC) has been used in photovoltaic devices reaching efficiencies up to 

1.46%93 and further modified to with oligothiophene dendrimers to 2.5%.94 Lastly one other 

notable aromatic material are oligothiophenes and dendrimers which have achieved efficiencies up 

to 2.38%95 and 1.72%96 respectively without any more modern design principles. 

Inspired by the development of donor-acceptor type polymers with decreased energy gaps 

between the HOMO and LUMO, researchers have also implemented similar designs into the 

synthesis of small molecule donors. While there are many, various architectures in organizing 

electron rich and electron poor units in the same molecule, the best performing molecular 

architecture reported is a central electron rich donor core flanked by two electron poor acceptor 

units. There are examples of successful molecular materials using different core structures such as 

carbazoles,97 fluorenes,97 oligothiophene98 other extended fused aromatics99 (Figure 1-7), however 

the most notable would be benzodithiophene.88, 100-104 Within the research group, this chemical 

motif has been designed into liquid crystalline electron donor materials, BTR and BQR, which 

exhibit efficiencies of up to 9.3-9.4%. The electron withdrawing moiety is often linked through a 

Knoevenagel condensation reaction, because the electron poor units are often very well suited for 

these base-catalysed reactions giving good yields with ease of synthesis and quick reactions. This 

has resulted in many materials being synthesized using a single core and multiple different electron 

withdrawing motifs98-99, 105-108 (Figure 1-7) in reported literature to attempt to optimize materials. 
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Figure 1-7: Components and examples of small molecule donor materials 

 

 Conjugated molecular electron acceptor materials 

In the brief history of organic photovoltaics fullerenes have played an important role. However, 

the inherent issues of poor device stability, aggregation, costs (with relation to the desired purity 

of specific fullerene isomers) as well as low light absorption (meaning that fullerene contribute 

very little in the light harvesting part of the photovoltaic process), have led researchers to search 

for alternate acceptor materials. Early front runners to non-fullerene alternatives of electron 

acceptor materials have include derivatives of perylene diimide (PDI),43 naphthalene diimide 

(NDI), subphthalocyanine (SubPC) and truxenone. (Figure 1-8). NDI derivatives have 

demonstrated moderate performance, except for one notable exception, an acceptor molecule 

using naphthalene imide as the electron poor unit in an acceptor-donor-acceptor structure flanking 

a core dicyanodistyrylbenzene core, showing device performances of up to 7.64%.109 Perylene 

diimide derivatives notoriously suffer from excessive aggregation due to its large planar π system, 

resulting in domain sizes exceeding the ideal in the active layer of the solar cell device. Successful 

strategies to improving the materials performance has mostly involved the construction of twisted 

perylene diimide dimers, trimers and tetramers. Initial reports of simple twisted diimide 
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compounds showed efficiencies of up to 5.56%,110 while further structural modification improved 

the performance to 9.50%.111  

More recently, researchers have applied the same structural approach of designing novel small 

molecule donors to design small molecule acceptors where an electron rich central unit is flanked 

by two electron poor structures. Success of these materials have mostly revolved around the use 

of fluorene, carbazole, indacenodithiophene (IDT) and indacenodithiophenedithiophene (IDTT) 

Fluorene derivatives have been optimized by the McCullough research group to research 

efficiencies from 4.11%112 to as high as 8.00%,113 whilst carbazole derivatives have been structurally 

optimized to efficiencies as high as 5.30%.114 Much more impressively are indacenodithiophene 

and indacenodithiophenedithiohphene derivatives which have been structurally optimized to as 

high as 10.07%115 and 13.01%116 respectively. Strategies to optimize these will be discussed more 

in depth in Chapter 3. 

 

 

Figure 1-8: Examples of fullerene free electron acceptor materials 
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1.5 Supramolecular structures to control morphology 

 The importance of morphology 

As mentioned in the previous section, the morphology of the organic layer of the device is pivotal 

to the respective performance. Recapping briefly, the organic layer should have a minimum 

thickness of approximately 100 nanometres to optimize absorption; have individual domains of 

20 nanometres wide to optimize exciton diffusion to the interface; and have clear pathways to the 

respective electrode. Ideally the organic active layer is made up of percolated networks with the 

correct dimensions. Additionally, appropriate mixing of the two materials is important to optimize 

charge separation. This includes the interfacial orientation of the materials, conjugation or π-π 

overlap is typically required for efficient intramolecular charge transfer and intermolecular charge 

transfer respectively. 

It is wise to emphasise the importance of domain size with respect to performance. Too large of 

a domain will cause geminate exciton recombination as the excitons will fail to diffuse to the 

interface of the two materials. Of course, the exciton diffusion length is dependent on the specific 

material and has been shown to be much higher in discotic liquid crystals. Domains which are too 

small typically lead to excess non-geminate recombination. This is the result of having too high a 

surface area where the two opposite charges, an electron and a hole, have a high chance of colliding 

as they randomly diffuse through the materials with no clear pathway to the electrode. 

Morphology is usually optimized by smart device engineering, using many techniques such as 

thermal annealing, solvent vapour annealing, and various additives. However, with most common 

materials the optimal morphology is usually thermodynamically unstable. Usually, either a highly 

mixed amorphous domain is preferred if the two materials are very similar and mix easily, 

otherwise large crystalline domains are much more thermodynamically preferred. This results in, 

usually severe, morphological change in the active layer from the ideal morphology and reduction 

of the device performance over time without even considering other real-life environmental 

effects. This is compounded by the fact that the operation of solar cell devices will ideally be in 

abundance of natural light and subsequently at elevated temperatures, commonly 35 °C but can 

reach up to 65 °C in the most extreme of conditions. Even at ambient temperatures the effects 

can already be noticeable. 

As such many researchers have attempted to take advantage of different supramolecular forces to 

drive the formation of the ideal morphology and molecular orientation. 
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 Supramolecular forces in organic photovoltaic material blends 

Within all bulk chemical systems, supramolecular forces help dictate their properties. Within the 

active layer of an organic solar cell device only a subset of intermolecular interactions is prevalent  

and modified by researchers to control the morphology of the active material. This work will only 

focus on the orientation and makeup of the materials within the organic blend. 

Polar interactions have been utilized in certain polymeric compounds to produce ideal morphology 

in bulk heterojunction solar cell devices. A block copolymer consisting of a nonpolar polymer 

block and a polar polymer block has been previously reported117 with each block sized at the 

appropriate length of approximately 20 nm and subsequently showing phase separation of the two 

blocks in the amorphous film (Figure 1-9, top left).118 While there is no report (to the author’s 

knowledge) of utilizing polar interactions to the same extent in discrete molecular materials, where 

targeted phase separation of the electron donor material and electron acceptor material occurs, it 

has been shown that materials with a net dipole moment will pack in an antiparallel manner as to 

eliminate the overall polarity of the material and can lead to a more desirable orientation of the 

compound in the active layer blend (Figure 1-9, top right).119 

Hydrogen bonding is another intermolecular force which can be used to design programmed self-

assembly in organic photovoltaics. Unlike the intermolecular interactions stemming from polar 

origins, hydrogen bonding can also be a factor in molecular systems even if not specifically 

designed as such (given that most bulk materials used in organic photovoltaics are non-polar) and 

can dictate the orientation a molecule conforms to in the active layer blend (Figure 1-9, bottom 

centre).120 However, hydrogen donor and acceptor pairs which are used to program self-assembly, 

motifs usually inspired by nature, do not contribute to enhance the photovoltaic performance of 

the materials. As such most of the hydrogen bonding supra-structures act as a scaffold around 

which the photoactive material is molecularly connected, usually forming nanowires more stable 

than their unprogrammed cousin (Figure 1-9, bottom left). In this manner the hydrogen bonding 

effects are used to disrupt unwanted bulk structures caused by other supramolecular forces.121 In 

addition, complementary hydrogen bonds allow for targeted interactions to anchor 

complementary materials, electron donor and electron acceptor material pair, together (Figure 1-9, 

bottom right).122 
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Figure 1-9: Examples of polar interactions in organic photovoltaic active layers
Polar effects (top left: amphiphilic block-copolymers, top right: dipole moments to improve 
crystallinity) and hydrogen bonding effects (bottom left: hydrogen bonds forming nanowires, bottom 
middle: hydrogen bonds orienting molecular conformation, bottom right: anchoring fullerenes to 
electron donor materials through hydrogen bonding) 

 

Aromatic stacking, otherwise known as π-π interactions, is possibly the most prevalent 

intermolecular force in all organic photovoltaics, because the aromatic compounds are not only 

the most effective materials in organic photovoltaics but also due to the synthetic diversity which 

lends to the creative juices of researchers in searching for the ideal material and optimizing the 

perfect devices. In material blends, which have not been programmed to form specific self-

assembled structures, π-π interactions are partially responsible for two main properties: the degree 

of crystallinity of the domains driven by the stacking of aromatic discs, and the interfacial 

orientation of different material domains. The first being important to the charge mobility of bulk 

organic semi-conducting materials and the latter is important to the charge separation of 

photogenerated excited states as described above. 

Most notably aromatic stacking can be utilized to design programmable structures in several ways. 

Formation of nanowires is possible for a variety of amorphous aromatic materials. This is not 
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necessarily resulting from any specific molecular motif, rather the preparation of individual 

samples. Nanowires have been shown to have better intermolecular charge transport along the 

wire itself than bulk materials due to increased π-π stacking and overlap. 

Molecular motifs which can be used in programmed self-assembly utilizing π-π interactions can be 

found in shape complementary molecules. Contorted hexabenzocoronenes can form a curved 

surface and interact with C60 fullerene (and its derivatives) using π-π forces, resembling a ball and 

socket joint (Figure 1-10, top left).123 Generally, any π-π interaction that is particularly selective can 

be used to anchor molecules to one another. For example, the self-aggregating properties of pyrene 

has been used to anchor electron acceptor molecules to electron donor molecules (Figure 1-10, 

top right), similar to the uses of complimentary hydrogen bonding.124 

 

  

Figure 1-10: Aromatic stacking induced phenomena, targeted molecular interactions (top) and 
liquid crystals (bottom) 

 

Notably π-π interactions are also responsible for the presence of liquid crystalline (LC) phases in 

certain organic photovoltaic materials. Liquid crystals offer new material design flexibility in 

organic photovoltaic (and organic electronic) materials as they offer a higher degree of order 

without much more effort in the device engineering process. In addition, it offers more pathways 

to tune the properties of the bulk material with polarized light, surface modifiers, etc. At the same 

time liquid crystalline materials offer a degree of dynamics and liquid-esque properties to the 
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system allowing it to, for example, self-repair defects. Care must be taken in designing liquid 

crystalline materials as modification to the core structure add up, there is a decent likelihood that 

the material loses its liquid crystalline properties. 

There are two types of liquid crystal material class relevant to organic photovoltaics: calamitic 

mesogens which form nematic and smectic liquid crystals phases at different temperatures, and 

discotic mesogens which stack to form columnar liquid crystal phases. Calamitic mesogens, such 

as certain oligothiophenes,125 can be described as stiff, linear, one-dimensional, rod like molecules, 

such as oligothiophenes, which stack upon one another due to π-π interactions and but are able to 

move alongside neighbouring molecules at higher temperatures (nematic phase). At low 

temperatures these molecules form well defined layers, which are capable of sliding across other 

layers (smectic phase). This phase demonstrates moderate orbital overlap across molecules and 

charge transport though the two-dimensional plane. Discotic mesogens, such as hexa-peri-

hexabenzocoronene,126 are described as two-dimensional, disc like molecules, which form 

columnar phases. Due to intense aromatic stacking, there is more orbital overlap compared to 

calamitic mesogens and greater charge transport but only in one-dimension along the column. The 

property trends of these materials can be comparable to polymers, without the disadvantages of 

synthesizing conjugated polymers mentioned above. 

The columns themselves exhibit one dimensional charge transport with high charge carrier 

mobilities and large exciton diffusion lengths, i.e. excitons can be dissociated over large distances 

owing to the fact that the high orbital overlap mimics the properties of conjugation across a 

molecular backbone.127 The tunability of the materials is perhaps the greatest advantage over 

smectic materials. Since smectic materials are essentially one dimensional, molecular tailoring 

occurs only at the two ends of the materials but due to the non-specific overlapping of individual 

molecules changes in the end groups can ultimately disrupt the supramolecular structure. On the 

other hand, strong π-π interactions over a disc like molecule allows multiple bonding sites for 

molecular tailoring while retaining the association strength of the core material. This is not to say 

that strong π-π interaction cannot be disrupted with excessive substitutions at the periphery.128 

 

 Supramolecular columns: Hexa-peri-hexabenzocoronene 

Hexa-peri-hexabenzocoronene (HBC) derivatives are a class of compounds which exhibit strong 

self-aggregation in one dimension due to strong intermolecular π-π interactions. There is evidence 

of hexa-peri-hexabenzocoronene derivatives forming columnar structures in devices, which have 
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been shown to exhibit good charge mobilities.129 By itself hexa-peri-hexabenzocoronene is difficult 

to process due to its poor solubility, the same π-π interaction responsible for its columnar self-

aggregation is difficult to break up unless the solvent is itself capable of strong π-π interaction such 

as molten pyrene. Installing solubilizing sidechains, quickly allows the material to be solubilised in 

common organic solvents, however in solution it still experiences self-aggregation, evident through 

changes in the aromatic NMR shifts against concentration.128 Hexa-peri-hexabenzocoronene 

derivative with too many substituents, or substituents that are too bulky will experience too much 

steric hindrance to form columnar structures both in solution as well as in the device active layer 

film.128  

HBC derivatives have been used in devices as the core light harvesting component and shown 

moderate efficiencies.93-94, 128, 130-132 Ultimately the material suffers from poor spectral coverage, 

mainly absorbing in the ultraviolet region and is unable to compete with modern molecular 

electron donor materials, due to its inherently low current generation. While it is difficult to modify 

the absorbance of the hexa-peri-hexabenzocoronene, as the strong resonance effect of the large 

extended π system minimalizes any effect both conjugated and non-conjugated substituents have 

on the core structure. Regardless, the material can still act as a scaffold for other light harvesting 

compounds forming columns in the active layer material and providing columnar pathways for 

better charge mobility. Additionally, while evidence points at columns being formed in the organic 

material blend of devices containing hexa-peri-hexabenzocoronene, this interaction does not stop 

the morphological change over time, i.e. it is not strong enough to ‘lock’ the morphology. The 

changes in the bulk phases of these devices become primarily driven by the crystallization of the 

complementary electron acceptor material PC61BM as these molecules can evidently still diffuse 

around the liquid crystalline hexabenzocoronene derivative. 

 

 Measuring self-association of supramolecular columns 

The stacking of different compounds can be observed through various physical properties of the 

system and subsequently modelled.133 Compounds which form supramolecular columns driven by 

π-π interactions offer an easy method of observing the interaction in solution. The ring current 

effect usually induces a downfield shift of the nuclear magnetic resonance (NMR) signal of the 

aromatic protons, as the applied magnetic field induces an electronic current in the delocalized 

electrons of the aromatic ring which induces a complementary magnetic field causing the 

downfield shift of the neighbouring protons signal (Error! Reference source not found., (a) – 

(c)). When these aromatic molecules stack the neighbouring molecule also exerts an induced 
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magnetic field. Since the molecules are not perfectly aligned, and somewhat staggered, the external 

magnetic field exerted by the neighbouring molecule is opposite of the applied magnetic field 

resulting in an upfield shift (Error! Reference source not found., (d)). As concentration of the 

material in solution increase so does this effect and studying the intensity of these changes allows 

us to compare the intensity of the self-association of similar materials. Furthermore, studying the 

changes of individual protons allows us to understand the orientation of the molecules in these 

supramolecular columns as orbital overlap is strongly correlated to the degree of the self-

association. 

 

 

Figure 1-11: Origins of the upfield shift of stacked π systems; applied magnetic field
An aromatic ring under an applied magnetic field (B0), (a), results in an induced ring current within 
the π electron system, (b), which gives rise to a complementary induced magnetic field (B1), (c). 
Neighbouring aromatic molecules exhibit a similar magnetic field which overall interacts in the 
opposite direction of the applied magnetic field (B2) due to staggered aromatic stacking, (d). 

 

The general formulation of an indefinite stack compound, A, can be described by the rates of 

association and equilibrium constants of monomers to form dimers, trimers and so forth, where i 

goes to infinity.133 

     (1) 

The total concentration, C, can be described by the following equation: 
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  (2) 

This allows the weight fraction of any i-mer, χi, to be derived as: 

         (3) 

And specifically, the monomer mole fraction, χ1, can be described with the following formula: 

  (4) 

In the simplest model it is possible to define all association rates to be equal and can be represented 

simply as K: 

 

Then it is possible to simplify equation (2) to: 

  (5) 

Which can be rewritten as: 

(6) 

The final equality of equation (6) comes from the fact that the series expansion of (1-K[A])-2 results 

in the infinite series above when K[A] is less than one. Equation (6) can be rewritten as a quadratic 

and subsequently solved to give: 

       (7) 

Equation (4) can be re-written and re-arranged to give: 

         (8) 

Equations (7) and (8) can be combined to give the following 

       (9) 
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Which gives us a general equation relating the mole fraction of the monomer to the total 

concentration and the association rate.  

Due to the rapid association and dissociation of molecules, the observed nuclear magnetic 

resonance shift represents the average chemical shift of all species. In the simplest isodesmic model 

of stacking, the NMR shift is only affected by the neighbouring molecule, so the mole fractions 

and respective chemical shift can be defined as for the monomer, χm and λm, molecules at the end 

of the stack, χe and λe, and molecules inside the stack, χs and λs. 

        (10) 

To further simplify the model, the chemical shift of the end of the stack is defined to be the average 

of the chemical shifts of the monomer and the stack interior. Thus: 

      (11) 

The mole fraction of the monomer is given in equation (4). The mole fraction of the molecules at 

the end of the stacks is given as double the concentration of total stacks (as there are two molecules 

at the end of every single one stack) divided by the total concentration of the compound. The 

equation can be combined with equation (4) to give: 

 (12) 

The last equality given by the series expansion of (1-K[A])-1 resulting in the infinite series written 

before it. Similarly, the mole fraction of the internal can be given as the sum of the weight fraction 

of each of the i-mers subtracting the end molecules. The equation can be combined with equation 

(4) and the same series expansion used in equation (6) results in: 



26 
 

 (13) 

Combining equations (9), (11), (12) and (13) gives the following equation and can thankfully be 

simplified to: 

 (14) 

Conveniently this leaves us with two variables: the observed chemical shift, δobs, and the 

concentration, C. Observing the changes to the chemical shift as the concentration changes and 

fitting equation (14) yields the theoretical chemical shift of an un-associated monomer (δm), the 

theoretical chemical shift of a molecule in the centre of an infinite stack (δs), and most importantly 

the self-association constant, K, which can be compared between similar molecules. 

It is important to note that this particular isodesmic model of self-association assumes several 

factors to simplify the final equation to one that can be simply fitted to a data set. Notably, the 

association constant is assumed to be equal for at all stages of the indefinite stack, only the 

contribution of the nearest molecules affects the observed property and only a single compound 

capable of forming indefinite columns is assumed to be present. More complex regression 

methods are necessary if more factors are taken in consideration. This basic model described above 

will be used to compare the self-association of all appropriate materials synthesized in the following 

chapters and more complex models will only be considered if equation (14) does not correctly fit 

the data set. 

1.6 Thesis objectives and research goals  

This thesis focuses on the development of novel materials and procedures for the use of 

supramolecular columns in organic photovoltaic devices and revolves around the following issues.  
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Hexa-peri-hexabenzocoronene derivatives have shown poor thermal stability in devices with 

fullerene derivatives. Like many other donor materials, is it possible to utilize the unique π-π 

interactions and the formation of columnar structure by these compounds to improve the stability? 

The performance of hexa-peri-hexabenzocoronene devices are quite poor by today standards, 

however combining more modern designs into the hexa-peri-hexabenzocoronene scaffold could 

improve power conversion efficiencies. The spectral coverage of hexa-peri-hexabenzocoronene 

structures are limited regardless of the substituents, is it possible to still maintain columnar 

structures and specifically use columnar structures to improve the absorption profile.  

The specific aims of the project are as follows: 

Can thermal stability of molecular materials be improved by locking supramolecular structures in 

place and preventing or slowing the formation of larger domains? (Chapter 2) 

Hexa-peri-hexabenzocoronene has successfully been implemented as donor materials in bulk 

heterojunction solar cells within the research group,128 but it was noted by the researchers at the 

time that devices with hexa-peri-hexabenzocoronene derivatives and PC61BM as the active layer 

suffer from thermal instability, decreasing the power conversion efficiency over time. This is not 

an uncommon problem with organic photovoltaic devices containing PC61BM or other fullerene 

derivatives. Over time, fullerene nanocrystals form in the active layer and alter the morphology 

into one with overly large fullerene domains that reduces the overall performance. Studies with 

polymers have found that crosslinking polymers have been an effective way of preventing the 

formation of nanocrystals, effectively ‘locking’ the morphology of the devices. With the 

developmental rise in molecular materials, it is important to expand these morphological control 

principles to molecular material blends. The self-aggregation of hexa-peri-hexabenzocoronene can 

be likened to not only a column but a supramolecular polymer. Is it possible to develop techniques 

with crosslinking hexa-peri-hexabenzocoronene as it shows one of the highest self-aggregation 

constants within organic photovoltaics, and subsequently expand to other molecular materials? 

Dialdehydes are often precursors to high functioning materials (as mentioned in the previous 

subsection) and readily available during the process of the synthesis of high performing materials. 

Thus, this project will aim to crosslink supramolecular columns of dialdehyde functionalized 

hexabenzocoronene. The dialdehyde also provides a handle for crosslinking through the formation 

of Schiff bases with diamine additives. 
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Can modern design principles be used to improve the molecular materials capable of forming 

columns within organic photovoltaic active layers? (Chapter 3) 

As mentioned previously acceptor-donor-acceptor type molecules have recently flourished within 

OPVs as a structure for effective and high performing materials both as electron donors and 

electron acceptors. Additionally, it is possible to attach high performing materials to scaffolds to 

manipulate the morphology of the active layer materials. This chapter will focus on attempts to 

synthesize electron acceptor molecules using the column forming hexa-peri-hexabenzocoronene 

unit as the core. Ideally this will form columnar structure in the active layer capable of high charge 

mobility through the column. 

Derivatives of hexa-peri-hexabenzocoronene usually show very limited change in the absorption 

spectrum associated with the hexa-peri-hexabenzocoronene unit. Thus the overall design structure 

for the compounds will be not acceptor-donor-acceptor where the hexa-peri-hexabenzocoronene 

acts as the electron rich core moiety, but rather the compounds will be designed as acceptor-donor-

scaffold-donor-acceptor. 

How can the photophysical profile of the core supramolecular columns be improved? (Chapter 4) 

As mentioned previously the absorption spectrum of hexa-peri-hexabenzocoronene is difficult to 

modify with functional groups. This chapter will seek to take advantage of the intrinsic self-

aggregation of column forming compounds with π-π stacking to mimic the effects of donor-

acceptor polymers in the form of donor-acceptor supramolecular structure ideally alternating 

between electron rich and electron poor molecules. 

Since it is difficult to modify the core electron density of hexa-peri-hexabenzocoronene derivatives, 

an alternative core structure will be used. Truxenes have been already used but only a limited effect 

has been observed. This project will seek to functionalize the truxene core such that to observe if 

charge transfer complexes (or other complexed phenomena, e.g. exciplex) can be formed to 

enhance absorbance and lower the energy gap between the HOMO and LUMO. Electron rich and 

electron poor derivatives of truxene (relative to truxene) will be synthesized, by replacing the 

bridging aliphatic carbon with a bridging carbonyl, truxenone, and a bridging amine, 

diindoloindolocarbazole also known as triazatruxene. 

Finally, the conclusions and outlook of the project will be discussed in Chapter 5. 
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2.1 Background and objectives 

 Crosslinking in organic photovoltaics 

The performance stability and thus lifetime of organic solar cells suffer from multiple issues.1 The 

first is the interfacial issues between the organic active material and the metal electrodes of a 

photovoltaic device which can be solved by clever device engineering. The second is the chemical 

degradation of some light absorbing materials due to UV irradiation and oxidation, which limits 

the materials available to be used in a device designed to absorb light. Lastly is the morphological 

instability of the organic active layer. The ideal morphology of the active layer requires domain 

sizes of approximately 20 nm, the exciton diffusion radius. However, it is known that nanosized 

domains of fullerene derivatives are not stable over time forming larger microsized crystals which 

negatively impact on the overall power conversion efficiency of the devices. Larger crystals of 

fullerene derivatives are more thermodynamically favourable and form easily especially under the 

thermal stress that occurs during operation of an organic solar cell. In polymer free solar cells this 

process is driven by the dissolution and diffusion of smaller material particles in the solid solution 

and redeposition onto larger domains, otherwise known as Ostwald ripening.2 In solar cells where 

the active layer is composed of polymer and fullerene derivatives, the rearrangement of crystalline 

polymer domains expelling fullerene molecules is an additional factor at temperatures above the 

glass transition temperature of the polymer.  

In organic solar cells free of both polymer and fullerene derivatives, researchers have reported 

systems which retain up to 87% of its original efficiency, when annealed at 80 °C for 96 hours.3 

On the other hand, other material blends have been demonstrated to retain only 51% of its original 

efficiency, when thermally annealed under the same conditions.3 Meanwhile, the classical organic 

solar cell active layer blend of P3HT and PC61BM has been reported in some cases to only retain 

25% of its original power conversion efficiency.4 Consequently, much effort has been invested by 

researchers to tackle this issue, notably by finding methods which ‘lock’ or ‘freeze’ the morphology 

in place, thereby preventing the excessive aggregation of fullerene derivatives. 

Polymer-fullerene solar cells have historically been the forerunner of organic photovoltaics, and 

most efforts in preventing the thermal instability of the morphology has been poured into this 

subclass of organic solar cells. One method of ‘locking’ the morphology involves crosslinking the 

polymer materials together to form a much less dynamic network. Multiple crosslinking 

methodologies for polymers exist, depending on the included chemical motif and the desired post 

fabrication treatment, each with its own advantages and disadvantages. 
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The bromide functional group is a well-reported crosslinking sidechain which responds to UV 

irradiation. One report states that P3HT, of which 10% of the monomers include a terminal 

bromine for crosslinking purposes, resisted thermal stress much more easily than standard P3HT 

once cured by UV radiation. Indeed, the crosslinked poly-3-hexylthophene was able to retain 90% 

of the initial device performance after 48 hours of annealing at 150 °C, compared to only 25% for 

the standard P3HT devices.4 A follow up study from the same research group utilized a different 

polymer, PBDT-TPD (Figure 2-1), which shows improved performances compared to P3HT. 

The researchers confirmed that the crosslinked organic solar cells, showed a better performance 

(4.6%) compared to the standard (3.9%) after 72 hours of annealing at 150 °C. This would indicate 

a far better retention of the performance compared to the standard device’s initial performance 

(5.2%). However, it is also important to note that the performance drops when UV treatment has 

initially been undertaken with the initial crosslinked solar cells showing a far lower efficiency 

(3.3%).5 Other research has been done to support the retention of efficiency using bromide as the 

crosslinking functionality.6-8 

 

 

Figure 2-1: Examples of conjugated semiconducting polymers which have been crosslinked in 
literature and crosslinking functionalities 

 

There have been reports of much less studied crosslinking motifs responding only to UV radiation 

including anthracene and cinnamate motifs. P3HT modified to include either anthracene endcaps9 
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and cinnamate pendants10 both showed less formation of fullerene crystal upon annealing at 

elevated temperatures compared to standard P3HT. 

Alkenyl and azide functionalities both can be crosslinked with UV radiation but also through 

thermal methods, i.e. the annealing process commonly included in the device fabrication process. 

An alkenyl derivative of P3HT, poly-3-(5-hexenyl)thiophene has been previously reported and its 

performance showed better resistance to thermal degradation, retaining 60% of its initial efficiency 

compared to standard P3HT (35%) when annealed at 150 °C for 10 hours.11 Alkenyl functionalized 

PCPDBDT (Figure 2-1) has also been reported to show more than 40% retention of initial 

efficiency when crosslinked compared to standard devices of less than 20% retention when 

illuminated for over 500 hours when crosslinked.12 PBDTTT (Figure 2-1) has been previously 

shown improve device efficiency retention (45% retention of initial efficiency) when crosslinked 

via alkenyl functionality compared to standard devices (10% efficiency of initial efficiency. 

Furthermore, the improvement can be enhanced by also anchoring the fullerene molecules onto 

the polymer (79% retention of initial efficiency).13 

Photophysical properties of crosslinked P3HT using azide functionality has been studied from 

quite early on,14-15 but only later has its effects on the thermal stability of the solar cell device’s 

efficiency been considered. Improved efficiency retention of P3HT devices crosslinked via azide 

functionality have been reported by multiple groups.16-18 The crosslinking procedure has also been 

conducted with a diazide additive instead of directly functionalizing P3HT.19-20 

Oxetane is another a functionality which can be used to crosslink conjugated polymers, either with 

a photoinitiated or under UV radiation. Successful crosslinking P3HT derived solar cells has been 

reported albeit with subpar performance efficiency and performance efficiency retention.21 Other 

crosslinked devices based on poly(fluorene-alt-bithiophene) have been reported by the same 

group.22-23 

Lastly, acrylate functional groups are able to crosslink conjugated polymers through a 

photoinitatior or under thermal annealing. P3HT has been successfully crosslinked using 

unmodified P3HT, an acrylate based photocurable crosslinker and photoinitiator.24 P3HT 

modified acrylate sidechains demonstrated more than 80% efficiency retention over 180 hours at 

110 °C after curing, compared to the standard of less than 65%.25 
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 Columnar materials in organic photovoltaics 

As mentioned in Chapter 1, columnar materials such as hexa-peri-hexabenzocoronene, have been 

studied previously for the application of organic solar cells. These materials exhibit strong 

supramolecular interactions which can be taken advantage of and combined with crosslinking 

procedures in an attempt to stabilize the morphology of a polymer free organic solar cell. The 

morphology would thus be ‘locked’ by both the intense one dimensional aromatic stacking and 

the crosslinking of the molecules. Materials which exhibit less aromatic interactions would thus be 

less ideal candidates for showing that crosslinking principles can also be applied to polymer free 

organic solar cells. 

 

 Crosslinking supramolecular columns: project goals and materials design 

This project aims to improve the nano-structural stability of molecular devices by 

applying crosslinking techniques and principles to supramolecular columns. 

The synthetic procedure for modified compounds designed for crosslinking is usually extended 

and more complex. However, within the next generation of organic solar cells, many non-polymer 

and non-fullerene materials follow an A-D-A design principle, where two electron poor terminals 

flank an electron rich core, and importantly almost all of these reported compounds include a 

dialdehyde as a key intermediate before the covalent bond of the two electron poor terminals to 

the electron rich core is formed. This dialdehyde functionality allows us to incorporate the 

intermediate as a crosslinkable fraction of the active material through the formation of a Schiff 

base with a diamine additive (Figure 2-2). 

 

 

Figure 2-2: Formation of Schiff bases as a crosslinking method for crosslinking columns 
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Hexa-peri-hexabenzocoronene derivatives which contain dialdehyde groups, as well as the 

necessary solubilizing groups were targeted. To ensure that any small changes in both solubility 

of the material and the association differences of different substitution position can also be 

accounted for, a series of materials were targeted (Figure 2-3). Furthermore, standard materials 

which do not include the dialdehyde were also synthesized for comparison. It is intended that 

only a small portion of the crosslinkable material will be mixed with the standard compound to 

induce crosslinking. 

The acid catalysed formation of Schiff bases was optimized alongside of device performance to 

discover methodology which both crosslinked the compound whilst not bearing significant 

effect on the device performance. Thermal stress testing was completed once crosslinking  

protocols were determined. 

 

 

Figure 2-3: Target hexa-peri-hexabenzocoronene materials for crosslinking 
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2.2 Result and Discussion 

 Synthesis of crosslink-able hexa-peri-hexabenzocoronene derivatives 

The first target material, HBC-1a, was originally chosen due to the availability of compound 2-1 

which had been previously synthesized within the group. However, the lithiation and subsequent 

formylation reaction of 2-1 to form FHBC-1a did not proceed (Scheme 2-1), with the de-iodinated 

material being formed in its place. Instead it was necessary to build up the target compound 

FHBC-1a from commercially available compounds (Scheme 2-2).  

Trimethylsilylacetylene was reacted with two equivalents of 1-bromo-4-iodobenzene under 

modified Sonagashira cross coupling conditions. Unlike standard Sonagashira reaction conditions, 

this reaction included water to cleave the trimethylsilyl functional group in situ to allow for a second 

cross coupling to form bis(4-bromophenyl)acetylene (2-2). 2-2 underwent oxidation in refluxing 

dimethylsulfoxide and iodine catalyst to form 4,4’-dibromobenzil (2-3).  

Aldol condensation of compound 2-3 with 1,3-diphenylacetone yielded 2,5-diphenyl-3,4-bis(4-

bromophenyl)cyclopropenone (2-4). Ethylene glycol is used as solvent at high temperatures to 

evaporate the water by-product of the aldol condensation further driving the reaction forward. 

The reagents are poorly soluble in ethylene glycol at room temperature and the high viscosity of 

the solvent translates to poor mixing within the reaction vessel. A minimum volume of toluene is 

used to improve the miscibility of the reagents and solvent, which is then evaporated at elevated 

temperatures before the reaction proceeds further. Alternatively, the ethylene glycol can be 

warmed to higher temperatures before the solid reagents are added. The reaction initially drives 

the formation of a diketone species before a second, intramolecular aldol condensation occurs 

which forms the functionalized cyclopropenone product, 2-4. 

2-4 was reacted with diphenylacetylene to form a ketone bridged intermediate through a Diels-

Alder [4+2] cyclization. Subsequent retro Diels-Alder releases carbon monoxide, forming the 

hexaphenyl derivative 2-5. As a useful note, bis(4-bromophenyl)acetylene, 2-3, cannot be reacted 

with tetraphenylcyclopentenone through a similar reaction to form compound 2-5, since the 

dienophile (2-3) is deactivated compared to diphenylacetylene due to the electron withdrawing 

effect of the bromo substituents. Additionally, this reaction is driven by an elevated temperature 

of 260 °C which can be difficult to maintain accurately with standard equipment in an organic 

synthesis lab. Certain equipment, such as an unsealed but properly secured kugelrohr distillation 

apparatus, while not designed for this specific purpose can be used to a great effect. Finally, 
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oxidative cyclization of 2-5 with ferric chloride forms the key intermediate 2,5-hexa-peri-

hexabenzocoronene (2-6). 

Synthesis of the fluorene sidearm is as follows: alkylation of 2,7-dibromofluorene to from 2-11 

(Scheme 2-3). The octyl bromide in the reaction is acting as both solvent and reagent to help drive 

the formation of the product. Lithiation and formylation of compound 2-11 yields the aldehyde 

functionalized fluorene derivative 2-12. The solubility of 2-11 in tetrahydrofuran drops as the 

reaction is cooled to -78 °C, and appropriate care needs to be taken in the synthesis of 2-12 to 

ensure no reagent precipitates out of solution. Initial attempts at synthesis of this material resulted 

in approximately half unreacted reagent and half of the reagent converted into a dialdehyde species. 

2-12 subsequently underwent Suzuki-Miyaura borylation to form compound 2-13. This key 

intermediate is coupled to 2-6 to form the first derivative, HBC-1a (Scheme 2-5). As a standard 

compound the aldehyde free compounds are also synthesized. Following a similar route to the 

formylated variant, alkylation of 2-bromofluorene forms compound 2-14, and subsequently 

Suzuki-Miyaura borylation was used to form compound 2-15 (Scheme 2-4). This compound was 

used in a Suzuki cross-coupling reaction with 2-6 to form the standard HBC-1b (Scheme 2-5). 

 

 

Scheme 2-1: Attempted synthesis of HBC-1a
(a) (i) n-Butyllithium, Tetrahydrofuran, -78 °C (ii) Dimethylformamide, Tetrahydrofuran, 78 °C to 

room temperature 
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Scheme 2-2: Synthesis of 2,5-dibromohexa-peri-hexabenzocoronene
(a) 1-bromo-4-iodobenzene, Cuprous iodide, Pd(PPh3)2Cl2, 1,8-Diazabicyclo[5.4.0]undec-7-ene, 

Water, Toluene, 90 ° C; (b) Iodine, Dimethylsulfoxide, reflux; (c) 1,3-Diphenylacetone, Ethylene 
Glycol, Toluene, Tetrabutylammonium bromide, 140 °C; (d) Diphenylacetylene, Diphenylether, 260 

°C; (e) Ferric chloride, Dichloromethane, room temperature;(f) Tetraphenylcyclopentenone, 
Diphenylether, 260 °C 

 

 

Scheme 2-3: Synthesis of aldehyde substituted fluorene intermediate
(a) 1-Bromooctane, Sodium Hydroxide, Bu4NBr; (b) (i) n-Butyllithium, Tetrahydrofuran, -78 °C (ii) 
Dimethylformamide, Tetrahydrofuran, -78 °C to room temperature: (c) Bis(pinacolato)diboron, 

PdCl2(dppf), Potassium Acetate, Dioxane, 60 °C 

 

 

Scheme 2-4: Synthesis of aldehyde free fluorene intermediate
(a) 1-Bromooctane, Sodium Hydroxide, Bu4NBr; (b) Bis(pinacolato)diboron, PdCl2(dppf), Potassium 

Acetate, Dioxane, 60 °C (dppf: diphenylphosphinoferrocene) 
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Scheme 2-5: Synthesis of target compounds: HBC-1a and HBC-1b
(a) Pd(PPh3)4, Toluene, K2CO3 2M aq., Aliquat 336, 80 °C 

 

The 2,11 substituted hexa-peri-hexabenzocoronene derivatives were also synthesized, as previous 

reports indicate better performance from these derivatives.26 The main intermediate 2,11-

dibromo-hexa-peri-hexabenzocoronene was synthesized from commercial compounds as shown 

in Scheme 2-6.  

4-Bromophenylacetic acid underwent a catalysed condensation, rearrangement and 

decarboxylation to form compound 2-7. While the conditions for this reaction suit a simple 

condensation reaction with dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine 

(DMAP) as the dehydrating agents, the anhydride was hypothesized to react with one of the 

intermediates of the reaction and ultimately undergo a rearrangement which allows for a 

subsequent decarboxylation to give the desired product, resulting in a low yield of only 54% due 

to the presence of multiple intermediate species.  

The compound then undergoes similar synthetic route as with the synthesis of 2,8-dibromohexa-

peri-hexabenzocoronene. Aldol condensation of 2-7 with benzil yields the cyclopentenone 

derivative 2-8, which undergoes a Diels-Alder and retro Diels-Alder reaction to give the 
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hexaphenylbenzene derivative 2-9. Finally compound 2-9 undergoes an alternative acid catalysed 

oxidative cyclization reaction to form the key hexa-peri-hexabenzocoronene intermediate 2-10. 

While the cyclization reaction proceeds well under the conditions described for synthesis of 2-6, 

using ferric chloride as the oxidative agent, this alternate set of conditions avoids any possible 

chlorination side reactions which are possible in the synthesis of compound 2-6, by replacing this 

with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Compound 2-10 was then reacted with 

the fluorene building blocks 2-12 and 2-15 to give the dialdehyde hexa-peri-hexabenzocoronene 

material, HBC-2a, and the standard HBC-2b, also known in literature simply as FHBC26 (Scheme 

2-7). 

In addition to these four compounds, two dialdehyde derivatives for device experiments and two 

standards were synthesized as intermediates 2-16 and 2-17 were readily available within the 

research group. Suzuki cross-coupling of 2-16 with fluorenyl derivatives, 2-13 and 2-15, resulted 

in the dialdehyde derivative, HBC-3a, and the standard, HBC-3b (Scheme 2-8). Suzuki cross-

coupling of 2-17 with fluorenyl derivatives, 2-12 and 2-14, resulted in the dialdehyde derivative, 

HBC-4a, and the standard, HBC-4b respectively (Scheme 2-9). The synthesis of 2-17 will be 

discussed in another chapter of this thesis in detail. 

 

 

Scheme 2-6: Synthesis of 2,11-dibromohexa-peri-hexabenzocoronene
(a) N,N’-Dicyclohexylcarbodiimde, 4-Dimethylaminopyridine, Dichloromethane; (b) Benzil, Ethylene 
Glycol, Toluene, Tetrabutylammonium hydroxide, 14; (c) Diphenylacetylene,Diphenylether, 260 °C; 
(d) Triflic acid, 2,3-Dichloro-5,6-dicyano-1,4-benzoqionone, Dichloromethane, room temperature 
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Scheme 2-7: Synthesis of target compounds: HBC2-a and HBC-2b 
(a) Pd(PPh3)4, Toluene, K2CO3 2M aq., Aliquat 336, 80 °C 

 

 

Scheme 2-8: Synthesis of target compounds: HBC-3a and HBC-3b 
(a) Pd(PPh3)4, Toluene, K2CO3 2M aq., Aliquat 336, 80 °C 



53 
 

 

Scheme 2-9: Synthesis of target compounds: HBC-4a and HBC-4b 
(a) Pd(PPh3)4, Toluene, K2CO3 2M aq., Aliquat 336, 80 °C 

 

 Characterisation of crosslink-able hexa-peri-hexabenzocoronene derivatives 

The aromatic region of the 1H nuclear magnetic resonance spectrum of the hexa-peri-

hexabenzocoronene derivatives HBC-2b and HBC-3a are shown (Figure 2-4). Broadening of 

many shifts are observed due to the aggregating nature of the materials. The proton signals (Figure 

2-4, top, 1; 2; 3 and 4) corresponding to the HBC structure are easily assigned as they appeared 

slightly broadened compared to the fluorenyl proton signals due to its aggregating nature, and 

exhibit a upfield shift with concentration due to the ring current effect (Figure 2-5) (see Chapter 1 

for more information). Furthermore, the multiplicity of the hexabenzocoronene signals are still 

observable even under spectral broadening and allows confirmation of correct assignments (peak 

1: singlet; peak 2 and 4: doublet; and peak 3: triplet). The signals corresponding to the fluorenyl 

unit were also discerned by multiplicity and the change in chemical shift across concentration. 

Protons closer to the hexa-peri-hexabenzocoronene core experiences an upfield shift with 

concentration due to the ring current effect to a greater degree and protons further away may 

experience the inverse. The closest proton peaks were assigned to the signals with largest changes 
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in chemical shift and correct multiplicity (Figure 2-4, top, 5 and 6). The two intermediate protons 

(Figure 2-4, top, 7 and 8) were deconvoluted through the intensity of the change in chemical shift 

(Figure 2-5). The peripheral protons (Figure 2-4, top, 9; 10 and 11) experience a downfield shift 

with increasing concentration (Figure 2-5) due to being further away from the aromatic stack. 

Unfortunately, due to the signal overlap individual signals could not be properly determined. The 

1H nuclear magnetic resonance spectrum of HBC-2b, amongst all eight products, was the easiest 

to assign due to minimal signal overlap and the high symmetry of the compound. In contrast, 

HBC-3a was the most difficult to completely and accurately assign, due to its lowered symmetry, 

and higher degree of signal overlap. Compared to HBC-2b, the aromatic region of HBC-3a 

contain twenty eight unique signals (not including the easily isolated aldehyde signal). The signals 

corresponding to protons of the hexa-peri-hexabenzocoronene structure can be identified from 

the other aromatic signals due to its intense broadening and upfield shift with increasing 

concentration and protons can be assigned with help from comparisons to literature. Correlating 

specific peaks to specific protons is possible with comparisons to literature reports, however the 

signal overlap makes it impossible to accurately determine the fluorenyl signals from each other. 

(Figure 2-4, bottom). 

Proton signals of the hexa-peri-hexabenzocoronene structure were identified for all eight 

compounds and assignment of the fluorenyl signals were done to the best degree considering the 

quality the spectrum allowed for. In all cases the most easily identifiable signal of the hexa-peri-

hexabenzocoronene, the most deshielded signal with the least amount of overlap at any given 

concentration, the alpha proton (Figure 2-4, 1), was used for any further analysis and comparisons.  

The inadequate solubility of the materials resulted in the inability to accurately perform 13C nuclear 

magnetic resonance spectroscopy, whilst infrared spectroscopy was also performed to identify the 

product (see experimental section of this chapter). Crystals could not be grown for x-ray 

crystallography experiments; the aggregative character of the materials in solution results in 

excessive nucleation sites for adequate crystallization. 
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Figure 2-4: 1H NMR spectrum of HBC-2b and HBC-3a, 1 mM in deuterated chloroform at 295 K (400 
MHz) 

 

Concentration dependant nuclear magnetic resonance spectroscopy was conducted to gauge the 

self-association of the target materials. Changes in the nuclear magnetic resonance signals are 

evident as the concentration changes, and by measuring the changes of the chemical shifts of the 

alpha proton of the hexa-peri-hexabenzocoronene motif, the changes can be compared to with an 

isodesmic model of infinite stacking27 (it is only possible to qualitatively compare proton signals in 

similar environments as changes in orbital overlap will change the observed association of the 

compound, and multiple proton signals of the same compound can give different association 

values). The concentration dependant nuclear magnetic resonance spectrum of materials HBC-

2b and HBC-3a are shown with the changes of the hexa-peri-hexabenzocoronene  proton signals 

marked (Figure 2-5) (the lines are only given to help guide the eye and are not attempting suggest 

an exponential relationship between the chemical shifts and the concentration). The ring current 

effect generated by the hexa-peri-hexabenzocoronene motif provides shielding effect to the 

HBC-2b 

HBC-3a 
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protons closest to its extended aromatic system due to the π-π stacking. This includes the closest 

protons of the fluorenyl group. However, peripheral protons on the fluorenyl do not experience 

the shielding effect, rather as the electron density is further pulled into the stack, the peripheral 

protons experience a slight deshielding effect and a resultant downfield shift. 

The relation between the concentration and the chemical shift defined by equation described in 

Chapter 1, with [A] as the concentration of the compound , δobs as the observed chemical shift, δm 

describing the chemical shift of the un-associated molecule, δs describing the chemical shift of a 

molecule in the middle of an infinite stack, and K being the association constant. The derivation 

of the formula, its corresponding model, limitations and assumption are discussed in Chapter 1. 

 

This equation fits well with all eight data sets (R2 > 0.99) showing an accurate model choice for 

analysing and comparing the association of the eight materials (Figure 2-6) and association 

constant can thus be calculated and compared (;). Interestingly the addition of aldehydes increases 

the self-association in HBC-1a (1070 M-1) and HBC-2a (1630 M-1) compared to HBC-1b (440 

M-1) and HBC-2b (350 M-1) This could be explained by the addition of a polar moiety on the target 

compounds in an otherwise non-polar environment, improving its aggregative properties (this also 

helps explain the noticeably poorer solubility of HBC-1a and HBC-2a compared to the other 

materials, especially HBC-1a which is difficult to process for device fabrication from solutions 

and general analysis). There are no significant changes to the association constant between HBC-

3a and HBC-4a compared to HBC-3b and HBC-4b, all of which are between 300 M-1 and 500 

M-1, respectively, suggesting that two fluorenyl units is adequate in removing the effect the 

aldehyde has on the self-association of the materials. 
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Figure 2-5: Concentration dependant 1H NMR of HBC-2b (left) and HBC-3a 
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Material Calculated association 

constant, K (M-1) 

HBC-1a 1070 

HBC-1b 440 

HBC-2a 1630 

HBC-2b 350 

HBC-3a 320 

HBC-3b 420 

HBC-4a 370 

HBC-4b 490 

Figure 2-6: Changes in chemical shift of the most deshielded aromatic proton (the alpha proton) 
against concentration of HBC derivatives in deuterated chloroform at 258 K (400 MHz) (left); 

calculated association constants for the target materials (right) 

 

 Photophysical properties of crosslink-able hexa-peri-hexabenzocoronene derivatives 

Reported literature studies in the spectroscopy of hexa-peri-hexabenzocoronene derivatives 

suggest that the UV-vis absorption spectrum and photoluminescence spectrum of the isolated 
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molecules can only be ascertained at concentrations of 10-9 M or lower.28 At concentrations any 

higher, the observed spectrum will be of molecular aggregates, although the presence of non-zero 

absorbance at approximately 330 nm and lower suggest the presence of isolated chromophores28 

as observed in the UV-vis absorbance spectra of the eight target materials (Figure 2-7) at 

approximately 10-6- M in chloroform. The UV-vis absorption spectra of compounds HBC-1b and 

HBC-2b are consistent with previous reports26 and show three key absorption peaks arising from 

different vibronic structures.28 The absorption spectra of compound HBC-1a and HBC-2a appear 

to have similar profiles but broadened suggesting a higher level of aggregation is observed at a 

similar concentration, consistent with the higher association constants calculated for these two 

molecules. In addition, there is a small redshift of 5 nm in the spectra of compounds HBC-1a and 

HBC-2a compared to HBC-1b and HBC-2b respectively arising from a very small change in the 

electronic structure of the compound. The hexa-peri-hexabenzocoronene chromophore should be 

very well separated from the electronic effects of the aldehyde group on the dioctylfluorene 

because of the dihedral angle between the hexa-peri-hexabenzocoronene and the dioctylfluorene. 

The features of the UV-vis absorption spectra of the HBC-3a and HBC-3b pair, as well as the 

HBC-4a and HBC-4b pair show the presence of the reported vibronic structure with no 

significant difference between the aldehyde and aldehyde free compounds. Inserting two 

dioctylfluorene spacer seems to have removed any effects the aldehyde has on the 

hexabenzocoronene molecule, both in terms of the electronic structure and changes in the self-

aggregation. No significant differences in the extinction coefficients are observed (Table 2-1) for 

all the hexa-peri-hexabenzocoronene derivatives as expected with coefficients ranging between 2.2 

×105 and 5.8 ×105 M-1 cm-1 and extinction coefficients for HBC-1b and HBC-2b are consistent 

with reported values.26 The photoluminescence spectra of the eight compounds (Figure 2-8) all 

show significant vibronic structure that is consistent with reported literature. Similar to the 

absorption spectrum of the materials, the aldehyde functional group appears to only affect the 

vibronic structure of the photoluminescence profile when the compound only incorporates one 

dioctylfluorene spacer between (Figure 2-8, top right and top left) the hexa-peri-

hexabenzocoronene structure and the aldehyde functional group. In addition, the broadened 

emission of HBC-1a and HBC-1b (Figure 2-8, top right) extending further 600 nm suggests the 

presence of strong solution aggregates. Meanwhile no significant differences between the 

photoluminescence spectra of the materials with two dioctyl fluorene spacer motifs could be 

observed (Figure 2-8, bottom right and bottom left) as expected. Upon addition of two mass 

equivalence of PC61BM, the fluorescence spectra of all samples in chloroform solution were 

quenched demonstrating electron transfer to the fullerene acceptor material. 
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Figure 2-7: Normalized UV-vis absorption spectra of target materials in chloroform at 
approximately 1 µM 
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Figure 2-8: Normalized fluorescence emission spectra of target materials in chloroform at 
approximately 1 µM excited at 370 nm 
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Material λmax
absorption (nm) ε (L mol-1 cm-1) λmax

emission (nm) 

HBC-1a 370 4.6 ×105 490 

HBC-1b 365 4.2 ×105 490 

HBC-2a 370 3.3 ×105 490 

HBC-2b 365 5.8 ×105 490 

HBC-3a 370 3.5 ×105 490 

HBC-3b 370 3.9 ×105 490 

HBC-4a 370 2.2 ×105 490 

HBC-4b 370 4.8 ×105 490 

Table 2-1: Photophysical data of hexa-peri-hexabenzocoronene derivatives 

 

 Development of crosslinking procedures for aldehyde functionalized materials 

The crosslinking of the dialdehyde materials follow a simple reaction whereby the compound 

reacts with a diamine linker, such as ethylene diamine or phenylene diamine, with an acid catalyst 

forming a Schiff base or imine bridge. Unlike the rest of the chemistry described in the thesis, this 

reaction must be completed whilst the material is in the film blend to stabilize the film morphology, 

as such the initial focus was on developing the correct protocols to crosslink an acid catalysed 

reaction in the amorphous film state. Previous reported data showed that the best device 

performance of the standard was the HBC-2b. Considering this, HBC-2a and HBC-2b will be 

the initial compounds to develop the protocols for crosslinking. Once successful the other 

materials will be trialled. 

Three methodologies were ultimately looked at to crosslink the materials in the film state. The first 

involves annealing the material films with diamine vapour and then with acid vapour to catalyse 

the reaction. The second method mixes the diamine material directly into the active layer and relies 

on acid diffusion from the interlayer (PEDOT:PSS) to catalyse the reaction. The last method is 

like the second but layers the diamine on top of the active film and relies on the diffusion of the 

crosslinking unit. Each of these will be discussed alongside their limitations.  

 

2.2.4.1 Crosslinking method development: vapour annealing  

The first method to crosslink the films was to expose the films of HBC-2a to ethylene diamine in 

the vapour state, allowing ethylene diamine to saturate the material films; then these films were 

then exposed to trifluoroacetic acid vapours which acted as a catalyst for the crosslinking reaction. 



61 
 

Initially this was done in a manner similar to solvent vapour annealing; organic films were placed 

under a container with the volatile liquid in succession, however not only did the reaction not 

proceed smoothly (the films were easily removed with organic solvent), a large excess of water 

formed on the surface of the organic films, which would be detrimental to subsequent device 

performance. Instead the organic films were placed in a sealed chamber, purged with nitrogen and 

the chamber pressure reduced. The chamber was connected to a purged, sealed glass vial charged 

with ethylene diamine and the entire chamber was allowed to become saturated with ethylene 

diamine overnight. The vial of ethylene diamine was disconnected from the chamber and the 

pressure was reduced again. A second purged, sealed glass vial charged with trifluoroacetic acid 

was then connected to the chamber to allow for the diffusion of acid catalyst across into the 

reaction chamber. Change in colour of the films was observed immediately from yellow to orange. 

After a short period (approximately 5 minutes) the vial was disconnected, and the reaction chamber 

was purged. As expected, diffusion of the acid into the reaction chamber resulted in hydrolysis and 

water forming, and while the water collected on the organic films to a much less degree compared 

to initial attempts this was considered terminal to any devices. The addition of activated 4 Å 

molecular sieves to the reaction vessel at the start of the procedure significantly removed the 

collection of water on the organic film. Films of HBC-2b which were treated in this manner 

immediately became insoluble in chloroform (Figure 2-9, right) compared to untreated films 

(Figure 2-9, left) suggesting the success of the crosslinking reaction. 

 

 

Figure 2-9: Film of neat HBC-2a dissolving in chloroform (left) and crosslinked films of HBC-2a 
remaining insoluble in chloroform (right) 

 

Unfortunately, the organic films treated through this method were difficult to reproduce batch to 

batch since it is difficult to reproduce identical conditions to concisely optimize the protocols. 

Furthermore, it demonstrated a need to verify the crosslinking reaction in an appropriate method 

to isolate and verify any issues with the treatment procedure in order to optimize the crosslinking 

reaction. 
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2.2.4.2 Crosslinking method: in situ crosslinking with ethylene diamine  

The second method developed focused on improving the reproducibility of the methodology. 

Acidic drift is a phenomena whereby the acidic protons from the PEDOT:PSS interlayer can 

diffuse into the active layer.29 This could be taken advantage of in order to catalyse the crosslinking 

reaction. Thereby removing the necessity of the entire external acid catalyst component for the 

crosslinking, as PEDOT:PSS is a commonly used interlayer. 

Films of PEDOT:PSS were constructed of appropriate thickness using conditions commonly 

conducted during the fabrication of organic solar cell devices. Instead of adding the ethylene 

diamine as a second component to the organic film, it was mixed with the solution HBC-2a and 

both deposited on top via spin coating. To analyse the crosslinking scope, this was first conducted 

on to calcium fluoride discs which allows for infrared spectroscopy to be conducted on the films 

(Figure 2-10). The aldehyde functionality is present in films of HBC-2a regardless of whether it 

was deposited onto PEDOT:PSS or neat. With the addition of ethylene diamine, the carbonyl 

peak shifts suggesting that the aldehyde (1700 cm-1) has been completely converted into an imine 

(1640 cm-1).  
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Figure 2-10: Infrared spectroscopy analysis of the second method 
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Unfortunately, macroscopic snakelike defects could be observed, large enough to be detected by 

the naked eye with good lighting. While devices could be and were constructed these defects 

caused circuit shorts in all organic solar cell devices fabricated under these conditions. The 

macroscopic defect most likely originates from the evaporation of unreacted ethylene diamine. As 

the solvent evaporates during the spin coating procedure, the miscibility of ethylene diamine and 

the material HBC-2a is expected to drop and some phase separation would occur. Whilst it may 

have a higher boiling point compared to some other common organic solvents and in particular 

chloroform which is used as the deposition solvent for the active layer, ethylene diamine is still a 

volatile liquid and once the process is complete none should remain, leaving an imprint of the 

phase separated ethylene diamine in the form of the snake-like defects. The diamine crosslinker 

was attempted to be added as a separate layer on top of the organic film, but due to its viscous 

liquid nature, a thin film of ethylene diamine could not be deposited and cleaned off the organic 

film. 

 

2.2.4.3 Crosslinking method: in situ crosslinking with solid diamine (hexamethylene diamine) 

Since the evaporation of ethylene diamine causes macroscopic defects, it was attempted to allow 

diffusion of diamine from the surface to induce crosslinking. Hexamethylene diamine, a solid at 

ambient conditions was used as an alternative instead, being deposited onto the film of HBC-2a 

and subsequently washed off with isopropyl alcohol. Thermal annealing was often necessary to 

drive the diffusion of the acid catalyst and the diamine crosslinker as well as generally driving the 

crosslinking reaction. Thermal annealing at 150 °C for 15 seconds was the optimized thermal 

annealing conditions for hexa-peri-hexabenzocoronene solar cells.26 These conditions were also 

used to drive the crosslinking reaction so that the morphology optimization and crosslinking could 

be completed in a single annealing process when applied to the fabrication of devices. Initial 

experiments showed poor to little conversion of aldehyde to imine. A small fraction of lithium 

para-toluenesulfonate was added to the PEDOT:PSS solution (1% weight/volume) to introduce 

additional acid carriers to the system allowing for better diffusion of the acid catalyst. Infrared 

analysis (Figure 2-11) of the treated films shows a small amount of crosslinking occurring within 

the films with the emergence of the imine signal and continued presence of the aldehyde signal. 

This amount was deemed enough to trial devices as HBC-2a is envisioned to be only an additive 

to HBC-2b in devices primarily due to the improved performance of HBC-2b. (It is expected 

that the integration of the peaks can reveal some information about the extent of the crosslinking. 

By normalizing against the integral of infra-red peaks at 3000 cm-1, a 10% drop in the integral of 
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the aldehyde peak at 1700 cm-1 is observed when comparing the crosslinked films to the neat films, 

suggesting that 10% of the material has been reacted, an adequate fraction of the material which 

needs to be crosslinked for the formation of a more stable nanostructure.)  
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Figure 2-11: Infrared spectroscopy analysis of the third method 

 

 Solar cell devices and thermal stability of crosslinked hexa-peri-hexabenzocoronene 

derivatives 

OPV devices were fabricated onto indium tin oxide, a transparent electrode, coated on top of a 

glass substrate. A 30 nm thick interlayer of PEDOT:PSS was first deposited via spin coating and 

annealed at 80 °C for 15 minutes. The active layer (115 nm thick) consisting of 1:2 mass ratio of 

hexa-peri-hexabenzocoronene electron donor material and fullerene acceptor material, PC61BM, 

from a chloroform solution with a total concentration of organic semiconducting material of 25 

mg/mL. The active layer was annealed for 15 seconds at 150 °C. A 1 nm thick interlayer of lithium 

fluoride was vacuum deposited followed by 100 nm of aluminium as the top electrode layer. 

Crosslinking procedures on experimental devices followed modifications described in the section 

above in subsection 2.2.4.3. 

Three sets of devices were fabricated where the donor materials of the active layer were: HBC-

2b; a mixture of HBC-2a and HBC-2b in a 1 to 9 ratio; and a mixture of HBC-2a and HBC-2b 

in a 1 to 9 ratio treated with the experimental crosslinking method (alongside the thermal annealing 
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step). Efficiencies were measured, and the devices were annealed at 120 °C and efficiencies were 

again taken over the course of 2 hours. The current-voltage curves are shown in Figure 2-12, and 

the parameters are tabulated in Table 2-2. A total of 24 cells were fabricated for each donor material 

variation and the results are averaged excluding obvious outliers and non-functional devices. 

Unfortunately, all three sets of devices showed comparable decreases in efficiency over time. The 

open circuit voltage of all devices at all annealing temperatures are consistent suggesting no major 

change in the energy levels of the materials and thus the chemical structure, i.e. no chemical 

degradation is occurring under thermal stress. (For a general overview on the factors which 

influence specific device parameters, please see section 2.4.1) In our two sets of controls, devices 

of HBC-2b and HBC-2a:HBC-2b (1:9) no significant drops in fill factor can be observed under 

thermal stress. Instead a large reduction in the short circuit current was observed directly 

corresponding to the reduction in photoconversion efficiency. One of the factors which can cause 

a significant decrease in the short circuit current and only the short circuit current is the formation 

of material domain sizes larger than the exciton diffusion radius, i.e. the excessive aggregation of 

fullerene. The experimental devices consisting of a treated active layer with HBC-2a:HBC-2b 

(1:9) as the electron donor component show similar changes in the short circuit current, suggesting 

that the aggregation of fullerenes has not been deterred. Additionally, there is also an unknown 

drop in the fill factor of these devices under thermal stress, suggesting other issues relating to the 

crosslinking procedure which are, unfortunately, very difficult to discern with this limited amount 

of data. 
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Figure 2-12: PCE change upon thermal annealing 

 

Donor material Annealing time (min) VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

HBC-2b 0 0.90 1.68 66 0.98 

15 0.90 1.33 60 0.72 

30 0.90 1.21 60 0.66 

60 0.90 1.07 60 0.58 

120 0.89 0.91 58 0.47 

HBC-2b:HBC-

2a (9:1) 

0 0.89 1.43 61 0.78 

15 0.90 1.12 59 0.59 

30 0.90 1.01 59 0.54 

60 0.90 0.90 58 0.47 

120 0.89 0.74 58 0.38 

HBC-2b:HBC-

2a (9:1) 

treated 

0 0.90 1.09 50 0.49 

15 0.90 0.66 45 0.27 

30 0.91 0.52 42 0.20 

60 0.90 0.37 38 0.13 

120 0.82 0.20 32 0.06 

Table 2-2: Device parameters upon annealing at 60 °C 
Values are averaged over 24 devices with obvious outliers and non-functional device results 

removed 

 



67 
 

Atomic force microscopy was conducted to understand the internal workings and why the method 

has little effect. Reported atomic force microscopy images of annealed HBC-2b:PC61BM showed 

domain sizes of approximately 10 nm in an otherwise homogenous film.26 On the other hand, 

films corresponding to the respective device annealed at 120 °C for 2 hours show aggregation and 

crystallization of PC61BM in all situations (Figure 2-13). HBC-2b: PC61BM films revealed the 

formation of aggregates sized 2 micrometres laterally and raised above the film surface by 40 nm 

after annealing for 120 °C (Figure 2-13, left). The experimental organic films (Figure 2-13, right) 

showed the formation of even larger material aggregates, up to 4 micrometres wide and extending 

30 nanometres above the surface. The untreated organic film of HBC-2a:HBC-2b:PC61BM on 

the other hand shows the formation of smaller aggregates only extending above the surface 10 

nanometres and measuring only 1 micrometre in a single lateral dimension. While it is important 

to note that the atomic force microscopy images are only a 10 micrometre by 10 micrometre 

snapshot of the surface of the film and that the interior nanostructure could in fact be different, it 

is quite evident that there is unrestricted aggregation of PC61BM in all three organic films under 

thermal stress which is also supported and implied by the results of the devices under thermal 

stress. 

 

 

Figure 2-13: Atomic force microscopy of HBC-2b and PC61BM films (left); HBC-2a:HBC-2b (1:9) and 
PC61BM films (centre); treated HBC-2a:HBC-2b (1:9) and PC61BM films (right) annealed at 120 °C 

for 2 hours 

 

2.3 Conclusion and outlook  

In trying to develop materials and procedures to improve the nano-structural stability of organic 

photovoltaic devices by incorporating crosslinking concepts with supramolecular columns as well 

as developing new crosslinking procedures, eight compounds were successfully synthesized and 

characterised. All eight hexa-peri-hexabenzocoronene derivatives demonstrate the formation of an 

indefinite stack as determined through the changes in their nuclear magnetic resonance shifts with 

concentration. The aldehyde functionality was observed to have an effect on the materials self-
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association properties when spatted from the core hexa-peri-hexabenzocoronene structure by a 

single fluorenyl unit, HBC-1a and HBC-2a compared with HBC-1b and HBC-2b, but the 

addition of a second fluorenyl unit significantly reduces any impacts the aldehyde functional group 

has on the molecular stacking, HBC-3a and HBC-4a compared with HBC-3b and HBC-4b. The 

increased self-association is also observed in the UV-vis absorption spectrum of the HBC-1a and 

HBC-2a. 

In addition, three procedures for the crosslinking of aldehyde functionalized materials were 

explored, each with its own advantages and disadvantages. The first method crosslinked the 

material films by using volatile diamine crosslinker, ethylene diamine, and volatile acid catalyst, 

trifluoroacetic acid, and films of crosslinked HBC-2a could be submerged in organic solvent 

without dissolution, maintaining its rigidity. Whilst this method minimalizes any mechanical 

disturbances to the film, unreliable device data were obtained likely due to the excessive 

penetration of the volatile compounds into the device. The second method relied on the diffusion 

of acid from the interlayer, PEDOT:PSS, to catalyse the crosslinking reaction, instead of an 

external acid catalyst. Ethylene diamine was used as an additive when preparing the active layer 

material from chloroform solution allowing it to become well mixed into the organic film. Infrared 

spectroscopy of treated and untreated films confirmed the complete conversion of aldehyde to 

imine. Unfortunately, this method resulted in macroscopic snake-like defects in the films resulting 

in circuit shorts in the solar cell devices. As this snakelike defect is attributed to the slow 

evaporation of ethylene diamine, the third procedure replaced the volatile crosslinker with a solid 

crosslinker, hexamethylene diamine. To minimize any nano-structural effects the crosslinker might 

have, it was deposited on top of the active layer and allowed to diffuse through reacting with the 

aldehydes present on the organic film, and subsequently removed. Devices were then made, and 

the thermal stability was tested. 

The results of this project demonstrate that while cross-linking aldehyde functionalized HBC 

materials using Schiff base crosslinkers is feasible, further work is required to optimize the 

crosslinking of HBC derivatives as well as the crosslinking of aldehyde functionalized materials 

using Schiff base crosslinkers. This piece of work could be further continued into two consecutive 

projects to further optimize the procedures of crosslinking aldehyde functionalized HBC 

compounds (Figure 2-14).  
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Figure 2-14: Alternative project pathway 

 

Firstly, crosslinking hexa-peri-hexabenzocoronene columns could be studied using crosslinking 

methods already reported in literatures. This half of the project would then start with the synthesis 

of a series of novel crosslink-able hexa-peri-hexabenzocoronenes with different functionality such 

as bromide, anthracene, oxetane as well as others previously mentioned as well as the effects of 

the various crosslinking procedures which would be taken or modified from reported literature. 

The effects of the functional groups on both the optoelectronic properties as well as the changes 

in self-association would be studied as well as the changes to the material films before and after 

crosslinking. Devices would be fabricated to confirm working devices and basic thermal studies 

would be thus undertaken. 

The second half of the project would be focussing on optimizing the crosslinking of aldehydes 

using a more well reported system: the crosslinking of P3HT in polymer:fullerene solar cells. 

Synthesis and characterization of P3HT derivatives with a portion of monomer being aldehyde 

functionalized will be quickly undertaken. Then the main focus of the project will be on developing 

appropriate methods for the acid catalysed crosslinking reaction and its effects on device 

performance. Basic thermal studies of the devices would then be conducted. 

Results of both projects will serve as great insight into the appropriate methodology and provide 

a much clearer project pathway for the development of crosslinked columns for improving the 

nano-structural stability of organic solar cells. 

Luckily our current materials and results can still be properly implemented into this alternative 

plan. Protocols of the acid catalysed crosslinking reactions have already been explored and serves 

as basis for the development and optimization of crosslinking procedures. More significantly, the 
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aldehyde functionalized materials, such as HBC-2a, provide an easy handle to the addition of 

alternate functionalities such as a bromide, for example HBC-2a could easily be reacted with a 

commercially available bromoalkylamine resulting in a bromide functionalized hexa-peri-

hexabenzocoronene derivative and can also just as easily be reacted to a commercially available 

amine functionalized anthracene to yield a anthracene functionalized hexa-peri-

hexabenzocoronene derivative (Figure 2-15). (In fact, this additional step could entirely remove 

the need for the development of aldehyde crosslinking procedures. It would still be just as easily 

possible to take advantage of the dialdehyde intermediates of many high performing molecules by 

converting them into any specific functionality through the formation of a Schiff base, rather than 

have the formation of a Schiff base be the crosslinking procedure in its entirety.) 

 

 

Figure 2-15: Use of dialdehyde materials as a building block for crosslinkable materials 

 

2.4 Experimental Data 

All reactions were performed by using anhydrous solvent under an inert atmosphere unless stated 

otherwise. 1H and 13C NMR spectroscopy were carried out by using either a Varian Isnova-400 

(400 MHz), a Varian Inova-500 (500 MHz) or a Bruker Avance III (600 MHz) instrument. Mass 

spectra were recorded with a MALDI-TOF MS Bruker Reflex (trans-2-[3-(4-tert-Butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB) as matrix) or a hybrid linear ion trap and 7T 

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Finnigan LTQ-FT, 

Bremen, Germany), equipped with an electrospray ionization source. IR spectra were obtained on 

a Perkin–Elmer Spectrum One FTIR spectrometer. Column chromatography was carried out on 

Merck silica gel 60 (230-400 mesh). 1-bromo-4-iodobenzene, 4-bromophenylacetic acid, 2-

bromofluorene and 2,7-dibromofluorene were purchased from Matrix Scientific. All other 

reagents were obtained from Sigma-Aldrich. All chemicals were used as received.  
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1,2-bis(4-bromophenyl)ethyne (2-2)  

1-Bromo-4-iodobenzene (20.0 g, 70.7 mmol), copper iodide (260 mg, 1.37 mmol), 

bis(triphenylphosphine)palladium dichloride (II) (500 mg, 0.712 mmol) and 1,8-

diazabicycloundec-7-ene (30.0 g, 197 mmol) was dissolved in anhydrous toluene (200 mL) and the 

suspension was degassed for 30 minutes. Trimethylsilyl acetylene (3.40 g, 34.6 mmol) was added 

alongside degassed water (0.6 mL). The solution was stirred for 24 hours at 60 °C. The crude 

product was extracted into diethyl ether and washed with a saturated solution of aqueous sodium 

thiosulphate. The solvent was removed, the crude product was then triturated with 

dichloromethane and purified with silica chromatography. The compound was dried under 

reduced pressure to give a white powder (8.65 g, 80%). 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.46 

(m, 4H), 7.40 – 7.35 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 132.97, 131.66, 122.75, 121.86, 89.39. 

The data is consistent with reported results.30 

1,2-bis(4-bromophenyl)ethan-1,2-dione (2-3) 

Compound 2-2 (8.00 g, 23.8 mmol) and iodine (3.05 g, 12.0 mmol) was dissolved into dimethyl 

sulfoxide (80 mL). The solution was stirred at 155 °C overnight. The crude product was extracted 

into dichloromethane and washed with sodium thiosulphate solution. Solvent was reduced under 

reduced pressure and the crude product was triturated with minimal dichloromethane. Solvent was 

removed under reduced pressure and the compound was dried under reduced pressure to give a 

white powder (6.64 g, 74%). 1H NMR (400 MHz, CDCl3) δ 7.86 – 7.80 (m, 4H), 7.70 – 7.64 (m, 

4H). 13C NMR (101 MHz, CDCl3) δ 187.76, 127.73, 126.74, 126.50, 125.98. The data is consistent 

with reported results.31 

3,4-bis(4-bromophenyl)-2,5-diphenylcyclopenta-2,4-dienone (2-4) 

Compound 2-3 (5.10 g, 13.9 mmol) and diphenyl acetone (2.90 g, 13.8 mmol) was heated to 140 

°C with ethylene glycol (20 mL). Tetraethylammonium hydroxide (1 M aqueous, 1mL, 1 mmol) 

was added dropwise. Few drops of toluene were added to help facilitate dissolution of starting 

materials and allowed to subsequently evaporate. Reaction was stirred at 140 °C for 1 hour. The 

mixture was then cooled to room temperature and diluted with methanol. The precipitate was 

collected with vacuum filtration and washed with methanol. The product was dried under reduced 

pressure to give purple crystals (6.14 g, 83%). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.32 (m, 4H), 

7.29 – 7.24 (m, 6H), 7.22 – 7.17 (m, 4H), 6.82 – 6.76 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 

152.53, 132.48, 131.64, 131.49, 131.26, 130.92, 130.17, 130.06, 128.21, 127.82, 125.88, 123.11. The 

data is consistent with reported results.32 



72 
 

4,4''-dibromo-3',4',5',6'-tetraphenyl-1,1':2',1''-terphenyl (2-5) 

Compound 2-4 (5.00 g, 9.22 mmol) and diphenyl acetylene (1.66 g, 9.31) was dissolved in warm 

diphenyl ether (10 mL). The solution was heated to 260 °C overnight. The reaction was then 

allowed to cool to room temperature and diluted with diethyl ether. The precipitate was collected 

with vacuum filtration and washed with diethyl ether. The product was dried under reduced 

pressure to give a white powder (5.06 g, 79%). 1H NMR (400 MHz, CDCl3) δ 7.04 – 7.00 (m, 4H), 

6.90 – 6.82 (m, 12H), 6.81 – 6.77 (m, 8H), 6.70 – 6.66 (m, 4H). The data is consistent with reported 

results.33 

2,5-dibromohexabenzo[bc,ef,hi,kl,no,qr]coronene (2-6) 

Compound 2-5 (2.00 g, 2.89 mmol) was dissolved in anhydrous dichloromethane (500 mL). The 

solution was degassed with bubbling nitrogen gas for 30 minutes. Ferric trichloride (7.14 g, 44.0 

mmol) dissolved in anhydrous nitromethane (15 mL) was added to the solution dropwise. The 

resulting solution was then allowed to stir at room temperature for 2 hours. The reaction solution 

was poured into methanol. The precipitate was collected with gravity filtration and washed with 

water then methanol. The product was dried under reduced pressure to give a red solid (1.35 g, 

69%). MALDI-MS: [M]+ calculated m/z = 677.96; experimental m/z = 677.971. Limited 

characterisation could be performed due to the product’s insolubility.  

1,3-bis(4-bromophenyl)propan-2-one (2-7) 

4-bromophenylacetic acid (20.8 g, 96.7 mmol) was dissolved in anhydrous dichloromethane (200 

mL) and added dropwise to a solution of N,N-dicyclohexylcarbamide (20.6 g, 99.9 mmol) and 4-

dimethylaminopyridine (3.05 g, 25.0 mmol) in anhydrous dichloromethane (200 mL). Evolution 

of gas was observed as soon as the solutions were completely combined. The resulting solution 

was stirred at room temperature over three days. The solvent was removed under reduced pressure 

and the crude product was purified with silica column chromatography using ether and petroleum 

spirits (1:1) as eluent. The product was recrystallized from ethanol and dried under reduced 

pressure to give a white powder (9.6 g, 58%). 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.42 (m, 4H), 

7.04 – 6.98 (m, 4H), 3.68 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 204.23, 132.57, 131.84, 131.15, 

121.25, 48.45. The data is consistent with previously reported results.34 

2,5-bis(4-bromophenyl)-3,4-diphenylcyclopenta-2,4-dienone (2-8) 

Compound 2-7 (8.00 g, 2.17 mmol) and benzil (4.60 g, 21.9 mmol) was dispersed in ethylene glycol 

(15 mL) and heated to 140 °C with stirring, forming two layers. Tetrabutylammonium hydroxide 

(1 M in methanol, 23 mL, 23 mmol) was added to the mixture dropwise and the solution was 
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stirred at 140 °C for an hour. The solution was diluted with methanol and the resulting solids were 

collected with vacuum filtration and washed with methanol. The product was recrystallized from 

dichloromethane and methanol and dried under reduced pressure to give dark purple crystals (8.0 

g, 68%). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.34 (m, 4H), 7.30 – 7.24 (m, 4H), 7.19 (dd, J = 

10.5, 4.8 Hz, 4H), 7.12 – 7.06 (m, 4H), 6.93 – 6.87 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 154.97, 

132.53, 131.62, 131.55, 131.41, 131.18, 129.46, 129.12, 128.24, 124.34, 121.95. The data is 

consistent with previously reported results.34 

4-bromo-4'-(4-bromophenyl)-3',5',6'-triphenyl-1,1':2',1''-terphenyl (2-9) 

Compound 2-8 (6.00 g, 11.1 mmol) and diphenyl acetylene (1.98 g, 11.1 mmol) was dissolved in 

warm diphenyl ether (20 mL) and heated to 260°C for 3 hours. The solution was cooled to room 

temperature and diluted with diethyl ether. The precipitate was collected with vacuum filtration 

and washed with diethyl ether. The product was dried under reduced vacuum to give a white 

powder (6.83 g, 89%). 1H NMR (400 MHz, CDCl3) δ 7.00 – 6.96 (m, 4H), 6.91 – 6.85 (m, 12H), 

6.81 – 6.77 (m, 8H), 6.71 – 6.66 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 140.36, 140.04, 139.49, 

139.31, 133.01, 132.80, 131.15, 129.81, 126.84, 126.81, 125.50, 119.50. The data is consistent with 

previously reported results.34 

2,11-dibromohexabenzo[bc,ef,hi,kl,no,qr]coronene (2-10) 

Compound 2-9 (5.00 g, 7.22 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (9.83 g, 43.3 

mmol) was dissolved in dichloromethane (250 mL) and cooled to 0 °C. Trifluoromethanesulfonic 

acid (4.00 mL, 45.3 mmol) was added dropwise. The solution was warmed to ambient temperature 

and then stirred for 3 hours. Saturated aqueous potassium carbonate solution was added to quench 

excess acid. The reaction solvent was removed under reduced pressure. The resulting precipitate 

was collected with gravity filtration and washed with water, methanol then dichloromethane. Th 

product was dried under reduced pressure to give a yellow powder (4.00 g, 81%). MALDI-MS: 

[M]+ calculated m/z = 677.96; experimental m/z = 677.969. This data is consistent with reported 

results.35 

2,7-dibromo-9,9-dioctyl-9H-fluorene (2-11) 

2,7-Dibromo-9H-fluorene (100.2 g, 309 mmol) and tetrabutylammonium bromide (0.99 g, 3.1 

mmol) was dissolved in 1-bromooctane (180.4 g, 934 mmol) and degassed by bubbling nitrogen 

through the solution. A solution of aqueous sodium hydroxide (270 mL, 50% w/w) was also 

degassed by bubbling nitrogen through the solution. The aqueous solution was then added to the 

organic solution and the mixture was stirred at 80 °C overnight. The solution was allowed to cool, 

and the aqueous layer was removed. The organic layer was poured into isopropyl alcohol. 
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Precipitate was collected via vacuum filtration and washed with isopropyl alcohol. The product 

was dried under reduced pressure to give a white powder (161.7 g, 96%). 1H NMR (600 MHz, 

CDCl3) δ 7.52 – 7.51 (m, 1H), 7.51 – 7.50 (m, 1H), 7.45 (d, J = 1.8 Hz, 1H), 7.44 (d, J = 1.8 Hz, 

1H), 7.43 (d, J = 1.3 Hz, 2H), 1.93 – 1.86 (m, 4H), 1.25 – 1.00 (m, 22H), 0.82 (t, J = 7.2 Hz, 6H), 

0.63 – 0.52 (m, 4H). The data is consistent with previously reported results.36 

7-bromo-9,9-dioctyl-9H-fluorene-2-carbaldehyde (2-12) 

Compound 2-11 (10.61 g, 19.3 mmol) was dissolved in anhydrous THF (150 mL) and slowly cooled 

to -78 °C maintain a homogeneous solution. n-Butyllithium (7.72 mL, 2.5 M in hexanes, 19.3 

mmol) was added dropwise and the solution was stirred for 15 minutes at -78 °C. Anhydrous 

dimethylformamide (2.0 mL, 26 mmol) was added dropwise and the solution was warmed to room 

temperature before being stirred overnight. The crude product was extracted into diethyl ether and 

washed with water then brine. The solvent was removed under reduced pressure and the crude 

product was purified with silica column chromatography using petroleum ether 40-60 °C b.p. as 

eluent. The product was dried under reduced pressure to give a white powder (5.31 g, 71%). 1H 

NMR (400 MHz, CDCl3) δ 10.06 (s, 1H), 7.89 – 7.83 (m, 2H), 7.83 – 7.78 (m, 1H), 7.66 – 7.59 (m, 

1H), 7.54 – 7.48 (m, 2H), 2.08 – 1.89 (m, 4H), 1.28 – 0.97 (m, 22H), 0.81 (t, J = 7.1 Hz, 6H), 0.63 

– 0.49 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 192.17, 154.24, 151.13, 146.32, 144.79, 138.54, 

135.59, 135.55, 130.54, 130.41, 126.45, 123.09, 122.22, 120.07, 55.60, 40.05, 31.70, 29.81, 29.12, 

23.68, 22.55, 14.03. The data is consistent with previously reported results.37 

9,9-dioctyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene-2-carbaldehyde (2-

13) 

Potassium acetate (1.80 g, 18.3 mmol) was placed into a flask and flame dried under vacuum.  

Compound 2-12 (3.00 g, 6.03 mmol), [1,1-bis(diphenylphosphino)ferrocene]palladium(II) 

dichloride (complexed with dichloromethane, 180 mg, 0.220 mmol) and bis(pinacolato)diboron 

(2.30 g, 9.06 mmol). The mixture of solids was dried under vacuum at 50 °C for 4 hours. During 

this period a small amount of sublimation of the bis(pinacolato)diboron was observed. Anhydrous 

dioxane (10 mL) was then added and the solution was stirred at 80 °C overnight. The solution was 

extracted into dichloromethane and washed with water then brine. The solvent was removed under 

reduced pressure and the crude product was passed through a plug of silica with dichloromethane 

as eluent. The eluent was removed under reduced pressure and the solids were dried to give a 

yellow wax (2.85 g, 79%). 1H NMR (400 MHz, CDCl3) δ 10.05 (d, J = 12.0 Hz, 1H), 7.85 (t, J = 

7.5 Hz, 4H), 7.77 (d, J = 7.7 Hz, 2H), 2.10 – 1.97 (m, 4H), 1.39 (s, 12H), 1.23 – 0.96 (m, 22H), 

0.80 (t, J = 7.1 Hz, 6H), 0.61 – 0.47 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 192.38, 152.07, 151.27, 
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151.18, 135.59, 133.89, 130.28, 129.03, 128.82, 123.18, 122.96, 120.39, 120.15, 83.89, 55.33, 40.02, 

39.03, 31.71, 29.84, 29.13, 24.92, 23.67, 22.54, 14.03. HR-MS: [M+H]+ m/z = 545.41580 

(theoretical m/z = 545.41605). Elemental analysis: carbon 79.51%; hydrogen 9.85 (theoretical: 

carbon 79.4%; hydrogen 9.8%). 

2-bromo-9,9-dioctyl-9H-fluorene (2-14) 

2-Bromo-9H-fluorene (10.0 g, 18.4 mmol) and tetrabutylammonium bromide (140 mg, 0.434 

mmol) was dissolved in 1-bromooctane (30 g, 160 mmol) and degassed by bubbling nitrogen 

through the solution A solution of aqueous sodium hydroxide (40 mL, 50% w/w) was also 

degassed by bubbling nitrogen through the solution. The aqueous solution was then added to the 

organic solution and the mixture was stirred at 80 °C overnight.  The aqueous layer was removed, 

and the organic layer was extracted into dichloromethane. The organic layer washed with dilute 

hydrochloric acid; water then brine. The solvent and remaining 1-bromooctane was remove under 

reduced pressure. The crude compound was purified with silica column chromatography using 

dichloromethane as eluent and dried under reduced pressure to give a yellow oil (16.3 g, 85%). 1H 

NMR (500 MHz, CDCl3) δ 7.68 – 7.65 (m, 1H), 7.55 (d, 1H), 7.47 – 7.43 (m, 2H), 7.33 – 7.31 (m, 

3H), 1.99 – 1.88 (m, 4H), 1.24 – 1.02 (m, 20H), 0.86 – 0.80 (m, 6H), 0.65 – 0.55 (m, 4H). The data 

is consistent with previously reported results.38 

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctyl-9H-fluorene (2-15) 

Potassium acetate (3.0 g, 30 mmol) was placed into a flask and flame dried under vacuum.  2-

Bromo-9,9-dioctylfluuorene (4.70 g, 10.0 mmol), [1,1-

bis(diphenylphosphino)ferrocene]palladium(II) dichloride (complexed with dichloromethane, 180 

mg, 0.220 mmol) and bis(pinacolato)diboron (3.80 g, 15 mmol). The mixture of solids was dried 

under vacuum at 50 °C for 4 hours. During this period a small amount of sublimation of the 

bis(pinacolato)diboron was observed. Anhydrous dioxane (20 mL) was then added and the 

solution was stirred at 80 °C overnight. The solution was extracted into dichloromethane and 

washed with water then brine. The solvent was removed under reduced pressure and the crude 

product was passed through a plug of silica with dichloromethane as eluent. The compound was 

purified with silica column chromatography with dichloromethane as eluent (3.91 g, 76%). 1H 

NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.5 Hz, 1H), 7.75 – 7.67 (m, 3H), 7.35 – 7.29 (m, 3H), 2.04 

– 1.92 (m, 4H), 1.39 (s, 12H), 1.23 – 0.98 (m, 20H), 0.81 (t, J = 7.1 Hz, 6H), 0.64 – 0.53 (m, 4H). 

The data is consistent with previously reported results.39 
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7,7'-(hexabenzo[bc,ef,hi,kl,no,qr]coronene-2,5-diyl)bis(9,9-dioctyl-9H-fluorene-2-

carbaldehyde) (HBC-1a) 

Compound 5 (50 mg), compound 12 (100 mg) and tetrakis(triphenylphosphino) palladium (10 mg) 

was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90 °C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give red powder (80 mg, 80%). 1H NMR (400 MHz, CDCl3, 1mM) δ 10.23 (s, 2H), 8.61 – 7.71 

(m, 24H), 7.57 (s, 2H), 7.48 (s, 2H), 2.40 (s, 8H), 1.52 – 0.60 (m, 60H). Accurate 13CNMR 

measurements where hindered by the compound’s poor solubility. IR (cm-1): 668, 741, 751, 758, 

783, 820, 868, 1153, 1162, 1167, 1174, 1187, 1202, 1232, 1283 , 1341, 1366, 1375, 1438, 1457, 

1465, 1572, 1605, 1696 , 2852, 2869, 2926, 2953. UV-vis absorption (1 µM in chloroform) λmax: 370 

nm. Fluorescence emission (1 µM in chloroform, excited at 370 nm) λmax: 490 nm. 

7,7'-(hexabenzo[bc,ef,hi,kl,no,qr]coronene-2,11-diyl)bis(9,9-dioctyl-9H-fluorene-2-

carbaldehyde) (HBC-2a) 

Compound 9 (50 mg), compound 12 (100 mg) and tetrakis(triphenylphosphino) palladium (10 mg) 

was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give red powder (75 mg, 75%). 1H NMR (400 MHz, CDCl3, 2.5mM) δ 10.23 (s, 2H), 8.39 (s, 

4H), 8.20 (d, J = 7.0 Hz, 4H), 8.12 – 7.85 (m, 14H), 7.71 (d, J = 7.4 Hz, 2H), 7.34 (d, J = 25.8 Hz, 

4H), 2.36 (s, 8H), 1.44 – 0.72 (m, 60H). Accurate 13CNMR measurements where hindered by the 

compound’s poor solubility. MALDI-MS: calculated: 1354.76; calculated: 1355.929. IR (cm-1): 741, 

760 815, 825, 1205, 1379, 1457, 1466, 1569, 1576, 1605, 1695, 2852, 2869, 2926, 2953. UV-vis 

absorption (1 µM in chloroform) λmax: 370 nm. Fluorescence emission (1 µM in chloroform, excited 

at 370 nm) λmax: 490 nm. 

7',7'''-(hexabenzo[bc,ef,hi,kl,no,qr]coronene-2,5-diyl)bis(9,9,9',9'-tetraoctyl-9H,9'H-

[2,2'-bifluorene]-7-carbaldehyde) (HBC-3a) 

Compound 14 (115 mg), compound 12 (100 mg) and tetrakis(triphenylphosphino) palladium (10 

mg) was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 
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phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give red powder (138 mg, 87%). 1H NMR (400 MHz, CDCl3, 1mM) δ 10.13 (s, 2H), 8.72 (s, 

2H), 8.57 (s, 2H), 8.47 (s, 6H), 8.37 (s, 2H), 8.16 – 7.91 (m, 16H), 7.90 – 7.79 (m, 8H), 7.69 (d, J = 

22.5 Hz, 4H), 2.55 – 2.38 (m, 8H), 2.17 (d, J = 7.5 Hz, 8H), 1.48 – 0.63 (m, 120H). Accurate 13C 

NMR measurements where hindered by the compound’s poor solubility. IR (cm-1): 722, 740, 751, 

757, 782, 816, 867, 1202, ,1367, 1375, 1439, 1462, 1605, 1696, 2853, 2926, 2954. UV-vis absorption 

(1 µM in chloroform) λmax: 370 nm. Fluorescence emission (1 µM in chloroform, excited at 370 

nm) λmax: 490 nm. 

7',7'''-(hexabenzo[bc,ef,hi,kl,no,qr]coronene-2,11-diyl)bis(9,9,9',9'-tetraoctyl-9H,9'H-

[2,2'-bifluorene]-7-carbaldehyde) (HBC-4a)  

Compound 15 (114 mg), compound 11 (91 mg) and tetrakis(triphenylphosphino) palladium (10 

mg) was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give yellow powder (123 mg, 78%). 1H NMR (400 MHz, CDCl3, 1mM) δ 10.12 (s, 2H), 8.71 

(s, 4H), 8.51 (s, 4H), 8.35 (s, 4H), 8.09 – 7.91 (m, 14H), 7.82 (d, J = 17.1 Hz, 8H), 7.57 (d, J = 40.2 

Hz, 6H), 2.39 (d, J = 14.1 Hz, 8H), 2.18 (s, 8H), 0.98 (m, 60H).Accurate 13C NMR measurements 

where hindered by the compound’s poor solubility. IR (cm-1): 741, 759 ,814 ,1261 ,1267 ,1276 

,1362 ,1380 ,1413 ,1418 ,1438 ,1461 ,1605 ,1695 ,2852, 2925, 2953. UV-vis absorption (1 µM in 

chloroform) λmax: 370 nm. Fluorescence emission (1 µM in chloroform, excited at 370 nm) λmax: 

490 nm. 

2,5-bis(9,9-dioctyl-9H-fluoren-2-yl)hexabenzo[bc,ef,hi,kl,no,qr]coronene (HBC-1b) 

Compound 5 (50 mg), compound 16 (95 mg) and tetrakis(triphenylphosphino) palladium (10 mg) 

was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give red powder (76 mg, 80%). 1H NMR (400 MHz, CDCl3, 1mM) δ 8.59 (s, 2H), 8.44 (s, 2H), 

8.32 (s, 4H), 8.21 (s, 2H), 7.99 (s, 4H), 7.90 (d, J = 9.9 Hz, 4H), 7.62 – 7.44 (m, 8H), 2.34 (d, J = 

34.6 Hz, 8H), 1.46 – 0.70 (m, 60H). Accurate 13C NMR measurements where hindered by the 

compound’s poor solubility. IR (cm-1): 724, 740, 751, 758, 782, 827, 868, 1275, 1367, 1374, 1456, 



78 
 

1465, 1485, 1490, 1588, 1611, 2853, 926, 2954. UV-vis absorption (1 µM in chloroform) λmax: 365 

nm. Fluorescence emission (1 µM in chloroform, excited at 350 nm) λmax: 490 nm. This data is 

consistent with reported results.26  

2,5-bis(9,9-dioctyl-9H-fluoren-2-yl)hexabenzo[bc,ef,hi,kl,no, qr]coronene (HBC-2b)  

Compound 9 (500 mg), compound 16 (950 mg) and tetrakis(triphenylphosphino) palladium (10 

mg) was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give yellow powder (810 mg, 85%). 1H NMR (400 MHz, CDCl3, 1mM) δ 8.57 (s, 4H), 8.37 (d, 

J = 6.2 Hz, 4H), 8.19 (s, 4H), 8.01 – 7.77 (m, 8H), 7.58 – 7.44 (m, 8H), 2.30 (dd, J = 27.3, 10.1 Hz, 

8H), 1.48 – 0.68 (m, 60H). Accurate 13C NMR measurements where hindered by the compound’s 

poor solubility. IR (cm-1): 726, 740, 759, 782, 816, 831, 867, 1274, 1361, 1380, 1412, 1418, 1456, 

1464, 1589, 1610, 1617, 2853, 2926, 2954. UV-vis absorption (1 µM in chloroform) λmax: 365 nm. 

Fluorescence emission (1 µM in chloroform, excited at 365 nm) λmax: 490 nm. This data is 

consistent with reported results.26 

2,5-bis(9,9,9',9'-tetraoctyl-9H,9'H-[2,2'-bifluoren]-7-

yl)hexabenzo[bc,ef,hi,kl,no,qr]coronene (HBC-3b) 

Compound 14 (115 mg), compound 16 (95 mg) and tetrakis(triphenylphosphino) palladium (10 

mg) was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give red powder (130 mg, 84%). 1H NMR (400 MHz, CDCl3, 1mM) δ 8.68 (s, 2H), 8.53 (s, 

2H), 8.43 (s, 6H), 8.32 (s, 2H), 8.13 – 7.97 (m, 8H), 7.93 – 7.76 (m, 12H), 7.69 (s, 2H), 7.62 (s, 2H), 

7.40 (dt, J = 24.5, 7.1 Hz, 6H), 2.56 – 2.38 (m, 8H), 2.13 (s, 8H), 1.50 – 0.59 (m, 120H). Accurate 

13CNMR measurements where hindered by the compound’s poor solubility. IR (cm-1): 689, 722, 

739, 750, 757, 782, 818, 844, 866, 885, 1220, 1254, 1262, 1293, 1340, 1366, 1374, 1405, 1421, 1451, 

1466, 1586, 1610, 2852, 2924, 2954. UV-vis absorption (1 µM in chloroform) λmax: 370 nm. 

Fluorescence emission (1 µM in chloroform, excited at 370 nm) λmax: 490 nm. 
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2,11-bis(9,9,9',9'-tetraoctyl-9H,9'H-[2,2'-bifluoren]-7-

yl)hexabenzo[bc,ef,hi,kl,no,qr]coronene (HBC-4b)  

Compound 15 (114 mg), compound 13 (86 mg) and tetrakis(triphenylphosphino) palladium (10 

mg) was dissolved in a degassed solution of Aliquat 336 (2% w/v) in toluene (2 mL) and aqueous 

potassium carbonate (2 mL, 2 M). The mixture was then stirred at 90°C overnight. The organic 

phase was collected, diluted in hot chloroform and passed through a plug of silica. The solvent 

was reduced, and the compound was precipitated into isopropyl alcohol. The filtrate was collected 

to a give yellow powder (117 mg, 76%). 1H NMR (400 MHz, CDCl3, 1mM) δ 8.68 (s, 4H), 8.48 (s, 

4H), 8.30 (s, 4H), 8.14 – 7.31 (m, 30H), 2.39 (d, J = 13.9 Hz, 8H), 2.12 (s, 8H), 1.47 – 0.67 (m, 

120H). Accurate 13CNMR measurements where hindered by the compound’s poor solubility. IR 

(cm-1): 695, 721, 741, 759, 814, 1361, 1380, 1438, 1452, 1456, 1466, 1616, 2852, 2925, 2954. UV-

vis absorption (1 µM in chloroform) λmax: 370 nm. Fluorescence emission (1 µM in chloroform, 

excited at 370 nm) λmax: 490 nm. 

 

 Characteristics of analysing organic photovoltaic device efficiencies  

The power conversion efficiency of an organic photovoltaic device can be calculated by dividing 

the maximum electrical power generated (PMAX) by the power of the incoming light (Pin). At the 

maximum electrical power, the voltage (VMAX) and current (JMAX) unfortunately reveals very little 

information about the organic active layer. Therefore, researchers use the variables short circuit 

current (JSC), open circuit voltage (VOC) and fill factor (FF) instead (Figure 2-16). The short circuit 

current describes the maximum amount of possible current when the resistance in the approaches 

zero, the open circuit voltage describes the highest achievable voltage when the conductivity 

approaches zero, and the fill factor describes the percentage of maximum power obtained 

compared to the theoretical maximum power given by the short circuit voltage and open circuit 

current. Thus, the relationship between the short circuit current, open circuit voltage, fill factor 

and the maximum electrical power generated is: 

 

𝑃𝑀𝐴𝑋 = 𝑉𝑂𝐶  ×  𝐽𝑆𝐶  ×  𝐹𝐹 

 

The relationship between the above parameters with power conversion efficiency (represented as 

a percentage) and power of the incoming light is designated as the following: 
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𝑃𝐶𝐸 =
𝑃𝑀𝐴𝑋

𝑃𝑖𝑛
=

𝑉𝑂𝐶  ×  𝐽𝑆𝐶  ×  𝐹𝐹

𝑃𝑖𝑛
 

 

Subsequently, the information which is held by the open circuit current, short circuit voltage and 

the fill factor can be used to help design and improve both the semiconducting materials used but 

also give insight to better device fabrication processes.  

 

 

Figure 2-16: Voltage-current (blue) and voltage-power (red) curves in a typical photovoltaic device 

 

2.4.1.1 Short circuit current 

The short circuit current, the maximum amount of current a photovoltaic device can generate, can 

further be dissected into the external quantum efficiency and the photon flux density. The photon 

flux density, which describes the number of photons reaching the photovoltaic surface, is an 

external factor controlled by researchers using a standard spectrum developed for testing 

photovoltaic devices (while the spectrum was originally developed to test silicon wafer solar cells, 

the standard is suitable for organic photovoltaics nonetheless). The external quantum efficiency is 

combination of different factors including exciton diffusion, exciton disassociation, charge 

mobility, charge collection and the absorption spectrum of the semiconducting material, and 

effectively describes the efficiency in which a photon is converted into free charge carriers in the 

photovoltaic circuit.  

The absorption spectrum of the semiconducting material is mostly modified through the chemical 

design of the materials and determines the maximum possible short circuit current in a traditional 
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photovoltaic. After all, for every incident photon absorbed, a semiconducting material can generate 

a pair of free charge for every photon absorbed. Thus, by increasing the number of photons 

absorbed, the semiconducting material has more opportunities to generate current. Lower energy 

photons can be accessed by reducing the energy gap between the HOMO and LUMO, and the 

extinction coefficient of the material can be improved by designing materials with strong transition 

dipole moments.  

Many of the other factors of the external quantum yield relate to the morphology of the material. 

While the exciton diffusion length is relatively static across many materials, the overall exciton 

disassociation is hindered by material domain sizes larger than the exciton diffusion lengths. 

Charge mobility peaks with optimal orbital overlap between semi-conducting molecules, and the 

charge collection is dependent on the interpenetrating nanostructure of the material blend 

providing clear pathways to the electrode (including ohmic contact with the electrode itself). 

 

2.4.1.2 Open circuit voltage 

The open circuit voltage describes the maximum electrical the photovoltaic circuit will have due 

to the photovoltaic effect. The factor which contribute to the open circuit voltage is primarily the 

orbital energy levels of the electron donor and electron acceptor materials, specifically the HOMO 

energy level of the electron donor material and the LUMO energy level of the electron acceptor 

material. In fact, the open circuit voltage is approximately equal to the electric potential that is 

required to move an electron from the HOMO of the electron donor material to the LUMO of 

the electron acceptor material. 

Unlike short circuit current, the open circuit voltage has a negative relationship with a reduced 

energy gap between the HOMO and the LUMO of the donor material. Ideally the LUMO energy 

level of the electron acceptor material should be matched to be approximately 0.3 eV less than 

LUMO energy level of the electron donor material, to facilitate charge transfer without incurring 

heavy energy loss penalties. This means that the open circuit voltage will be at most equivalent to 

0.3 eV less than the energy gap between the HOMO and the LUMO of the donor material. 

It is therefore important to balance the absorption spectrum of the semiconducting material to 

strike a balance in the energy levels of the semiconducting materials. If the energy gap of the donor 

material is too large, little light will be absorbed; while if the energy gap is too small, there is little 

energy in the electron-hole pairs. Even at the most optimal, it can be expected that 31% of light 
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energy is loss through unabsorbed light and 23% of energy is loss through thermal relaxation of 

the higher energy excited states to the lowest energy excited state of the donor material.  

 

2.4.1.3 Fill factor 

Fill factor describes the various losses in the device and can be attributed to two different 

parameters, shunt resistance and series resistance. The series resistance of a photovoltaic cell refers 

to the resistance that is electrical current encounters through the circuit. This may be caused by 

things such as poor contact between materials and electrodes and the inherent resistance that the 

semiconducting materials and electrodes themselves contain. The major effect increased series 

resistance has is a lower voltage at the maximum power.  

 

 

Figure 2-17: Effects of series (left) and shunt (right) resistance on the current-voltage curve of a 
photovoltaic device 

 

The shunt resistance, on the other hand, describes the resistance of any alternate pathways in the 

circuit. Thus, having a high shunt resistance, i.e. there are no alternate low resistance pathways in 

the solar cell device, is beneficial for the photovoltaic device. A photovoltaic device with low shunt 

resistance will experience current losses which can be attributed to electrical current flowing 

through any alternative pathways. Non-geminate recombination of charge carriers is one factor 

which can lower shunt resistance in organic photovoltaic devices. 

Since the recombination kinetics and mechanisms in organic photovoltaics are complex, it is 

unfortunately, difficult to assign fill factor to any specific recombination process within organic 

photovoltaic devices. In the end, fill factor is still a good measure of the overall quality of the 

photovoltaic device. 
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3.1 Background  

 Electron acceptor materials  

Non-fullerene electron acceptors have set the record on the performance of organic solar cells in 

recent years with reported power conversion efficiencies exceeding 13%.1  

Different approaches have been taken to develop electron acceptors which are free of fullerenes. 

The most obvious is to modify compounds which are already known electron acceptors, most 

notable perylene diimide2 (PDI) and naphthalene diimide3 (NDI). These have been discussed in 

Chapter 1. More recently, combining electron rich and electron poor aromatic structures within a 

conjugated molecule has shown immense promise, with the most successful architecture in 

literature being A-D-A type acceptors4 (this nomenclature stems from acceptor-donor-acceptor in 

literature, however this text will not be referring to the subunits as donors and acceptors to prevent 

confusion with electron donor and electron acceptor materials of the devices). These compounds 

include an electron rich core flanked with electron poor terminal units, with optional π bridges to 

connect the components together. Within the last several years, these materials have improved to 

exceed fullerene derivatives in organic solar cells, due to the intense work poured into the area by 

researchers around the world.5-6 

A multitude of different structural changes have been reported, in the goals of achieving higher 

performances and superior materials. It is important to remember that any one structural change 

can affect multiple parameters of the material. While the HOMO and LUMO energy levels can be 

tuned to optimal values, this may not correspond with increased performance since the 

nanostructure of the material blends could completely inhibit the performance of the resulting 

device. Studies into the changes in the nanostructure can be isolated to a large degree by only 

studying the effects that solubilizing sidechains, that is to say the sidechains which do not implicitly 

contribute to the material’s semiconducting properties.  

The two most successful base materials have arguably been EH-IDTBR and ITIC (Figure 3-1). 

An extension of an already impressive material, FBR,7 EH-IDTBR was one of the first non-

fullerene acceptors able to be incorporated into devices exhibiting more than 10% power 

conversion efficiencies.8 ITIC on the other hand was originally published at 6.8% efficiencies 

when blended with known high performing polymer donors.9 The ease of synthesis of ITIC and 

its derivatives has resulted in an enormous amount of work poured into by different research 

groups; and subsequently not only have device optimization pushed ITIC based solar cell devices 

above the 10% efficiency mark at 11.34%,10 but multiple derivatives have also been reported to 
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break this threshold. Structural manipulations for the optimizations of ITIC have been aimed at 

both fine tuning the energy levels11-12 as well as improving the nanostructure of the material.13-14 

While it is difficult to completely isolate the structural changes to one of these material properties, 

the highest reported performance of any ITIC derivative, C8-ITIC, comes strictly from changes 

of the non-chromophore components of the material.1 This derivative utilizes less bulky alkyl 

sidechains as opposed to aryl solubilizing sidechains to induce closer molecular packing to improve 

the JSC while maintain a high VOC native to the ITIC material. Unfortunately, the improvement 

does come at a cost of synthetic ease to the core structure. 

 

 

Figure 3-1: High performing non-fullerene acceptors. 

 

Promising materials using the fluorene motif as a more structurally (and synthetically) simple 

central core have been developed. Notably FBR which was originally published by Holiday et al. 

demonstrating devices at 4.11% when mixed with P3HT.15 It was reported that the LUMO energy 

level of this material was -3.75 eV, and since it is generally accepted that a 0.2 eV difference in the 

electron donor and electron acceptor materials’ LUMO energy level is required for efficient charge 

disassociation,16 this molecule demonstrated mismatched LUMO energy levels with many high 

performing polymer donor materials such as PTB7-Th, with a LUMO of -3.66 eV. Nevertheless, 

the material was reported to be optimized to 8.2% with a high performing polymer, Pff4TBT-

2D,17 with a LUMO of -3.7 eV. The research article further detailed high voltage and shows the 

importance of using the most appropriate complementary donor material to maximize the 
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capabilities of an acceptor material and vice versa. In addition, DICTF (Figure 3-2) is another 

compound that demonstrated moderate performances at 5.65%18 with the high performing donor 

polymer PBDB-T. While these simpler materials have yet to break the 10% efficiency threshold, 

it is important to remember that syntheses of the fluorene cores can be conducted in one or two 

steps from commercially available reagents, exchanging efficiency for reduced laboratory costs, 

manpower and time. 

Removing one of the electron poor terminal groups gives even more possibilities of structural 

manipulations at very little synthetic costs and results in materials such as K12 and its more 

advanced cousin YF25 (Figure 3-2). The asymmetrical nature of these materials is bound to change 

the properties compared to the symmetrical analogues, but this should be minimal compared to 

other structural deviations. In comparisons similar, symmetrical chromophores, FBM and 

BCDCTS,  have been synthesized.  

 

 

Figure 3-2: Examples of organic semiconducting fluorene derivatives. 

 

K12 has been previously optimized to an efficiency of 0.73% with poly-3-thiophene,19 while FBM 

was reported to be optimized to 5.1% with PTB7,20 reported as PCE10. While the reported 
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photophysical properties of FBM and K12 differ slightly, direct comparisons between the device 

performance is impossible due to the use of a different donor material. On the other hand, a 

substantial difference is reported in the absorption coefficient with YF25 and BCDCTS. 

BCDCTS has a reported extinction coefficient of approximately 7.8 × 105 M-1 cm-1 (solution),21 

and on the other YF25 exhibits approximately 8 × 104 cm-1 (film).22 The transition dipole moment, 

originating from the differences in the HOMO and LUMO, has evidently been altered, and can 

be a factor responsible for poorer efficiencies between K12 versus FBM as well. Unfortunately, 

BCDCTS was not incorporated into a solar cell device as an acceptor material and comparisons 

between it and YF25 cannot be made (it was reported as a donor material instead and the authors 

noted its energy level mismatch with common fullerene acceptor materials, reinforcing the 

possibility of its use as an electron acceptor material). 

 

 Electron acceptors scaffolded to a column: materials design and project goals 

This project aims to explore hexa-peri-hexabenzocoronene columns as a central scaffold 

with peripheral chromophores for the development of novel electron acceptors, using the 

central scaffold to dictate the nanostructure of the material. 

There have been few examples of acceptor materials designed with targeted self-assembly in mind. 

Previous research has reported materials whereby fullerene derivatives were attached to HBC 

(Figure 3-3).23 The materials showed evidence of columnar aggregation in solution and were 

incorporated as a single component in solar cell devices; that is the fullerene component of the 

molecule acted as the electron acceptor while the HBC component acted as both a molecular 

scaffold and an electron donor material.23 

This project aims to design and synthesise electron acceptor materials which form columnar 

structures by scaffolding electron acceptor materials onto columnar HBC acting solely as a 

scaffold. Unlike the approach described above where an electron rich core is flanked by two 

electron poor terminals, resulting in the A-D-A structure, this project will target materials with a 

central HBC scaffolding core flanked by two electron rich bridges and two electron poor terminals,  

resulting in an alternate A-D-S-D-A structure (where S describes is the central scaffold). 

Hopefully, this approach will allow us to develop a scaffold which can incorporate any different 

electron acceptor materials while retaining good nanostructure in the material blends. Since 

materials design can be very much trial and error or a shotgun approach, due to the complex nature 
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of the material properties, having a robust scaffold will allow newly published materials to be 

incorporated easily. 

 

 

Figure 3-3: Fullerenes covalently bound to HBC as reported in literature. 

 

3.1.2.1 Scaffolding of chromophores to favourable nanostructures 

A typical polymer electron donor material provides little to help drive the active layer morphology 

of the resulting device to the ideal. However, a subset of these materials, conjugated block 

copolymers, have been shown to drive the formation of nanoscale separated morphology. This 

can be achieved by taking advantage of different intermolecular interactions. There have been few 

examples in the past where researchers have appended chromophores onto polymer scaffolds as 

pendant groups for use in organic solar cells, resulting in pendant semiconducting polymers. By 

attaching discrete chromophores as pendants onto these block copolymers, researchers can 

combine the favourable nanostructure of block copolymers with performance properties of non-

polymer acceptors. Perylene diimide chromophores as pendants of block copolymers have been 

previously reported (Figure 3-4, left), successfully showing nanoscale separation between the 

donor and acceptor sections of the active layer material blend.24 Similarly, fullerenes have also been 

demonstrated as pendants in block copolymers (Figure 3-4, right), resulting in devices where the 

active layer morphology shows well defined nanostructure.25 
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Figure 3-4: Block copolymers with pendant chromophores. 

 

3.1.2.2 Target materials 

Previously reported compounds FBR7 and DICTF18 are synthetically simple materials which can 

be used as a basis of our targets (Figure 3-5, bottom). FBR and DCITF will be synthesized as 

standard compounds alongside two new materials which include an extra dicyanomethylene 

substitution on the electron withdrawing terminal of the materials. To both streamline the 

synthesis as well as remove additional variables, the sidechains solubilizing the compound will be 

kept the same on the fluorenyl core and on the terminal rhodanine derivatives, F8-BR and F8-

CyBR (Figure 3-5, middle left), rather than synthesizing the exact same compounds reported in 

literature, i.e. F8-BR will not be identical to FBR even though the chromophore structure is 

identical as the ethyl sidechain will be replaced by the hexyl sidechain on the N position of the 

rhodanine motif. Including F8-ThIC, reported as DICTF in literature, an analogue, F8-ThICC 

(Figure 3-5, middle left), with a modified electron poor unit will also be synthesized. 

In addition, the corresponding HBC compounds, FHBC-BR; FHBC-CyBR; FHBC-ThIC and 

FHBC-ThICC (Figure 3-5, top left), where the organic chromophores are attached to a HBC 

scaffold will also be synthesized. The chemical characteristics and photophysical properties of all 

eight materials will be completed and devices will be constructed with commercial P3HT as the 

donor. If results are promising, devices will be optimized with a high performing commercial 

material or a high performing in-house material. 
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Figure 3-5: Target HBC derivatives (top left) and the corresponding fluorene derivatives (bottom 
left). 

 

3.2 Result and Discussion 

 Synthesis of hexa-peri-hexabenzocoronene electron acceptor derivatives 

The synthesis of the target materials can be roughly broken down into the synthesis of the core, 

the π bridge and the electron rich end group. The synthesis of the hexa-per-hexabenzocoronene 

core building block followed reported literature procedures shown in Scheme 3-1. The synthesis 

of 2,7-dibromo-9,9-dioctylfluorene (3-1) can be found in Chapter 2. 3-1 is de-symmetrized and 

protected with trimethylsilyl (TMS) via lithiation-silylation and subsequently borylated via 

lithiation-borylation without purification to form compound 3-2 in a high yield of 97% over two 

steps. 3-2 and the hexaphenylbenzene derivative 3-3 underwent palladium catalysed Suzuki cross 

coupling to give compound 3-4. The trimethylsilyl protecting groups were removed and 

transformed to halide functional groups with iodine monochloride to give compound 3-5. 

Compound 3-5 is cyclized under oxidative conditions to give the HBC derivative 3-6. Finally, 3-6 

underwent Suzuki-Miyaura borylation to give the key core intermediate 3-7, which was used 

without purification due to its instability on silica. The fluorene core intermediate, 9,9-dioctyl-9H-

fluorene-2,7-diboronic acid bis(pinacol) ester (3-8), was synthesized from readily available reagents 

adapted from literature procedures. 
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Scheme 3-1: Synthesis of HBC core building block.
(a) (i) n-Butyllithium, Tetrahydrofuran, -78 °C (ii) Trimethylsilyl-Chloride, -78 °C to room 

temperature; (b) (i) n-Butyllithium, Tetrahydrofuran, -78 °C (ii) Isopropoxyboronic acid pinacol 

ester,-78 °C to room temperature; (c) Pd(PPh3)4, Toluene, Aliquat 336, Potassium Carbonate 2 M 

aq., 80 °C; (d) Iodine Monochloride, Dichloromethane; (e) 2,3-Dicyano-5,6-dichloro-1,4-
benzoquinone, Trifluoromethanesulfonic acid, Dichloromethane; (f) Bis(pinacolato)diboron, 

PdCl2(dppf), Potassium Acetate, Dimethylformamide, 60 °C. 

 

The synthesis of the first π bridge is detailed in Scheme 3-2 following reported procedures.26 A 

commercial sample of 2,1,3-benzothiadiazole was brominated to form compound 3-9. The 

compound 3-9 was bromo-methylated to form the intermediate 3-10. 3-10 was oxidized to the key 

aldehyde 3-11. A commercial source of 2-bromothiophene-5-carboxaldehyde was used as the 

building block corresponding to the second π bridge. 

Pure samples of 3-hexylrhodanine27 and 2-(1,1-dicyanomethylene)-3-hexylrhodanine28 synthesized 

from adapted literature procedures were readily available within the laboratory. Indane derived end 

groups were synthesized according to Scheme 3-3 adapted from reported procedures.29 

Commercial 1,3-indandione was reacted with malononitrile to give compounds 3-12 and 3-13 
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depending on reaction time and temperature. Following the specified conditions, the two 

compounds are deceivingly simple to isolate from impurities of the other with a simple 

recrystallization in acetic acid. Interestingly, the compounds exhibit an intense red and blue colour 

respectively when dissolved in polar protic solvents and exposed to a humid atmosphere, even 

though the solid itself is rather pale. The intense colour likely originates from the charged 

deprotonated form of the two compounds. Compound 3-12 has been used as a terminal group in 

many high performing materials, on the other hand there are few reports of compound 3-13. 

Substituting compound 3-12 with 3-13 in high performing materials may result in a simple but 

effective way to improve performance and tune molecular properties, although compound 3-13 

can be considered more sterically hindered than 3-12. 

 

 

Scheme 3-2: Synthesis of benzothiadiazole derived π bridge.
(a) Bromine, Hydrobromic acid 48%, reflux; (b) Paraformaldehyde, Hydrobromic acid 48%, Glacial 

Acetic acid, reflux; (c) Sodium periodate, Dimethylformamide, 150 °C. 

 

 

Scheme 3-3: Synthesis of indane derived end groups
(a) Malononitrile, Sodium Acetate, Ethanol, room temperature , 40 minutes; (b) Malononitrile, 

Sodium acetate, Ethanol, reflux, overnight. 

 

Suzuki coupling of the key core intermediate 3-7, with the π bridges 3-11 and 2-bromo-5-thiophene 

carboxaldehyde gives key intermediates 3-14 and 3-15 respectively (Scheme 3-4). Intermediate 3-

14 underwent Knoevenagel condensation with 3-hexylrhodanine and 2-(1,1-dicyanomethylene)-3-

hexylrhodanine to give the final products FHBC-BR and FHBC-CyBr (Scheme 3-5). 
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Intermediate 3-15 underwent Knoevenagel condensation with 3-12 and 3-13 to give the 

compounds FHBC-ThIC and FHBC-ThICC (Scheme 3-6). While there is evidence that the 

reaction for the synthesis of FHBC-ThICC, the product and final compound could not be 

isolated and is suspected to degrade rapidly on silica. Conveniently the synthesis of the key 

intermediates and stable final materials were in high yields upwards of 70% considering the high 

molecular weight of these materials 

The synthesis of fluorene derivatives to be used as comparisons are detailed in Scheme 3-7, only 

requiring 2 steps from common materials. The key core intermediate 3-8 underwent Suzuki 

coupling with the π bridges 3-11 and 2-bromo-5-thiophene carboxaldehyde to give key 

intermediates 3-16 and 3-17 respectively. Intermediate 3-16 underwent Knoevenagel condensation 

with 3-hexylrhodanine and 2-(1,1-dicyanomethylene)-3-hexylrhodanine to give the final products 

F8-BR and F8-CyBr. Intermediate 3-17 underwent Knoevenagel condensation with 3-12 and 3-

13 to give the compounds F8-ThIC and F8-ThICC. Similar to FHBC-ThICC, the target 

compound F8-ThICC could not be isolated primarily due to its instability. 

 

Scheme 3-4: Synthesis of key HBC intermediates.
(a) Pd(PPh3)4, Tetrahydrofuran, Potassium Phosphate tribasic 2 M aq., 60 °C. 
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Scheme 3-5: Synthesis of target HBC derivatives bearing rhodanine-esque end groups.
(a) t-Butanol, Toluene, Piperidine, 85 °C. 

 

Scheme 3-6: Synthesis of target HBC derivatives bearing indane-esque end groups.
(a) Chloroform, Pyridine, room temperature; (b)Toluene, Acetic anhydride, 85 °C. 
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Scheme 3-7: Synthesis of target fluorene derivatives.
(a) Pd(PPh3)4, Tetrahydrofuran, Potassium Phosphate tribasic 2 M aq., 60 °C; (b) t-Butanol, 

Piperidine, 85 °C; (c) Chloroform, Pyridine, room temperature; (d) Toluene, Acetic anhydride, 85 
°C. 
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 Characterisation of hexa-peri-hexabenzocoronene electron acceptor derivatives 

The aromatic region of the 1H NMR spectra of the F8-BR and FHBC-BR is shown (Figure 3-6). 

Peak assignments of F8-BR were concluded by comparing with known materials and on the basis 

of multiplicity. From the structure of F8-BR, the protons more peripheral experience more 

deshielding. Accordingly, the most deshielded singlet signal originates from the hydrogen at 

position 6 leaving the only other singlet to be assigned to position 3. The least deshielded doublet 

can be assigned to the proton at position 1, while the most deshielded proton can be assigned to 

position 5. The doublets at position 2 and 4 overlap and cannot be individually discerned. Peak 

assignments of the other two fluorene derivatives, F8-CyBR and F8-ThIC, were concluded in a 

similar manner. High resolution mass spectrometry, 13C NMR spectroscopy and infrared 

spectroscopy were also performed to identify the fluorenyl derivative products (see experimental 

section of this chapter).  

 

 

Figure 3-6: 1H NMR of 0.25 mM F8-BR (top) and FHBC-BR (bottom) in d-chloroform (400 MHz). 
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Broadened chemical shifts of FHBC-BR are observed due to the aggregating nature of the 

materials. Proton shifts associated with the HBC core are identified by comparison to literature 

with the alpha proton A being the most downfield shifted signal. However, only a few other signals 

where identified by comparison to literature as well as the fluorene derivatives, due to the 

broadening of the spectra combined with a high level of signal overlap. Proton signals assigned to 

position 4 and 6 were assigned by comparison with fluorenyl substituted HBC, HBC-2b (see 

Chapter 2), while the most deshielded non HBC signal could be assigned to proton 9. Peak 

assignments of the other two HBC derivatives, FHBC-CyBR and FHBC-ThIC, were concluded 

in a similar manner. Due to the inadequate solubility of the materials, accurate 12C NMR 

spectroscopy was unable to be conducted. Infrared spectroscopy was also performed to identify 

the product (see experimental section of this chapter). 

As mentioned previously, self-assembly of HBC and its derivatives is driven by π-π interactions 

(π-π stacking), similar to other planar aromatic compounds. To ascertain solubility and thus 

processability of HBC, solubilizing alkyl groups are required, however the more effective these 

sidechains prove to be, the more disrupted the self-association becomes. To observe and measure 

the self-association of the HBC derivatives, concentration dependant NMR spectra of the 

compounds can be analysed since there is an upfield shift due to the shielding effect which is 

caused by the π-π stacking of the HBC motif.30-31 

The aromatic region of the 1H NMR spectrum of FHBC-BR is shown at concentrations ranging 

from 0.125 mM to 16 mM (Figure 3-7, lines are shown to highlight the changes of the protons of 

the HBC structure; these lines are there to guide the eye and should not be perfectly aligned as the 

relationship between the concentration and the chemical shift is not exponential). Changes in the 

NMR shifts are obvious; and the most downfield signals are isolated enough to determine the 

association using an isodesmic model of infinite stacking.32  

As with the previous chapter, association values were obtained by fitting the isodesmic model to 

the NMR data. The relationship between the concentration and the observed chemical shift of 

FHBC-BR, FHBC-CyBR, and FHBC-ThIC all follow trends similar to the equation (Figure 

3-8). The data fits well with the proposed isodesmic model of infinite stacking with R2 values 

exceeding 0.99 for all three compounds. Interestingly the calculated values are in the ranges of 103 

M-1 and 104 M-1 compared to previous reported values for 9,9-dioctylfluorenyl substituted HBC at 

the 2 and 11 positions, being only 350 M-1.33 A significant increase in the association of these 

materials is observed despite an increase in peripheral bulk of the materials. This could be 

attributed to the increased polarity of the compounds increasing the association. On the other 
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hand, no significant differences are observed between the three compounds, suggesting similar 

effects the acceptor structures have on the HBC structure. 

 

 

Figure 3-7: Concentration dependant NMR of FHBC-BR in d-chloroform, aromatic region (400 MHz). 
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Figure 3-8: Observed chemical shifts' dependence on concentration with fitted curves according to 
the isodesmic model. 
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Thermogravimetric analysis (TGA) of the fluorene derived materials shows excellent stability for 

all three materials with thermal degradation temperatures (Td), calculated at 5% weight loss, to be 

above 300 °C. Differential scanning calorimetry (DSC) of all materials show no transitions between 

25 °C and 300 °C. This data shows that the materials are suitable for devices and can withstand 

annealing up to these temperatures. 

 

 Photophysical properties of hexa-peri-hexabenzocoronene electron acceptor derivatives 

The UV-vis spectra of the target materials at 2 µM in chloroform solution are shown (Figure 3-9). 

It is expected that the absorption spectra of the HBC materials resemble the sum of the spectra of 

the HBC chromophore (or 9,9-dioctylfluorenyl substituted HBC at the 2 and 11 positions) and 

the respective fluorenyl chromophore, of which the absorption spectrum is characterised by 

intramolecular charge transfer. Indeed, the shape of the UV-vis spectra of FHBC-BR, FHBC-

CyBR, and FHBC-ThIC, is similar to the sum of the spectra of HBC (or the fluorenyl substituted 

hexa-peri-hexabenzocoronene HBC-2b from Chapter 2) with F8-BR, F8-CyBR, and F8-ThIC  

respectively. 

Indeed, what is observed fits the expectations, however the comparative intensity of the fluorenyl 

unit of the HBC materials is much lower than that of the corresponding fluorenyl material. Since 

there are two chromophores per molecule for the HBC derivatives, it would be expected that the 

absorption coefficient is twice the fluorenyl derivatives if there were no other structural changes. 

However, the observed molar absorption coefficient of the fluorenyl derivatives are higher than 

their counterpart; F8-BR, F8-CyBR, and F8-ThIC have a molar absorption coefficient of 178 

000, 244 000, 392 000 M-1 cm-1 compared to  FHBC-BR, FHBC-CyBR, and FHBC-ThIC with 

molar absorption coefficient of 77 900, 33 200, 122 000 M-1 cm-1, whilst the HBC chromophore 

component has similar absorption coefficient across the three HBC derivatives. However due to 

the changes in the chromophore, i.e. the chromophores of the HBC derivatives consist of a single 

electron rich and a single electron poor component making it asymmetrical whilst the fluorene 

derivatives are symmetrical with two electron poor structures per electron rich core motif. The 

changes in the differences between the HOMO and the LUMO, resulting in the change in 

transition dipole moment, is evident in the lowered absorption coefficient of the HBC derivatives 

with asymmetrical chromophores compared to the symmetrical fluorenyl materials. 

The wavelength of maximum absorption for the HBC derivatives, observed at 365 nm, is 

consistent with previously reported data, at 364 nm. The HBC derivatives have a secondary feature 
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in their absorption spectra which largely resembles the respective dioctyl fluorene derivatives. Of 

course, there is some differences in the wavelength due to different conjugation lengths, etc., 

however the wavelength of the secondary features’ maxima is consistent with the wavelength of 

maximum absorption for the respective dioctyl fluorene materials (Table 3-1). In addition, the 

respective materials share near identical absorption onset wavelengths. This shows that there is 

little photophysical interactions between the peripheral acceptor moieties of the target HBC 

derivatives and the core which is there primarily for its association properties. 
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Figure 3-9: UV-vis absorption spectra of target compound at 2 µM in chloroform. 
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Compound λ1 (nm) ε1 (M
-1 cm-1) λ2 (nm) ε2 (M

-1 cm-1) λonset (nm) 

FHBC-BR 475 7.79 × 104 365 3.34 × 105 550 

FHBC-CyBR 490 3.32 × 104 365 1.48 × 105 570 

FHBC-ThIC 565 1.22 × 105 365 3.94 × 105 645 

F8-BR 485 1.78 × 105 - - 550 

F8-CyBR 500 2.44 × 105 - - 565 

F8-ThIC 585 3.92 × 105 - - 640 

Table 3-1: Photophysical properties of target compounds. 

 

Cyclic voltammetry was conducted to probe the energy levels of the target materials standard with 

an Ag/Ag+ reference electrode, a platinum wire counter electrode and a glassy carbon working 

electrode. The materials were dissolved in dichloromethane at a concentration of 10-5 M with 

tetrabutylammonium hexafluorophosphate as the electrolyte at 10-4 M. Ferrocene was used as an 

internal standard and voltammogram was adjusted so that the oxidation onset of ferrocene was at 

0 V to aid calculations and comparisons. The reduction wave was readily observed, however, as 

the solvent was limited in choice due to the low solubility of the materials in various common 

solvents resulting in a limited electrochemical window and inability to observe the oxidation wave 

of the materials. Measurements reveal similar reduction onsets of the HBC materials compared to 

their fluorene counterpart (Figure 3-10) and combined with similar absorption onsets of the 

corresponding materials, the HOMO and LUMO energy levels are perceived to be quite similar. 

The LUMO energy level was calculated through the onset of the reduction wave of the materials 

with the following equation:34 

 

ELUMO = −(Eonset
red + 5.1)(eV) 

 

The HOMO energy level was derived using the energy gap calculated with the materials UV-vis 

absorption spectroscopy’s absorption onset value (Table 3-2).  
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Figure 3-10: Cyclic voltammogram of FHBC-BR (left) and F8-BR (right) against ferrocene. 

 

 Eonset
red (V) ELUMO (eV) λonset (nm) Egap (eV) EHOMO (eV) 

FHBC-BR -1.25 -3.85 550 2.26 -6.11 

FHBC-CyBR -1.12 -3.98 570 2.18 -6.16 

FHBC-ThIC -0.97 -4.13 645 1.92 -6.05 

F8-BR -1.26 -3.84 550 2.26 -6.10 

F8-CyBR -1.15 -3.95 565 2.19 -6.14 

F8-ThIC -0.92 -4.18 640 1.94 -6.12 

Table 3-2: Molecular energy levels of target materials 
Egap is calculated via the absorption onset and EHOMO is calculated via Egap and ELUMO. 

 

It is generally accepted that for efficient charge transfer the LUMO energy level of the donor 

material is at least 0.2 eV higher than that of the acceptor material. When compared to some well-

studied polymer donor materials, all of the target compounds are suitable for use in solar cells with 

commercial sources of P3HT, PTB7 and PTB7-Th, (Figure 3-11). All six of the target compounds 

exhibit LUMO energy levels comparable to well-known non-fullerene electron acceptors and even 

to fullerene derivatives. It is important to note that while the discussion has primarily focussed on 

the light absorbing material being the electron donor material, charge generation can also originate 

from light absorption of the electron acceptor material and this is more commonly known as the 

channel II mechanism.35 This mechanism describes the light conversion where the acceptor 

material absorbs light and forms an exciton before the hole is donated to the electron donor 

material and charge is generated. Thus, for non-fullerene acceptors not only should the HOMO 

and LUMO energy levels be matched to the respective energy levels of the electron donor material, 

the absorption profile should complement one another as well to maximize the light absorbed. 
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This is another attractive factor of non-fullerene acceptors, being able to modify its properties to 

optimize the current and voltage further. The HOMO energy level of all six materials are 

approximately – 6.1 eV. This allows for efficient hole transfer common electron donor materials, 

such as P3HT (– 5.1 eV); PTB7 (– 5.12 eV) and PTB7-Th (– 5.24 eV). By choosing an electron 

donor polymer with a complementary absorption, the current could be very easily optimized. 
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Figure 3-11: Energy levels of the target materials, commercial donors and reported acceptors are 

included comparison.7, 15. 

 

 Preliminary devices data  

Preliminary devices were constructed in conventional structure using the target compounds as the 

acceptor material with P3HT as the donor material in a one to one weight ratio. The active layer 

was spun from chlorobenzene solution to give an average active layer thickness of 115 nm and 

annealed for 5 minutes at 150 °C. Electron transport and hole transport interlayers were used in 

the form of calcium and PEDOT:PSS respectively. Indium tin oxide was used as the transparent 

anode and aluminium as the counter electrode. 

The voltage-current characteristics of the constructed devices is shown in Figure 3-12 and 

summarized in Table 3-3 (with selected reported results for comparison). Initial results of devices 

containing F8-BR and F8-CyBR show promise with power conversion efficiencies of 2.1% and 
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4.0% respectively, while F8-ThIC shows very little conversion of light into electrical current. The 

result for F8-CyBR are particularly promising considering P3HT devices with PC61BM, the classic 

organic solar cell usually only reaches 3.5% efficiencies. However, when appended to the HBC 

scaffold, FHBC-BR and FHBC-CyBR demonstrate a significant drop in power conversion 

efficiencies to 0.5% and 0.3% respectively, caused by a significant drop in current and fill factor. 

Strangely enough, there is an increase in voltage across all acceptors as they are appended onto the 

scaffold, which is contradictory to the energy levels observed.  

Unfortunately, many of the devices exhibit poor fill factors of less than 30%, and with a fill factor 

this low it is difficult to accurately discuss the other characteristics of the devices. The poor fill 

factor suggests that severe morphological issues exist in the films active layer, optimization of the 

device fabrication process is absolutely necessary to come to any real conclusion (apart from the 

fact that the material system expresses a photovoltaic response). Device optimization has been 

planned with respect to the annealing of the active layer, optimization in thermal and solvent 

annealing, as well as additives to improve the fill factor to a value which reflects well working 

devices. 

Further studies of the morphology and bulk physical properties of the material is necessary to fully 

understand and optimize these devices, but initial results are promising. On the other hand, while 

appended to HBC scaffold, FHBC-ThIC, demonstrates a small increase in the power conversion 

efficiency. The current increases to values similar to FHBC-BR and FHBC-CyBR. This could 

be the effects of poor morphology in the devices containing F8-ThIC and the improvement is 

from utilizing the HBC scaffold. Further device optimization is necessary to improve morphology 

in these devices to determine and quantify the benefits of using HBC scaffold. 
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Figure 3-12: Characteristics of devices with target materials as the acceptor material in the active 
layer. 

 

Of the six materials made F8-CyBR is the most promising; F8-BR, while showing good efficiency 

contains the same chromophore unit as the reported material, FBR (Figure 3-1) and was originally 

optimized to 4.11% with P3HT as the donor material. Similar efficiencies would be expected for 

F8-BR when the device fabrication process is optimized. Unoptimized F8-CyBR solar cells 

already show better JSC and fill factors compared to reported optimized values of FBR. While the 

open circuit voltage is lower and would be difficult modify through device fabrication 

optimizations, an increase in the performance is still expected for F8-CyBR, eclipsing the 

performance of FBR with P3HT. As mentioned in the introduction, the research team behind 

FBR more recently published another account of the usage with a higher performing electron 

donor polymer material, Pff4TBT-2DT.17 These devices exhibited higher voltages and currents 

in their devices, and using more advanced electron donor polymers could certainly improve the 

overall performance characteristics of F8-CyBR even further than just device optimization. 

While unoptimized morphology certainly plays a large role in the less than adequate performance 

of the HBC materials, small change in structure of the chromophore may also contribute. The 
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electron rich central unit in the dioctylfluorene derivatives are paired to electron poor terminals in 

a one to two ratio, whilst in the HBC derivatives, it is in a one to one ratio and this change could 

also have an effect on the overall performance. As mentioned in the introduction, an asymmetrical 

electron acceptor, K12 (Figure 3-2), an asymmetrical analogue to FBR has previously been 

reported.19 Optimized device data of this material resulted in power conversion efficiencies of 

0.73% much closer to the HBC derivatives compared to the dioctylfluorene derivatives, suggesting 

another reason for the improved efficiency of the dioctyl fluorene derivatives. Structural 

improvements to the material K12 to YF25 (Figure 3-2), does improve the performance but is still 

much lower than a symmetrical electron acceptor FBR or even the unoptimized F8-CyBR. 

 

Active layer material Jsc(mA/cm2) Voc (V) FF (%) PCE (%)  

FHBC-BR 1.9 1.00 26 0.5 

FHBC-CyBR 1.3 0.92 25 0.3 

FHBC-ThIC 2.1 0.67 21 0.3 

F8-BR 6.0 0.82 43 2.1 

F8-CyBR 8.2 0.73 67 4.0 

F8-ThIC 0.6 0.58 29 0.1 

K1219 2.36 0.62 50 0.73 

YF2522 4.85 0.54 55 1.43 

FBR7 7.95 0.82 63 4.11 

FBR (Pff4TBT-2DT)17 11.70 1.13 63 8.00 

Table 3-3: Device properties of target compounds and referenced materials
P3HT was used as the donor material unless specified otherwise in brackets. 

 

3.3 Conclusion and outlook 

Six acceptor electron materials were successfully synthesized and characterized. Amongst them 

three novel HBC acceptor materials where shown to exhibit higher self-association compared to 

fluorenyl substituted HBC showing a synergistic effect the peripheral acceptors have on the self-

association of the materials. As the material still demonstrates the formation of columns via NMR 

spectroscopy, it shows that electron acceptor motifs and materials can very simply be appended 

to a supramolecular column scaffold without negatively affecting the formation of the 

supramolecular column itself. 
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The attaching of the electron acceptor motifs onto HBC does not modify the energy levels as 

measured by cyclic voltammetry and UV-vis absorption spectroscopy. And whilst the overall 

absorption coefficient of these chromophores appears to be lower, this could be the difference 

arising from the ever so slightly altered chemical design. The standards follow a symmetrical A-D-

A design principle while the scaffolded chromophores are composed of an asymmetrical A-D 

structure. This undoubtedly has an effect on the transition dipole moment and thus the 

absorptivity of the material. However, in the active layer of the solar cell this issue should be 

minimal as the material blend film is in the range of 100 nanometres allowing for adequate light 

absorption. 

Unoptimized devices were fabricated showing promising performance for F8-BR and F8-CyBR, 

resulting in 2.1% and 4.0% efficiencies when blended with P3HT. Unfortunately, the unoptimized 

devices for the other four materials resulted in very low fill factors making it difficult to define 

them as working devices. The characterisation of the material blend films is with techniques such 

a grazing incidence wide angle x-ray scattering (GIWAXS) measurements and atomic force 

microscopy (AFM) is necessary to determine exactly the issues of the devices’ active layer blend.  

With regards to novel materials, this project has the potential for many other targets for future 

development. Immediately one possibility is to scaffold an electron acceptor molecule to the HBC 

through non-conjugated means, separating the function of the two components further (Figure 

3-13, top). Related, asymmetrical electron acceptors should be synthesized, and their properties 

compared to the corresponding HBC materials to help eliminate any process which are resulting 

from the interaction between the scaffold and the electron acceptor components. Another would 

be scaffolding an electron acceptor material with even less structural changes, where each electron 

rich section of the electron acceptor component is structurally bound to two electron poor sections 

(Figure 3-13, middle). In addition, the ideal orientation of the electron acceptor materials should 

be tested. In this project place the electron donor in plane with the HBC, whereas electron donor 

components placed perpendicular to the scaffold may yield interesting results (Figure 3-13, 

bottom). The suggested changes to the target materials will definitely increase the difficulty in the 

synthesis of these materials, however positive results with regards to the physical characterisation 

of the active layer material blends incorporating the three synthesized materials will drive these 

possible projects forward. 

These structural modification would greatly increase the overall difficulty and complexity in 

synthesis. (Afterall, one of the reasons the projects structures were chosen is the simplicity in the 

materials synthesis.) Thus, demonstrating well working devices for the current materials is a 
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priority as well as the studies in the corresponding active layer material blend, i.e. does the material 

blend show evidence of perforating columns? There is certainly evidence for the formation of 

supramolecular column in solution and it is expected that supramolecular columns are being 

formed in the active layer blend, fabrication procedures of the solar cell device will also impact on 

the nanostructure of the active layer blend and rigorous studies of the film’s nanostructure is 

necessary. 

 

 

Figure 3-13: Project outlooks: materials and material components. 

 

While not directly related to scaffolding of electron acceptor materials to superstructural scaffolds, 

the use of 1,3-bis(dicyanomethylene)indane, compound 3-13, as an electron poor terminal is not 

well studied but can result in improvements to organic solar cells. Many simple electron rich 

species with dialdehyde functional groups can be synthesized quickly and easily to confirm the 

possibility of high performing materials incorporating 3-13 as the electron poor motif. Following 

this thought, the development of electron poor terminal groups should therefore be approached 

with the intent of improving its intermolecular interactions and its ability to form electron channels 

in the materials. Expanding the aromatic system of a material such as 3-13, from a benzene to 

naphthalene for example, could improve the π-π stacking, the orientation individual molecules 

arrange themselves with respect to each other and the overall nanostructure of the active layer 

blend. 
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3.4 Experimental 

All reactions were performed by using anhydrous solvent under an inert atmosphere unless stated 

otherwise. 1H and 13C NMR spectroscopy were carried out by using either a Varian Inova-400 (400 

MHz), a Varian Inova-500 (500 MHz) or a Bruker Avance III (600 MHz) instrument. Mass spectra 

were recorded with a MALDI-TOF MS Bruker Reflex (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-

2-propenylidene]malononitrile as matrix) or a Thermo Scientific Orbitrap elite hybrid ion trap-

orbitrap mass spectrometer. Infrared spectra were obtained on a Perkin–Elmer Spectrum One 

FTIR spectrometer. Column chromatography was carried out on Merck silica gel 60 (230-400 

mesh). All reagents were obtained from Sigma-Aldrich. All chemicals were used as received. The 

synthesis of 3-1 and 3-3 has detailed in Chapter 2. 

The synthesis of 3-2,36 3-4,37 3-5,37 3-6,37 3-7,38 3-8,39 3-9,26 3-10,26 3-11,26 3-12,29 and 3-1329 were 

adapted from literature procedures and characterisation data were consistent with literature 

reports.  

2-(trimethylsilyl)-7-(-4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (3-2) 

3-1 (13.7 g, 25.0 mmol) was dissolved into dry tetrahydrofuran (125 ml) and cooled to -78 °C. n-

Butyllithium (10 mL, 2.5 M in hexanes, 25 mmol) was to the reaction solution dropwise and the 

solution was stirred at -78 °C for 15 minutes. Trimethylsilyl chloride (5.2 mL, 4.4 g, 40 mmol) was 

added to the reaction solution dropwise. The reaction was warmed to room temperature and 

stirred overnight. The solvent was removed under reduced pressure, extracted into petroleum 

spirits (b.p. 40-60 °C) and washed with water then brine. The organic fraction was dried with 

anhydrous magnesium sulphate and passed through a silica plug with petroleum spirits (b.p. 40-60 

°C) as eluent. The solvent was removed, and the compound was dried under high vacuum. The 

crude intermediate was used without further purification. The crude intermediate was dissolved 

into dry tetrahydrofuran (125 mL) and cooled to -78 °C. n-Butyllithium (15 mL, 2.5 M, 37.5 mmol) 

was added to the solution dropwise and the reaction mixture was stirred at -78 °C for 15 minutes. 

Isopropoxyboronic acid pinacol ester (10 mL, 9 g, 50 mmol) was added dropwise at -78 °C. The 

reaction was stirred at room temperature overnight. The solvent was removed under reduced 

pressure, extracted into petroleum spirits (b.p. 40-60 °C) and washed with water then brine. The 

organic fraction was dried with anhydrous magnesium sulphate and passed through a silica plug 

with petroleum spirits (b.p. 40-60 °C) as eluent. The solvent was removed, the crude product was 

purified with silica column chromatography and dried under high vacuum to give a white powder 
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(14.5 g, 97% over two steps). 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.6 Hz, 1H), 7.75 (s, 1H), 

7.70 (d, J = 7.5 Hz, 2H), 7.50 – 7.45 (m, 2H), 1.98 (dd, J = 17.5, 9.2 Hz, 4H), 1.22 – 1.00 (m, 20H), 

0.81 (t, J = 7.1 Hz, 6H), 0.69 – 0.54 (m, 4H), 0.31 (s, 9H). The characterisation data is consistent 

with reported literature results.36 

1,1’:4,1”-bis(4,2’-(7-(trimethylsilyl)-9,9-dioctylfluorene)phenyl)-2,3,5,6-

tetraphenylbenzene (3-4) 

3-3 (3.0 g, 4.33 mmol) was placed into the reaction vessel with 3-2 (5.6 g, 9.5 mmol) and the 

reaction vessel was purged with nitrogen. Tetrakis(triphenylphosphino)palladium (200 mg, 0.17 

mmol) was added under nitrogen. Degassed solutions of Aliquat 336 in toluene (120 mL, 2 w/v%), 

and aqueous potassium carbonate (120 mL, 2 M) was added to the reaction vessel. The mixture 

was stirred at 80 °C overnight. The crude material was extracted into toluene and washed with 

water then brine. The solvent was removed under reduced pressure. The crude product was 

dissolved into chloroform and the solution was dried with anhydrous magnesium sulphate. The 

crude product was passed through a silica plug with chloroform as eluent. The solvent was 

reduced, and the product was precipitated into methanol. The compound was collected via vacuum 

filtration and dried under high vacuum to give a white powder (4.3 g, 68%). 1H NMR (400 MHz, 

CDCl3) δ 7.71 – 7.61 (m, 4H), 7.51 – 7.43 (m, 4H), 7.39 (d, J = 7.2 Hz, 4H), 7.21 (d, J = 8.1 Hz, 

4H), 6.96 – 6.79 (m, 24H), 1.95 (d, J = 16.6 Hz, 8H), 1.23 – 1.01 (m, 40H), 0.81 (t, J = 7.1 Hz, 

12H), 0.64 (s, 8H), 0.30 (d, J = 2.2 Hz, 18H). The characterisation data is consistent with reported 

literature results.37 

1,1’:4,1”-bis(4,2’-(7-iodo-9,9-dioctylfluorene)phenyl)-2,3,5,6-tetraphenylbenzene (3-5) 

3-4 (2.4 g, 1.66 mmol) was dissolved into dry dichloromethane (30 mL) under inert atmosphere. 

The solution was cooled to 0 °C and a solution of iodine monochloride in dichloromethane (3.5 

mL, 1 M, 3.5 mmol) was added dropwise. The solution was stirred at 0 °C for 1 hour before being 

warmed to room temperature. An aqueous solution of sodium thiosulphate (1 mL, 1 M, 1 mmol) 

was added slowly and the resulting mixture was stirred for 30 minutes. The organic fraction was 

collected and washed with water, sodium thiosulphate and brine. The organic fraction was then 

dried with anhydrous magnesium sulphate and passed through a silica plug with dichloromethane 

as eluent. The solvent was reduced, and the product was precipitated into methanol. The crude 

product was collected via vacuum filtration and further purified with silica column chromatography 

and dried under high vacuum to give an off-white powder (2.15 g, 83%). 1H NMR (400 MHz, 

CDCl3) δ 7.66 – 7.57 (m, 6H), 7.39 (dd, J = 14.0, 6.5 Hz, 6H), 7.19 (d, J = 8.2 Hz, 4H), 7.01 – 6.77 
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(m, 24H), 1.89 (d, J = 6.2 Hz, 8H), 1.30 – 0.97 (m, 40H), 0.82 (t, J = 7.1 Hz, 12H), 0.60 (s, 8H). 

The characterisation data is consistent with reported literature results.37 

2,2’:11,2”-bis(7-iodo-9,9-dioctylfluorene)-hexa-peri-hexabenzocoronene (3-6) 

3-5 (2.0 g, 1.28 mmol) and 2,3-dichloro-5,6-dicyanobenzoquinone (1.74 g, 7.68 mmol) was 

dissolved into dry dichloromethane (50 mL) under an inert atmosphere. The solution was cooled 

to 0 °C and trifluoromethanesulfonic acid (0.68 mL, 1.15 g, 7.68 mmol) was added dropwise. The 

reaction solution was warmed to room temperature and stirred for 3 hours. The reaction solution 

was then poured into a saturated solution of potassium carbonate. The organic fraction was 

collected and washed with water and brine. The organic fraction was dried with anhydrous 

magnesium sulphate and passed through a silica plug with dichloromethane as eluent. The solvent 

was reduced, and the product was precipitated into methanol. The product was collected and dried 

under high vacuum to give a yellow solid (1.62 g, 82%). 1H NMR (400 MHz, CDCl3) δ 8.65 (s, 

4H), 8.48 (s, 4H), 8.32 (s, 4H), 8.01 – 7.76 (m, 10H), 7.62 – 7.49 (m, 6H), 2.25 (d, J = 52.0 Hz,8H), 

1.39 – 0.89 (m, 48H), 0.81 (d, J = 4.2 Hz, 12H). The characterisation data is consistent with 

reported literature results.37 

2,2’:11,2”-bis(7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene)-hexa-

peri-hexabenzocoronene (3-7) 

3-6 (500 mg, 0.322 mmol), bis(pinacolato)diboron (250 mg, 0.984 mmol), potassium acetate (200 

mg, 1.95 mmol) and Pd(dppf)Cl2 (12 mg, 0.019 mmol) were placed into a flask and dried at 60 °C 

under vacuum for 2 hours. Anhydrous dimethylformamide (40 mL) was added under nitrogen. 

The reaction solution was stirred at 80 °C overnight. The solvent was removed under reduced 

pressure. The product was extracted into chloroform and washed with water then brine. The 

organic layer was dried with magnesium sulphate and solids were removed via vacuum filtration. 

The solvent was reduced under reduced pressure and the remaining solution was poured into 

methanol to form a fine precipitate. The suspension was centrifuged, and the organic solution was 

removed. Solids were collected and dried under reduced pressure to give a yellow powder (1.41 g, 

94%). The Compound is used without further purification due to instability on silica. The 

characterisation data is consistent with reported literature results.38 

2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (3-8) 

Potassium acetate (2.95 g, 30 mmol) was place into the reaction vessel and flame dried under 

vacuum. 2,7-dibromo-9,9-dioctylfluorene (2.75 g, 5 mmol) and bis(pinacolato)diboron (3.82 g, 15 

mmol) was added to the reaction vessel and the solids were further dried under vacuum at 60 °C 
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for 1 hour. Anhydrous dimethyl formamide (20 mL) and [1,1’-

bis(diphenylphosphino)ferrocene]palladium dichloride (complexed with dichloromethane) (180 

mg, 0.3 mmol) was added to the reaction mixture. The mixture was then stirred at 80 °C overnight. 

The solvent was reduced, and the crude was extracted with petroleum spirits (b.p. 40-60 °C) and 

washed with water then brine. The organic fraction was dried with anhydrous magnesium 

phosphate and passed through a silica plug with petroleum spirits (b.p. 40-60 °C). The crude 

product was then purified with silica column chromatography and dried under high vacuum to 

give a white powder (2.6 g, 89%).1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.5 Hz, 2H), 7.74 (s, 

2H), 7.71 (d, J = 7.5 Hz, 2H), 2.04 – 1.93 (m, 4H), 1.39 (s, 24H), 1.22 – 0.97 (m, 20H), 0.80 (t, J = 

7.1 Hz, 6H), 0.54 (s, 4H). The characterisation data is consistent with reported literature results.39 

4-Bromo-2,1,3-benzothiadiazole (3-9) 

2,1,3-Benzothiadiazole (10.0 g, 73.6 mmol) was dissolved into hydrobromic acid, 48%, (50 mL). 

Bromine (2.8 mL, 8.67 g 54.3 mmol) was added dropwise over 1 hour. (Less than 1 equivalence 

of bromine is added to reduce the formation of 4,7-dibromobenzo-2,1,3-thiadiazole which is much 

more difficult to remove from the product compared to the starting material.) The solution was 

then refluxed at 150 °C for 2 hours. The solution was cooled to room temperature and poured 

into water. Solids were collected via vacuum filtration and washed with water. Starting material was 

removed with sublimation under high vacuum at 30 °C leaving a pale, yellow solid (8.00 g, 50%). 

1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 7.2 Hz, 1H), 7.47 (dd, J = 8.5, 

7.6 Hz, 1H). The characterisation data is consistent with reported literature results.26 

4-Bromo-7-bromomethyl-2,1,3-benzothiadiazole (3-10) 

3-9 (3.5 g, 16 mmol), paraformaldehyde (3.5 g, equivalent or greater than 117 mmol of 

formaldehyde) and myristyltrimethylammonium bromide (0.35 g, 1 mmol) was dissolved in 

hydrobromic acid, 48%, (70 mL) and glacial acetic acid (20 mL). The solution was degassed with 

argon and refluxed at 135 °C overnight. The solution was cooled to room temperature and poured 

into and ice/water mixture. Solids were collected via vacuum filtration and washed with water to 

give a pale, yellow powder (2.8 g, 57%). The compound was used without further purification. 1H 

NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.4 Hz, 1H), 7.54 (d, J = 7.4 Hz, 1H), 4.94 (s, 2H). The 

characterisation data is consistent with reported literature results.26 

7-Bromo-2,1,3-benzothiadiazole-4-carbaldehyde (3-11) 

3-10 (2.5 g, 8.2 mmol) was dissolved into dimethyl formamide (30 mL) with sodium periodate 

(1.74 g, 8.2 mmol). The mixture was heated to 150 °C for 4 hours. The solution was cooled and 
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poured into ice water and extracted into dichloromethane. The solution was dried with anhydrous 

magnesium sulphate and the solvent was removed. The crude compound was purified with silica 

column chromatography to give an off-white powder (1.2 g, 61%). 1H NMR (400 MHz, CDCl3) δ 

10.74 (s, 1H), 8.10 (d, J = 7.5 Hz, 1H), 8.05 (d, J = 7.5 Hz, 1H). The characterisation data is 

consistent with reported literature results.26 

1-dicyanomethyleneindan-3-one (3-12) 

Dissolve 1,3-indanedione (4.4 g, 30 mmol) and malononitrile (4.0 g, 60 mmol) into ethanol (50 

mL). Sodium acetate (3.2 g, 40 mmol) was added and the mixture immediately turned red. The 

solution was stirred at room temperature for 40 minutes. Deionized water (100 mL) was added 

and the solution was slowly acidified with concentrated hydrochloric acid until the pH was less 

than 2. The mixture was stirred for a further 20 minutes. The solid was collected via vacuum 

filtration and recrystallized from hot acetic acid. Dull red crystals (4.71 g, 80%) were collected and 

dried under high vacuum. 1H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 7.8 Hz, 1H), 7.99 (d, J = 7.4 

Hz, 1H), 7.93 – 7.88 (m, 1H), 7.86 (dd, J = 10.8, 4.0 Hz, 1H), 3.73 (s, 2H). HRMS: theoretical m/z 

[M-H]- = 193.04074, experimental m/z [M-H]- =193.03767. The characterisation data is consistent 

with reported literature results.29 

1,3-bis(dicyanomethylene)indane (3-13) 

1,3-Indandione (4.4 g, 30 mmol) and malononitilre (6.0 g, 90 mmol) was dissolved into ethanol 

(50 mL). Sodium acetate (6.4 g, 80 mmol) was added and the solution instantly turned dark red. 

The mixture was refluxed for 5 hours in accordance with literature before being cooled. The 

solution was diluted with water (100 mL), slowly acidified with concentrated with hydrochloric 

acid until the pH was less than 2 and crude product was collected. NMR analysis of the crude 

showed incomplete conversion. Crude compound was dissolved into ethanol (100 mL) alongside 

malononitilre (6.0 g, 90 mmol) and sodium acetate (6.4 g, 80 mmol), and refluxed overnight. The 

solution was cooled to room temperature, diluted with water (100 mL) and acidified with 

concentrated hydrochloric acid until the pH was less than 2. A grey powder tinged with blue (5.5 

g, 76%) was collected via vacuum filtration and dried under high vacuum. 1H NMR (400 MHz, 

CDCl3) δ 8.66 (dd, J = 6.0, 3.2 Hz, 1H), 7.91 (dd, J = 6.1, 3.1 Hz, 1H), 4.30 (s, 1H). HRMS: 

theoretical m/z [M-H]- = 241.05197, experimental m/z [M-H]- = 241.04877. The characterisation 

data is consistent with reported literature results.29 
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2,2’:11,2”-bis(7,7’’-(2,1,3-benzothiadiazole-4-carbaldehyde)-9,9-dioctylfluorene)-hexa-

peri-hexabenzocoronene (3-14) 

3-7 (700 mg, 0.45 mmol) and 3-11 (240 mg, 1.0 mmol) was dissolved into tetrahydrofuran (40 mL). 

An aqueous solution of potassium phosphate tribasic (2 M, 10 mL) was mixed into the reaction 

solution. The emulsion was degassed over 2 hours with nitrogen gas bubbled through. 

Tetrakis(triphenylphosphine)palladium (5 mg, 0.004 mmol) was added to the reaction vessel. The 

emulsion was stirred at 60 °C overnight. The solvent was reduced; and the crude compound was 

extracted into dichloromethane. The organic fraction was washed with water and brine before 

being dried with anhydrous magnesium sulphate. The crude material was passed through a silica 

plug with dichloromethane as eluent. Solvent was then removed under reduced pressure. The 

crude material was then purified with silica column chromatography to give a bright yellow powder 

(590 mg, 81%). 1H NMR (400 MHz, CDCl3) δ 10.88 (s, 2H), 8.63 (s, 4H), 8.42 (d, J = 6.7 Hz, 4H), 

8.23 (d, J = 20.0 Hz, 6H), 8.12 – 7.72 (m, 12H), 7.62 – 7.49 (m, 6H), 2.37 (s, 8H), 1.49 – 0.88 (m, 

48H), 0.87 – 0.67 (m, 12H). 

2,2’:11,2”-bis(7,5’-(thiophene-2-carbaldehyde))-9,9-dioctylfluorene)-hexa-peri-

hexabenzocoronene (3-15) 

3-7 (700 mg, 0.45 mmol) and 5-bromothiophene-2-carbaldehyde (190 mg, 1.0 mmol) was 

dissolved into tetrahydrofuran (40 mL). An aqueous solution of potassium phosphate tribasic (2 

M, 10 mL) was mixed into the reaction solution. The emulsion was degassed over 2 hours with 

nitrogen gas bubbled through. Tetrakis(triphenylphosphine)palladium (5 mg, 0.004 mmol) was 

added to the reaction vessel. The emulsion was stirred at 60 °C overnight. The solvent was reduced; 

and the crude compound was extracted into dichloromethane. The organic fraction was washed 

with water and brine before being dried with anhydrous magnesium sulphate. The crude material 

was passed through a silica plug with dichloromethane as eluent. Solvent was then removed under 

reduced pressure. The crude material was then purified with silica column chromatography to give 

a red hued powder (540 mg, 79%). 1H NMR (400 MHz, CDCl3) δ 10.00 (s, 2H), 8.60 (s, 4H), 8.42 

(s, 4H), 8.26 (s, 4H), 7.89 (dd, J = 34.0, 24.5 Hz, 12H), 7.58 (d, J = 28.6 Hz, 8H), 2.29 (s, 8H), 1.16 

(d, J = 56.2 Hz, 48H), 0.80 (d, J = 6.4 Hz, 12H). 

2,7’:7,7”-bis(2,1,3-benzothiadiazole-4-carbaldehyde)-9,9-dioctylfluorene (3-16) 

3-8 (700 mg, 1.09 mmol) and 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (535 mg, 2.20 

mmol) was dissolved into tetrahydrofuran (80 mL). An aqueous solution of potassium phosphate 

tribasic (2 M, 20 mL) was mixed into the reaction solution. The emulsion was degassed over 2 
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hours with nitrogen gas bubbled through. Tetrakis(triphenylphosphine)palladium (10 mg, 0.009 

mmol) was added to the reaction vessel. The emulsion was stirred at 60 °C overnight. The solvent 

was reduced; and the crude compound was extracted into dichloromethane. The organic fraction 

was washed with water and brine before being dried with anhydrous magnesium sulphate. The 

crude material was passed through a silica plug with dichloromethane as eluent. Solvent was then 

removed under reduced pressure. The crude material was then purified with silica column 

chromatography to give a bright yellow powder (770 mg, 99%). 1H NMR (400 MHz, CDCl3) δ 

10.82 (s, 2H), 8.35 (d, J = 7.4 Hz, 2H), 8.12 – 8.03 (m, 4H), 7.98 (t, J = 7.5 Hz, 4H), 2.13 (dd, J = 

9.9, 6.2 Hz, 4H), 1.27 – 1.05 (m, 20H), 0.86 (s, 4H), 0.77 (t, J = 6.8 Hz, 6H). HRMS: theoretical 

m/z [M+H]+ = 715.31349, experimental m/z [M+H]+ = 715.31377. 

2,2’:7,2”-bis(thiophene-5-carbaldehyde)-9,9-dioctylfluorene (3-17)' 

3-8 (700 mg, 1.09 mmol) and 5-bromothiophene-2-carbaldehyde (420 mg, 2.20 mmol) was 

dissolved into tetrahydrofuran (80 mL). An aqueous solution of potassium phosphate tribasic (2 

M, 20 mL) was mixed into the reaction solution. The emulsion was degassed over 2 hours with 

nitrogen gas bubbled through. Tetrakis(triphenylphosphine)palladium (10 mg, 0.009 mmol) was 

added to the reaction vessel. The emulsion was stirred at 60 °C overnight. The solvent was reduced; 

and the crude compound was extracted into dichloromethane. The organic fraction was washed 

with water and brine before being dried with anhydrous magnesium sulphate. The crude material 

was passed through a silica plug with dichloromethane as eluent. Solvent was then removed under 

reduced pressure. The crude material was then purified with silica column chromatography to give 

a red powder (630 mg, 95%). 1H NMR (400 MHz, CDCl3) δ 9.91 (s, 1H), 7.79 – 7.75 (m, 2H), 7.72 

– 7.68 (m, 1H), 7.64 (s, 1H), 7.49 (d, J = 3.9 Hz, 1H), 2.03 (dd, J = 10.1, 6.3 Hz, 2H), 1.29 – 1.01 

(m, 11H), 0.78 (t, J = 7.0 Hz, 3H), 0.67 (s, 2H). HRMS: theoretical m/z [M+H]+ = 611.30120, 

experimental m/z [M+H]+ = 611.30165. 

FHBC-BR 

3-14 (250 mg, 0.16 mmol) and 3-hexylrhodanine (100 mg, 0.47 mmol) was dispersed into warm 

tert-butanol (10 mL) and toluene (5 mL). Piperidine (1 drop) was added and the mixture was 

refluxed overnight at 85 °C with stirring. The mixture was cooled to room temperature and 

extracted with chloroform, washed with water then brine and dried with magnesium sulphate. The 

solvent was removed under reduced pressure. Crude product was then passed through a short 

silica plug with chloroform as eluent. The solution was concentrated and precipitated into 

methanol. The precipitate was then collected with vacuum filtration. A small portion was set aside 

and recrystallized from toluene and isopropyl alcohol (gas diffusion) for crystallographic purposes 
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only. The crude compound was reprecipitated from chloroform and isopropyl alcohol (liquid 

diffusion). The blood red solid (244 mg, 75%) was then collected with vacuum filtration and dried 

under high vacuum. 1H NMR (400 MHz, 1 mM, CDCl3) δ 8.58 (s, 6H), 8.38 (s, 4H), 8.17 (s, 6H), 

8.06 – 7.88 (m, 8H), 7.81 (s, 4H), 7.51 (d, J = 6.4 Hz, 6H), 4.16 (s, 4H), 2.36 (s, 8H), 1.76 (s, 4H), 

2.25 – 2.02 (m, 4H) 1.45 – 0.60 (m, 74H). IR (cm-1) 722, 741, 761, 782, 797, 816, 869, 892, 1005, 

1029, 1141, 1185, 1218, 1245, 1281, 1291, 1330, 1360, 1381, 1418, 1432, 1466, 1494, 1535, 1591, 

1616, 1714, 2852, 2923, 2952, 3051. The solubility is too limited for an accurate 13C NMR 

spectrum. Melting point could not be observed below 300 °C. UV-vis absorption (2 µM in 

chloroform) λmax: 365 nm. 

FHBC-CyBR 

3-14 precursor (250 mg, 0.16 mmol) and 2-(dicyanomethylene)-3-hexylrhodanine (117 mg, 0.47 

mmol) was dissolved in warm tert-butanol (10 mL). Piperidine (1 drop) was added and the solution 

was refluxed at 85 °C overnight. The mixture was cooled to room temperature and extracted with 

chloroform, washed with water then brine and dried with magnesium sulphate. The solvent was 

removed under reduced pressure. Crude product was then passed through a short silica plug with 

chloroform as eluent. The solution was concentrated and precipitated into methanol. The 

precipitate was then collected with vacuum filtration. and recrystallized from hot chloroform and 

isopropyl alcohol. The red solid (239 mg, 71%) was then collected with vacuum filtration and dried 

under high vacuum. 1H NMR (400 MHz, CDCl3) δ 8.70 (s, 4H), 8.51 (s, 4H), 8.31 (s, 4H), 8.00 (d, 

J = 38.9 Hz, 6H), 7.60 (dd, J = 57.2, 37.9 Hz, 10H), 3.71 (s, 4H), 2.39 (s, 8H), 2.10 (s, 8H), 1.50 – 

0.35 (m, 74H). IR (cm-1) 743, 764, 816, 871, 892, 1032, 1136, 1167, 1203, 1270, 1292, 1360, 1381, 

1466, 1535, 1602, 1727, 2218, 2854, 2926, 2954, 3023. The solubility is too limited for an accurate 

13C NMR spectrum. Melting point could not be observed below 300 °C. UV-vis absorption (2 µM 

in chloroform) λmax: 365 nm. 

FHBC-ThIC 

3-15 (250 mg, 0.16 mmol) and 3-(dicyanomethylene)-1-indanone (160 mg, 0.82 mmol) was 

dissolved in dry chloroform (15 mL). Pyridine (1 mL) was added and the solution was stirred at 

room temperature over 72 hours. The solution was washed with water then brine and dried with 

anhydrous magnesium sulphate. The crude mixture was passed through a silica plug with 

chloroform as eluent. The solvent was reduced, and the crude product was precipitated into 

methanol then collected with vacuum filtration. The crude product was recrystallized from hot 

chloroform and isopropyl alcohol. The product was collected with vacuum filtration and dried on 

high vacuum to give a dark blue solid (245 mg, 82%). 1H NMR (400 MHz, CDCl3) δ 8.64 (s, 4H), 
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8.44 (s, 4H), 8.27 (s, 4H), 8.12 – 7.72 (m, 12H), 7.54 (d, J = 15.6 Hz, 10H), 2.36 (s, 8H), 1.44 – 

0.67 (m, 60H). IR (cm-1) 719, 742, 764, 799, 816, 1133, 1224, 1266, 1300, 1338, 1389, 1431, 1459, 

1544, 1560, 1591, 1705, 2219, 2853, 2926, 2950, 3047. Melting point could not be observed below 

300 °C. UV-vis absorption (2 µM in chloroform) λmax: 365 nm. 

F8-BR 

3-16 (250 mg, 0.35 mmol) and 3-hexylrhodanine (228 mg, 1.04 mmol) was dissolved in warm tert-

butanol (10 mL). Piperidine (1 drop) was added and the mixture was refluxed at 85 °C overnight. 

The solution was then cooled to room temperature and extracted into chloroform and washed 

with water then brine. The solution was dried with anhydrous magnesium sulphate and pass 

through a silica plug with chloroform as eluent. The solvent was reduced, and the crude compound 

was precipitated out into methanol. The crude compound was recrystallized from hot chloroform 

and isopropyl alcohol. The product was collected via vacuum filtration and dried under high 

vacuum to give a deep red solid (353 mg, 91%). 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H), 8.08 

(d, J = 8.0 Hz, 1H), 8.04 (s, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.82 (d, J = 7.5 Hz, 1H), 4.22 – 4.13 (m, 

2H), 2.12 (dd, J = 9.8, 6.0 Hz, 2H), 1.76 (dt, J = 15.1, 7.5 Hz, 2H), 1.45 – 1.28 (m, 6H), 1.23 – 1.08 

(m, 11H), 0.91 (t, J = 6.8 Hz, 5H), 0.77 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 193.35, 

167.71, 154.58, 153.50, 151.99, 141.49, 136.90, 135.76, 131.03, 128.64, 127.56, 127.22, 125.66, 

125.49, 124.12, 120.38, 55.57, 44.86, 40.16, 31.78, 31.34, 30.01, 29.20, 26.98, 26.45, 25.36, 23.98, 

22.57, 22.50, 14.04, 14.00. IR (cm-1) 737, 798, 819, 839, 848, 857, 893, 908, 995, 1028, 1061, 1070, 

1077, 1089, 1106, 1119, 1141, 1185, 1219, 1243, 1257, 1290, 1330, 1356, 1385, 1431, 1442, 1465, 

15341595, 1714, 2854, 2869, 2926, 2954. HRMS: theoretical m/z [M]+ = 1112.40410, experimental 

m/z [M]+ = 1112.40369. Melting point could not be observed below 300 °C. UV-vis absorption 

(2 µM in chloroform) λmax: 485 nm.  

F8-CyBR 

3-16 (180 mg, 0.25 mmol) and 2-(dicyanomethylene)-3-hexylrhodanine (150 mg, 0.6 mmol) was 

dissolved in warm tert-butanol (10 mL). Piperidine (1 drop) was added and the mixture was 

refluxed at 85 °C overnight. The solution was then cooled to room temperature and extracted into 

chloroform and washed with water then brine. The solution was dried with anhydrous magnesium 

sulphate and pass through a silica plug with chloroform as eluent. The solvent was reduced, and 

the crude compound was precipitated out into methanol. The crude compound was recrystallized 

from hot chloroform and isopropyl alcohol. The product was collected via vacuum filtration and 

dried under high vacuum to give a red powder (272 mg, 93%). 1H NMR (400 MHz, CDCl3) δ 8.69 

(s, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.06 (s, 1H), 7.98 (t, J = 8.2 Hz, 2H), 7.93 (d, J = 7.6 Hz, 1H), 
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4.28 (dd, J = 16.3, 8.4 Hz, 2H), 2.12 (dd, J = 9.9, 6.1 Hz, 2H), 1.79 (dd, J = 15.3, 7.9 Hz, 2H), 1.49 

– 1.33 (m, 6H), 1.14 (d, J = 23.4 Hz, 10H), 0.90 (dd, J = 18.4, 11.5 Hz, 5H), 0.76 (t, J = 6.8 Hz, 

3H). 13C NMR (151 MHz, CDCl3) δ 166.39, 166.06, 154.12, 153.51, 152.08, 141.69, 138.02, 135.56, 

132.27, 131.37, 128.75, 127.47, 124.61, 124.21, 120.51, 119.10, 113.02, 112.08, 56.43, 55.62, 45.41, 

40.13, 31.74, 31.24, 29.99, 29.18, 29.17, 28.76, 25.62, 23.98, 22.55, 22.40, 14.01, 13.92. IR (cm-1) 

732, 797, 821, 893, 1032, 1070, 1077, 1088, 1115, 1135, 1170, 1202, 1231, 1242, 1264, 1293, 1335, 

1359, 1387, 1423, 1444, 1465, 1503, 1534, 1577, 1597, 1727, 2218, 2854, 2869, 2926, 2955. HRMS: 

theoretical m/z [M+H]+ = 1177.48007, experimental m/z [M+H]+ = 1177.47632. Melting point 

could not be observed below 300 °C. UV-vis absorption (2 µM in chloroform) λmax: 500 nm.  

F8-ThIC 

3-17 (250 mg, 0.41 mmol) and 3-(dicyanomethylene)-1-indanone (400 mg, 2.05 mg) was dissolved 

in dry chloroform (15 mL). Pyridine (1 mL) was added and the solution was stirred at room 

temperature over 72 hours. The solution was washed with water then brine and dried with 

anhydrous magnesium sulphate. The crude mixture was passed through a silica plug with 

chloroform as eluent. The solvent was reduced, and the crude product was precipitated into 

methanol then collected with vacuum filtration. The crude product was recrystallized from hot 

chloroform and isopropyl alcohol. The product was collected with vacuum filtration and dried on 

high vacuum to give a dark purple solid (390 mg, 98%). 1H NMR (400 MHz, CDCl3) δ 8.92 (s, 

1H), 8.73 (d, J = 6.9 Hz, 1H), 8.00 – 7.95 (m, 1H), 7.90 (t, J = 6.6 Hz, 1H), 7.86 (dd, J = 8.0, 0.9 

Hz, 1H), 7.84 – 7.74 (m, 4H), 7.62 (d, J = 4.1 Hz, 1H), 2.16 – 2.07 (m, 2H), 1.22 – 1.02 (m, 10H), 

0.76 (t, J = 6.9 Hz, 3H), 0.66 (s, 2H). 13C NMR (101 MHz, cdcl3) δ 188.42, 160.81, 160.46, 152.53, 

146.30, 142.32, 140.02, 138.06, 136.91, 136.41, 135.28, 134.61, 132.64, 126.21, 125.40, 125.04, 

123.82, 122.62, 121.00, 120.83, 114.48, 114.40, 69.94, 55.86, 40.25, 31.72, 29.85, 29.18, 29.15, 

23.80, 22.55, 14.02. IR (cm-1) 668, 729, 800, 874, 1019, 1097, 1261, 1411, 1633, 1660, 1727, 2853, 

2924, 2961, 3356. HRMS: theoretical m/z [M]+ = 962.36882, experimental m/z [M]+ = 962.36926. 

Melting point could not be observed below 300 °C. UV-vis absorption (2 µM in chloroform) λmax: 

585 nm.  
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4.1 Introduction  

 Organic charge transfer complexes 

Orbital overlap between separate molecules can induce charge transfer in organic semi-conducting 

materials. When the intermolecular distance between molecules is small and thus the resonance 

interaction between two molecules is substantial, i.e. the interaction of the overlap of charge 

density between molecular orbitals, a charge transfer complex can be formed, altering the 

molecular orbital energy levels and changing the absorption and emission profile of the compound. 

The most well-known effect of charge transfer complexes is the narrowing of the HOMO and 

LUMO energy level gap, red-shifting the absorption and/or emission profile. 

This phenomenon can occur when both species are molecules of the same type in the excited state, 

better known as excimers1-2 (excited dimers), two different molecules in the excited state, also 

known as exciplexes2-3 (excited complex) (in this text only photophysical excitation is considered, 

excitation due to an electrical bias is possible and are sometimes reported in literature under the 

same terminology4 or as electroplexes5) and two different material in the ground state. Depending 

on the specific type of interaction, different photophysical properties of the bulk material are 

altered. 

 

4.1.1.1 Ground state charge transfer complexes 

Ground state charge transfer complexes, as the name implies, define complexes of two distinct 

compounds for whereby an electron in the HOMO of the first molecule moves into the LUMO 

of the second (Figure 4-1) upon excitation. This occurs in conjugation with orbital mixing of the 

two molecules further lowering the total energy of the system. In this case the absorption spectrum 

would be red shifted as well as the fluorescence spectrum. The absorption and emission spectra 

of a ground state charge transfer complex would more closely resemble a compound with the 

HOMO of one molecule and the LUMO of the second molecule. The quintessential example of 

organic compounds forming a ground state charge transfer complex is the mixture between 

tetracyanoquinodimethane (TCNQ) and 7,7,8,8-tetrathiafulvalene (TTF).6 Many other compounds 

have been used with TCNQ to form various charge transfer complexes7-8 in solution and co-

crystal, showing deep colouration, i.e. high light absorbance, typical of the ground state charge 

transfer phenomenon. 
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Figure 4-1: Ground state charge transfer interactions, electron-electron interactions omitted 

 

4.1.1.2 Excited state charge transfer complexes 

Excited state charge transfer complexes are composed of molecules which do not electronically 

interact in the ground state, but once a molecule is excited an electron moves from one to the 

other (depending on the material and its energy levels) and forms a complex. While fluorescing 

this behaves as one single species but in the ground state, behave as two distinct species, meaning 

the absorption spectrum has no changes compared to the pure samples of individual components 

but the emission spectrum is redshifted due to an overall lower energy (Figure 4-2). One of the 

first reported examples is the interaction between naphthalene and 1,4-dicyanobenzene.9 The 

fluorescence of naphthalene, which has a peak fluorescence emission at approximately 370 nm, 

slowly redshifts as 1,4-dicyanobenzene is added and the exciplex species form, leading to a peak 

emission at approximately 425 nm. Without orbital mixing unstable ions form or energy transfer 

occurs. In this situation the emission profile resembles one of the individual species regardless if 

which of the two species is initially excited. 
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Figure 4-2: Excited state charge transfer interactions, electron-electron interactions omitted 

 

 Push-pull polymers: ‘intramolecular charge transfer’  

One of the most remarkable advances in organic solar cells has been the development and insight 

of push-pull polymers (in literature this is also known as donor-acceptor polymers or simply D-A 

polymers but will only be referred to as push-pull polymers in this text to avoid confusion as per 

the chapters prior). Alternating electron rich and electron poor units on the polymer backbone 

reduces the energy gap between the HOMO and LUMO compared to simply increasing the 

conjugation length of the materials that is achieved in a conjugated homopolymer. Furthermore, 

it is theorized that by separating the HOMO and LUMO onto the individual monomer units, the 

overall absorption profile could be optimized for photovoltaic applications, while retaining the 

electron mobility along the conjugated polymer backbone. 

One of the most common monomer units used in conjugated push-pull polymers is the 

benzodithiophene motif. Homopolymers of benzodithiophene have been reported, with a 

HOMO energy level of -5.44 eV, a LUMO energy level of -3.46 eV and a resulting 1.98 eV energy 

gap.10 The addition of thienothiophene modifies the HOMO and LUMO energy levels to -5.24 

eV and -3.64 eV respectively11 lowering the energy gap by 0.38 eV to 1.60 eV. Similarly, introducing 

benzothiadiazole to the polymer backbone also decreases the overall energy gap to 1.7 eV with a 

corresponding energy level of -5.45 and -3.7 eV.12 The absorption spectra of the materials are red 

shifted correspondingly. 

 

 Push-pull supramolecular assemblies: project goals and materials design 

As discussed in previous chapters, discotic compounds form supramolecular assemblies 

resembling columnar supramolecular polymers and represent an opportunity to translate design 

principles of semiconducting polymers to discrete materials while avoiding the difficulties 
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associated with conjugated polymer synthesis. The aim of this project is to ultimately synthesize 

pairs of discotic materials which demonstrate absorption and emission spectral shifting by inducing 

charge transfer across the compounds. While red shifted absorption spectra as well as increased 

absorption coefficients are ideal, any observable changes to the photophysical properties upon 

mixing two discotic compounds will be beneficial in understanding and improving on the design 

of such materials (especially since there is limited reports of such phenomena in discotic organic 

compounds, see below). To summarize: 

How much of a change in photophysical properties (absorption and emission profile) of 

discotic materials is possible by blending a pair of electron rich and electron poor 

compounds without changing chemical structure? 

Discotic materials based on truxene and truxenone have been previously reported (Figure 4-3).13 

A colour change was observable by eye when the two compounds were mixed in solution, which 

was assigned to a ground state charge transfer complex. The fluorescence of the mixture of 

materials were found to be red shifted compared to the neat materials. Furthermore, the 

researchers studied the bulk properties of the materials such as the emergent phase transition and 

the formation of micrometre-thick fibrils. To the best of the author’s knowledge, there have been 

no more reports of discotic organic materials demonstrating charge transfer characteristics. 

 

 

Figure 4-3: Reported discotic materials demonstrating the formation of a charge transfer complex 

 

4.1.3.1 Compound design and synthetic targets 

In addition to truxene and truxenone derivatives, two additional discotic material cores were 

planned, one with more electron density and one with less in the aromatic system (Figure 4-4). 

The first involves replacing the methyl bridge with a nitrogen bridge, similar to the change from 

fluorene to carbazole. The latter involves replacing the ketones of truxenone with 

dicyanomethylene, such derivatives have previously been reported and used as electron acceptor 

material in organic solar cells.14 Since the aggregation of these target materials are expected to be 
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much weaker than the HBC materials discussed in previous chapters, disruption of the 

supramolecular association of these materials due to bulky solubilizing groups are possible. Two 

different solubilizing sidechains were planned: one alkyne sidechain which should provide the least 

amount of disruption to the material’s association (even less then alkyl sidechains), and one 

fluorenyl solubilizing derivative used in other discotic columnar materials that was described in 

previous chapters. The related association properties of different chromophores with different 

solubilizing sidechains will be discussed. 

 

 

Figure 4-4: Targeted derivatives based off of truxene 

 

4.2 Result and Discussion 

 Synthesis of electron rich and electron poor columnar materials 

Although truxene consists of seven fused aromatic rings, its synthesis and purification are 

deceptively simple (Scheme 4-1). 5-Bromoindanone was placed into acidic conditions in ambient 

conditions and then heated to drive the reaction. After multiple aldol condensations leading to a 

final cyclization step, the product was found highly insoluble and could be purified by washing 

with most organic solvents for purification. Subsequently, the product 4-1 underwent Sonagashira 

coupling with 1-hexyne to form Trx(hexyne), which can be oxidised in mild basic conditions in 

air to form TrxO(hexyne).  
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Scheme 4-1: Synthesis of the initial electron rich and electron poor discotic material pair  
(a) p-Toluenesulfonic acid monohydrate, Propionic acid, o-Dichlorobenzene, 105 °C; (b) 1-Hexyne, 
Pd(dppf)Cl2, Copper (I) Iodide, Triethylamine, Tetrahydrofuran, reflux; (c) Air, Sodium hydroxide (2 
M aqueous), Tetrahydrofuran, 60 °C 

 

Unfortunately, the poor solubility of these materials (especially TrxO(hexyne)) makes this pair of 

compounds difficult to study. Changes in colour could be observed by eye similar to previously 

reported material,13 but material, specifically TrxO(hexyne), slowly precipitated out at 

concentrations as low as ~10 mM. Since solutions of Trx(hexyne) and TrxO(hexyne) were 

considered too insoluble for further study, the solubilizing sidechain was changed from hexyne to 

octyne. Similar to the synthesis of the first pair, Sonagashira coupling of compound 4-1 with 1-

octyne forms the compound TrxO(octyne) and subsequent oxidation in basic conditions resulted 

in TrxO(octyne) (Scheme 4-2). A Knoevenagel reaction of TrxO(octyne) with acetonitrile was 

attempted but no reaction was observed. 

Oxidative trimerization of 6-bromoindole results in compound 4-2 (Scheme 4-3). Unlike its 

truxene cousin, 4-2 is very soluble in polar protic (or wet) solvents, but equally simple to purify as 

it can be triturated with said solvents. Mechanistically, this reaction is very different from the 

synthesis of its truxene cousin which trimerizes through three consecutive aldol condensation. 

This reaction is driven by the bromination at the 3 position of indole with a bromonium source, 

such as N-bromosuccinimide as used here, and subsequent elimination of bromine. The overall 

reaction is an oxidative coupling similar to a Scholl reaction described in previous chapters.  

Sonagashira coupling between compound 4-2 and 1-octyne results in the target compound 

TrxN(octyne) (Scheme 4-3). However, this compound degrades quickly in air especially in the 

presence of light and a more stable, modified compound is much more desirable. 

An analogue of TrxN(octyne), where methyl groups replaced the hydrogens of the nitrogen 

heteroatoms is expected to improve the stability of the compound, however, directly methylating 

TrxN(octyne) was unsuccessful. It was then attempted to methylate the precursor, compound 4-

2, forming the insoluble building block 4-3 (Scheme 4-4), after which, Sonagashira reaction with 
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1-octyne was attempted. However, this reaction would not proceed regardless of the conditions 

tried.  

 

 

Scheme 4-2: Synthesis of the second electron rich and electron poor discotic material pair 
(a) 1-Octyne, Pd(dppf)Cl2, Copper (I) iodide, Triethylamine, Tetrahydrofuran, reflux; (b) Air, Sodium 
hydroxide (2 M aqueous), Tetrahydrofuran, 60 °C; (c) Malononitrile, 1,8-Diazabicyclo[5.4.0]undec-7-
ene, Toluene, reflux 

 

 

Scheme 4-3: Synthesis of the triazatruxene derivtaives 
(a) N-Bromosuccinimide, Glacial Acetic acid, r.t.; (b)1-Octyne, Pd(dppf)Cl2, Copper (I) iodide, 
Triethylamine, Tetrahydrofuran, reflux; (c) Methyl iodide, Potassium hydroxide, Dimethylsulfoxide, 
r.t. 

 

 

Scheme 4-4: Methylation of triazatruxene building block and attempted Sonagashira coupling with 
alkyne sidechain 

(a) Methyl iodide, Potassium hydroxide, Dimethylsulfoxide, r.t.; (b) 1-Octyne, Tetrahydrofuran, 
Triethylamine, Pd(PPh3)Cl2, 60 °C; (c) 1-Octyne, Toluene, Diisopropylethylamine, Pd(PPh3)Cl2, 90 °C 
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The truxene and truxenone mixtures exhibit changes in their photophysical properties namely, 

exciplex formation, which will be discussed shortly, but no change in the absorption profile of the 

materials. Thus, targeting a triazatruxene derivative is imperative to seeing if any other phenomena 

can be observed with mixtures between triazatruxene derivatives and truxene or truxenone 

derivatives. Since palladium catalyzed reactions, especially Suzuki couplings, are employed in the 

synthesis of optoelectronic organic materials with immense success, it is expected that compounds 

4-3 can be more readily coupled with a boronic acid, compared to the Sonagashira reaction 

attempted in the previous sub-subsection. Meanwhile, the reactivity with 4-1 is not expected to 

change. 

While the reaction between 4-1, and 9,9-dioctylfluorene-2-boronic acid pinacol ester proceeds to 

produces the desired compound, Trx(fluorene), unexpectedly the reaction conditions also drives 

formation of the oxidised compound TrxO(fluorene) in a large ratio (Scheme 4-5). In fact, the 

reaction condition even drives cyclization of truxene if 6-bromoindanone is used instead of 

compound 4-1, resulting in similar results albeit in much lower yield. If the compound 

TrxO(fluorene) proves to be useful, a synthetic procedure from simple and commercial building 

blocks could be optimized in a one pot reaction but the total yield of both Trx(fluorene) and  

TrxO(fluorene) was low (less than the amount required for further photophysical studies) in the 

reaction described in Figure 4-5, and therefore neither species was isolated. A Stille coupling 

reaction was employed to form the target material. Ideally, this method removes all sources of 

oxygen for optimal performances preventing the oxidation of the material, resulting in the 

compound Trx(fluorene) but the reaction product resulted in mono- and bis- substituted 

products along with the target compound. Ultimately a milder Suzuki reaction was conducted to 

prevent oxidation of the material. Similar to the previous derivatives Trx(fluorene) can easily be 

oxidised in basic conditions with a source of oxygen (Scheme 4-5). 

The Suzuki coupling of building block 4-3, proceeded without issue resulting in the target 

compound TrxNMe(fluorene) (Scheme 4-6). The synthesized materials are summarized in 

Figure 4-5. In total eight materials were synthesized with poor solubility hindering the analysis of 

two of the compounds and poor stability hindering another. 
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Scheme 4-5: Initial attempted synthesis of target compounds 
(a) 9,9-dioctylfluorene-2-boronic acid pinacol ester, Pd(PPh3)4, Toluene, Aliquat 336, Potassium 
Carbonate (2 M aqueous), 80 °C (b) 2-(tributyltin)-9,9-dioctylfluorene, Pd(PPh3)2Cl2, Toluene, 80°C 
(c) 9,9-dioctylfluorene-2-boronic acid pinacol ester, Pd(PPh3)4, Tetrahydrofuran, Potassium 
phosphate tribasic (2 M aqueous), 60 °C; (d) Air, Tetrahydrofuran, Sodium hydroxide (2 M aqueous), 
60 °C 

 

Scheme 4-6: Synthesis of final target compound
(a) 9,9-dioctylfluorene-2-boronic acid pinacol ester, Pd(PPh3)4, Tetrahydrofuran, Potassium 
phosphate tribasic (2 M aqueous), 60 °C 
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Figure 4-5: Products synthesized with appropriate materials for further analysis highlighted 

 

 Characterisation of electron rich and electron poor columnar materials 

The aromatic region of the 1H NMR spectrum of Trx(octyne) and TrxO(octyne) is shown in 

Figure 4-6. Due to the highly symmetrical nature of the materials with only three unique aromatic 

protons on either compound, the spectrum is simple especially compared to previous columnar 

compounds described in previous chapters. The singlet peak of Trx(octyne) can be attributed to 

the proton at position 2. It is difficult to discern the doublet signals corresponding to the protons 

at positions 1 and 3. The proton at position 1 will experience greater proton shifts with increasing 

concentration due to it more central position, and thus can be attributed to the correct doublet 

(Figure 4-7). TrxO(octyne) has an even simpler assignment, the chemical shift of the proton at 

position 1 experiences a downfield shift due to the hydrogen bond with the adjacent oxygen. 
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Leaving one singlet to be assigned to the proton at position 2 and one doublet to be assigned to 

the proton at position 3. 

 

 

Figure 4-6: Aromatic region of the 1H NMR spectrum of Trx(octyne) (top) and TrxO(octyne) 
(bottom) at 16 mM in d-chloroform (400 MHz) 

 

Unlike the HBC compounds described in previous chapters, these truxene materials showed 

distinct NMR resonances with little overlap in the aryl region which allows us to plot changes in 

chemical shift against concentration of all aryl signals and accurately calculate the respective 

association constants. The differences in changes in chemical shifts of protons of the same 

molecule originates from the respective orientation in solution. Subsequently these differences in 

the change in chemical shift gives insight to the molecular orientation in the supramolecular stacks, 

however it makes comparing the self-association between different materials difficult if not 

impossible. Only large differences on the order of multiple magnitudes in the self-association 

constant result in even qualitative comparison between different materials.  

The aromatic regions of the 1H NMR spectrum for Trx(octyne) and TrxO(octyne) is shown 

with varying concentrations between 0.125 mM and 64 mM (Figure 4-7, lines are shown to 
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highlight the changes of the aromatic proton). Changes in the proton chemical shifts are obvious; 

and the aromatic signals are isolated enough to determine the association using an isodesmic model 

of infinite stacking. 

 

 

Figure 4-7: Concentration dependant H1 NMR, aromatic region, of Trx(octyne) (left) and 
TrxO(octyne) (right) 

 

As with the previous chapters, association values were obtained by fitting the isodesmic model to 

the NMR data. The relationship between the concentration and the observed chemical shift of 

Trx(octyne) and TrxO(octyne) fits the proposed isodesmic model of indefinite stacking with R2 

values exceeding 0.99 for all aromatic proton signals and the association constants are shown 

(Figure 4-8). Aromatic protons of Trx(octyne) exhibit different association constants of 89, 33 

and 1.8 M-1 for the protons at positions 1, 2 and 3, giving insight to the molecular orientation of 

the material in the molecular stacks. The higher the association constant the more π overlap the 

proton experiences from the adjacent molecules. From this we can discern there is good molecular 

overlap at the 1 position and less overlap at the 2 then 3 positions. From this, it is possible to 

propose an average molecular orientation where adjacent molecules have a staggered but not 

completely out of phase, stacking (Figure 4-9, left). On the other hand, aromatic protons of 
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Trx(octyne) exhibit similar association constants to one another at 93, 92 and 78 M-1 for protons 

1, 2 and 3 respectively. This suggests very little staggering between adjacent molecules in the 

molecular stack of TrxO(octyne) (Figure 4-9, right). 
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Figure 4-8: Association curves of Trx(octyne) (top left), TrxO(octyne) (bottom left) and their 
respective calculated association constants (right) 
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Figure 4-9: Proposed molecular orientation of Trx(octyne) (left) and TrxO(octyne) (right) stacks 
in solution 

 

Concentration dependant NMR spectroscopy was completed on the binary mixture (1:1 w/w) 

(Figure 4-11). Calculating the association constants using the same model and assuming that there 

is no interaction between the two compounds in solution resulted in association constants higher 

than isolated materials. Peak 1 of TrxO(octyne) has a calculated self-association constant of 93 

M-1 according to concentration dependant 1H NMR of the single material. But in a 1:1 mixture 

with Trx(octyne) the calculated self-association value (assuming absolutely no overlap between 

the two materials) results in 150 M-1. This inaccuracy of the calculated self-association value 

suggests that the assumption is incorrect and there is a hetero-associative interaction in solution 

between the two materials.  

While the self-association of Trx(octyne) and TrxO(octyne) can be understood by studying the 

individual materials as done above, studying the association between the two discotic materials 

requires a more complicated data treatment which takes into consideration the association rates 

and concentration between all supramolecular species present in solution (Figure 4-10). 

Chapter 1 discusses some of the assumption the isodesmic model makes to allow for an easy but 

accurate way to analyse the discotic materials (such as assuming the association constant of a 

discotic molecule to a discotic stack does not change regardless of the discotic stack’s constitution) 

and must be inspected to accurately model what is happening in these binary mixtures. 

Furthermore, the change in chemical shift is also dependant on the molecular orientation which is 

an unknown factor in the mixture stacks and cannot be readily identified. This rules out the use of 

concentration dependant NMR as a method to analyse the association between the two discotic 

materials. 
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Figure 4-10: Association rate equations of possible species in binary mixtures of discotic materials
D represents the electron rich compound, in this case Trx(octyne); A represents the electron poor 
compound, in this case TrxO(octyne); and K represents the various association constants between 
different species. Unlike the model used in the previous chapters, K cannot be assumed to be all the 
same for all species 

 

 

Figure 4-11: Concentration dependant NMR of binary mixtures of Trx(octyne) and TrxO(octyne), 
alkyl signals omitted 

 

The aromatic region of the 1H NMR spectrum of Trx(fluorene), TrxO(fluorene) and 

TrxNMe(fluorene) is shown in Figure 4-12. The introduction of fluorenyl moiety to the core 

structures vastly complicates the NMR spectrum and whilst general integration can be completed 

to confirm the product, individual proton assignments are difficult. Only a few signals can be 

Peak 1 of TrxO(octyne) 

Calculated K value assuming 

only self-association between 

material: 150 M-1 
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isolated correctly most notably the individual singlet at position 2 of the 3 materials. and the singlet 

corresponding to the fluorene singlet at position 4 of Trx(fluorene) and TrxO(fluorene) can be 

elucidated by observing the mostly unchanging singlet signal in the respective concentration 

dependant NMR spectrum. The proton at position 1 in compound TrxO(fluorene) experiences 

a similar downfield shift to TrxO(fluorene) due to hydrogen bonding to the adjacent oxygen and 

can be resolved. 

 

 

Figure 4-12: Aromatic region of the 1H NMR spectrum of Trx(fluorene) (top), TrxO(fluorene) 
(middle) and TrxNMe(fluorene) (bottom)  at 16 mM in d-chloroform 

 

 

The concentration dependant 1H NMR was employed to study the aromatic stacking of the 

materials and is shown for Trx(flourene) in Figure 4-13. Protons signals with chemical shifts 

between 7.3 and 7.5 ppm, all show a downfield shift with increasing concentration and can be 

attributed to the peripheral protons of the material, 8 – 10. All other protons exhibit an upfield 

shift with increasing concentration except for the singlet attributed to the proton at position 4, 

which experiences the opposite. Importantly, this gives hints to the molecular orientation of the 

material in the molecular stack, with overlap of neighbouring molecules across all positions except 
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for the peripheral protons and the proton at position 4, and an approximate model for the average 

molecular orientation can be proposed (Figure 4-14). The same can be concluded from the 

concentration dependence spectrum of TrxO(fluorene) and the spectrum of TrxNMe(fluorene) 

exhibits no noticeable changes at these approximate concentration. Since there are obvious 

changes in orientation to the materials, changes in association constant does not reveal any 

information about the scale of self-association compared to Trx(octyne) and TrxO(octyne). 

Additional characterisation including 13C NMR spectroscopy, mass spectrometry and infrared 

spectroscopy was conducted to characterize the five materials (see experimental section). 

 

 

Figure 4-13: Concentration dependant 1H NMR of Trx(fluorene), alkyl region omitted 
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Figure 4-14: Proposed molecular orientation of Trx(fluorene) stacks in solution 

 

 Photophysical properties of electron rich and electron poor columnar materials 

UV-vis spectroscopy and fluorescence emission spectroscopy were conducted to observe any 

changes in photophysical properties of the materials upon mixing compared to the isolated 

materials. UV-vis absorption spectroscopy of Trx(octyne) and TrxO(octyne) show similar 

features in both solution (Figure 4-15, (a)) and film (Figure 4-15, (b)). The film of both materials 

shows a slightly red shifted absorption profile, with absorption maxima at 330 nm and 360 nm for 

Trx(octyne) and TrxO(octyne), compared to the solution, 325 nm and 350 nm, common to 

most organic semiconducting materials (Table 4-1). The HOMO energies were measure directly 

using photoelectron spectroscopy in air (PESA) measurements, which found the HOMO energy 

levels to be at -5.53 eV and -5.95 eV for Trx(octyne) and TrxO(octyne), respectively. By adding 

the energy of the absorption onset to the HOMO energy, LUMO energies of -1.99 eV and -3.34 

eV for Trx(octyne) and TrxO(octyne) were calculated. 

However, at the concentrations viable for UV-vis spectroscopy, no changes in the absorption 

spectrum was observed (Figure 4-15, (a)) when the two materials were blended together, i.e. the 

absorption spectrum was the 1:1 blend was equal to the sum of the individual spectra. It was 

expected that changes would be observed in the film, especially since a change could be observed 

by eye, but the spectrum of the films also revealed no changes in the UV-vis profile (Figure 4-15, 

(b)). While colour changes are often indicative of either changes in chemical structure during a 

reaction; or of more interesting phenomena, in this case, this was purely a red herring.  
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Fluorescence emission spectroscopy was conducted in an attempt to observe any changes in the 

emission profile of the materials. Binary mixtures of Trx(octyne) and TrxO(octyne) in solution 

phase exhibit no interactions whatsoever (Figure 4-15, (c)) with the excited compound fluorescing 

in the mixture. In addition, the emission profile of TrxO(octyne) is featureless compared to its 

structured absorption spectrum, and much more redshifted (170 nm difference in λmax of the 

absorption and emission spectrum compared to only 60 nm for Trx(octyne)), suggesting the 

formation of an aggregate as the only excited species in solution. In the films it was possible to 

observe spectral changes. Trx(octyne) mixtures with TrxO(octyne) exhibit a redshift of the 

emission profile when mixed regardless of the excitation wavelength, which unlike energy transfer, 

can only be possible under the formation of a complex. Since there is no observed change in the 

UV-vis absorption profile, the complex formed cannot be a charge transfer complex but rather an 

excited complex similar to an excimer, known as an exciplex as discussed in the introduction to 

this chapter.  
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Figure 4-15: UV-vis absorption spectra of Trx(octyne), TrxO(octyne) and 1:1 mixture in solution 
(a); film (b) and photoluminescence spectra in solution (c); film (d)

Solution studies conducted in chloroform at 5 µM. 

 

(a) 

(c) (d) 

(b) 
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It was hypothesized that the relatively electron rich Trx(octyne) would donate an electron to the 

relatively electron poor TrxO(octyne) to form the exciplex , i.e.an electron moves from the 

LUMO of the photoexcited Trx(octyne) to the LUMO of TrxO(octyne) or from the HOMO 

of Trx(octyne) to the HOMO of photoexcited TrxO(octyne). If the exciplexes HOMO and 

LUMO is similar to Trx(octyne) and TrxO(octyne), an energy gap of approximately 2.22 eV 

would be expected compared to 3.54 eV for Trx(octyne) and 2.61 eV TrxO(octyne), explaining 

the redshift of the emission spectra. Due to the broad featureless emission spectrum of the two 

neat films, which are highly red shifted compared to its absorption spectrum, it is highly likely that 

excited aggregate species are being formed which lowers the energy of the released photon and 

ultimately lessens the magnitude of the red shift observed when blending the materials together in 

film (the expected spectral differences would be approximately 100-200 nm when the materials are 

blended whilst the observed are only approximately 10-20 nm). 

 

 λmax
abs. 

(nm) 

ε 

(M-1cm-1) 

EHOMO 

(eV) 

λonset
abs 

(nm) 

Egap 

(eV) 

ELUMO 

(eV) 

λmax
em 

(nm) 

Trx(octyne) 320(330) 1.8 × 105 -5.53 350 3.54 -1.99 380(545) 

TrxO(octyne) 355(360) 7.6 × 104 -5.95 475 2.61 -3.34 525(560) 

1:1 blend - - - - - - -(575) 

Table 4-1: Photophysical properties of Trx(octyne) and TrxO(octyne)
Absorption and emission wavelengths are collected from solution with film values given in brackets 
where appropriate. HOMO energy level obtained from PESA measurements, LUMO energy level 
calculated from HOMO energy level and energy gap, energy gap calculated from the film UV-vis 
absorption onset.  

 

UV-vis absorption spectroscopy and fluorescence emission spectroscopy of the individual 

materials Trx(fluorene), TrxO(fluorene) and TrxNMe(fluorene) were conducted in solution 

and film (Figure 4-16). The UV-vis absorption profile of the three compounds were all featureless 

with one absorption peak for Trx(fluorene) and two clear bands for TrxO(fluorene) and 

TrxNMe(fluorene). The molar absorptivity of the materials was similar (Table 4-2) and no 

significant changes are observed going from the solution phase to the solid state. Trx(fluorene) 

showed a structured emission profile in solution, with two emission maximums at 375 nm and 390 

nm (Figure 4-16, left: (i) and (ii) respectively) which should arise from 0-0 and 0-1 vibronics 

respectively, whilst the emission profile of the film displayed two distinct peaks, one at 400 nm 

(Figure 4-16, left: (iii)) and one significantly redshifted at 540 nm (Figure 4-16, left: (iv)). It is likely 

that the emission from at 400 nm is from a dimer (or trimer) species and the emission from 540 
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nm is from a higher aggregate species. The emission spectra of TrxO(fluorene) and 

TrxNMe(fluorene) do not display much change from solution to film apart from a redshift in 

the maximum emission of TrxNMe(fluorene) from 435 nm to 465 nm. 
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Figure 4-16: Absorption and emission profiles of Trx(fluorene) (top), TrxO(fluorene) (middle) and 
TrxNMe(fluorene) (bottom)

Black: solution; red: film; Solid: UV-vis absorption; Dashed: Fluorescence emission.  
The respective absorption maximum were used as the excitation wavelength for the 
photoluminescence studies. Spectral shape did not change with differing excitation wavelength. All 
solution spectrums shown are taken in chloroform at 4 µM 
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The absorption onset of the UV-vis absorption profile of the materials was used to calculate the 

HOMO-LUMO energy gap and with PESA data displaying HOMO energy levels, the LUMO 

energy level of the three materials was calculated (Table 4-3). None of the compounds have a 

HOMO energy level (between -5 and -6 eV) higher than a LUMO energy level of another (between 

-2 and -4 eV). TrxO(fluorene) has HOMO and LUMO energy levels lower than that of both 

Trx(fluorene) and TrxNMe(fluorene) making it a viable electron accepting component for 

either material should the blends form an excited state charge transfer species. 

TrxNMe(fluorene) also has HOMO and LUMO energy levels lower than that of Trx(fluorene), 

but the close LUMO energy values might not be enough of a driving force for charge transfer to 

occur. In addition, energy transfer, such as Förster resonance energy transfer could occur from 

materials with a higher energy gap to a lower energy gap in the order of: Trx(fluorene) (3.18 eV), 

TrxNMe(fluorene) (2.88 eV) and TrxO(fluorene) (2.36 eV). 

 

 λmax
abs 

(nm) 

εmax 

(M-1cm-1) 

λ2
abs 

(nm) 

ε2 

(M-1cm-1) 

λmax
em 

(nm) 

λ2
em 

(nm) 

Trx(fluorene) 335(340) 4.8 × 105 - - 375(540) 390(400) 

TrxO(fluorene) 300(300) 1.0 × 105 415(400) 6.7 × 104 575(560) - 

TrxNMe(fluorene) 360(360) 1.3 × 105 290(290) 6.4 × 104 435(465) - 

Table 4-2: Optical properties of fluorene substituted truxene derivatives
Absorption and emission wavelengths are collected from solution with film values given in brackets 
where appropriate. 

 

 EHOMO (eV) λonset (nm) Egap (eV) ELUMO (eV) 

Trx(fluorene) -5.61 390 3.18 -2.43 

TrxO(fluorene) -5.95 525 2.36 -3.59 

TrxNMe(fluorene) -5.13 430 2.88 -2.25 

Table 4-3: Photophysical properties of fluorene substituted truxene derivatives
HOMO energy level obtained from PESA measurements, LUMO energy level calculated from HOMO 
energy level and energy gap, energy gap calculated from the film UV-vis absorption onset. 

 

Similar to the previous mixture, Trx(octyne) and TrxO(octyne), 1:1 mixtures of Trx(fluorene), 

TrxO(fluorene) and TrxNMe(fluorene) did not exhibit any changes in the solution and film 

absorption spectrum or in the solution fluorescence emission spectrum. Several different 

phenomena are observed in the film fluorescence studies however (Figure 4-17). Similar to 
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previous film fluorescence results, 1:1 mixtures of Trx(fluorene), TrxO(fluorene) (Figure 4-17, 

(a)) display a redshifted emission profile (Figure 4-17, (iii)) compared to the individual component 

(Figure 4-17, (i) and (ii) respectively). 1:1 mixtures of Trx(fluorene), TrxNMe(fluorene) (Figure 

4-17, (b)) show energy transfer rather than the formation of a charge transfer complex from the 

former to the latter with emission strongly resembling the emission of TrxN(fluorene). The 

disappearance of the fluorescence from the Trx(fluorene) aggregates also such the disappearance 

of these aggregates in the blend film. Instead, energy transfer processes such as Förster resonance 

energy transfer could be occurring. However, since nothing was observed in the solution phase, a 

mechanism that requires more intimate intermolecular interactions, for example Dexter electron 

transfer, might be occurring instead. More extensive studies are necessary to understand the energy 

transfer mechanisms in this material blend film. The presence of additional structure in the 

emission spectrum (Figure 4-17, (iv)) of this material blend could also imply that a new photoactive 

species is being formed under irradiation. 
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Figure 4-17: Film photoluminescence spectrum of fluorene substituted truxene derivative blends
The respective absorption maxima were used as the excitation wavelength for the neat films. The 

absorption maxima of individual components were used as the excitation wavelengths for the mixed 
films and no differences in the profile of the emission spectra were found. 

 

(a) (b) 

(c) (d) 
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Film mixtures of TrxO(fluorene) and TrxNMe(fluorene) exhibited a strange emission profile, 

with the emission spectrum featuring a blue-shifted signal (Figure 4-17, (v)). In addition, a second 

red shifted peak is also observed at approximately 720 nm (Figure 4-17, (d)). (Excitation 

wavelength does not change the shape of the emission profile; however separate measurements 

were taken at different excitation wavelengths to minimize the impact of any second order 

scattering artefacts.) The red shifted emission can originate from the formation of an exciplex 

species. But a blue shifted emission is odd, especially without changes in the absorption spectrum. 

A more specialized study would be necessary to understand this behaviour. 

 

4.3 Conclusion and outlook  

Nine discotic materials were synthesized with five being confirmed to display both supra molecular 

columnar self-association as well as charge transfer properties within mixtures. Trx(octyne) and 

TrxO(octyne) displayed no changes in the absorption but a redshifted emission spectra confirmed 

formation of an exciplex. The two materials showed self-association properties in solution under 

a basic isodesmic model of indefinite stacking and a qualitative stacking geometry could be devised. 

The mixture displayed differences in the association properties suggesting an interaction is taking 

place with a model of an indefinite stack, but due to changes in association geometry as well as 

other complexities, no useful data can be obtained about the hetero-association properties between 

Trx(octyne) and TrxO(octyne). An extension of this molecular pair, and TrxNMe(fluorene) 

were subsequently synthesized and analysed. In solution, Trx(fluorene) and TrxO(fluorene) 

displayed a stacking geometry similar to the other but different from their octyne substituted 

cousins. TrxNMe(fluorene) on the other hand demonstrated self-association too weak to 

properly analyse. The emission spectra of binary material blends showed different changes in the 

film state. Trx(fluorene) and TrxO(fluorene) blends showed a redshifted emission similar to the 

Trx(octyne) and TrxO(octyne). Trx(fluorene) and TrxN(fluorene) shows an emission profile 

similar to TrxN(fluorene) suggesting energy transfer, but there is the formation of a new 

structured emission suggesting a completely different species is being formed. Finally, 

TrxO(fluorene) and TrxN(fluorene) shows an emission profile with two emission peaks one 

red shifted and one blue shifted to the emission of the neat materials.  

Further spectroscopic studies are necessary to understand the inner workings of any charge 

transfer or energy transfer mechanisms present in these mixtures. Depending on the scope of the 

study these measurements could include but are not limited to: excitation fluorescence 

spectroscopy, to analyse origins of the blue shifted and red shifted emission in TrxO(fluorene) 
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and TrxN(fluorene) films; fluorescence lifetime measurements, to determine the dynamics of the 

photoluminescent emission; absolute quantum yield measurements, to calculate quantum 

efficiencies of any processes occurring in the mixture; and transient absorption, to understand the 

various excited state species in the mixture. 

Further improvements to the materials can be made, most importantly to further fine-tune the 

energy level. This can be completed by either further modifying the internal discotic structure with 

various hetero atoms and by attaching other aromatic structures to the periphery of the material 

ultimately tuning the energy levels in a manner similar to that described in the introduction of 

Chapter 3. Utmost care is required to make sure orbital overlap is still strong in these further 

derivatives so that charge transfer is not inhibited. 

 

4.4 Experimental details 

All reactions were performed by using anhydrous solvent under an inert atmosphere unless stated 

otherwise. 1H and 13C NMR spectroscopy were carried out by using either a Varian Inova-400 (400 

MHz), a Varian Inova-500 (500 MHz) or a Bruker Avance III (600 MHz) instrument. Mass spectra 

were recorded with a MALDI-TOF MS Bruker Reflex (DCTB as matrix) or a Thermo Scientific 

Orbitrap elite hybrid ion trap-orbitrap mass spectrometer. Infrared spectra were obtained on a 

Perkin–Elmer Spectrum One FTIR spectrometer. Column chromatography was carried out on 

Merck silica gel 60 (230-400 mesh). 5-Bromo-indole was purchased from Matrix Scientific. All 

other reagents were obtained from Sigma-Aldrich. All chemicals were used as received. 

2,7,12-Tribromotruxene (4-1) 

5-Bromo-1-indanone (3.28 g, 15.6 mmol), p-toluenesulfonic acid monohydrate (12.7 g, 66.6 mmol) 

and propionic acid (3.72 mL) was dissolved into o-dichlorobenzene (15 mL) in ambient conditions. 

The solution was stirred at 105 °C overnight. The mixture was poured onto methanol and 

neutralized with an aqueous solution of sodium hydroxide. The residue was collected with vacuum 

filtration and washed with methanol, ethanol and dichloromethane in that order to give an off grey 

powder (2.42 g, 80%). 1H NMR (400 MHz, C2D2Cl4) δ 7.87 (s, 3H), 7.82 (d, J = 8.1 Hz, 3H), 7.67 

(d, J = 8.4 Hz, 3H), 4.29 (s, 6H). MADLI-MS: theoretical m/z([M]+) = 575.87239; experimental 

m/z([M]+) = 575.313. The data is consistent with reported literature.15 
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Trx(hexyne) 

2,7,12-Tribromotruxene (4-1) (0.50 g, 0.863 mmol), copper(I) iodide (20 mg, 0.10 mmol), 1-hexyne 

(0.213 g, 2.59 mmol), triethylamine (5 mL) was mixed into tetrahydrofuran (7 mL). The reaction 

solution was degassed via the freeze, pump, thaw method. Pd(dppf)Cl2 (200 mg, 0.25 mmol) was 

added to the reaction mixture under nitrogen. The mixture was refluxed overnight. The reaction 

was neutralized with a dilute solution of hydrochloric acid. The crude product was extracted into 

petroleum spirits (b.p. 40-60 °C) and washed with water and brine. The crude product was purified 

with silica column chromatography to give a pale, yellow solid (270 mg, 54%). 1H NMR (400 MHz, 

CDCl3) δ 7.64 – 7.57 (m, 6H), 7.47 (d, J = 7.8 Hz, 3H), 3.86 (d, J = 22.9 Hz, 6H), 2.51 (t, J = 7.0 

Hz, 6H), 1.73 – 1.63 (m, 6H), 1.62 – 1.50 (m, 6H), 1.02 (t, J = 7.3 Hz, 9H). 13C NMR (101 MHz, 

CDCl3) δ 143.47, 140.62, 136.44, 135.49, 130.45, 128.04, 121.81, 121.41, 90.57, 81.19, 36.05, 30.98, 

22.13, 19.31, 13.72. HRMS: theoretical m/z([M]+) = 582.32865; experimental m/z([M]+) = 

582.32831. IR (cm-1): 652, 698, 823, 872, 931, 1329, 1392, 1430, 1472, 2863, 2872, 2930, 2956. 

TrxO(hexyne) 

Trx(hexyne) (100 mg, 0.172 mmol) was dissolved into an emulsion of tetrahydrofuran (5 mL) 

and sodium hydroxide (5 ml, 2 M) in ambient conditions. The emulsion was stirred overnight at 

60 °C with air bubbling through the solution. The solution was neutralized with a solution of dilute 

hydrochloric acid, extracted into dichloromethane and washed with water and brine. The crude 

compound was purified with silica column chromatography and dried under high vacuum to give 

a yellow solid (70 mg, 65%). 1H NMR (400 MHz, CDCl3) δ 8.82 (d, J = 8.0 Hz, 3H), 7.55 (s, 3H), 

7.49 (d, J = 8.0 Hz, 3H), 2.50 (t, J = 7.1 Hz, 6H), 1.72 – 1.62 (m, 6H), 1.60 – 1.50 (m, 6H), 1.02 (t, 

J = 7.3 Hz, 9H). This compound was too insoluble for accurate 13C NMR analysis. HRMS: 

theoretical m/z([M+H]+) = 652.2742; experimental m/z([M+]+) = 625.27338. IR (cm-1): 668, 769, 

810, 856, 1023, 1158, 1189, 1286, 1331, 1359, 1429, 1476, 1560, 1592, 1615, 1710, 2226, 2931, 

2957. 

Trx(octyne) 

2,7,12-Tribromotruxene (4-1) (1.00 g, 1.73 mmol), copper(I) iodide (40 mg, 0.20 mmol), 1-octyne 

(0.88 mL, 0.66 g, 6.0 mmol) and triethylamine (10 mL) were mixed into tetrahydrofuran (15 mL). 

The reaction solution was degassed via the freeze, pump, thaw method. Pd(dppf)Cl2 (400 mg, 0.5 

mmol) was added to the reaction mixture under nitrogen. The mixture was refluxed overnight. 

The reaction was neutralized with a dilute solution of hydrochloric acid. The crude product was 

extracted into petroleum spirits (b.p. 40-60 °C) and washed with water and brine. The organic 
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fraction was concentrated under reduced pressure; and the product was precipitated into isopropyl 

alcohol, collected and dried under high vacuum to give a pale, yellow powder (0.735 g, 64%). 1H 

NMR (400 MHz, CDCl3) δ 7.64 (d, J = 7.9 Hz, 3H), 7.60 (s, 3H), 7.48 (d, J = 7.8 Hz, 3H), 3.93 (s, 

6H), 2.49 (t, J = 7.1 Hz, 6H), 1.73 – 1.64 (m, 6H), 1.58 – 1.47 (m, 6H), 1.42 – 1.34 (m, 12H), 0.95 

(t, J = 6.8 Hz, 9H). HRMS: theoretical m/z([M]+) = 666.42255; experimental m/z([M]+) = 

666.42144. UV-vis absorption (5 µM in chloroform) λmax: 320 nm; (film) λmax: 330 nm. Fluorescence 

emission (5 µM in chloroform, excited at 300 nm) λmax: 380 nm; (film, excited at 330 nm) λmax: 545 

nm. 

TrxO(octyne) 

Trx(octyne) (500 mg, 0.750 mmol) was dissolved into an emulsion of tetrahydrofuran (25 mL) 

and sodium hydroxide (25 ml, 2 M) in ambient conditions. The emulsion was stirred overnight at 

60 °C with air bubbling through the solution. The solution was neutralized with a solution of dilute 

hydrochloric acid, extracted into dichloromethane and washed with water and brine. The crude 

compound was purified with silica column chromatography and dried under high vacuum to give 

a yellow solid (175 mg, 33%). 1H NMR (400 MHz, CDCl3) δ 8.94 (d, J = 8.0 Hz, 3H), 7.64 (s, 3H), 

7.56 (dd, J = 8.0, 1.4 Hz, 3H), 2.48 (t, J = 7.1 Hz, 6H), 1.72 – 1.63 (m, 6H), 1.57 – 1.46 (m, 6H), 

1.38 (tt, J = 7.3, 3.8 Hz, 6H), 0.94 (t, J = 6.9 Hz, 9H). IR (cm-1): 668, 684, 694, 723, 750, 766, 810, 

856, 908, 1022, 1158, 1190, 1241, 1261, 1267, 1277, 1328, 1342, 1359, 1428, 1476, 1559, 1593, 

1616, 1710, 2227, 2857, 2928, 2954. UV-vis absorption (5 µM in chloroform) λmax: 355 nm; (film) 

λmax: 360 nm. Fluorescence emission (5 µM in chloroform, excited at 360 nm) λmax: 525 nm; (film, 

excited at 380 nm) λmax: 560 nm. 

2,7,12-Tribromo-5,10,15-triazatruxene (4-2) 

5-Bromo-1-indole (1.57 g, 8.0 mmol) was dissolved into glacial acetic acid (200 mL) and N-

bromosuccinimide (1.43 g, 8.0 mmol) was added portion wise. The reaction was left stirring 

overnight at room temperature in the dark. The reaction was neutralized with a concentrated 

aqueous solution of sodium hydroxide. The precipitate was collected and washed with minimum 

acetone to give an off grey powder (815 mg, 52%). 1H NMR (400 MHz, DMSO) δ 12.12 (s, 3H), 

8.57 (d, J = 8.3 Hz, 3H), 7.81 (d, J = 1.6 Hz, 3H), 7.49 (dd, J = 8.3, 1.6 Hz, 3H). HRMS: theoretical 

m/z([M]+) = 578.85814; experimental m/z([M]+) = 578.85809. This data is consistent with reported 

literature.16 
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TrxN(octyne) 

4-2 (116 mg, 0.2 mmol), copper(I) iodide (5.0 mg, 0.025 mmol), 1-octyne (0.12 mL, 90 mg g, 0.80 

mmol), and triethylamine (1.5 mL) were mixed into tetrahydrofuran (2 mL). The reaction solution 

was degassed via the freeze, pump, thaw method. Pd(dppf)Cl2 (50 mg, 0.0625 mmol) was added to 

the reaction mixture under nitrogen. The mixture was refluxed overnight. The solvent was 

removed, and the crude product was passed through a silica plug with petroleum spirits (b.p. 40-

60 °C) as eluent and dried under high vacuum to give an off-white powder (110 mg, 82%). 

Compound is unstable and therefore no accurate characterisation data could be obtained 

2,7,12-Tribromo-5,10,15-tri(N-methyl-aza)truxene 4-3 

4-2 (290 mg, 0.5 mmol) was dissolved into dimethyl sulfoxide (5 mL). Potassium hydroxide pellets 

(340 mg, 6 mmol) was added to the solution. Methyl iodide (0.2 mL, 430 mg, 3 mmol) was added 

dropwise to the solution. The reaction mixture was stirred at room temperature for 1 hour. The 

reaction was diluted with water and crude material was collected via vacuum filtrations. The solids 

were washed with methanol, ethanol, isopropyl alcohol, dichloromethane and chloroform in that 

order and dried under high vacuum to give an off white solid (249 mg, 80%). 1H NMR (400 MHz, 

C2D2Cl4) δ 8.27 (d, J = 8.7 Hz, 3H), 7.73 (s, 3H), 7.48 (d, J = 8.4 Hz, 3H), 4.39 (s, 9H). This 

compound was too Insoluble for accurate 13C NMR analysis. HRMS: theoretical m/z([M]+) = 

620.90509; experimental m/z([M]+) = 620.90460. IR (cm-1): 797, 843, 850, 978, 1245, 1315, 1394, 

1431, 1478, 1577, 2851, 2890, 2907, 2917, 2925, 2958, 2966. 

Trx(fluorene) 

4-1 (290 mg, 0.5 mmol) and 2-(tributyltin)-9,9-dioctylfluorene was dissolved into degassed, 

anhydrous toluene. Pd(PPh3)Cl2 (90 mg) was added under nitrogen and the reaction solution was 

stirred at 90 °C overnight. The solution was washed with a saturated solution of potassium 

fluoride, water and then brine. The organic fraction was dried, passed through a silica plug and 

concentrated under reduced pressure. The product was precipitated into methanol, collected and 

dried under high vacuum to give a pale-yellow powder (575 mg, 76%). 1H NMR (400 MHz, 

CDCl3) δ 8.01 (d, J = 7.9 Hz, 3H), 7.94 (s, 3H), 7.83 (d, J = 7.9 Hz, 3H), 7.76 (dd, J = 12.3, 7.5 

Hz, 6H), 7.71 (s, 3H), 7.66 (d, J = 7.8 Hz, 3H), 7.40 (d, J = 6.3 Hz, 3H), 7.35 (dd, J = 14.8, 7.4 Hz, 

6H), 4.29 (s, 6H), 2.08 (p, J = 18.9 Hz, 12H), 1.35 – 0.98 (m, 60H), 0.91 – 0.63 (m, 30H). 13C NMR 

(101 MHz, CDCl3) δ 151.49, 151.01, 144.53, 140.80, 140.63, 140.34, 140.26, 140.01, 136.86, 135.41, 

127.95, 127.00, 126.80, 126.10, 123.97, 122.91, 121.94, 121.55, 120.05, 119.75, 55.19, 40.44, 36.60, 

31.81, 30.07, 29.24, 29.23, 23.86, 22.61, 14.09. HRMS: theoretical m/z([M]+) = 1507.07985; 
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experimental m/z([M]+) = 1507.07861. UV-vis absorption (5 µM in chloroform) λmax: 335 nm; 

(film) λmax: 340 nm. Fluorescence emission (5 µM in chloroform, excited at 335 nm) λmax: 375 nm; 

(film, excited at 340 nm) λmax: 540 nm. 

TrxO(fluorene) 

Trx(fluorene) (200 mg, 0.133 mmol) was dissolved into an emulsion of tetrahydrofuran (10 mL) 

and an aqueous solution of sodium hydroxide (10 mL, 2 M). The reaction mixture was stirred at 

60 °C with air bubbling though for 72 hours. The crude material was extracted with 

dichloromethane and dried with magnesium sulphate. The solvents were removed under reduced 

pressure, and the crude product was passed through a silica plug with dichloromethane as eluent. 

The compound was purified with size exclusion chromatography with toluene as eluent and dried 

under high vacuum to give a yellow powder (113 mg, 55%). 1H NMR (400 MHz, CDCl3) δ 9.17 

(d, J = 8.0 Hz, 3H), 7.99 (s, 3H), 7.85 (d, J = 8.0 Hz, 3H), 7.69 (dd, J = 7.4, 4.6 Hz, 6H), 7.58 (d, J 

= 7.8 Hz, 3H), 7.46 – 7.34 (m, 12H), 2.09 (p, J = 17.7 Hz, 12H), 1.28 – 1.02 (m, 60H), 0.79 (dd, J 

= 15.9, 8.7 Hz, 30H). 13C NMR (101 MHz, CDCl3) δ 191.55, 151.73, 151.17, 147.22, 145.10, 

141.59, 140.42, 139.80, 138.01, 136.77, 133.47, 129.25, 129.00, 127.43, 126.88, 126.07, 123.00, 

122.01, 121.26, 120.26, 120.05, 55.33, 40.40, 31.76, 30.06, 29.70, 29.25, 23.96, 22.59, 14.05. HRMS: 

theoretical m/z([M]+) = 1549.01765; experimental m/z([M]+) = 1549.01477. IR (cm-1): 724, 750, 

764, 810, 1004, 1017, 1171, 1197, 1261, 1276, 1362, 1437, 1451, 1467, 1561, 1578, 1595, 1714, 

2854, 2926, 2954. UV-vis absorption (5 µM in chloroform) λmax: 300 nm; (film) λmax: 300 nm. 

Fluorescence emission (5 µM in chloroform, excited at 300 nm) λmax: 575 nm; (film, excited at 300 

nm) λmax: 560 nm. 

TrxNMe(fluorene) 

4-3 (300 mg. 0.48 mmol) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)-9,9-dioctylfluorene (1.0 

g, 1.92 mmol) were dissolved in an emulsion of tetrahydrofuran (75 mL) and an aqueous solution 

of potassium phosphate tribasic (20 mL, 2 M). Nitrogen gas was bubbled through the solution for 

2 hours to degas. The reaction mixture was stirred at 65 °C overnight. The organic solvent was 

reduced under reduced pressure and crude product was extracted into dichloromethane. The 

organic fraction was washed with water then brine and dried with magnesium sulphate. The 

organic fraction was passed through a silica plug and the solvent was removed. The crude product 

was dissolved into a small volume of toluene and precipitated into methanol. The product was 

collected and dried under high vacuum to give a pale-yellow powder (540 mg, 72%). 1H NMR (400 

MHz, CDCl3) δ 8.56 (s, 3H), 7.91 – 7.67 (m, 18H), 7.45 – 7.31 (m, 9H), 4.55 (s, 9H), 2.17 – 2.00 

(m, 12H), 1.29 – 1.01 (m, 60H), 0.81 (dt, J = 12.9, 6.6 Hz, 30H). 13C NMR (101 MHz, CDCl3) δ 
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151.50, 151.00, 142.59, 140.88, 140.73, 140.13, 139.52, 136.88, 133.40, 126.93, 126.79, 126.21, 

122.91, 121.92, 121.77, 120.03, 119.71, 119.38, 108.08, 102.66, 55.20, 40.48, 36.02, 31.81, 30.10, 

29.26, 24.93, 23.89, 22.61, 14.08. HRMS: theoretical m/z([M]+) = 1552.11255; experimental 

m/z([M]+) = 1552.11389. IR (cm-1): 668, 740, 807, 832, 984, 1095, 1249, 1300, 1333, 1377, 1397, 

1417, 1439, 1449, 1460, 1465, 1476, 1560, 1582, 1608, 2853, 2925, 2954. UV-vis absorption (5 µM 

in chloroform) λmax: 360 nm; (film) λmax: 360 nm. Fluorescence emission (5 µM in chloroform, 

excited at 360 nm) λmax: 435 nm; (film, excited at 360 nm) λmax: 465 nm. 
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5 Summary and outlook 
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Conclusion 
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5.1 General summary and conclusions 

The overarching goal of this work was to improve the use of discotic organic semiconductors in 

organic photovoltaic devices. Three projects were undertaken, each exploring unique themes 

regarding discotic organic semi-conductors, each presenting their own issues, and each requiring 

different skill sets.  

In the first chapter and first project, the focus was on improving the morphological stability of 

solar cell devices containing discotic semi-conductors, namely hexa-peri-hexabenzocoronene 

derivatives. The approach was to treat these materials as supramolecular polymers and crosslink 

them within the active layer component of the organic solar cell device. A novel crosslinking 

procedure involving the formation of Schiff bases was attempted, due to the prevalence of 

dialdehydes as intermediates of many high quality organic semiconducting materials used in 

photovoltaic applications. Ultimately, eight HBC derivatives were synthesized and characterized, 

a crosslinking protocol was conceived, and devices were made. 

The goals of the second chapter and project were to develop novel materials based on high 

performing chromophores and a discotic polyaromatic compound as a central scaffold. It was 

envisioned that the central discotic unit would be able to induce columnar stacking and perhaps 

favourable morphologies whilst the high performing chromophores were able to perform 

optimally in such morphologies. To begin with current generation chromophores with relatively 

basic synthesis was chosen to study the viability of such an approach before. Six materials were 

synthesized and characterised, three HBC derivatives and three fluorenyl derivatives for 

comparison, and these compounds were fabricated into unoptimized devices. 

The final project and chapter aimed to improve the photophysical properties of discotic 

semiconducting materials with interactions more specific to this class of compounds. It was 

hypothesized that the strong π-π interactions within the columnar stack could be modified to 

induce charge transfer. The ultimate goal is two improve the absorption spectrum of the material 

blends by inducing ground state charge transfer, but any change in photophysical of either 

absorption and emission spectrum in either solution or film state is desired to help guide the 

finetuning the molecular to this goal. Eight compounds were synthesized, but due to instability 

and insolubility issues, only five were characterised and photo-physically analysed. Various 

interactions could be observed in the photoluminescence of the material blend films, including the 

formation of an excited state charge transfer complex. 
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5.2 Crosslinking discotic columns (Chapter 2): 

 Summary 

This project started out with the following goal: 

This project aims to improve the nano-structural stability of molecular devices by 

applying crosslinking techniques and principles to supramolecular columns. 

Morphological instability has been a problem for many different active layer blends in organic 

photovoltaics, including devices made with FHBC. In solar cells containing a polymer material, a 

possible solution has been the process of crosslinking the polymer strands to one another 

effectively ‘locking’ in the nano-structural confirmation of the active layer blend. Many of the 

discotic polyaromatic materials form supramolecular stacks or columns and can be classified as a 

type of supramolecular polymer, by combining with processes already implemented in conjugated 

polymers, could the morphological instability in FHBC solar cell devices be relieved? 

In total eight materials based of FHBC were synthesized, HBC-1a to HBC-4b, and characterized, 

four of which were functionalized with aldehydes to enable crosslinking studies. Concentration 

dependant 1H NMR studies confirmed the molecular stacking capabilities of all compounds and 

showed a minor effect the aldehyde functional group has on the molecular stacking when it is only 

separated to the HBC core by one fluorenyl spacer. Compounds with two fluorenyl spacers 

showed little difference with regards to their self-association properties. A similar difference was 

also observed in the UV-vis absorption spectrum of the materials. Small changes could be detected 

between the absorption profile of HBC-1a and HBC-2a when compared to HBC-1b and HBC-

2b respectively. 

Crosslinking of aldehydes with diamine compounds in organic photovoltaics has not been 

previously reported, to the author’s best knowledge and the development of a new crosslinking 

procedure was necessary. In the first procedure, the material was crosslinked by exposure to 

ethylene diamine then trifluoro acetic acid in the gas phase. Films showed resistance to dissolution 

compared to un-crosslinked materials. In the second procedure, ethylene diamine was deposited 

with the active layer solution as an additive and acid from the interlayer was able to catalyse the 

reaction. In the final procedure hexamethylene diamine was deposited on top of the active layer, 

allowed to diffuse through and subsequently washed away. The crosslinking reaction in the second 

and third procedures were confirmed by infrared spectroscopy. 
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Solar cell devices treated with the three methods were constructed along with the appropriate 

experimental standards (the standards all appeared to be optimized to and working at an adequate 

level). Devices constructed and treated with the first crosslinking methods could not be accurately 

reproduced, and devices treated with the second crosslinking method showed film defects. Devices 

fabricated and treated with the third procedure was able to reliably produce current under 

illumination. Initial device stability experiments have shown that the crosslinking method did not 

improve morphological stability and efficiency retention.  

Despite successful synthesis of materials and development of crosslinking procedures, nano-

structural stability of the active layer has eluded research efforts. 

 

 Future endeavours 

While the most desirable result was not obtained at the end of this piece of work, this project can 

still be considered complete. This project also attempted to incorporate aldehydes as a viable 

crosslinking functional group with diamine crosslinkers. This should have been separated into two 

projects, crosslinking of aldehyde functionalized materials and crosslinking of supramolecular 

columns. Crosslinking of aldehyde functionalized materials could focus on polymeric material and 

is outside the scope of this project. On the other hand, just focusing on the crosslinking of discotic 

polyaromatic columns could be conducted with known molecular functionalities such as bromides.  

Synthesis and characterization of a bromide functionalized FHBC derivatives, using already 

known crosslinking methods then studying the thermal stability of the devices would be a simple 

way of generating a positive result for a quick project (in fact, the current materials can be taken 

and used as an intermediate in a coupling reaction with a bromoalkylamine). Further studies into 

different crosslinking groups could be a further follow up study. 

 Outlook and prospects 

There have been several key elements of this project which can be expanded upon for the 

development of materials in organic electronics. While aldehyde precursors are common in the 

synthesis of many high quality and high performing materials for organic photovoltaics, these 

intermediates often undergo a Knoevenagel condensation and the use of Schiff base is rare even 

though it is still a conjugated linker. Using Schiff bases would be able to provide with more 

synthetic variety when synthesizing aromatic chromophores and only add to the organic chemists’ 

synthetic toolbox. Perhaps imine formation can result in better materials than Knoevenagel 

condensations which are more commonly used? Since these two reactions are acid and base 
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catalysed respectively, perhaps more complex and exotic structures are available by utilizing both 

reactions in tandem? Furthermore, the Schiff base formation itself is a very mild reaction and can 

also be used to easily attach molecular motifs to one another, the development of Schiff bases as 

a conjugated linker could simplify the syntheses of more complex materials and molecular dyads. 

The scope of this reaction in the development of materials in this field is truly unexplored. 

 

5.3 Hexa-peri-hexabenzocoronene acceptors (Chapter 3): 

 Summary 

This chapter started with: 

This project aims to explore hexa-peri-hexabenzocoronene columns as a central scaffold 

with peripheral chromophores for the development of novel electron acceptor, using the 

central scaffold dictate the nanostructure of the material. 

While HBC displays evidence of useful properties, devices constructed with HBC as a primary 

chromophore are lacklustre by today’s standards. Current generation non-fullerene, molecular 

acceptor materials have been optimized to surpass 13% power conversion efficiencies. By 

combining materials using current generation design principles, as well as a HBC core, could the 

efficiency of HBC derivatives be improved while retaining some of the desirable properties such 

as the self-association forming columnar stacks? 

In total six compounds were synthesized (FHBC-BR, FHBC-CyBR, FHBC-ThIC, F8-BR, F8-

CyBR and F8-ThIC), isolated and characterized out of a total of eight initially planned (FHBC-

ThICC and F8-ThICC were unstable and could not be isolated). The self-association of the three 

discotic FHBC derivative, FHBC-BR; FHBC-CyBR and FHBC-ThIC, were studied and these 

compounds demonstrated improved stacking and stronger self-association compared to the 

previously reported FHBC. UV-vis absorption spectroscopy was conducted, and it was concluded 

that the chromophores appended to the HBC scaffold had little to no interaction with the HBC 

chromophore itself. In addition, these studies showed that changing an organic chromophore with 

an A-D-A structure (electron poor – electron rich – electron poor) to a chromophore with an A-

D structure (electron poor – electron rich) resulted in lower absorptivity, presumably from changes 

in the molecular orbitals. Cyclic voltammetry was conducted to show energy levels of all six 

acceptor materials comparable to some reported high performing electron acceptor materials, 

appropriate for use in solar cell devices with some common electron donor material  



165 
 

Initial devices were made with P3HT as the donor material. Surprisingly one of the materials, F8-

cyBR, exhibited a power conversion efficiency of 4.0 %. While current was observed for devices 

constructed from each material under illumination, very few conclusions can be made due to the 

low fill factor. Optimization of these devices is necessary to make any formal conclusion. Although 

just the fact that current could be observed in the initial batch of devices with a semiconducting 

polymer that is no longer considered to be a high quality electron donor is already very promising, 

showing that the HBC derivatives are behaving as electron acceptor materials in these solar cell 

devices. 

Novel electron acceptor materials based of a central HBC scaffold and attached modern electron 

acceptor materials were successfully synthesized and characterized. The first batch of devices, 

fabricated with P3HT, show promise but the performance is undetermined.  

 

 Future endeavours 

Solar cell devices need to be optimized to a state where further conclusions can be made. There 

are a lot of variations possible such as but not limited to: variation in donor acceptor ratios; thermal 

annealing optimization; solvent annealing optimization; additives; and device architecture. Studies 

into the nano-structure of the organic blend films can occur once well-working solar cell devices 

with reasonable parameters are fabricated. Different X-ray experiments can provide insight to the 

nature of the molecular stacking and orientation and atomic force microscopy studies can shed 

light on the topology of the film and its nanostructure. While novel materials exhibiting high 

performances is a good result for any researcher in this field; novel materials exhibiting high 

performances and favourable nanostructure is a better result that is ultimately being targeted by 

this overall project. 

From a materials design perspective, one key element of the project can be improved. The electron 

acceptor fluorenyl derivatives synthesized for comparison purposes are not identical to the 

chromophore attached to the HBC scaffolds. While the relatively good performance of F8-CyBR 

has been a positive outcome, the direct comparison between the fluorenyl derivatives and the 

FHBC derivatives can become misleading, asymmetrical standards should be synthesized, 

characterized and compared (both to the FHBC derivatives as well as the fluorenyl materials). 

This would further isolate the effects of the HBC scaffold. (Interestingly, asymmetrical material 

has generally exhibited worse performance and a positive result with using the HBC scaffold could 

have been easily interpreted as a negative result.) 
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 Outlook and prospects 

There are a lot of possible future explorative studies with respect of using a discotic polyaromatic 

scaffold with other chromophores for instance, would an electron donor material yield better or 

worse (or similar) results when attached to an HBC scaffold compared to electron acceptor 

materials studied in this project. Furthermore, the molecular design of the HBC derivatives was 

focussed more around the discotic component of the compound, certainly attaching a high 

performing chromophore (with absolutely no changes to the chromophore component of the 

material) is difficult but nonetheless possible.  

These are only to name some possible prospects revolving around the synthesis and 

characterisation of novel materials: 

While it is true that the HBC scaffold does not interact with the chromophore does the 

orientation of the chromophore with respect to the supramolecular column change any of 

the bulk properties of the material?  

Does conjugation between the scaffold and the chromophore alter the bulk properties of 

the material or the performance of the resulting device? 

What is the simplest way to attach a chromophore to a scaffold such as this, perhaps it is 

possible to take advantage of Schiff bases as mentioned in the previous sections? 

What is the optimal number of chromophores per scaffold molecule? 

What other discotic aromatic scaffolds could be used?  

Finally, while FHBC-ThICC and F8-ThICC were not ultimately isolated the end group, that was 

used, 1,3-bis(dicyanomethylene)indane presents opportunities for the development of novel 

electron acceptor materials as this end group has not been reported in organic photovoltaic 

materials, to the author’s knowledge. 

Like many good scientific endeavours, this project  has given rise to more opportunities and ideas 

as it concludes. 
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5.4 Push-pull molecular stacks (Chapter 4): 

 Summary  

This project initially asked: 

 How much of a change in photophysical properties (absorption and emission profile) of 

discotic materials is possible by blending a pair of electron rich and electron poor 

compounds without changing chemical structure? 

The photophysical properties of dicot chromophores can be considered lacklustre compared to 

some high performing materials reported in literature. Since strong orbital overlap is a key feature 

of discotic polyaromatics, would it be possible to improve its photophysical properties by inducing 

charge transfer characteristics? 

Eight compounds based of the discotic molecular core truxene were ultimately synthesized, but 

due to stability and solubility issues five were fully characterized and analysed. The stacking of 

these truxene derivatives were analysed with concentration dependant 1H NMR. A model of the 

stacking geometry in solution could be hypothesized from differences in the change in chemical 

shifts of different hydrogens against concentration. Since Trx(octyne) and TrxO(octyne) 

showed different stacking geometries, their self-association constants could not be directly 

compared. In addition, the mixture of the two also demonstrated further molecular stacking in 

solution but specific interactions could not be described.  

The HOMO and LUMO energy levels of the five compounds were calculated from experimental 

data. Trx(octyne) and TrxO(octyne) showed compatibility to the formation of a charge transfer 

state with Trx(octyne) as the electron donor and TrxO(octyne) as the electron acceptor. While 

a colour change was percieved by eye upon mixing, no changes were present in the UV-vis 

absorption spectra. The photoluminescence spectrum of the material blend in film showed a red 

shifted emission compared to the neat materials suggesting the formation of an exciplex species. 

A similar behaviour is observed with Trx(fluorene) and TrxO(fluorene). Trx(fluorene), as an 

electron acceptor, was shown by calculated energy level to match TrxNMe(fluorene), as an 

electron donor. However, in film what was observed instead was a different interaction, energy 

transfer to TrxNMe(fluorene). TrxO(fluorene) and TrxNMe(fluorene) blends showed the 

most interesting result. It was expected that TrxO(fluorene) acted as the electron acceptor and 

TrxNMe(fluorene) acted as the electron donor in this material blend. Two emission bands were 

observed from the organic blend film of TrxO(fluorene) and TrxNMe(fluorene). One emission 
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was blue shifted compared to both of the neat materials’ emission and the other was redshifted. 

In this mixture two separate exciplex species were formed. 

This project was able to observe changes in the emission spectra of the material blends compared 

to the individual compounds in film. Different interactions were observed with different material 

blends.  

 

 Future endeavours 

Synthetically speaking the fluorenyl substituted truxene derivatives are enough as they already 

demonstrate interesting interaction with one another. However, further photophysical studies are 

required to understand the specific nature of the various photoactive species. While it is an 

interesting result the blue shifted emission from TrxO(fluorene) and TrxNMe(fluorene) 

requires more data to be properly understood and explained. This includes but is not limited to 

fluorescence excitation spectroscopy, fluorescence lifetime measurements, and transient 

absorption.  

 

 Outlook and prospects 

The ultimate goal with this project pathway is to improve the absorption spectrum of discotic 

materials with charge transfer. This would only be possible by inducing charge transfer complexes 

in the ground state. A greater difference in molecular energy levels is required. Functional groups 

such as dicyanomethylene is often used to lower the energy level of various organic 

semiconducting compounds. Dicyanomethylene itself is a poor choice for substitution at the 

ketones for truxene derivatives due to steric hinderance contorting the planarity of the molecule. 

Perhaps a cyanomethylene functional group could be used instead? This would be a solid stepping 

stone for the development of the correct pair of materials which could induce ground state charge 

transfer. While the Knoevenagel condensation reaction with acetonitrile would be much more 

difficult, this would also open up possibilities in finetuning the energy levels of other various other 

organic semiconducting materials which incorporate a dicyanomethylene functional group. 

These material pairs represent a new and uncharted research potential and can be further combined 

with current developments in other discotic polyaromatic organic semiconductors in organic 

photovoltaics such as those described in the first two chapter. 
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5.5 Final thoughts and conclusions 

All three projects have been thoroughly challenging. Target materials proved to be much more 

synthetically complicated than on paper, and characterisation had repeated solubility problems due 

to the strong intermolecular interaction of these discotic materials. Advances in techniques were 

necessary to approach these issues. The author would like to give thanks for this opportunity has 

improved their scientific aptitude, both within the synthetic and analytical laboratories as well as 

identifying conceptual problems and devising practical solutions. The author hopes that this piece 

of work will contribute to the understanding and further development of discotic polyaromatic 

compounds and their uses in organic electronics. 
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